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Negative group velocity pulse tunneling through a coaxial photonic crystal
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An easily configurable experimental system is described in which negative group velocity tunneling
of electrical pulses can be studied. Negative group velocity corresponds to the case in which the
peak of a tunneled pulse exits before the peak of the incident pulse has entered the sample. In the
experiments outlined herein, the tunneling occurs through the forbidden transmission region of a
quarter-wavelength interference filter created from alternating segments of two different impedance
coaxial cables. The equipment used for these experiments consists of two function generators and
an oscilloscope, items typically found in most science department20@2 American Institute of
Physics. [DOI: 10.1063/1.1508172

In this letter, we describe a simple experimental configu-  The experimental configuration used for measuring the
ration to demonstrate the tunneling of electrical pulses withgroup velocity of pulses is shown schematically in Fig. 1.
group velocities,vy, whose values exceed infinity—so- The first-signal generatdiBK Precision 30011Bwas used
called negative group velocity tunneling. Such a circum-to produce a sinusoidal signal at 110 kHz to amplitude
stance occurs when the peak of a pulse tunneling through anodulate the much higher frequen~15 MH2 output of
attenuating sample, in our case a coaxial photonic crystathe second-signal generator. The TTL synch out signal of the
exits before the peak of the input pulse has reached the béirst-signal generator served as a trigger for the oscilloscope
ginning of the sample. Although this effect is highly coun- (Agilent 54622D. The output of the second-signal generator
terintuitive, it is a natural extension of the recently much(BK Precision 40404, when 100% modulated by the output
studied phenomenon of pulse tunneling which has estalsf the first generator, produced a train of sinusoidal envelope
lished, in a myriad of different experimental pulses with carrier frequencies in the MHz frequency regime.
configurations; 3 that group velocities can exceed the speedThe repetition rate of these pulses is set by the first-signal
of light in a vacuumg. generator, which creates the envelope. The second-signal

Many authors have previously pointed out that negativegenerator sets the carrier frequency that can be independently
group velocities are possiliié particularly in systems with adjusted. These pulses then traverse the coaxial photonic
gain; however, there have been few clear experimental densrystal and are recorded at the oscilloscope. A(bGermi-
onstrations of this phenomenon in passive systems. One ofation resistor was attached at the input of the oscilloscope
the earliest experiments to measure the group velocity ofo eliminate back reflections resulting from an impedance
optical pulses tunneling through an absorbing medium demmismatch at the input.
onstrated 4 values that were negativehowever, because of The coaxial photonic crystal used for this study con-
the autocorrelation method employed to measure the pulsgisted of alternating sections of two different types of coaxial
velocity, the results were initially contentiol€onversely, a cable, RG58 and RG62, with impedances of(5@nd 93(),
more recent experiméhtwith electrical pulses traveling respectively. The structure was then assembled from 17 al-
through the forbidden transmission region of a bandstop filternating sections of cable with RG58 at both ends. To create
ter clearly demonstrated negative group delays. However, for
a filter, the concept of a group velocity is not defined.

i : . Oscilloscope
In the work described herein, we demonstrate, in a S
simple, unequivocal experiment, a negative group velocity Genf,atom . D
for pulse tunneling through a coaxial photonic crystal—an :igh;{ngger
interference filter made of alternating quarter-wavelength © o+—1___Ig Ch 19Ch-?2
segments of two different impedance coaxial cables. The ba- 1 I 500
sic experiment is similar to that described recently by Hache Signal Sinusoidal termination
and Poirief in which they observead values up to three Generator 2 modulation
times the speed of light in a vacuum. The prime difference in signal Transmitted

o O

our experiment is the use of a coaxial photonic crystal with a
higher impedance mismatch that permits access to larger
group delays. Furthermore, the experimental equipment used
is much simpler, an oscilloscope and two function generators Modulated signal
(one with an AM modulation facility, items typically avail-

able in most science departments.

signal

Coaxial photonic crystal

FIG. 1. Experimental arrangement for demonstrating negative group veloc-
ity tunneling. The output of signal generator 2 is amplitude modulated by
dElectronic mail: wmr@physics.mtsu.edu the output of signal generator 1.
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tude as expected. Eventually, the peak of the tunneling pulse
occurs at a time that precedes the peak of the envelope pulse
as monitored on the second channel of the oscilloscope. The
effect is even more dramatic than it appears on the oscillo-
scope because the envelope signal from the first generator
has traveled over a shoft-2 m) cable to the oscilloscope
whereas the tunneled pulse has traveled almost 120 m
through the coaxial photonic crystal.

To accurately determine the transit time for these elec-
trical pulses, several considerations must be made. The peak
of the sinusoid emitted from the first-signal generator was
determined to coincide with the positive rising edge of the
TTL signal. With this in mind, two cables of identical length
2 4 6 8 10 12 14 16 were used to ensure t.hat the peak of the sinusoic'i.reachgq the
input of the second-signal generator as the positively rising
edge of the TTL signal triggered the oscilloscope.

