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Letter Report
CONTRACT NO. N00014-87-K-0021
(Scientific Officer: Marvin Blizard)

Laser-Doppler Techniques for Sensing
of Compressional Waves
Allan D. Pierce (P.I.), Jacek Jarzynski, and Yves H. Berthelot
School of Mechanical Engineering, Georgia Institute of Technology

A. Graduate Student
Name of student:
Joseph Vignola
Type of thesis:
Experimental
Tentative thesis title:
Laser-Doppler measurements of flow associated with compressional waves in a standing wave
tube
Thesis objective:
An experimental study of the use of lasers in measuring flow associated with compressional
waves will be undertaken. A prototype differential laser Doppler system amenable to a variety
of design modification will be assembled and initially tested on high amplitude single frequency
wave fields in a water-filled standing wave tube apparatus. Systematic experiments will identify threshold circumstances for which oscillating particle velocities can be measured and will
identify aspects of the experimental design principally responsible for the system's limitations.

TITLE: Laser-Doppler Techniques for Sensing of Compressional Waves
INVESTIGATORS: Allan D. Pierce (P.I.), Jacek Jarzynski, and Yves H. Berthelot, School of
Mechanical Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332, (404) 894-3208.
OBJECTIVE: To develop techniques for measuring properties of compressional-wave-induced flow
fields using laser light, and to determine the practical and theoretical limitations of using such
techniques in laboratory .studies of the properties and propagation of compressional waves.
BACKGROUND: Techniques, known generically as laser Doppler anemometry (LDA) or as laser
Doppler velocimetry (LDV), have been proven over the past two decades to be extremely valuable in
fluid mechanics for measuring flow fields and have all but replaced hot wire anemometry techniques.
The extension of such techniques to oscillating flows associated with compressional waves has been
described in publications by Hanish of NRL and by Taylor of the CSIRO in Australia. Signal
processing techniques for extracting the flow velocity amplitude from the photo-multiplier output
have been developed for the case when the wave field is of constant frequency.
APPROACH: A prototype differential laser Doppler system amenable to a variety of design modification will be assembled and initially tested on high amplitude single frequency sound fields in
a water-filled standing wave tube apparatus. Analytical studies with accompanying systematic
experiments will identify threshold circumstances for which acoustically-induced oscillating particle velocities can be measured and will identify aspects of the experimental design principally
responsible for the system's limitations. Signal processing methods, both analog and digital, will
be developed and analyzed for circumstances when the measured sound field is not of constant
frequency, and these shall be accompanied by experiments in which the sound source is driven
at multiple frequencies, by tone bursts, and chirp signals. In another series of experiments, fiber
optic techniques will be used to transmit the incident optic field to the interior of a large water
tank and to transmit scattered light to a photomultiplier tube. Experiments in the tank will use
a configuration whereby only one light beam is incident on the scattering particles and scattered
light in an obliquely backscattered direction is collected by a photomultiplier tube, and will explore
the effects of laser beam path length, of microeddy currents, and multidimensional sound fields on
the laser Doppler sensing of sound.
RESULTS: The prototype differential laser Doppler system mentioned above has been designed and
assembled and is currently being tested. Theoretical studies in progress have suggested means by
which the signal to noise ratio might be enhanced. Two papers are in preparation for presentation
at upcoming technical meetings. These are as follows:
"Fiber optic Doppler systems for remote sensing of fluid flow," by J. Jarzynski, D. Lee, J.
Vignola, Y. H. Berthelot, and A. D. Pierce. To be presented as Paper 925-27 Ocean Optics
IX, which is part of SPIE's 1988 Technical Symposium on Optics, Electro-Optics, and Sensors,
Peabody Orlando Hotel, Orlando, Florida, 4-8 April 1988.
"Absolute calibration of acoustic sensors utilizing electromagnetic scattering from in situ particulate matter," by Allan D. Pierce and Yves H. Berthelot. To be presented at the 115-th
Meeting, Acoustical Society of America, Seattle, 16-20 May 1988.
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CONTRACT NO. N00014-87-K-0021
(Scientific Officer: Marvin Blizard)
Laser-Doppler Techniques for Sensing
of Compressional Waves
Allan D. Pierce (P.I.), Jacek Jarzynski, and Yves H. Berthelot
School of Mechanical Engineering, Georgia Institute of Technology

