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Experimental Confirmation of Non-Positive Refraction

in the Passing Band of a Phononic Crystal

Joshua Schulter

Abstract

A sonic crystal composed of open ended copper pipes mounted in plastic in open air is found to
non-positively refract sound of frequency approximately 10.05 kHz incident at approximately 23.3°.
This is confirmation of the predicted refractive properties of such crystals upon incident sound
with frequencies within their passing bands at certain angles of incidence. The measurements were
obtained by examining the spectra of sound obtained from a microphone whose position was varied
relative to a speaker apparatus projecting a pure sine wave created by a function generator, with
and without the crystal in the way. The horizontal shift in the profile of sound due to the crystal
was then examined and it was concluded that the crystal did not positively refract it, considering
it to be acting as a flat lens. Furthermore, it is confirmed that such a crystal causes incident sound
to undergo minimal distortion to it’s profile by observing that a collimated beam incident upon the
crystal results in approximately the same profile as output.



Introduction and Basic Theory

Phononic crystals, otherwise known as acoustic band-gap materials, are structures which take
advantage of certain regularities to produce interesting effects on the sound waves which pass through
them. The simplest form which such crystals can take is a pattern of regularly spaced inclusions in
the medium of sound propagation, like rigid cylindrical pipes arranged in a grid set in some fluid
like air. For this particular experiment, a crystal which had previously been well characterized by
Professor Pierre Deymier and associates was used. It consists of four rows of open ended copper
pipes set in plastic upper and lower bases at such a spacing so as to produce a band gap in air
from around 3 kHz to 7 kHz. The presence of this band gap was confirmed using simple well known
methods [6], but as it is not the focus of this project the details will be omitted.

A good deal of previous theory and experiment confirms that in materials which have a band-gap
(regardless of whether the waves are of sound or light), there is the possibility of waves with frequen-
cies in the passing bands behaving in very interesting manners due to effectively negative indices
of refraction and other quirks which result from the regular structure of the materials. [5] These
interesting effects include but are not limited to negative refraction (as just mentioned), lensing with
resolution finer than the classical half-wavelength limit[3], beam splitting, zero-angle refraction, and
phase-shifting.

In particular, the type of crystal used here is known to produce varying types of refraction in
the near field based on angle of incidence and to produce a split beam in the far field regardless of
the type of refraction occurring. [2] It is also theorized to produce phase shifting, a property which
simulations using the finite difference time domain (FDTD) method confirm but which has not been
confirmed experimentally.[1] It is hoped that the confirmation of non-positive refraction and sound
profile preservation obtained for this particular crystal will allow for future testing of this property.

For our purposes we can consider our crystal simply as a barrier composed of a second medium
through which the sound we’ve produced will travel between periods where it is travelling in air.
This well known physical set up is very nearly identical to that of a flat lens, and can be treated
geometrically as such. Usually, the theory would restrict the possible angles of refraction to be pos-
itive, but we know from previous research that this is not necessarily the case. [4] Not only is there
the possibility of non-positive refraction, it is known that such crystals exhibit different amounts of
refraction based not only on frequency, as is common, but on angle of incidence as well. [2]

Methods

In order to obtain something approximating a collimated beam of sound with a fixed profile so
that comparisons could be made between the unaltered and refracted sound profiles, it was necessary
to construct a speaker apparatus. For the speaker, a 1 inch diameter tweeter, designed for use in
cars, was used, since it had the proper range (2-20 kHz) and size. Additionally, a thin parabolic
metal dish with a small hole at its apex was used as a reflector. The speaker was mounted on a
piece of particle board which was in turn mounted facing the reflector such that the speaker was
near the focus of the dish facing inwards. The particle board was cut down to minimize its profile,
leaving it just large enough to hold the speaker properly. This was done after it was discovered how



much the particle board interfered with the sound profile of the dish. The speaker wires were then
attached to a function generator, and the speaker position adjusted until there was not a significant
amount of spread to the width of the column of sound the apparatus produced. The finished dish
is a bit fragile, but very effective:

One of the primary challenges of obtaining usable auditory data for this experiment was the
elimination of a sufficient amount of background noise. To this end, several different methods of
setting up the speaker and microphone involving ever increasing amounts of sound insulation were
tried, until finally a clear signal was obtained. The ambient noise in the lab, notably that caused by
the air conditioning, was found to easily obscure the speaker’s output at any reasonable distance.
Wind screens and the like proved insufficient at eliminating this, and eventually it was decided to
modify the enclosure which has previously been used to test the more conventional properties of the
phononic crystal in question. This enclosure consists of a plywood box with insulation attached to
the inside and a seal-able rubber lined lid. The modifications included measures taken to prevent
the insulation of the box from touching and therefore damping the dish when the lid is closed, the
removal of some internal structures and the rearrangement of some of the insulating components.

