PHYSICAL REVIEW E 66, 037602 (2002
Pulse reflection by photonic barriers
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The time behavior of microwaves undergoing partial reflection by photonic barriers was measured in the
time and in the frequency domain. It was observed that for opaque barriers the reflection delay is almost
independent of the barrier’s length. This result corresponds to the Hartman effect in transmission.
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I. INTRODUCTION Il. EXPERIMENTAL SETUP

The experimental setup and the investigated photonic bar-

The dynamics of particle reflection has been studied diers are sketched in Figs. 1 and 2, respectively. For the time

long time ago, see Ref1] for instance. However, there has domain measurements, Gaussian-like pulses with halfwidths
been not much done on the time of partial reflection by pho®f At=10ns, corresponding to a frequency bandwidth of

. . : : _ Af=2/wAt~65 MHz, were modulated on a high-frequency
tonic tunneling barrier$2,3]. The traversal time for a par carrier f .= 9.15 GHz produced by a microwave generator.

tiCIe undergoing a tu_nneling process can be obta_ined by CO'TUsing the power output of the generat®r=25 MW it can

paring the arrival times of the tunneled particle and Ofbe estimated that each pulse contains an ensemble of

particles that passes the same distance without a barriepr,,At/hf —4x 10" single photons. The microwave pulse
c_ .

From the tl_me_ d|ff_erencm and the length of the barridr was transmitted to the photonic barriers via a parabolic an-
the transmission time follows by, =L/c—At. Due to the  onna the reflected pulse was received by a second parabolic
small probability of the tunneling process the majority of gntenna. An HP-54825 oscilloscope detected the envelope of
particles are reflected by the barrier. Because the probabilighe reflected microwave pulse. The measurements were per-
depends on the barrier’s |ength, the reflection should tak%rmed asymptotica”y’ i_e_, a Coup”ng between generator'
place somewhere inside the barrier. In the case of symmetrigetector, and devices under tgshotonic barriers or metallic
barriers, the short reflection times, and 7,_ at both sides mirrors) was avoided by the long optical distances of 3 m
of the barrier are equal to the tunneling timgthrough the  and by uniline devices in the microwave circuit. Due to the
barrier[4]. This is also valid for asymmetric barriers in the narrow radiation profile of the parabolic antennas~d° a
evanescent frequency regions, where transmitted pulses bdirect coupling between them was excluded.
come exponentially dampdé]. The barriers consist of two photonic lattices separated by
The partial reflection time studied here is given by thean air gap, see Fig. 2. Each lattice consists between one and
difference of arrival times of wave packets reflected by thefour equidistant Perspex layers separated by air. The refrac-
photonic barrier of length and of packets that are reflected tive index of Perspex is=1.61 in the measured frequency
by a metallic mirror at the same p|ace_ We used microwavéegion. In Order to bUIld a photoniC barrier fOI‘ the micrOWaVe
pulses to simulate localized quantum mechanical particleBUISe, the thicknesses of the Persjpex5.0 mm and the air -
[6]. A particle without enough energy to overcome a barrief@yersa==8.5 mm present a quarter of the microwave carri-
corresponds to a microwave pulse inside an opaque barri@'s wavelength in Perspex,=c/nf.=20.4 mm and in air
consisting of evanescent modes only. A barrier is calledto=C¢/fc=32.8 mm, respectively. At each surface of the
opaque if its transmission is less thare.1l/f all relevant Perspex Iayerzs apoa;lst=(n—1_)/(nf1) (_)f the |_nC|.dent wave
frequency components of the pulse are evanescent, the 8l a factor|p|*~5 % of the incoming intensity is reflected.
flected pulse will have in first order approximation the same ¥

shape and magnitude as the incident p{il§eThe propaga- Generator _| Modulatar _6 ;:--'f-. s
tion of the peak value or center of gravity is described by the {Carritt] (Sigoal) Photonic

stationary phase approximation introduced by Wigner. Based barrier
on the principle of causality, Wigner gave a lower limit for
the energy derivative of the scattering phase dHift Low

and Mende gave evidence that barrier penetration in quan-
Fum theory appears as a nonlocal effect. But in their theoret- FIG. 1. (Color online only Experimental setup for reflection
ical paper they conclude that such a measurement cannot Rg\e measurement. A Gaussian-like pulse of halfwidth=10 ns
made[8]. On the other hand, the experimental results of(corresponding to a bandwidthf=65 MHz) is modulated on a