C. Publications, Honors, and Conferences
1. Refereed Publications
Allan D. Pierce and Yves H. Berthelot, Validity of linear acoustics for prediction of pressure
transients created by laser beams moving over ·water surfaces at sonic speeds, accepted for
publication in J. Acoust. Soc. Am.
Y. H. Berthelot and I. J. Busch-Vishniac, Thermo acoustic radiation of sound by a moving laser
source, J. Acoust. Soc. Am. 81(2), 317-327 (1987).
Y. H. Berthelot, Experimental investigation of the sound field radiated by a mov1ng ruby
thermoacoustic array, to appear in J. Acoust. Soc. Amer.
Y. H. Berthelot and I. J. Busch-Vishniac, Acoustic pulse duration associated with the motion
of a thermoacoustic array, submitted to J. Acoust. Soc. Amer. (under revision)
J. Jarzynski and Y. H. Berthelot, The use of optical fibers to enhance the laser generation of
ultrasonic waves, submitted to J. Acoust. Soc. Amer., Nov. 1987.
2. Book Reviews
Allan D. Pierce, Review of Hybrid formulation of wave propagation and scattering (L. P. Felsen,
editor), Foundations of Physics 16(12), 1333-1335 (December 1986).
Y. H. Berthelot, Review of 'Laser Optoacoustic Spectroscopy' by V. P. Zharov and V. S.
Letokhov, J. Acoust. Soc. Amer. 81(3), 804 (1987).
3. Papers or Talks Presented
J. Jarzynski, D. Lee, J. Vignola, Y. H. Berthelot, and A. D. Pierce, Fiber optic Doppler systems
for remote sensing of fluid flow, to be presented at Ocean Optics IX, Orlando, Florida, April
1988.
Allan D. Pierce, Irreversible thermodynamics formulation of the generation of sound by heat,
to be presented at the 10-th Symposium on Thermophysical Properties, Gaithersburg, MD,
June 20-23, 1988.

H.-A. Hsieh and Allan D. Pierce, Surface gravity wave effects on sound beams generated by
a transient corrugated laser-deposited heat configuration moving at near sonic velocities, presented at Acoustical Society of America meeting, Indianapolis, May 1987. J. Acoust. Soc. Am.
Suppl. 1, 81, (Spring 1987).
Allan D. Pierce, Absolute calibration of acoustic sensors utilizing electromagnetic scattering
from in situ particulate matter, to be presented at Acoustical Society of America meeting,
Seattle, May 1988.
Allan D. Pierce and Yves H. Berthelot, On the adequacy of linear acoustics for prediction of
acoustic pressure transients created by laser beams moving over water surfaces at sonic speeds,
presented at the Acoustical Society of America meeting, Anaheim, December 1986. J. Acoust.
Soc. Am. Suppl. 1, 80, S104 (Fal11986).
J. Jarzynski and Y. H. Berthelot, Application of acousto-optic light modulation to the laser
generation of ultrasound. Presented at the 114th meeting of the Acoustical Society of America,
Miami, Florida, November 1987. J. Acoust. Soc. Am. Suppl. 1, 82, S20 (Fall1987).
J. Jarzynski, D. Lee, andY. H. Berthelot, A compact fiber optic laser probe to monitor surface
vibration displacements, Presented at the 114th meeting of the Acoustical Society of America,
Miami, Florida, November 1987. J. Acoust. Soc. Am. Suppl. 1, 82, S57 (Fall 1987).
4. Technical Reports Written
Hsiao-an Hsieh, Design of laser-induced-heating configurations for generation and control of
underwater sound beams, Report GTADRL-TR-87-101, to ONR, Contract N00014-82-K-0399.
28 February 1987.
5. Chapters Contributed to Books
A. D. Pierce and Y. H. Berthelot, Acoustics, for inclusion in Handbook of Engineering Fundamentals, John Wiley and Sons (in press). [The acoustics chapter in the previous edition,
popularly known as The Eshbach Handbook, was written by R. Bruce Lindsay.]
Allan D. Pierce and Yves H. Berthelot, Limiting amplitudes of sound waves created by laser
beams moving over free surfaces at transonic speeds, in Problems of Nonlinear Acoustics; Proceedings of IUPAP, JUTAM Symposium on Nonlinear Acoustics (V. K. Kedrinskii, editor),
Academy of Sciences of the USSR, Siberian Division, Novosibirsk, 1987, pp. 224-230 [Mark
Hamilton of U. Texas, Austin, presented the paper.)
Allan D. Pierce and H.-A. Hsieh, Underwater soundbeams created by airborne laser systems,
Progress in Underwater Acoustics (edited by Harold M. Merklinger), Pergamon Press, New
York, 1987, ISBN 0-306-42552-1; pp. 595-602.
6. Honors
Allan D. Pierce, elected Fellow of the American Society of Mechanical Engineers (1987).
Allan D. Pierce, listed in Who's Who in America.
Yves H. Berthelot, listed in International Leaders in Achievement .
Yves H. Berthelot, listed in Who's Who of Men of Achievement .

Allan D. Pierce, selected as co-editor (with Robert Thurston) of Academic Press series of
volumes titled Physical Acoustics. (Warren Mason was founding editor.)
6. Conferences Attended
112-th Meeting, Acoustical Society of America Anaheim, California, 8-12 December 1986.
(Jarzynski, Berthelot, and Pierce)
113-rd Meeting, Acoustical Society of America Indianapolis Indiana, 11-15 May, 1987. (Jarzynski, Berthelot, and Pierce)
114-th Meeting; Acoustical Society of America, Miami, Florida, Nov. 16-20, 1987. (Jarzynski,
Berthelot, and Pierce)
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Gerald Daniels, Lincoln Laboratories, MIT
Ray Bell, Lockheed Research Division, Palo Alto
Joel Bengston, SAIC, La Jolla
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1 Ph.D. candidate

name:

Joseph Vignola (US citizen)

thesis:

laboratory experimental modeling

title:

The use of laser-Doppler anemometry for the remote measurement of
compressional waves.