Using this enclosure, it was possible to eliminate more than enough of the background noise
present in the lab to get an accurate measurement of the sound profile of the speaker apparatus. To
do so, the microphone was first placed well within the collimated beam of sound and a sine wave
of frequency sweeping from about 2.5 kHz to about 15 kHz was played and recorded in order to
examine the speaker’s sound profile. This was used to determine a reasonable frequency to use for
the further measurements, chosen by finding a plateau of high intensity in the spectrum which was
also in the known passing band of the crystal, and then choosing a frequency near the middle of the
plateau.



The waveform generator was then set to play a sine wave of that frequency at a set amplitude
while the microphone was placed at various points within the enclosure, the position measured, and
then a clip of approximately 10 seconds of sound recorded. The spectrum of each clip was analysed
and the frequency of the single peak in the FFT was recorded along with its intensity in decibels
and the frequency reported by the function generator. After having done this, it was clear that the
dish was in fact producing a collimated beam of sound, with a distinct drop in intensity at some
consistent distance from the center. If this were not the case, some other method of producing such
a beam would have been necessary.

After the measurement of the unaltered sound profile, the phononic crystal was then placed in
the enclosure:

The crystal was carefully arranged so that the top and bottom edges of the dish were not significantly
overlapping with its plastic bases, in order to ensure as much as possible of the beam of sound was
incident on the crystal and capable of passing through it. The position of the crystal was measured
and the angle of incidence of the beam determined, and the crystal was adjusted until the angle of
incidence was within the range of expected zero-angle refraction.

Because the enclosure was originally designed such that this particular crystal fit inside perfectly
when lined up orthogonally to the speaker built into one end, after angling the crystal it was not
possible to measure sound at each point of its face. Instead, the sound profile was simply measured
for approximately half of the face of the crystal, which was more than sufficient to determine whether
the beam’s profile remained unchanged, due to the cylindrical symmetry of the profile. The actual
measurement of sounds was done very close to the face of the crystal, as such crystals are known
to split such beams in the far field regardless of how they refract them.[2] Once again, the clips
recorded at each point of noted physical coordinates were analysed to determine the frequency and
intensity of their peaks.

Data, Analysis and Conclusions

The raw data for this experiment is in the form of digital audio, specifically numerous 10 second
clips with noted corresponding spacial coordinates. This data is best analysed by simply examining
fast Fourier transforms of the audio and noting the amplitude of the primary peak, after confirming
that that peak is sufficiently distinguished from the background noise and also corresponds to the
input to the speaker from the function generator.



Since it was eventually possible to obtain data using a sine wave input from the generator,
the spectrum of each clip is primarily a single very large peak, and the insulation methods used
were sufficient to prevent any background noise from even coming close to matching the amplitude
of those peaks. The frequency reading on the function generator was reliably 10 Hz or so below
the peak found in each of the spectra, but this systematic error is not of any concern- the actual
frequency of the peak in the spectrum is all that matters, and consistent output from the generator
resulted in consistent reading regardless of the presence of the crystal.

Taking the amplitudes for each point in space and plotting them, we obtain a graph of the
physical profile of sound produced by the unimpeded speaker apparatus a distance far enough away
from it to allow the crystal to be placed in between:

A similar graph can be made for the profile of the refracted sound:

Though it is not as clear from this perspective as it is when viewed dynamically, there is still a
noticeable cylindrical profile to the refracted sound, with wider plateaus at the middle heights than
at the top or bottom. The full roundness of the profile is cut off a bit by the top and bottom of the
crystal, which obstructed about 10 percent of the possible propagation space each.

The profiles can be made comparable by adjusting the distances measured along the face of the
crystal via simply geometrical methods, and all further plots have utilized this. If the crystal (which
is clearly acting as a lens) were refracting positively, we would expect high relative amplitudes at high



adjusted x values (at least as high as the original profile in fact, since the profiles are comparable
elsewhere), since any positive angle of refraction would result in the center of the sound profile
moving in the positive adjusted x direction. A profile which could indicate positive refraction would
have to look something like this:

Note that the error here indicates that there is a good potential of overlap for the entire profile, and
even some distinct increases for the far end. While this theoretical profile wouldn’t indicate that
positive refraction is necessarily occurring, it would be indicative of it.

Instead, we see very small amplitudes at the far end of the crystal, contrasted with ones com-
parable to the initial profile elsewhere (indicating the sound is not simply being obstructed):

The exact amount by which the profile is shifted, if any, is difficult to determine with accuracy,
but clearly the sound is not being refracted normally by the crystal, as was expected.
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