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Delay of a microwave pulse in a photonic crystal
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Propagation of a nanosecond microwave pulse through a photonic crystal placed into an X-band
waveguide is investigated. The nanosecond pulse is produced via shortening of the microsecond
microwave pulse by the plasma electromagnetic band gap structure, which is formed in the wave-
guide by microwave breakdown ignited discharges inside three neon-filled glass tubes. Measured
delay time for nanosecond microwave pulse propagation through the photonic crystal is about 23 ns
that is in good agreement with the value obtained by numerical simulation. This time delay value
corresponds to the group velocity of microwave pulses in the photonic crystal v,,.~0.11c, where ¢
is the speed of light in vacuum. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.5000239]

I. INTRODUCTION

There has been increasing interest in electromagnetic
pulses propagating in matter with the group velocity much
smaller than the speed of light in vacuum in recent decades.
Multiple studies report significant reduction of group veloc-
ity v, of an X-ray pulse passing through a crystal, when
Bragg diffraction of X-ray photons in crystals occurs. Such
slowing down is caused by strong dispersion of the medium
refraction index in the vicinity of Bragg conditions for the
incident radiation."* The utility of short pulse X-ray diffraction
in a variety of different applications has been already proven.
Time-dependent X-ray diffraction is of great interest for both
theoretical®® and experimental” studies. Implications of X-ray
pulse shaping for XFEL applications can be clearly addressed:®
crystal optics components of X-ray FELs enable reduction of
intensity fluctuations or increase of monochromaticity of the
radiated beam.

The effect of group velocity reduction for a wave in a
spatially periodic matter exists for different ranges and a
variety of waves due to generality of laws of wave diffrac-
tion. Thus, neutron delay in crystals in conditions of diffrac-
tion was predicted and observed.’

Slow light, which is a promising solution for time-
domain processing of optical signals, is a subject of multi-
ple studies.>'*"'? Particularly, measurements of group
velocity and optic pulse delay in photonic crystals were
carried out'>"° to ground application of photonic crystals
as true time delay lines,"® slow-light enhanced optical
modulators,'* etc. Optical elements for laser pulse shaping
are widely studied to be applied for fast optical information
processing, analog optical computing, laser material proc-
essing, and coherent control, 6718

To verify performance of guided-wave photonic devices
with a high-index contrast in the microwave range the
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experimental method'® was introduced. In particular, the
authors designed the photonic crystal waveguide as an air-
bridge structure with a slab permittivity of ¢, = 10 and a total
length of about 30 cm and demonstrated that at the pass band
edge of this waveguide near 10.5 GHz the pulse group veloc-
ity was 4%-20% of the speed of light.

The effect of pulse delay also reveals for radiation gen-
erated by an electron beam in a spatially periodic matter
(natural crystal, photonic crystal,”® etc.) in all spectral ranges
(X-ray, optical, THz, and microwave).”>>*> Experimental
observation of this effect for microwave radiation generated
by an electron beam in the photonic crystal built of metal
threads was reported in Ref. 21.

In the present paper, the experiment to observe and mea-
sure the microwave pulse delay in the specially designed
photonic crystal (spatially periodic structure built of metal
rods inside the X-band waveguide) is described. Measured
time delay is compared with that obtained by numerical
simulation.

Il. APPROACH

The microwave pulse, whose propagation in the pho-
tonic crystal is studied, has the central frequency 9.15 GHz
and the field structure corresponding to the TE10 mode of a
rectangular waveguide. The photonic crystal [see Fig. 1(a)]
is designed as a spatially periodic structure built of copper
rods inside a WR90/R100 waveguide of 1m length. Each
crystal plane comprises 3 copper rods of 1.25 mm diameter
placed normally to the wider waveguide wall and distributed
symmetrically to the central rod at the distance L= 7.7 mm
from each other and L/2 from the waveguide side wall. The
crystal period d=23.2mm provides the upper edge of the
transmission band to be in the vicinity of 9.15 GHz [Fig.
1(b)], thus making the group velocity for the radiation pulse
of this frequency propagating in the photonic crystal to be
much smaller as compared to the speed of light in vacuum.
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FIG. 1. 3D model of the photonic crystal (a) and calculated pass band (b).