'

objective:

The goal of the present research is to gain a better understanding of the
fundamental limitations of laser Doppler velocimetry techniques applied to
the measurement of underwater compressional waves. A prototype
differential laser Doppler system amenable to a variety of design modification
has been assembled and tested on high amplitude single frequency sound
fields in a water-filled standing wave tube apparatus. The various sources of
noise present in the system are analyzed: these include laser noise, vibration
and thermal drift in otical components, random motion of microparticles in
the fluid (convection, microeddies, and brownian motion), and shot noise limit
at the photomultiplier. Signal processing techniques, including laser scanning
techniques, are developed to maximize the signal to noise ratio and the
detection process.

PUBLICATiONS

a) Refereed publications for FY 88: None. (One paper under preparation).
b) Papers or talks presented: 3
J. Vignola, Y. H. Berthelot J. Jarzynski, "Nonintrusive absolute measurements of

acoustic particle velocity in fluids," Proceedings of the 13th International Congress on
Acoustics, ed. P. Pravica, 45-48, Vol. 4, (1989).
Y. H. Berthelot, D. Lee, and Jacek Jarzynski, "The use of optical techniques in
structural acoustics", invited paper at the 117th meeting of the Acoustical Society of
America, Syracuse. J.Acoust. Soc. Am. 85, suppl. 1, (1989).
c) Technical reports: none
d) Patents:

none

e) Books:
J.Jarzynski, A Review of the Mechanisms of Sound Absorption in Materials, chapter in
Damping of Sound and Vibrations with Polymers, American Chemical Society, April
1990.
A. D. Pierce and Y. H. Berthelot, Acoustics, chapter in Eshbach's Handbook of
Engineering Fundamentals, Wiley, New York, 1990.
f) Honors:
Y. Berthelot:
Sigma-Xi Junior Faculty Award (1989) [Georgia Tech Chapter]
Best Paper Award of 11th Aeroacoustics Conference of AIAA. (1989)
NSF Presidential Young Investigator (1988-1993)
g) Conferences attended:
- 13th International Congress on Acoustics, Belgrade, Yugoslavia (1989).
- 117th meeting of the Acoustical Society of America, Syracuse NY ( 1989).
-8th Quantitative NonDestructive Evaluation Conference, Brunswig ME (1989)

CONTACTS

TENNECO-Newport News Shipbuilding, Walt Floyd (804) 380-2729
NCSC- Panama City, Elan Moritz (904)234-4145
NCPA-National Center for Physical Acoustics, Jimmy Sabatier/ Hank Bass (601)232-5840.
NRL, Sam Hanish (202) 767 364 7
Naval Postgraduate School, Steven Garrett (408)646-2450

TITLE: Laser-Doppler Techniques for Sensing of Compressional Waves
INVESTIGATORS:
Allan D. Pierce(*), Jacek Jarzynski, and Yves H. Berthelot
School of Mechanical Engineering
Georgia Institute of Technology
Atlanta, Georgia, 30332-0405
(*) Currently Leonhard Professor of Acoustics, Pennsylvania State University,
University Park, Pa, 16802
OBJECTIVE: To develop techniques for measuring properties of compressional wave
induced flow fields using laser light, and to determine the practical and theoretical limitations
of using such techniques in laboratory studies of the properties and propagation of
compressional waves.
BACKGROUND: Techniques, kwnown generically as "laser Doppler anemometry" (LDA) or
"laser Doppler velocimetry" (LDV), have been proven over the past two decades to be
extremely valuable in fluid mechanics for measuring flow fields and have all but replaced hot
wire anemometry techniques. The extension of such techniques to oscillating flows associated
with compressional waves has been described in publications by Hanish of NRL and by
Taylor of CSIRO in Australia. Signal processing techniques for extracting the flow velocity
amplitude from the photomultiplier output have been developed for the case when the field is
of constant frequency.
APPROACH: A differential laser Doppler system has been assembled, and measurements
are in progress on high amplitude sound fields in a water-filled standing wave tube appratus.
The system is amenable to a variety of design modifications. In particular, optical fibers are
used to position the transmitting and receiving optics at location remote from the laser.
Analytical studies with acompanying systematic experiments will identify threshold
circumstances for which acoustically induced oscillating particle velocities can be measured
and will identify aspects of the experimental design principally responsible for the system
limitations. Signal processing methods, both analog, digital, and optical, will be developed
and analyzed for circumstances when the measured sound field is not of constant frequency,
and these shall be accompanied by experiments in which the sound source is driven at
multiple frequencies, by tone bursts, and chirp signals. In another series of experiments, fiber
optic techniques will be used to transn1it the incident optic field to the interior of a large
water tank and to transmit scattered light to a photomultipier tube. Experiments in the tank
will use a configuration whereby only one light beam is incident on the scattering particles
and scattered light in an obliquely backscattered direction is collected by a photomultiplier
tube, and will explore the effects on the laser beam path length of microeddy currents, and
the effects of multidimensional sound fields on the laser Doppler sensing of sound.