FIG. 2. Experimentally determined transmission function of the photonic Next, we had to consider the processing time needed by
band gap crystalthin line). The narrow peakKthick line) overset on the  the second-signal generator in order to produce the modu-
transmission function correqunds to the frequency components of the tUnated signal. To do this, we allowed the sinusoid produced by
neled pulse at 6.8 MHz showing that all of its frequency components lie . .
within the forbidden band gap. the first-signal generator to travel through two calflesn-
nected in serief equal length and impedance before reach-
a forbidden transmission region, the cable lengths were cdf9 the oscilloscope. The t|m|_ng d|fference between the TT_L
to be a quarter-wavelength long at our chosen target bangi9"@! and the peak of the sinusoid was noted. We then in-
gap frequency of 8 MHz. Because of the different velocityse_rted the second-signal generator'm.to thg path of the sinu-
factors in these cable®.66c in RG58 and 0.85in RG62, soid betwe_en the two cables. The tlmlng dlfference between
wherec is the speed of light in a vacuypthe cables were e TTL signal and the peak of this amplitude-modulated
cut to different length€6.19 m and 7.97 m respectivel§o signal was then compared to the previous timing difference.

achieve the desired periodicity. The total length of the co-1"€ change in this timing difference is due to the processing
axial crystal was 119.5 m. delay introduced by the second-signal generator and had a

An impulse response experiment was performed to/alue of 0.16-0.01us. o
verify the existence and extent of the coaxial crystal band  TO determine the time spent by the pulse within the co-
gap. A short pulse was created by high pass filtering théxial photonic crystal, two measurements were made. First,
square wave output of one of the signal generators. The filtefhe position of the peak of the sinusoid entering the second-
created from a resistor and capacitorR=8200), signal generator was read from the oscilloscqfis also
C=68pF), converted the rising and falling edges of thecorresponds to the rising edge of the TTL trigger, which is on
square wave into a pulse with a broad range of frequencihe displayr Second, the position of the peak of the pulse
components extending beyond 16 MHz. The pulse transmigafter having traversed the coaxial photonic crystal was re-
sion through the coaxial photonic crystal was digitized andcorded. Because 110000 pulses pass through the structure
stored using the oscilloscope as was the time response for ti&ch second, it is possible to visually find an average peak
pulse to travel through a straight piece of a@@able. The position on the oscilloscope. The transit time is then simply
Fourier spectra of the two time responses were divided téhe timing difference between the peak of the entering sinu-
arrive at the transmission profile shown in Fig. 2. Figure 2s0id and the peak of the recorded pulse minus the processing
shows a clear band gap centered at 8 MHz and extendingme at the second-signal generator. We were then able to
from 6 to 10 MHz. adjust the carrier frequency and watch the pulses advance in

In order to measure the group velocity of pulses travel+eal time as the carrier frequency entered the band gap. A
ing through the photonic coaxial crystal, we determined thdypical trace from three such pulses entering the band gap
arrival time of the peak of pulses both for carrier frequenciegegion is shown in Fig. 3. The top pulse in Fig. 3 had a
within the forbidden band gap region, where tunnelingcarrier frequency of 6.3 MHz and a corresponding group
should occur, and in the transmitting region where we wouldvelocity of .77%. The second pulse had a carrier frequency of
expect normal propagation. The transition from outside thé.5 MHz and became superluminal having a group velocity
gap to inside the gap could be observed in real time on thef 4.0c. The third pulse had a carrier frequency of 6.8 MHz
oscilloscope by adjusting the carrier frequency on theand a corresponding group velocity efl.2c (i.e., the peak
second-signal generator. Even before doing careful measuref the tunneled pulse arrived 0.3D.02 us prior to the peak
ments of the group velocity, it is clear that the system give®f the input pulse entering the crystalt became difficult to
rise to negative group delayand hence, negative group ve- accurately determine peak values for the higher-frequency
locities) because the peak of the pulse traveling through thgulses due to attenuation and deformation of the pulse within
coaxial crystal moves to earlier times as the carrier frequencthe band gap region.
is adjusted from below the band gap to being within the band  From the theoretical viewpoint, the observation of a
gap. As the carrier frequency is changed to values that limegative group velocity in this system is somewhat surpris-

within the band gap, there is a decrease in the pulse ampling. The authors of Ref. 10 have shown that, for a loss-less
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12 bidden transmission region. This structure is due to Fabry—
10 | MNMMMMMMMMWM Perot-type interference between the ends of the entire photo-
nic crystal.

- In conclusion, we have demonstrated a simple experi-
| mental configuration that exhibits negative group velocity.
Although this effect is well acknowledged as a logical exten-
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4} sion of the other superluminal tunneling effects, it engenders
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| more skepticism because the tunneling puppearsto ex-
hibit some prescience in knowing the shape of the incident
. ‘ : : ‘ pulse even before it has arrived. The experimental configu-

1 3 5 7 9 ration described here should make this elusive effect ame-
Time (Microseconds) nable to more widespread study.

FIG. 3. Three tunneled pulse traces at 6.3 MHz, 6.5 MHz, and 6.8 iz
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