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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 [rB-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 bariigicm) and the wavelength of probing optical pulsesl.5 xm), 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 electro-lengths. In addition, superluminal tunneling in the picosec-
magnetic or matter wave packets across a baffigt] and ond time scale may be of interest for the technologically
the related issue of superluminaliig—6] have received, in important field of optical communications, where picosecond
recent years, an increasing and renewed interest both fromaptical pulse trains at high repetition rates are typically used
fundamental as well as from a technological viewpoint.instead of femtosecond pulses.

There are by now several experiments, performed at either In this work we report on the tunneling of optical pulses
microwave or optical wavelengths, which report on superluat 1.5 um, i.e., in the third transmission window of optical
minal tunneling of photons in waveguides, periodic dielectricfibers, across the long barrier provided by a 2-cm long peri-
structures, or in two side-by-side prisrtfsustrated total in- ~ odic fiber Bragg gratingFBG), with measured superluminal
ternal reflectioly a detailed account on these experimentalp€ak pulse advancements up to a few tens of picoseconds.
studies and extended references can be found, e.g., in recetite use of a FBG11] as a photonic barrier at the optical
review papers on the subje@,5]. A common feature of all Wavelengths is similar, in principle, to the multilayer dielec-
the tunneling experiments reported so far is the relativelyiric mirror configuration previously employed by Steinberg

low value achieved for the ratio=L/\ between the thick- etal. and Spielmanret al. [7,8]; however, owing to the
ness of the barriell,, and the photon wavelengtk, In the ~ Weaker modulation of the refractive index achieved in the

recent experiments on photon tunne"ng using One.ﬁber core, the FBG offers the advantage of realizing a rela-
dimensional photonic band gaps at optical wavelen¢Bies-  tively long barrier(up to several centimetersvith a trans-
keley and Vienna groupf7,8]), as well as in undersized Mission coefficient sufficiently highx ~1%) to permit de-
waveguides in the microwave regi¢Rlorence and Cologne tection of the transmitted pulse at a reasonable power level.
groups[9,10]), the barrier thickness is in fact few times Let us consider a single-mode optical fiber with a weak
larger than the wavelength of the probing pulse. Since for a@nd periodic modulation of refractive indexn(z)
opaque barrier the advancement of the tunneled wave packetno[ 1+ 2h cos(2rzZA+¢)], 0<z<L, where z is the

is of the order ofL/c,, wherec, is the speed of light in propagation axisk is the grating lengthn, is the average
vacuum, a relatively low value afimplies a time resolution refractive index of the structure is the Bragg modulation
for detection of the flight time of the order ¢6r few times  period, andh(z), #(z) are the slowly-varying amplitude
larger tham the single-cycle period of the probing wave and phase profiles of the refractive indeph(z)[<1). If
packet. In the microwave region, temporal advancements falive consider the propagation of a monochromatic fi&(d, t)

in the nanosecond time scale, which are easily accessible @t the optical frequencyw close to the Bragg frequency
electronic measurements. Conversely, in the optical region ag=Ccqm/(ngA), where ¢, is the speed of light in
time resolution down to few femtoseconds or even less ivyacuum, we may write E(z,t)=u(z, d)exp(—iwt+ikg2)
required, which is possible solely by means of some kind oftv(z d)exp(—iwt—ikgz)+c.c., wherekg=n/A is the Bragg
indirect measurement, such as interference of twin-photowave number and,v are the envelopes of counterpropagat-
beams for single-photon tunnelind] or interferometric au- ing waves that satisfy the following coupled-mode equations
tocorrelation techniques of ultrashort femtosecond pulses fdrl1,12:

“classical” wave packetd8]. Larger advances in time, in

the picosecond or nanosecond scale, would be of major in- du/dz=isu+iq(2)v, (1a
terest making accessible with standard optoelectronic mea-

surements the detection of tunneling times and superluminal

group velocities for classical wave packets at optical wave- dv/dz=—idv—iq*(z)u. (1b)

1063-651X/2001/645)/0556024)/$20.00 64 055602-1 ©2001 The American Physical Society



