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This file is to present essential documentation of the subject matter of this portion of Workshop 38 at the
AAPT Summer Meeting in Portland, OR — July 18, 2010. This portion of the workshop will focus on the
primary experimental challenges of this experiment first done at Bethel University in the mid-1990’s
and published in AJP 64 (9), September 1996. It has since been done several times by student projects
within our Optics class — most recently in spring 2008. We use a student project, mini-research approach
to this portion of our advanced laboratory, and thus there is no “lab manual” and detailed expectations
vary each time students take on the experiment. Each time this challenging project is done, students
work with the lab instructors to achieve in their own way a successful completion of the imaging of
resonant sound waves in the closed tube resonator using stroboscopic real-time holographic techniques.

The current web-based version of the AJP issue noted above suffers in the archiving process since the
crucial “shades of grey” figures that document the sound images from the experiment are effectively
blackened out — and are useless. Consequently this document will include images from the student work
immediately upon semester conclusion, and they are much more useful than Fig. 6 and Fig. 7 in the
archived AJP reference. The originally distributed paper copy of AJP 64 (9), September 1996 also had
good figures. In addition, in Workshop 38 I will be able to show the video clips that graphically show
the standing waves in the resonator as slowed down by stroboscopic holography. We will go through all
the acoustics and optical details of the system — including the operation and alignment of the acousto-
optic (AO) cell and hands-on measurements of the resonances of the chamber with an air fill.

This is the basic optical system employed in the detailed descriptions to follow on the next pages.
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Figure 5: Real-time stroboscopic holography system for imaging standing sound waves.



We will also be describing in more detail the construction of one version of a sound resonance cell that
can be driven up to 150 -160 dB with the attached speaker. Photo and line drawings are shown below:
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Holographic Real-Time Imaging
of Standing Waves in Gases

Richard W. Peterson, Stephan J. Pankratz, Trent A. Perkins,
Adam Dickson, and Chad Hoyt
Dept. of Physics, Bethel College, St. Paul, MN 55112

Stroboscopic holographic interferometry has been developed at an advanced
undergraduate level allowing real-time imaging of standing sound waves in gas filled,
closed tube resonators. A heterodyne Mach-Zehnder interferometer was first built
by students to show the feasibility of interferometric detection of sound waves in a
small cell. In the subsequent holographic study, the laser irradiance is modulated
by an acousto-optic cell at frequencies near that of the standing wave, and a video
camera records the fringe motion due to sound pressure changes. Fractional fringe
shifts are observed for an air filled cell, and multiple fringe shifts are imaged for
the case of freon. Sound reflections from the cell ends are easily observed, with
non-sinusoidal waveforms dominating at high intensities due to superposition of

resonator harmonics.

Introduction

Holographic techniques are widely used to carefully
map out the amplitudes of vibration for mechanical
structures ranging from musical instruments to air-
craft engines’?. Even though standing sound waves
in gases are a central concern in many areas of acous-
tics, they have been difficult to image in any quantita-
tive fashion. Indeed in teaching introductory physics
a common approach is to present the height of flames
or motions of cork dust as some indication of the lo-
cation of nodes and antinodes, or a small microphone
may be moved through the sound field to slowly map
out a modal pattern. This project sought to interfer-
ometrically study and eventually holographically im-
age the sound waves in a closed tube resonator. Imag-
ing of the sound requires the production of localized
background interference fringes which are shifted in
position by the changing index of refraction caused
by acoustically varying gas pressure. This end was
accomplished in two phases within a project based
Junior/senior level optics laboratory, beginning with
a dual beam interferometric probing of the resonant
cell and culminating in real-time holographic imag-
ing. The resultant real-time holographic images of
the cell allow production of a dramatic stroboscopic
videotape which maps out the oscillations of the pres-
sure sound field for the first three standing wave
modes.

