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Slow electromagnetic pulse propagation through a narrow transmission
band in a coaxial photonic crystal
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We demonstrate the slow group-velocity propagation of electromagnetic pulses through a narrow
transmission band of a simple coaxial photonic crystal. The narrow transmission band was formed
by creating a defect in a periodic coaxial cable filter which resulted in a narrow-frequency passbhand
within an otherwise forbidden band stop region. Strong normal dispersion within this region causes
the group velocity of the pulse to be slowed well below the speed of light and below the expected
propagation speed in a coaxial cable. This phenomenon is essentially similar to the much-studied
slow light propagation observed in atomic vapors through regions of strong dispersion. The
simplicity with which this phenomenon can be observed in a one-dimensional coaxial photonic
crystal makes this a versatile experiment for such studies. Group velocities of B8rec is the

speed of light in a vacuum, were observed.2003 American Institute of Physics.

[DOI: 10.1063/1.1597416

Much recent attention has been given to the topic of The coaxial photonic crystal used for this study con-
slow, or even stopped, group velocities of optical pulses irsisted of alternating sections of coaxial calfRG58 and
atomic vapors as a result of highly dispersive, narrow transRG62, which have differing impedancdg80 and 93(}, re-
mission regions within the vapots® Typically these experi- spectively. The structure was assembled from 13 alternating
ments employ the phenomenon of electromagnetically insections of cable with RG58 at both ends. The lengths of the
duced transparenéyto create a narrow transmission band cables were chosen to form a quarter wavelength stack lead-
within an otherwise optically opaque medium. This narrowing to a band gap at 8.0 MHz. Due to the differing velocity
transmission band leads to a highly dispersive region irfactors of these cables (066n RG58 and 0.85in RG62,
which slow group velocity pulse propagation is possible. ltwherec is the speed of light in vacuupthe cables were cut
has been theorized that a similar effect should be possible itv different lengths(6.19 and 7.97 m, respectivglyto
the region of a defect mode within a photonic band gapachieve the desired periodicity. Next, we wanted to induce a
material® The origin of this effect can be understood in op- defect within the periodicity of the wave guide. In order to
tical terms from the group velocity,y, of a pulse given by  do this, the length of the middle coaxial cable element within
the array was doubled to produce a narrow transmission band
within the center of the band gap. The total lengths for the

d o
vg:d_LI::—dn’ (1) coaxial photonic crystals with and without a defect were
n+w _) 97.34 and 91.15 m, respectively.
dw In order to determine the frequency extent of the forbid-

den band gap and of the defect mode in the two coaxial

wheren is the refractive index. Regions of strong normal Photonic crystals, an impulse response experiment was used
dispersion @n/dw>0) can give rise to very slow group ve- t0 measure the transmission spectra for each of the
locities whereas regions of strong anomalous dispersioWaveguides. A short electrical pulse was created by filtering
(dn/dw<0) can give rise to the well-described superluminal@ square wave using a simple high paR€ filter (R
effects? 14 =8200) andC=68 pF). The pulse contained a broad range
Herein we describe a simple experimental configuratiorpf frequencies extending beyond 15 MHz. The time domain
that leads to slow-group-velocity electromagnetic pulsedata of the pulse was then recorded after having traversed the
propagation through a narrow transmission band in a onevaveguide. The Fourier transform of this time domain data
dimensional coaxial photonic crystal. This effect has beerwas divided by that of the pulse transmitted through a single
experimentally observed in a periodically structured electrocable to obtain the transmission function for the waveguides.
magnetic wave guide in the presence of an induced defedtigure 1 shows the transmission function for the coaxial pho-
mode. The experiment is simple and inexpensive both ironic crystals with and without the defect mode.
terms of the fabrication of the coaxial photonic crystal and in  In order to determine the group velocity through the
the instruments needed to determine the slowed group velo®and gap region as a function of frequency, we measured the
ity. transit times for the peaks of the narrow bandwidth pulses
within the coaxial photonic crystal. Narrow bandwidth

dpresent address: Department of Physics, Harvard University, Cambridgg,mseS were created by using one function generator to

MA 02138. modulate the output of the second function generator. The
YElectronic mail: wmr@physics.mtsu.edu experimental configuration is shown schematically in Fig. 2.
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pulses, we made several considerations. It was found that the
peak of the sinusoid emitted from the first signal generator
coincided with the positively rising edge of the transistor—
transistor logic(TTL) out signal. With this in mind, two
cables of identical length were used to ensure that the peak
of the sinusoid reached the input of the second signal gen-
erator as the positively rising edge of the TTL signal trig-
gered the oscilloscope. The TTL signal would then be kept
on the oscilloscope’s display to represent the arrival of the
peak of the pulse at the second signal generator.