Frequency response [Fig. 1(b)] shows some amplitude rip-
ples, whose number is determined by the number of crystal
periods.

A. Simulation

Microwave pulse propagation in the photonic crystal
was simulated by CST Microwave Studio®* with the goal to
define the incident pulse duration making pulse delay effect
evident. The delay time is proportional to the number of peri-
ods of the photonic crystal (crystal length L.), which for
both simulation and experiment was equal to 33. Here, the
incident pulse duration means duration at —3dB level of
maximal pulse amplitude.

Simulated intensity of the pulses transmitted through the
photonic crystal for the incident pulses of different durations
(30, 10, and 5ns) is shown in Fig. 2. Time zero corresponds
to the maximum of incident wave intensity. The delay effect
is well resolved, when the duration of the incident pulse is
10ns and shorter. In this case, the intensity oscillations,
which are caused by Bragg diffraction of the incident wave
in the photonic crystal, are well distinguished. When the
pulse duration is equal to or exceeds the delay time t =L,/
Vg, these oscillations appear flat (see the transmitted pulse
shape for 30 ns incident pulse duration in Fig. 2).

To illustrate the ratio of incident, transmitted, and
reflected wave amplitudes, they three are shown in Fig. 3 for
the incident pulse of 4 ns duration. The reflected pulse ampli-
tude is comparable with that of the incident pulse and the
time delay between incident and reflected pulses is about
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FIG. 2. Simulated intensity of the pulses transmitted through the photonic
crystal for the incident pulses of different widths (5, 10, and 30ns). The
delay time is about 23 ns.

2 ns. The amplitude of the transmitted signal is much smaller
than that of the incident pulse, the transmitted pulse delay
(time between maxima of incident and transmitted pulses) is
about 23 ns and both the transmit-ted and reflected pulses
have a chain of equidistant peaks with the time interval
between adjacent those of about 27.

B. Experimental setup

The experimental layout and the setup photo are pre-
sented in Fig. 4. Specially designed magnetron is used as
a pulsed microwave source, whose key parameters are as
follows: frequency about 9.15GHz, pulse duration about
150 ns, repetition rate about 2kHz, and peak power about
50kW.

Microwave pulse shortening is produced by a plasma
electromagnetic band gap (EBG) structure (or electromag-
netic crystal)®® formed in a WR90/R100 waveguide section
by low pressure discharges in three sealed-off glass tubes. In
the experiment, the commercial gas-discharge noise diodes
“GSh-6,” whose inner and outer diameters are 1.6 mm and
2.2 mm, respectively, are used. Tubes are filled with neon at
a pressure of about 70 Torr. Three tubes are installed
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FIG. 3. Simulated electric field strength for the incident (1), reflected (2),
and transmitted (3) waves.
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FIG. 4. The experimental layout and the setup photo.

perpendicularly to the wider wall of the waveguide at 30 mm
distance from each other (see Fig. 4, inset at the bottom).
When the discharges with electron density exceeding
10" ecm ™ are initiated in the tubes by microwave breakdown,
the plasma electromagnetic crystal, whose stop band central
frequency is about 9.15 GHz, is formed.*> Suppression at this
frequency exceeds 30dB. This leads to a sharp change of
waveguide section transmittance for frequency 9.15 GHz and
provides shortening of the incident microwave pulse (trunca-
tion of the incident pulse).26 The duration of the microwave
pulse that passed through the plasma EBG crystal is defined by
time of electron concentration growth to values exceeding
10" cm ™. This duration is defined by the power of the initial
microwave pulse and its rise-time.

Figure 5 demonstrates the microwave pulses incident on
and passed through the plasma EBG structure. The duration
of the microwave pulse passed through it is about 4 ns.