Preliminary Calculations

The optical path length change A for a beam of light
of wavelength A and total geometrical path L is given
by

(n—=1)L=A=m\

when a gas of index n is evacuated from the path,
and m indicates the number of interference fringe
shifts expected during the evacuation. In the case of
air at atmospheric pressure evacuated from a cell of
length 6 cm (using n = 1.0003) one obtains about 30
fringes, as may be easily demonstrated with a class-
room Michelson interferometer. One can then esti-
mate the interferometric effect of sound by first ap-
proximating the pressure changes due to a very loud
sound (say 140 db) in the resonant cell and then com-
paring this to full atmosphere evacuation. If Ly rep-
resents the pressure level of the sound in dB, then

where AP represents the amplitude of the pressure
oscillations and AP, (about 20 pPa) corresponds to
the pressure amplitude at the threshold of hearing®.
Thus pressure amplitudes of 200 Pa are expected at
140 dB, with total pressure changes at a given point
given by 2AP or about 400 Pa at 140 dB.
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Figure 1: Mach-Zehnder system for probing the sound field at pressure antinodes of a closed tube resonator.

Mach-Zehnder Measurements

In a preliminary interferometry project to detect
these small pressure changes, the optical system
shown in Fig. 1 was constructed. A simple wood
box resonator (of the type usually driven by a vi-
brating tuned bar mounted over the center hole) was
placed in two optical probe beams. A 60-watt com-
pression speaker driver was placed over the center
hole, and sound entered the resonator through at 0.5
cm hole in a rubber stopper which covered the large
center hole. To measure sound levels inside the res-
onator, a very small hole was drilled through one end
of the box, and thus the pressure antinodes at that
end could be monitored by a small external electret
microphone connected to a sound level meter. The
microphone was backed away from the hole until a
30 dB attenuation relative to internal intensity lev-
els was achieved. Thus the sound level meter with
a 120 dB range could approximate sound intensities
in the resonator in excess of 150 dB. Since the box
was driven at the center, the system greatly favored
the fo mode shown in Figure 2, which has pressure

- & -

antinodes at both the center and ends. A neon laser
beam was split by a polarizing beam splitter, with
the horizontal linear polarization passing through an
acousto-optic (AO) modulator which shifts the opti-
cal frequency of the first order beam by 40 MHz, while
the vertically polarized beam is unshifted. When re-
combined at a second beam splitter and carefully al-
ligned to be collinear, the resultant beam is passed
through an analyzer with its axis at 45° to bring the
two components into superposition. They then pro-
duce a 40 MHz beat frequency which is measured by
a reference detector. A similar scenario is played out
downstream with the two beams passing through the
resonator cell, except in this case the two interfering
beams travel through different regions of the sound
field in the cell. Thus in this case the 40 MHz beat
frequency will be shifted in phase by the sound, with
a 27 phase shift occuring if one path were to increase
in path length by one wavelength at some particular
time. Thus sound interference effects can be carefully
followed in time by electronically measuring the phase
shift between the reference detector and the signal de-
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Figure 2: Longitudinal modes of first three harmonics
of a closed tube.

tector. Note that the optical system as described is
insensitive to vibration except as occuring when the
two paths are separated while passing through the
sound cell.

Fig. 3 shows the positions of the two beams in the
standing wave pattern. To gain sensitivity to sound,
the two beams are directed through the cell center
and one end which correspond to pressure antinodes
of opposite phase for the f» mode.

Pressure Maximum Beam2 (Beam 2 - Beam 1)
s RO
Opposite Pressure Maximum AR..= 4AP

Figure 3: Pressure fluctuations expected at the beam
positions in the f; sound field.

Thus the maximum phase shifts observed interfero-
metrically are those due to 4AP as the standing wave
passes between the two extreme situations. The real-
time phase shift is conveniently observed using an RF
mixer system to generate sin(¢) and cos(¢), where ¢
is the phase shift between the two 40 MHz signals.
These signals can be connected to an x-y oscilloscope
which displays the phase shift in real time, going
once around around a circle for each fringe. More
information can also be gained by recording the two
quadrature signals with a computer and then plot-
ting out ¢(t) after its calculation. Since the 4AP
pressure variation corresponds to about 800 Pa, and
30 fringes are observed from a full atmosphere evacu-
ation (10° Pa) in a 6 cm cell, one would expect about
one-fourth fringe of rapidly fluctuating phase for 140

. W

dB. Indeed this is what is observed with the sys-
tem described above within a 10% uncertainty due
to our estimates of sound intensity level and some
vibrational noise. These results encouraged our hy-
pothesis that it should be possible to holographically
image standing waves in gases.