partial reflection by photonic barriers presented here point tgnicrowave carrieff = 9.15 GHz. The microwaves are transmitted
a nonlocal behavior of evanescent modes. Nonlocality anénd received by two parabolic antennas. The reflection tinfes
causality were theoretically investigated with respect to Sudifferent photonic barriers are compared with the time of a reflec-
perluminal photonic tunneling in Reff®—12] and discussed tion by a metallic mirror at the front surface of the barriggs see

in Ref.[13]. Fig. 2.
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vX0 (left). There are five pronounced forbidden bands separated
) ) by resonance transmission peaks of the cavity in the fre-
Mirror 1 Mirror 2 quency range displayed. Within a frequency band of

~9.15 GHzt 100 MHz around the carrier frequendy the
complete structure behaves like a photonic barrier. Due to
destructive interference the transmitted part of an incident
pulse is exponentially attenuated with increasing number of
Perspex layers.

a b —d—

'—Xa_‘

Ill. PARTIAL REFLECTION BY PHOTONIC BARRIERS

A pulse sent to the metallic mirror, placed at the front
surfaces(, of the barriers, is reflected and the reflected pulse
is detected by the oscilloscope after a certain time delay, see
Fig. 1. We will subtract this time delay from all further mea-
surements in order to use the arrival time of that pulse as a
time reference=0. Thus, a pulse reflected by a metallic
mirror placed akq+ Xg (the end of the barrigiis expected to
arrive at a timet=2 xg/c=1.87 ns, see Fig. 4.

The partial reflection by the photonic barriers revealed a
strange behavior: if the length of the barrier was shortened

'—X4_'

—_— X2_'

FIG. 2. Three photonic barriers of different total lengths
=280 mm, x,=226 mm, andx,=199 mm. Each structure con-
sists of an alternating configuration of Perspex layers of width

b=5.0 mm separated by air gaps-8.5 mm. For certain frequen-

cies the transmission of such a structure becomes exponentialiyrom e_|ght to four or two layer¢Fig. 2), the t!me delay of the
damped by destructive interference so that the structure behav gflecuon was constant whereas the amplitude decreased as a

like an opaque barrier; see Fig. 3. The wide air gap189 mm  'esult of the increasing transmissidfig. 3. The measured
allows one to enlarge the barrier’s extension without increasing thime delay of the pulses reflected by the barriers differs ap-
attenuation and the transmission time. Metallic mirrors at the fronProximatelyt~100 ps from the reflection time at the front

or back surface of the structure are used to simulate an ideal refle€nirror X, see Fig. 4. Incidentally this delay time corre-
tion. sponds to the tunneling time,~1/f. for the microwave
The reflected waves interfere constructively and result in gulse in the frequency range=9.15 GHz[14,15.
total reflection of nearly the same magnitude as the incident To add further credibility to the time domain measure-
pulse. The air spacé=189.0 mm between the two lattices ments, the reflection experiment was verified in the fre-
forms a cavity and extends the total length of the barrier, agjuency domain using guided microwaves and a HP-8510
illustrated in Fig. 2. The resonance frequencies of the cavitymetwork analyzer. The photonic lattices were constructed
are given by multiples off,.=c/2d=794 MHz. All fre- from layers of Perspex inside X-band waveguides in an
quency components of the microwave pulse lay in the nonanalogous arrangement to the above presented free space ex-
resonant “forbidden” frequency region between the twoperiment. The geometry of the structur@a=12 mmp
resonances of the cavity at 11 andf 12 =6 mm, andd=130 mm) resulted in a forbidden band
The calculated transmission of the barriers consisting ofroundf.=8.44 GHz of widthAf~100 MHz. Because the
eight, four, and two layers of Perspex is displayed in Fig. 3reflections at the Perspex layers inside the waveguide are
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FIG. 3. Transmissiorl for the photonic barriers consisting of eight, four, and two layers of Pergieéty. The frequency band
9.15 GHz+ 30 MHz of the microwave pulse lies inside a transmission gap where for the longest barri@Perly25 % of the intensity is
transmitted, while the rest of the pulse is reflected, according to the relatioR&kifs— T2. The right hand diagram shows the frequency
spectrum of the microwave pulse, being completely inside a transmission gap.
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FIG. 4. Partial reflection by barriers of different lengths; reflec- Time [ns]
tion by a metallic mirror at the surfacesg of the barriers defines the . _ o ]
time t=0; see Fig. 2. An ideal reflection by a second mirroxgt FIG. 5. Reflections by photonic barriers inside a waveguide con-