RESULTS: During FY 89, the emphasis was on theoretical and experimental study of the
factors that determine the widths of the acoustic sidebands and of the main peak in the
spectrum of the output signal from the photomultiplier. The n1ain peak occurs at the
frequency of the acousto-optic modulator which is used to shift the frequency of one light
beam relative to the other beam, and the acoustic sidebands are shifted from the main peak
by the acoustic frequency. The peak width (which is the same for the main peak and the
sidebands) is an important parameter since it determines the frequency resolution of the
LDA technique. Low frequency vibration of the system was identified as a major source of
peak broadening. This source was removed by in1proved mounting vibration isolation of
various optical components. Another potential source of broadening is due to Brownian
motion of the scattering n1icroparticle. A detailed study was made of this effect. Polystyrene
microspheres [1] with different tightly controlled diameters (10 J.Ln1, 1 J.Lm, and 0.1 J.Lm) were
used as light scatterers. For each size microsphere, the half-width of the acoustic sidebands
and main peak were measured and compared with the theoretical predictions of Hanish [2]
and Benedek [3]. The results are shown in Fig. 1 below. The data shows that, for
microparticle of diameter in the range 10 to 0.1 J.Lm, the broadening due to Brownian motion
is small and will not significantly limit the frequency resolution of the LDA technique.
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Fig. 1: half-width of the main heterodyne frequency peak in the spectrum from the output
signal from the photomultiplier as a function of scattering microparticle diameter. Lines:
broadening due to Brownian motion predicted by Hanish [2] and Benedek [3] . Squares:
measured broadening.
[1]
[2]
[3]

Duke Scientific Corporation, Palo Alto, Ca.
Hanish, A Treatise on Acoustic Radiation, Vol. 2, 377-397 (1983).
Benedek, Am. J. Phys., 38, 575-585 (1969).
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PUBLICATIONS

a) Refereed publications for FY 88: none
b) Papers or talks presented: 3
J. Jarzynski, D. Lee, J. Vignola, Y. H. Berthelot, and A D. Pierce, "Fiber optic Doppler
system for remote sensing of fluid flow," Proceedings of SPIE's 1988 Technical
Symposium on Optics, Electro-optics, and Sensors, in Ocean Optics IX, edited by M.
Blizard, 250-254 (1988).

A. D. Pierce and Y. H. Berthelot, "Absolute calibration of acoustic sensors utilizing
scattering from in situ particulate matter," J. Acoust. Soc. Am. 83, suppl. 1, S64 (1988).
Presented at the 115th ASA meeting.
J. Vignola, J. Jarzynski, and Y. H. Berthelot, "Absolute measurement of particle
velocity of time-harmonic acoustic waves," J. Acoust. Soc. Am., 84, suppl. 1, S6, (1988).
Presented at the I 16th ASA meeting.
c) Technical reports: none
d) Patents:

none

e) Books:
A. D. Pierce an.d Y. H. Berthelot, Acoustics, chapter in Eshbach's Handbook of
Engineering Fundam.~ntals, Wiley, New York, 1989.
f) Honors:
J. Jarzynski:. Outstanding Publication Award by NASA
Y. Berthelot: Presidential Young Investigator (NSF).
g) Conferences attended:
- SPIE's 1988 Technical Symposium on Optics, Electro-optics, and Sensors. Orlando,

(FL).
- 115th meeting of the Acoustical Society of America, Seattle (W A).
- Internoise 88, Avignon, France.
- 116th meeting of the Acoustical Society of America, Honolulu (HI).
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TITLE: Laser-Doppler Techniques for Sensing of Compressional Waves
INVESTIGATORS:
Allan D. Pierce<·), Jacek Jarzynski, and Yves H. Berthelot
School of Mechanical Engineering ·
Georgia Institute of Technology
Atlant~ Georgi~ 30332-0405
(*) Currently Leonhard Professor of Acoustics, Pennsylvania State University,
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OBJECTIVE: To develop techniques for measuring properties of compressional waves
in duced flow fields using laser light, and to determine the practical and theoretical limitations
of u si ng such techniques in labora tory s-tudies of the properties and propaga tion of
compressional waves.
BACKGROUND: Techniques, kwnown generically as "laser Doppler a.'1emometry" (LDA) or
"laser Doppler velocimetry" (LDV), have been proven over the past two decades to be
extremely valuable in fluid mechanics for measuring flow fields and have all but replaced hot
wire anemometry techniques. The extension of such techniques to oscillating flows associated
with compressional waves has been described in publications by Hanish of NR~L and by
Taylor of CSIRO in Australia. Signal processing techniques for extracting the flow velocity
amplitude from the photomultiplier output have been developed for the case when the field is
of constant frequency.
APPROACH: A differential laser Doppler system has been assembled, and measurements
are in progress on high amplitude sound fields in a water-filled standing wave tube appratus.
The system is amenable. to a variety of design modifications. In particular, optical fibers are
used to position the transmitting ·a nd receiving optics at location remote from the laser.
Analytical studies with acompanying systematic experiments will identify threshold
circumstances for which acoustically induced oscillating particle velocities can be measured
afid will identify aspects of the experimental design princip~lly responsible for the system
limitations. Signal processing methods, both analog, digital, and optical, will be developed
and analyzed for circumstances when the measured sound field is not of constant frequency,
and these shall be accompanied by experiments in which the sound source is driven at
multiple frequencies, by tone bursts, and chirp signals. In another series of experiments, fiber
optic techniques will be used to transmit the incident optic field to the interior of a large
water tank and to transmit scattered light to a photomultipier tube. Experiments in the tank
will use a configuration whereby only one light beam is incident on the scattering particles
and scattered light in an obliquely backscattered direction is collected by a photomultiplier
tube, and will explore the effects of the laser beam path length of rnicroeddy currents and
multidimensional sound fields on the laser Doppler sensing of sound.