S. LONGHI, M. MARANO, P. LAPORTA, AND M. BELMONTE

In Egs. (1), q(z)=kgh(z2)exdi¢(2)] is the scattering poten-
tial, whereasé=k—kg=ng(w— wg)/cq is the detuning pa-
rameter between the wave number ngw/cy of counter-
propagating waves and the Bragg wave numkgrof the
grating. Equation$l) have the form of the Zakharov-Shabat
system encountered in problems of inverse scatterrd
The general solution to Egs(l) is (u(L,8),v(L,8))"

= M(u(0,8),v(0,8))", where the elements of the scattering

matrix M= M($) satisfy the conditions\1,,= M7;, My,
= M7,, and detM = 1. The spectral transmission coefficient
of the grating is given byt(5)=[u(L,5)/u(0,0) ], s-=0

=1/M,,. Owing to Bragg scattering of counterpropagating

waves, the transmission spectrufi{s) =|t(5)|?> shows a
band gap at around the zero-detuniftg 0, where propaga-
tion is forbidden and superluminal tunneling of optical
pulses is expected. An estimate of the tunneling time for
wave packet transmitted through the FBG is provided by th
group delay(or phase time 7y, which is given by the de-
rivative of the phase dfwith respect taw. Though different
tunneling times, such as the @ilker-Landauer(semiclassi-
cal) time or the Larmor timg1,2] might be considered, our

choice for the phase time is mainly motivated by its consis-
tency with tunneling time measurements, previously reporte

in photonic band-gap structurég,8]. For a periodic FBG
(¢=0) with uniform modulation depthg=q, constany,
which corresponds to the FBGs used in our experiments,
simple analytical expression for spectral transmisgi@amd
group delayr, can be derived and read:

1

t(8)= 5 , (23
cosKQL)—iﬁsinr{QL)
NoL a5 8
8=— —tanf(QL
(0=, 0%+ S tantR(QL) qgtan (OL)
1 5°
+mtanHQL)——2 ) (Zb)

do

where Q= (q3— 6%)*2. Notice that bothT(8)=|t(8)|? and
74(5) show a minimum at the center of the gap, i.e., &or
~0, and one has T~1/cosh(ql) and g
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FIG. 1. Spectral power transmissi¢@ and group-delayb) for
the periodic 2-cm-long FBG used in the experiment. Solid and
dashed lines refer to measured and predicted spectral curves, re-
spectively.

experiments; in the figure are also shown the theoretical
urves as given by Eg$2a) and(2b). Parameter values are

=2 cm, hy=0.2345<10 % ny=1.452, and wg=2
xX195.58 THz, which correspond to a band gap of
~12 GHz full width at half maximumFWHM) near\g
=1533.8 nm(in vacuunm) and to a minimum power trans-
mission of T~1.5% at the gap center. The group delay was
measured using a modulation phase shift techniflLis,
hich is a commonly used method for the characterization of
BGs. Notice that the experimental curves for both spectral
transmission and group delay show a slight asymmetric be-
gavior around the Bragg resonance; this is probably ascrib-
able to local change of average refractive indgxalong the
2-cm fiber and to imperfections in the fabrication process,
which introduce some residual chirp. Despite this asymme-
try, the spectral measurement of group delay clearly shows
that superluminal tunneling should occur for an optical pulse
tuned inside the band gap.

The tunneling experiments were performed using pulses
with ~380-ps duration, corresponding to a spectral pulse
bandwidth about one-fifth of the grating band gap. A sche-
matic diagram of the experimental setup is shown in Fig. 2.
A pulse train, at a repetition frequendy,=1 GHz, was
generated by external modulation of a single-mode stabilized
Er-Yb lasef{16]. The 18-cm long laser cavity is end-pumped
at 980 nm by an InGaAs laser diode and comprises a
300-um thick BK7 etalon that allows for a tuning of the
emission laser wavelength by few nanometers at around
1533 nm; a finer tuning <800 MHz) of the laser fre-
quency, when necessary, was achieved by a submicrometric

~(Lng/co)tanh@pL)/(qpl) near 6=0. In this case, a control of the laser cavity length using a piezoelectric trans-

spectrally-narrow pulse centered &0 can cross the bar- ducer mounted on the output laser mirror. The pulse train
rier without appreciable distortion of its shape, albeit attenu-

ated, with a group velocity, given by to Fabry-Perot
Er-Yb:glass Interferometer <= 60/40
active material
L g arctanh/R to Spectrum ___J
Vg=—=——F=—, (3 Analyzer
Tg no \/ﬁ
_ . =K@
whereR=1—T is the power spectral reflectivity at the band- Folding
gap center. Superluminal tunneling, correspondingvto Mirror &'Lfg;l; éRF
>cqy, occurs for a sufficiently opaque barrier such that gsﬁnplmg
sc1lloscope

arctanh/R>nq R [14].