The microwave pulse shortened and reduced in ampli-
tude by the plasma EBG structure is guided to the photonic
crystal [see Figs. 4 and 6(a)] by a directional coupler. Part of
the incident to the photonic crystal microwave power is
guided by an additional coupler, attenuator AT1, and wave-
guide-to-coaxial transition AD1 to a microwave diode and
detected by an oscilloscope GDS-72204E (200 MHz, 1
Gigasample/s). Reflected and transmitted pulses are similarly
detected by the same oscilloscope via channels AT2-AD2-
microwave diode and AT3-AD3-microwave diode, respec-
tively. The oscilloscope is triggered by a sync pulse from the
microwave source. To ensure equity of measuring arms, the
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FIG. 5. Microwave pulses incident on the plasma EBG structure (dashed
line) and passed through it (solid line).
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FIG. 6. Photonic crystal photo (a) and (b) measured phase ¢ = arg (S»;) and
S>, dependence on frequency.

layout was preliminary tested with the empty waveguide
(without a periodic structure of copper rods inside) replacing
the photonic crystal of the equal length.

The photonic crystal spectrum measured by a vector
analyzer Anritsu MS4645B [see Fig. 6(b)] includes a single
pass band in the range 8.65-9.25 GHz (X-band). It is similar
to the calculated photonic crystal spectrum, which is shown
in Fig. 1(b).

lll. RESULTS AND DISCUSSION

The microwave pulse transmitted through the photonic
crystal is normalized to the power of the incident pulse and
compared with that obtained in simulation. The detected
envelope of the microwave pulse incident on the photonic
crystal is shown in Fig. 7 by a (line + symbols) curve. The
envelope shaded area in Fig. 7 shows squared electric field
strength £ for the pulse used in simulation. The microwave
pulse transmitted through the photonic crystal, which is
detected in the experiment, is shown in Fig. 8 by a (line
+ symbols) curve; simulation results are presented therein
by the shaded area.

Comparison of experimentally obtained and simulated
pulse envelopes in Fig. 8 demonstrates good agreement in
shapes of peaks and their amplitudes. The amplitude of the
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FIG. 7. The envelope of the microwave pulse incident on the photonic crys-
tal: experiment (line + symbols curve) and simulation (shaded area).
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FIG. 8. The microwave signal transmitted through the photonic crystal:
experiment (line + symbols curve) and simulation (shaded area).

transmitted pulse is observed to be 30 times smaller as com-
pared to the amplitude of the incident pulse. The observed
delay time is © ~ 23ns that is also in good agreement with
simulation results. In our experiments, the time delay mea-
surement deviation was =1 ns (about 5%). The pulse group
velocity v, in the photonic crystal is v, =L/t =
3.2 x 10"m/s~0.11c, where ¢ is the speed of light in vac-
uum. The similar values of group velocity (about c/20) were
reported'>'* for optical pulses in photonic crystals. Both
detected and simulated transmitted pulses Fig. 8 contain the
additional peak delayed for about 2t ~ 46 ns with respect to
the first one.

IV. CONCLUSION

The optimal conditions to observe pulse delay due to
Bragg diffraction in the photonic crystal are simulated and
experimentally realized for the microwave pulse, whose cen-
tral frequency is 9.15 GHz. The photonic crystal is designed
as a spatially periodic structure built of copper rods inside a
WR90/R100 waveguide. Measured and simulated time delay
amounts to T ~ 23 ns and corresponds to the group velocity
value v,,~0.11c. The simulated transmitted and reflected
pulses are shown to have oscillations of intensity, which at
the incident pulse duration from 5 to 20 ns are distinctly sep-
arated with the time distance between maxima 2t ~ 46ns.
The similar oscillations of the intensity for the transmitted
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pulse are detected in the experiment in full accordance with
the simulation results. The obtained results can be applied in
high-speed information transmission systems, which use
periodic crystal-like structures to control propagation of
radiation.
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