RESULTS: During FY 88, measurements were made of the particle motion induced by highamplitude single frequency sound fields in a water-filled standing wave tube apparatus. The
laser light was scattered from organic microparticles (7 JJ.m in diameter) suspended in the
water. Two signal processing techniques were used to analyze the output from the
photomultiplier: (1) a sequential sweep through the frequency range of interest using a
spectrum analyzer, and (2) digital data acquisition triggered by the presence of a
rnicroparticle in the fringe volume, followed by a Fourier Transform of the data. The second
signal processing tech_n ique was found to give more consistent results. A typical plot of the
magnitude of the Fourier transform of the photomultiplier output is shown in Fig. 1. Also a
theoretical study was made of the factors which 'determine the widths of the acoustic
sidebands and the main peak in the spectrum shown in Fig. 1. In particular, brownian motion
of the microp article was found to be an important factor with regard to the \\1dth of the peaks
in F ig. 1.
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Fig. 1: Frequency spectrum of the photomultiplier output for light
scattered from a vibrating microparticle. The microparticle motion
(induced by the sound filled standing wave tube) produces sidebands in
the spectrum which are shifted by the acoustic frequency (1.2 kHz)
from the main heterodyne frequency peak (50 kHz). The amplitude of
the microparticle displacement is 1.8 x 1()-8 m, as-determined from the
ratio of the sideband to the main peak.

1

Tech

THE GEORGE W. WOODRUFF SCHOOL OF
MECHANICAL ENGINEERING
Georgia Institute of Technology

Atlanta, Georgia 30332-0405

October 18, 1991
TO: Dr. Marvin Blizard, scientific Officer,
Office of Naval Research.
FROM: Jacek Jarzynski, Professor, ' , ,/----~r
School of Mechanical Engineering.
;. /

__

7

....,., _'"

SUBJECT: FINAL REPORT TO THE OFFICE OF NAVAL RESEARCH under
contract N00014-87-K-0021.

The project under contract N00014-87-K-0021 entitled
"Laser-Doppler Techniques for Sensing of Compressional Waves" was
supported by funds from the Office of Naval Research during the
period from October, · 1986 to January, 199-1. Initially Dr. Allan
Pierce was the principal investigator. I became the principal
investigator after Dr. Pierce left Georgia Tech in September, 1988.
Other persons working on the above project were Dr. Yves H.
Berthelot as a co- investigator, and Joseph Vignola, a graduate
student whose work on this project was in partial fulfilment of the
requirements for the Ph.D. degree.
I delayed the final report on the above project until
Vignola's graduation. His Ph.D. thesis is now submitted as the
final project report, together with a summary of accomplishments
and a list of publications. Part of the above thesis was recently
published in the Journal of the Acoustical Society, and a copy of
this paper is included.

An Equal Education and Employment Opportunitv Institution

AUnit of the lniversity System of Georgia

ACCOMPLISHMENTS and PUBLICATIONS
ACCOMPLISHMENTS
The research topic of the N00014 project was the remote
sensing of sound waves in water from measurements of the Doppler
shift in laser light scattered from microparticles suspended in the
water. The main objective of the research was to develop, and
experimentally verify, a theoretical model for the Laser Doppler
(LD) technique. This theoretical model can be used to both predict
and optimize the performance of the LD system. The major
accomplishments of the above project, described in Vignola's
thesis, are as follows:
( 1) Polarization preserving fibers were used to design a
system where the optical head unit (for transmitting and receiving
the laser light) was compact and removed from the main optical
bench (which contains the laser and other optical components) . This
design allows great flexibility for positioning and scanning the
laser beam in the water.
(2) Special polystyrene microparticles were used in the
experiments. These microparticles were very uniform in shape
(spherical) and size. Three different sizes were used - 0.1pm,
1pm and 10pm radius. Very pure water (reverse osmosis) was used so
that it could be seeded with just one known type of microparticle.
Therefore, the experimental data could be directly compared with
theoretical models for the LD system. Most of the measurements were
made in the forward light scattering direction, where the scattered
light intensity is maximum. However, some measurements were also
made in the backscatter direction since this configuration has more
practical applications.
(3) By using controlled size microparticles it was possible
to study quantitatively the broadening in the frequency spectrum of
the scattered light due to Brownian motion of the microparticles.
The experimental data was consistent with the theoretical model of
Clark et. al. (Am. J. Phys., 37, 853, (1969) and 38, 575, (1970)).
The broadening due to Brownian motion is a small effect and is not
likely to be a limiting factor in practical applications of the LD
technique.
(4) A more accurate model was developed for the interaction
between the vibrating fluid and the suspended microparticle
(J.Vignola, Ph.D. thesis, Chapter 4). This model shows that a
microparticle of given size and density will follow the fluid
motion due to the sound wave over a much wider frequency range than
previously estimated.
(5) A rigorous theoretical model was developed for the
scattering of light from two beams incident from different
directions on a spherical microparticle. This model uses the Mie
theory (which is exact) of light scattering from a dielecric