Stroboscopic Holography

The optical components for the holographic experi-
ment were mounted on a 4’ x 6’ optics table and are
shown in Fig. 5. The 30 mW neon laser beam passes
through an acousto-optic (AO) cell which in this case
may be used to chop the beam, effectively strobing it
on and off. The AO cell is driven by a pulse generator
which allows control over pulse width, frequency, and
phase.
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Figure 4: (a) Side view and dimensions (in inches) of
aluminum cell. (b) Top view of cell.

The zero-order beam through the AO cell is
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Figure 5: Real-time stroboscopic holography system for imaging standing sound waves.

blocked, and the amplitude modulated first order
beam next passes through a A/2 retardation plate
which allows adjustment of the direction of linear po-
larization so as to minimize reflections off holographic
plates. The remainder of the system is similiar to
any transmission holographic layout, except in this
case the “object” is a back-illuminated frosted glass
plate which may be viewed through the sound reso-
nance cell. In real-time holographic interferometry,
one complex wavefront from the object is stored with
a transmission hologram, and the developed holo-
graphic plate is precisely repositioned in its original
location so that the holographic image of the object
can directly interfere with the actual object. Any
deformation of the object can then be observed in
real-time in terms of observed fringes.

An aluminum resonance chamber was constructed
for the system as shown in Fig. 4. The sound is
coupled in from the speaker driver through a hole at
one end. An O-ring seal allows the speaker to be
tightly coupled to the chamber, and because driver
speakers are enclosed in a sealed metal box, the entire
speaker/sound chamber can be evacuated and filled
with gas. Since the chamber is pressure driven from

- G-

one end, all three modes of Figure 3 are driven effi-
ciently. An external microphone monitors sound in-
tensity through a membrane of transparent tape that
covers a small hole at one end. It was found that
the membrane causes a 40-45 dB attenuation in the
sound level, and thus internal pressure levels up to
165 dB can be measured.

Fig. 5 shows a wedge shaped cell in the reference
beam. It consists of a 6 inch diameter acrylic tube,
with glass windows sealing each end, which may be
evacuated and filled with gases. One end of the tube
is sawed at a 30° angle to produce a linear change in
cell path length from top to bottom. The wedge thus
allows one to produce horizontal or vertical reference
fringes which are localized on the sound resonance
chamber. These reference fringes may be produced
or adjusted by changing the gas or its pressure in
the wedge after the hologram has been constructed
and repositioned in its holder. Any change occuring
in the optical path through the resonance chamber
will move the reference fringes, and can be spatially
quantified by recognizing that each reference fringe
corresponds to a one wavelength change in optical
path.
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Figure 6: (a), (b), (c). Frame grabber images from videotape of f;, f and f3 modes. (d), (e), (f). Images for
higher mode amplitudes achieved with cylinder at cell center.

A hologram is first made showing the illuminated
frosted glass surface as viewed through the undriven
resonance chamber. This hologram is precisely repo-
sitioned so that the holographic image is observed to
interfere with the actual scene. During this playback
phase, air is allowed to enter the previously evacuated
wedge, producing stable horizontal fringes of good
contrast which are localized on the resonance cham-
ber. Under these conditions a standing sound wave in
the chamber would merely blur out the fringes as they
oscillate at acoustic frequencies. Thus the AO mod-
ulation is now implemented, which allows the laser
to be chopped at nearly the same frequency as the
sound in the chamber. Effectively, then, the laser
comes on only for a small fraction of the period of
the sound, and may “freeze” the fringes in extreme
positions as caused by the sound field. Two separate
frequency generators are used for the sound and AO
signals. This allows the two frequencies to be slightly
different (by about 0.5 Hz) and produces an image in
which one can observe the fringes to slowly oscillate
in a vertical direction as a consequence of the sound
field. The moving fringes may be easily recorded with

a video camera for subsequent analysis.