In Fig. 1 we show the measured spectral power transmis- F|G. 2. Schematic of the experimental setup. LD, pump laser
sion T and group delayr, versus frequency detuning  diode; MO, microscope objective; MZM, Mach-Zehnder waveguide
=(w—wg)/(27) for one of the periodic FBG used in the modulator; EDFA, erbium-doped fiber amplifier.
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was generated by sending the laser output to a LiNb&sed e (a)
Mach-Zehnder modulator sinusoidally driven at a frequency 1.0} 4 Lo
fm by a radio-frequencyRF) synthetizer. For a waveguide 2z 3 g
modulator with chirp compensation, which applies to our § %
case, the frequency chirping introduced by the modulator 5§ 95 205
may be neglected and the output optical field envelgps i
given by 0.0 0.0
0 200 400 600 8001000 -15-10 -5 0 5 10 15

E(t)=Eqcog 8+ Sy sin(27ft) lexpliogt),  (4) Time [ps] Frequency [GHz]

whereE, is the amplitude of the electric field at the input of . FIG. 3. (2) Pulse tracegin arb.'trary unity recprded on the sam-
pling oscilloscope corresponding to transmitted pulses for off-

Wavegylde,wo IS the carrier frequency_ of the Ias-er, angl resonancécurve 1 and on-resonandgurve 2 propagation. Curve

9m define the bias pom't and. modulation depthllmpressed t% is the pulse trace measured when the pulse spectrum is tuned
the modulator by the sinusoidal RF voltqge. D|'ffere.nt pulse;ose to the right-side edge of the FB®) Spectrum of the probing
durations and pulse shapes can be achieved in this way hyse train, as measured by the scanning Fabry-Perot interferom-
varying bc_)th bias poindy and amplitude mOdU|§t'Oﬁm- In" eter, corresponding to on-resonaricerve 2 and band-gap edge
our experiments, the bias voltage and modulation depth wergurve 3 tuning conditions. The dotted curve is the measured spec-
typically chosen to give,~0.74m/2 and 5,,~0.297/2. For  tral power transmission of the FBG. The tuning condition corre-
these parameters, a train of pulses, with a pulse duratiogponding to 120 GHz off-resonance operation falls outside the fre-
(FWHM) of ~380 ps and 1-ns periodicity, was generatedquency window shown in the figure.

with an average optical power 6f2 mW. The pulse train

transmitted across the FBG was sent to a low-noise erbiumgap [see Fig. )], and recorded the trace of transmitted
doped fl_ber_ amplifier, with a saturation power-e80 uW, . pulse[curve 2 in Fig. 3)]. A temporal advancement of the
that maintains the average output power level of the optical. ;s mitted pulse peak of 63 pswithout appreciable pulse
signal at a constant level, equaltdl8 mW, for an average isiortionis clearly observed. Notice that the measured pulse
input power signal larger than-30 uW. In this way, the  aqyancement s in rather good agreement with the value pre-
power levels of the transmitted pulse trains, for the 'aseHicted by the phase time analysis, and corresponds to a ve-
emission tuned either inside or outside the band gap of thﬁ)city for barrier crossing equal to,~1.97c,, very close to
grating_, were comparable. We notice th‘f"t' sin_ce the pUISﬁ"le theoretical value,~1.94c,. \3Ve finally detuned the
bandwith (~2-3 GHz) used in the experiment is Very nar- gnecirym of the pulse apart from the band-gap center by
row as compared to that of efb'“fﬁ few tens of nanom-  _7 GHgz, i.e., close to the first side peak of transmission
eters, pulse reshaping effects introduced by the optical amy, ;e at the band-gap edge, as shown in Fig).3n this
plifier are fully negligible_ as compared to those provided bycase, the behavior of group aeIEx;ee Fig. 1b)] indicates a