sphere. The above model applies directly to the two beam LD system
used in the present study. For a microparticle of given size this
model can be used to estimate the intensity of light scattered in
any given direction from each of the two beams, and hence estimate
the contrast of the fringes formed by the interference of the two
scattered light signals. In summary, the above model can be used to
accurately estimate the signal to noise ratio for any configuration
of the two beam LD system. The computer program for this model is
available on request.
(6) A new procedure for data acquisition was studied
(JoVignola, Ph.D. thesis, Chapter 5, Section 9). This procedure
uses recently developed digital data acquisition equipment. Data is
collected only when the scattered light intensity exceeds a preset
threshold value. Thus, data is collected only when a microparticle
is present in the center region of the two beam overlap volume. The
collected signal is digitized, transferred to a computer, and a
Fast Fourier Transform is performed to determine the frequency
spectrum of the scattered signal. This procedure gave a better
signal to noise ratio and a more consistent frequency spectrum than
the output obtained when an analog spectrum analizer was used to
process the data from the photomultiplier.
·
All measurements in the present study were made with low
densities of microparticles in the water, so that at any given time
the light was scattered from a single microparticle in the overlap
volume. Hovever, the results and models developed in the present
study can be extended to the case of multiple particle scattering
by· using the formalism developed by George and Lumley (J. Fluid
Mech . , 6 o , 3 21 , ( 19 7 3 ) ) •
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Laser detection of sound
Joseph F. Vignola, Yves H. Berthelot, and Jacek Jarzynski
School ofMechanical Engineering. Georgia Institute ofTechnology. Atlanta, Georgia 30332

(Received 17 June 1990; accepted for publication 23 April1991)
A differential laser Doppler velocimeter (LDV) has been assembled and tested to provide
noninvasive absolute measurements of acoustic particle displacements of standing waves
generated in a water-filled tube. The principle of the technique [seeK. J. Taylor, J. Acoust.
Soc. Am. 59, 691-694 ( 1976)] is to measure the Doppler shift of laser light scattered from
colloidal microparticles oscillating under the action of an acoustic field. The system tested is
capable of detecting particle displacements of the order of a few nanometers with a bandwidth
of several kilohertz. The performances and limitations of the system are discussed. In
particular, the effect of Brownian motion is shown to produce only negligible broadening of the
spectral density of the signal of interest. The sensitivity of the present LDV system is estimated
to be very close to the shot noise limit of the photomultiplier tube used to detect the Doppler
shift of the scattered light. Experimental results are obtained under controlled laboratory
situations with calibrated microparticles of radii 10, 1, 0.1, and 0.01J.Lm in suspension in very
pure (reverse osmosis) water.
PACS numbers: 43.85.Fm, 43.88.Ar, 43.30.Es, 43.20.Tb

INTRODUCTION
1

The pioneering work of Yeh and Cummins • in 1964
demonstrated that lasers can be used to measure steady fluid
velocities by observing !he Doppler shift in the laser light
scattered from small particles moving with the fluid. Since
then, laser Doppler velocimetry ( LDV) has become a standard tool for the noninvasive measurement of the small-scale
structure of turbulence in fluids. 2 The basic premise associated with LDV measurements is that the fluid under investigation contains some microparticles (either natural impurities or seeded particles) that move with the local fluid
velocity and scatter any incident light. Motion of the scatterers produces a Doppler shift of the scattered light which
can be detected with appropriate electronics and signal processing. In 1973, George and Lumley 3 made a comprehensive study of the spatial and temporal resolutions of laser
Doppler velocimeters and gave criteria for meaningful interpretation of measurements in the context of turbulence in
fluids. A few years later, K. J. Taylor4 · 5 successfully extended the LDV technique used in fluid mechanics to the
area of acoustics by measuring in-air particle velocities associated with steady-state time-harmonic waves in standingwave and traveling-wave tubes. His experiments were conducted in air where particle velocities are relatively high
compared to particle velocities in water. Taylor also mentions taking data in water, but presents no experimental
data. 4 The main difficulty in extending the LDV technique
to acoustics is that acoustic quantities oscillate several thousand times every second (at frequencies in the kilohertz
range) at velocities that, in water, can be as low as a few
micrometers per second, and with amplitudes of displacement that can be as small as a few nanometers. Hanish 6 has
compiled a review of the potential for developing .. an underwater laser Doppler hydrophone" in his treatise on acoustic
radiation. He gives the theoretical background for homodyne and heterodyne interferometric LDV systems as well as
1275
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practical design considerations for a remote-sensing laser
hydrophone. He addresses the issue of signal to noise ratio
and minimum detectability of the LDV hydrophone. He also
shows that, under certain circumstances, Brownian motion
(i.e., thermal agitation in the fluid) can be a serious limitation. However, very little experimental 6 - 9 data are shown in
his review or in the literature available on the subject.
The present study differs from previous publications,
and includes original contributions, as follows: ( 1) a comparison of different ways of data acquisition including the
use of state of the art digital techniques; ( 2) a discussion and
comparison of the observed minimum detectable signal level
with the theoretically predicted (shot .noise limited) minimum detectable level; and ( 3) an experimental and theoretical study (using calibrated microparticles of different sizes)
of the effect of Brownian motion of the microparticle on
measurements of the acoustic signal.
The objective of this paper is first to present experimental data obtained with state of the art technology in order to
study the fundamental limitations of LDV systems for the
detection of underwater sound. Section I is devoted to the
basic theoretical framework necessary for understanding the
experiment and for meaningful interpretation of the data. In
particular, special attention is given to the derivation of the
equations describing the effect of Brownian motion on the
measured data. Section II is a detailed discussion of the experiment conducted in our laboratory. It includes: a description of the prototype LDV system; considerations on the
optical fibers being used in the experiment; the design of a
mechanical mounting of miniature lenses used to collimate
the laser beams leaving the fibers; a description of the standing wave tube and driving sound source; comments regarding the preparation of carefully controlled water samples
seeded with calibrated microparticles; and some details on
the signal processing techniques used to analyze the data.
Experimental results are presented in Section III. It is shown
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that the laser detection of underwater sound is quite feasible,
although it is not as sensitive as other more conventional
techniques would be, and that Brownian motion is not a
major concern for practical applications.
I. THEORY