+xg (the back surface of the longest baryiées detected after the sisting of six to three layers of Perspex. The solid pulses indicate
expected propagation time of approximatelyg2c~1.9 ns. The the reflection by metallic mirrors placed at the front and back sur-
three other pulses were reflected by the barriers consisting of eighf@ce of the largest photonic barrier of six layers with a total length
four, and two layers of Perspex. The time delay of the three re0f Xg=214 mm. The dashed pulses are the reflections at the barriers
flected pulses keeps mainly constant while the magnitudes deperﬁﬂ"ns'sung of SiX, five, four, and three layers of Perspex. The reflec-
on the number of Perspex layers. The short reflection time tions of the barriers were detected after a short time delay: f
~100 ps equals the tunneling time~1/f, for a transmission =100 ps, which equals the tunneling time(vertical ling. The
through the barrier. A slightly larger delay time for the structure magnitude of the reflected pulses carried the information of the

consisting of two layers indicates an insufficiently opaque barrier. 'eq%tg of t)he barrier in questiorx{=196 mm, x,=178 mm, x5
=160 mm).

stronger than in free space, the largest barrier consists of sj t surf ithin the short t ling ti In th
layers of Perspex. To obtain a higher resolution we also use ont surtace within the snort tunneling timg . In the case
barriers with odd numbers of three and five layers. As C.)f opaque parners the reflection suffers a short but constant
result, also for these unsymmetrical barriers the transmissigtime delay independent of the barrier's lengiartman ef-

and reflection time of a pulse did not depend on the side o ct, REf'[lG.]]' .
incidence. In transmission the constant group delay leads to superlu-

After measuring the frequency spectra of the barriers form'ral tgroup Yeloc'i'?ﬁ for long QT)OUQZ barr%?hrs. The grou;z |
transmission and reflection, the propagation of pulses in thge dy time arises at ne entrance boundary. 1he experimenta
analysis indicates, that the same time delay is in charge of

time domain was reconstructed by Fourier transforms. In ors . : . - :
der to simulate the reflection at 21/ photonic barrier, the fre-the barrier's 'refle'ctlon “”.‘e- On the other han,d, within this
quency components within the band gapf atvere used to _short _delay time mformat_lon_ about thg barrle_rs total length
construct the pulses. Figure 5 shows the reconstructed pulséssava”able' That means |n5|de_a _barner th_e fields spread_out
after a reflection by barriers of six, five, four, and three Iay_mstamtaneously, the characteristic behavior of nonlocality.

ers. The frequency domain measurements confirm the aboJJ“S. differs from the reﬂe_ctlon by a metalllp mirror. Infor-
é';mon on the metal barrier length are available only up to

s;eesseEgetddl;rggnsdpgcr:]etrrlréelisnlgtin:)efn;;;zg?rt1) ;?ﬁ errc'eflecnon t'ﬁe skin depth. In the case of a ph_otonic barrier, the interfer-
ence causes the reflection while in the case of a metal the
reflection is due to free carrier conductifh7].
IV. CONCLUSIONS So evanescent modes appear to be nonlocal at least up to
) ] _ some ten wavelengths, as experiments have shown in this
In both the experiments the applied pulse had a carriegdy. The distance of observing nonlocality effects is limited
frequencyf, in the center of a barrier’s forbidden band gap py the exponential decay of the field intensity of evanescent
and a narrow frequency bandwidif about 1% off.. Thus  modes, i.e., of the probability in the wave mechanical par-
all relevant frequency components of the pulse were evanegcle analogy.
cent. In this case there is no finite phase time or group delay
expected nor observed for the wave packet inside a barrier
[1,3,16. Such a behavior can explain the experimental data
of reflection by opaque barriers. We observed that the partial We thank P. Mittelstaedt and A. A. Stahlhofen for helpful
reflection by the back surface is effecting only the amplitudediscussions, B. Clegg for a critical reading of the manuscript,
whereas the reflection duration is not changed. The informaand M. E. Perel'man for giving us the paper on his investi-
tion on photonic barrier length is available at the barrier’sgation prior to publication.
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