the FBG. The pulse train transmitted across the FBG wageay hyise delay, as compared to off-resonance propagation,
characterized in the frequency domain using both a scannings _gg ps, i.e., pulse slowing down occurs for such a tuning
Fabry-Perot interferometéBurleigh Mod: RC1101Rwitha .. dition. 'i'he ioulse trace in this cairve 3 in Fig. 2a)]
free-spectral range of 27 GHz and a finesse 6£90, and 1651y shows pulse slowing down with a pulse peak delay of
an optical spectrum analyzehnritsu Mod. MS9710Bwith 54 "g close to the expected value. Notice that in this case
a resolution of 0.07 nm. The pulse train was S|multaneousl)é1 slight pulse distortion is appreciable, which is due to spec-

detected in the time domain by sending a fraction of thetral Ise reshabi oduced bv the rapidly- ; ectral
transmitted optical signal to a fast photodiode connected to a PUISe reshaping procuc y rapicly-varying sp

sampling oscilloscopéAgilent Mod. 86100A, with a low

jitter noise (less than 1 psand an impulsive response of
~15-ps width; the sensitivity of this apparatus to phase shifts
is of the order of 1 ps. The electrically-converted signal at
the sampling oscilloscope was triggered by the low-noise
sinusoidal RF signal that drives the Mach-Zehnder modula-
tor, thus providing a precise synchronism among successive
pulses in the train. By a proper tuning of the laser wave-
length, we recorded the trace of transmitted pulses, as mea-
sured on the sampling oscilloscope, for different tuning con-

ditions (see Fig. 3 We first detuned the pulse spectrum far FIG. 4. Behavior of group velocity, for barrier crossing, nor-

g i)
away from the center of the FBG gap by about 120 GHz, angajized to the speed of light in vacuucg, as a function of power
the_transmnted puls_e train was re(_:orded on the samplingufectivity R at the band-gap center for a uniform FBG witg
oscilloscopdtrace 1 in Fig. 83)]. In this case Bragg scatter- =140 ni L. The solid curve is the theoretical behavior as predicted
ing inside the grating is negligible and the pulse travelspy numerical propagation of pulse trai) with 8,~0.74m/2, 8,
across the barrier with a velocity equaldg/n,. By looking  ~0.297/2, andf,,=1 GHz; the dashed curve is obtained by the
at the spectrum analyzer and Fabry-Perot interferometer, Wghase time analysiEq. (3)]; triangles refer to measured traversal
then tuned the laser spectrum close to the center of the ban@locities for three FBGs.
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transmission and group delay near the band-gap €sige curves obtained by either numerical propagation of the pulse
Fig. 1). We checked that the observed superluminal tunneltrain [Eq. (4)] through the FBG or by phase time analysis
ing time is easily reproducible and persists by changing théEg. (3)].

operational conditions of the Mach-Zehnder modulator, i.e., In conclusion, we have reported on the experimental ob-
pulse duration and modulation frequency. In further experiservation of superluminal tunneling of picosecond optical
ments, we measured the group velocity corresponding tgulses at 1.5:m wavelength across the photonic barrier pro-
pulse propagation across FBGs with different lengths, i.e.vided by a periodic FBG. The large barrier thickness
barrier thickness, designed and fabricated to have the samé& 2 €M) as compared to the wavelength of tunneled pho-
Bragg wavelength and comparable bandwidth, i.e., the samrf@ns (~1.5 um) enabled us to reach superluminal peak
value of go. According to Eq.(3), the group velocity is in pulse advancements in the picosecond time scale, which are

turn a function of the peak power reflectivig/solely, which easily detectable using_ direct time-domain optoelectronic
depends on the barrier thickness according to R measurements. We envisage that the use of FBGs as photo-

—tant(qel). For a refractive indexy=1.452, v, /c, be- nic barriers may be of potential interest in the field of optical
. . 1 g

comes larger than one &>~ 70% and tends to infinity as communications to either accelerate or slow down the propa-

R approaches unity. The experimental results, correspondin%atIon of picosecond optical pulses.

to three FBGs with lengths of 1.3 cm, 1.6 cm, and 2 cm, are  S.L. gratefully acknowledges fruitful discussions with E.
shown in Fig. 4(triangles, together with the theoretical Recami.
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