Consider a fluid with either natural impurities or calibrated particles present in suspension with a time-harmonic
acoustic wave of amplitude Am . The sound wave produces
an oscillation of the suspended particles with an amplitude
of AP. Brandt eta/. 10 have shown that the ratio of the amplitude of the particle displacement relative to the acoustic particle displacement is

AP/Am ={1 + [(41Tpwl9.u)a2yJ:]2}112,

(1)

where p w and .u are the density and viscosity of water, a and
yP are the radius and specific gravity of the particle, andfa is
the acoustic frequency in hertz. As a result, it is expected
that neutrally buoyant particles with radii less than 10 .urn
will oscillate with an amplitude which is 95% of the displacement of the surrounding water for acoustic frequencies
less than 2500 Hz.
In general, the displacement of the microparticles in the
fluid includes, in addition to the acoustic displacement, any
macroscopic fluid motion and the motion of the particle due
to the random impacts with the molecules in the surrounding fluid (Brownian motion). As a consequence of the motion of the particle, any laser light incident on the particle
produces scattered light which is Doppler shifted. The theory of the laser detection of sound is based on deducing the
acoustic particle displacement (or velocity) from measurements of the Doppler shift of laser light scattered by microparticles that acted as scatterers, in suspension in a fluid in
which acoustic wave motion is present.

and/8 1 and/82 are the induced frequency shifts, typically
several MHz, imposed by the acousto-optic Bragg cells present in heterodyne LDV detection systems. 11. 12 The purpose
of the Bragg shifts in the laser frequency is to produce beating at the frequency / 81 - /82 at a point in the region where
the two laser beams intersect. This region is referred to as the
fringe volume. Let k 11 and k 12 be the wavevectors of the two
incident laser beams and k 5 1 and k 52 the scattered wave
vectors in the direction of a receiver. For a receiver located
many optical wavelengths away from the fringe volume, k 5 1
and k 52 are identical; therefore, the distinction is unnecessary and we can let ks = k 5 1 = k 52 • The motion of the particle introduces an optical phase shift /i¢i for the light scattered from each of the beams ( i = 1,2). This phase shift,
observed at the receiver, is given by
(2)

The total electric field at the receiver E is the sum of the
electric fields scattered from each beam:

+ £2

E

=

[E~ +E~
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+ 2E1E 2 cos(wdt + Al/J 2

- fil/JI + fil/Jr)] 1/2

+ wd )t + l/Jo]
cos [ (W0 + w d ) t + l/Jo ] ,

X cos [ (w 0

= K ( t)
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(3)

where £ 1 and E 2 are the magnitudes of the electric fields of
the light scattered by the particle from each beam. The term
lil/Jr (t) is the difference in phase of the two beams due to
unequal path lengths in the two arms of the interferometer.
Because of thermal effects present in any realistic experimental apparatus that incorporates optical fiber, this term is
usually a slowly varying function of time. To examine the
effect of the particle motion on the scattered electric field,
Eq. ( 3) is rewritten in magnitude-phase form as follows:

A. Arbitrary particle motion r(t)

Consider a single scatterer whose position is described
by the time-varying vector r ( t). At time t = 0, a small particle is assumed to be at an arbitrary origin 0. Let the particle
be illuminated simultaneously by two laser beams of slightly
different optical frequencies !a + / 8 1 and/0 + / 8 2, from different directions, as is shown in Fig. 1. Here,/0 is the optical
frequency of the laser light, typically of the order of 10 14 Hz,

+ w 8 1 ) t + lil/J 1 ]
COS [ (Wo + W82 )t + fil/J 2 + fil/Jr (t)],

E = E 1 cos [ (W0

(4)

where l/Jo is the optical phase of received light given by
""' =tan _ 1(£1 cos lil/J 1 + E-,- cos(wdt + lil/J 2 + lil/J r ) )
0
E 1 sin lil/J 1 + E 2 sin(wdt + lil/J 2 + lil/Jr) .
(5)