The first trials were done with air in the resonance
chamber and produced fringe motions of up to +1/2
fringe at high intensities. With freon gas in the cham-
ber, having an index of refraction almost four times
that of air, large multiple fringe oscillations are ob-
served. Fig. 6 displays the first three modes for the
freon-filled cell. These extreme positions of the pres-
sure fluctuations are chosen by a frame grabber® from
videotapes of the each of the first three modes. As
the speaker power is increased, the classic single fre-
quency modal pattern yields to the presence of higher
harmonics generated by the speaker/cell coupled sys-
tem. Since the closed tube resonator has “good” har-
monics, one begins to observe a progressing square
wave that propagates back and forth across the cell.
These harmonics act as a sink for the power from
the speaker, and one in unable to further increase the
amplitude of the fundamental. Fig. 6 shows the ef-
fect of a small cylinder placed at the center of the
resonator which destroys the harmonic structure of
the resonances, and thus allows much more power to
be implemented in the fundamental. A real-time FFT

- /-
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Figure 7: Frame grabber images of pressure variations
resulting at three different intensity levels with high
harmonic content at (a) 150 dB, (b) 160 dB, and (c)
165 dB.

system monitored the power spectrum of the radiated
sound concurrent with the recording of the images.

Fig. 7 displays the high harmonic content image
for varying sound intensity levels as approximated by
the microphone. In this case the speaker and strobe
frequency are tuned to identical values, and one can
observe the change in the pressure amplitude of the
stationary pattern as the sound intensity is adjusted.
An increase in intensity level of 10 dB is seen to cor-
respond to a pressure amplitude change of approxi-
mately a factor of three as expected.
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-+ IntraAction Corp.

QUALITY PRODUCTS FOR LASER TECHNOLOGY

AOM-40 ACOUSTO-OPTIC MODULATOR

INTENSITY MODULATION

OPTICAL FREQUENCY SHIFTING
LASER BEAM DEFLECTION

HIGH RELIABILITY

HIGH OPTICAL POWER CAPABILITY
EXCELLENT TEMP. STABILITY

SPECIFICATIONS

Acoustic Carrier Frequency (MHz) 40
Input Impedance (Ohms) 50
Optical Frequency Shift Range (MHz) + (30 to 50)
Modulation Bandwidth at —3db (MHz) 4.5 (.65 mm dia.)
2.9 (1.0 mm dia.)

Rise Time (ns) 110 (.65 mm dia.)

~ 170 (1.0 mm dia.)
Static Optical Insertion Loss (%) 2 (633 nm)
Extinction Ratio at DC (1st order) > 1000:1
Optical Polarization Any
Weight (gm) 225
Size (less connector) (mm) 746 x 62.5 x 22.4

(in.) 2.94 x 2.46 x .88
MODEL AOM-40 AOM-40R
Optical Wavelength Range (nm) 440 to 700" " 1060
Acoustic Field Height (mm) 2* 2
Diffraction Efficiency (%) 90 80
Drive Power (Watts) 2.0 (633 nm) 5
1.0 (442 nm)
Diffraction Angle (m rad) 6.5 (633 nm) 10.8
4.5 (442nm)

*3mm, 4mm, and Smm available
**Other Optical Wavelengths available

3719 WARREN AVENUE BELLWOOD, ILLINOIS 60104
TELEPHONE (312) 547-6644 TELEX 270504
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ME-40 LIGHT MODULATOR SIGNAL PROCESSOR ELECTRONICS

Carrler Fraguency®

Input Drive Signal
Input/Output Impedance
Power Amplifier Bandwidth
Harmanic Distortion
Amplifier Output Loading
Power Requirements
Size (cm)

{in.)

Modal
Power Output

Options Available
Gamma Correction
(ME-40G)

TTL Input
(ME-40T)

Input Modulation Frequency Range

40 MHz

DC to 10MHz

01to 1 volt

50 Ohms

70 MHz

> 20db down
Unconditionally Stable

- 115/230 Vac = 10%, 50-80Hz

9 lbs.
23W x 8.9H x 34.30
OW x 3.5H x 13.5D

6 Watts

Provides a linear relationship between
AOM-40 light output intensity and ME-40
input drive signal.

50 ohm TTL input for digital operation of
the AOM-40 and AOM-40R,

*Frequencies from 30 to 50 MHz avallable.

IntraAction Corp. ME-40R RF Modulator Dri\
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