Defect Transmission Band

g
(=)

-
o
v

Transmission
(Arbitrary Amplitude)
& &

0.0 A ¢ A $ A It was then necessary to determine the processing time
(] 5 10 15 needed by the second signal generator in order to produce
Frequency (MHz) the modulated signal. First, we allowed the sinusoid pro-

duced by the first signal generator to travel through two
FIG. 1. Transmission spectra for the 91.15 m coaxial photonic crgstéd ~ cables(connected in serig¢sof equal length and of equal

tom) and the 97.34 m coaxial photonic crystal with a central defect mOdeimpedance before reaching the oscilloscope. The transit time

(top). Both the band gap and defect mode are clearly visible. The transmis- . . .
sion function of the upper trace has been offset for clarity. of the peak of the sinusoid was noted. Next, we inserted the

second signal generator into the sinusoid’s path between the

] ) o two cables. We compared the transit time of the peak of this

The first signal generat¢BK Precision 30011Bwas used 0 gmpitude-modulated signal to the previous transit time for
create a low frequency70 kH2 sinusoidal envelope that he peak of the sinusoid alone. The timing difference is due

would then modulate a higher frequen@-15 MH2 sinu- 4 yhe processing delay of the second signal generator and
soidal signal produced by a second signal genel&idrPre- had a value of 108 10 ns.

cision 4040A. The result is a train of sinusoidally modulated The transit time for the pulse to traverse the coaxial pho-

pulses with carrier frequencies in the megahertz regime. Thf\OniC crystal is determined by taking the time difference be-

width of the pulse is set by the first signal generator, whic ween the peak of the received pulse, transmitted through the

creates the envelope. The second signal generator can t.hggaxial photonic crystal, and the rising edge of the TTL sig-

independently adjust the carier frequency. Upon ransmispa1 and subtracting the processing time at the second signal

ig)rgégrc;:gtm;hisi:?l?:éilongtci)lgft cgiztglz,[;heDE:Is;s tﬁree reg'jenerator. Because 70000 pulses pass through the structure
. - PeAg ' . each second, it is possible to visually locate an average peak
close spatial proximity of adjacent pulses, a @Germina-

tion resistor was attached at the oscilloscope’s input to reE)OSItlon of the .pulse on th? oscilloscope’s display. We were
. . . . hhen able to adjust the carrier frequency and watch the pulses
duce back reflections resulting from an impedance mismatc

at the oscilloscope. With knowledge of the distance traveleélaldvance and slow down " real time as the carvier frequency
. —enters the band gap region and reaches the defect mode.
by a pulse through the waveguide and the correspondin

gigure 3a) shows the transmission spectrum of the coaxial

transit time, we then determined the group velocities. Such hotonic crystal and Fig.(B) shows group velocity measure-
measurements were made for several pulses with carrier fré Y 9-8)s group y
ments made for several carrier frequencies ranging from 3 to

guencies between 2 and 15 MHz. One advantage of this ex- MHz. Superluminal as well neqative ar velociti
perimental setup is that the carrier frequency can be adjuste - >uperiuminalas well as negative group veloctlies

in real time, and the electrical pulses can be seen to be slowWere observed in the band gap region in agreement with

ing down by the observation that they move to later times orprevious experlme_:nslsand slow pulse propaggnon was ot_)—
the oscilloscope’s display. served in the region of the defect mode. Figure 4 depicts

To accurately determine the transit time for the electricalthree pulses with d|ﬁ§rent carrier frequencies, 4',0' 7.8, and
9.3 MHz, corresponding to different group velocities, @.74
0.3Cc, and 2.8, respectively. The pulse amplitudes have

First Signal| - been adjusted to be approximately equal in size.
Generator Trigger Oscilloscope The asymmetrical group velocity distribution about the
—> o defect mode is thought to arise as a result of minor flaws and
intrinsic losses within the waveguide. Such disturbances can
Second lSi"““id cause ripples in the transmission spectrum within the band
Signal gap and defect mode resulting from perturbed interference

conditions. One such flaw can be seen on the high frequency
edge of the defect mode in Fig. 3 which could explain why
slow group velocity is more predominant on the lower fre-

quency region of the defect. There is also a region of rela-

Modulat'ed Transmittled tively slow group velocities around 10.6 MHz resulting from
Signal Defect Signal band edge effects.

The slowing in group velocity is not as dramatic in this

FIG. 2. Experimental configurat_ion for mgasuring the group velocity of Fxperiment as in slow optical pulses in atomic vapors be-
pulse propagation through coaxial photonic crystals. The output of signal - . .

generator 1 is used to amplitude modulate the carrier frequency produce@ause the transmission band associated with the defect mode
within signal generator 2. is not particularly narrow. Making the coaxial photonic crys-
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