'f/

In Eqs. ( 4) and ( 5), w d = 21T( / 8 2 - /8 1) is the difference
of angular frequency of the two beams and is the angular
Vignola eta!.: Laser detection of sound
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frequency at which beating occurs in the fringe volume. The
receiver is a photodetector such as a photodiode or photomultiplier which produces an electrical current proportional
to the square of the magnitude of the incident electric field.
These devices do not respond at the optical frequencies, and,
as a consequence, the output of the photodetector is derived
only from the first part of Eq. ( 4), i.e., only from the coefficient K(t). Ignoring the de component (E T + E ~),one can
write an dimensionless expression for the current, IN (t):

angular frequency of the acoustic wave that one is trying to
detect. In this simple case, the motion of the scatterer in the
fringe volume is along they axis (8r = 90°) and the particle
motion is given by r(t) =A sin UJ t + r 8 r (t), where r 8 r (t) is
they component of the particle displacement due to Brownian motion. By substituting this expression that describes
the particle motion into Eq. ( 8), photomultiplier signal may
then be expressed as

(6)

where C = 41Tn 0 sin 8(A I A), the amplitud~ of the phase
modulation, or phase amplitude of the light intensity signal
and is a measure of the acoustic displacement in terms of an
optical wavelength. The phase term ofEq. (9) also contains
the random fluctuation S(t) = tl.¢ 8r + l/Jr due to Brownian
motion of the particle and thermal expansion of the optical
fibers. The phase fluctuation due to the Brownian motion is
given by fl.¢Br = krBr (t) Sin (}n Which is directly proportional to the projection on they axis of the instantaneous
vector displacement, r 8 r (t), due to Brownian motion. The
photomultiplier output intensity is a harmonic carrier signal
at the difference frequency of the two Bragg cells modulated
by a time harmonic signal of angular frequency UJ with a
random phase fluctuation. In order to estimate the frequen-·
cy content of such a signal, Eq. (9) is customarily expressed
as a series of Bessel functions of the first kind and order n: 13

In this equation the term tl.¢ 2 - tl.¢ 1, which is rewritten as
fl.¢, is the phase fluctuation due to all motion of the scattering particle (including acoustic displacement, Brownian
motion, flow-induced drift, and other motions). From Eq.
( 2) fl.¢ can be expressed as fl.¢ = k·r (t), where
k = k 11 - k 12 . The general expression for the normalized
intensity received at the photomultiplier can be written as
IN (t)

=COS [ UJdt + k·r(t) + tl.l/Jr (t)].

(7)

Letk = lk 11 - k 12 bethemagnitudeofthedifferenceofthe
two incident wave vectors and lr(t) I be the magnitude of the
particle displacement. The normalized intensity at the photodetector is then rewritten as
1

IN ( t)

= cos [ UJ d t + k Ir ( t) I sin 8 r + fl.¢ r (t) ] .

( 8)

In Eq. (8), 8r is the orientation of the particle displacement
vector and is the complement of the angle between r(t) and
k. By evaluating kin terms of physical parameters, it is found
that k is 41Tn 0 sin 8 I A. In this expression, n 0 is the optical
index of refraction of the suspending fluid, 8 is the half-angle
between the two incident light rays, and A is the in-vacuo
wavelength of the laser that produces the incident light
beams. From Eq. ( 8) it can be seen that change of phase of
the light which reaches the receiver is affected only by the
component of the particle displacement in the direction perpendicular to the bisector of the two incident beams.. The
change in wavelength imposed by the two Bragg shifts/8 i in
each beam is neglected because in any realistic configuration
/ 8 i I / 0 ~ 1. Equation ( 8) is the basis for the detection of any
particle motion r(t) with an LDV system. This equation
shows that the photomultiplier output current is a carrier
signal at the difference Bragg frequency UJd modulated by a
signal proportional to the instantaneous motion of the particle in terms of the optical wavelength. An important result is
that the intensity at the photomultiplier does not depend on
its angular position, or that IN (t) is independent of the direction ofk 5 . Hence, one should collect as much scattered light
as possible, by using a large aperture collecting lens. Another
important conclusion which can be drawn from Eq. ( 8) is
that motion parallel to the bisector of the two beams
(8r = 0) cannot be detected. Conversely, the modulation
signal from the photomultiplier is increased when the angle
between the two incident laser beams is increased.
B. Time-harmonic particle displacement

The simplest sound field to study is that produced by a
standing wave. Let a sound wave of acoustic particle displacement A sin UJa t be incident on the scatterer along they
axis. Here, A and UJa are, respectively, the amplitude and the
1277
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0

IN(t) =cos[UJdt+

CsinUJat+S(t)],

(9)

0

IN ( t)

= Jo ( C) COS (UJ d t +

fl.l/Jsr + tl.l/J r )

00

J/1 (C) cos [ (UJd + nUJa )t + tl.¢sr + tl.l/Jr]

+ I
n=l
00

17

+ I ( -1) J (C) cos[(UJd- nUJa)t
17

n=l

(10)

It follows that, in the frequency domain, IN (t) has a
center peak, referred to as the Bragg peak, at
UJd = UJ 82 - UJ 81 , given by the first term in the above equation. The remaining terms in this equation represent higherorder peaks, referred to as sidebands. These sidebands are a
direct consequence of the acoustic disturbance and occur at
angular frequencies of UJd ± nUJa, where UJa is the angular
frequency of the time-harmonic sound wave.
The argument C of the Bessel functions in Eq. ( 10) is
the amplitude of the phase modulation from Eq. (9). It can
be determined from the ratio J 1 I J 0 of Bessel functions. Because C is a measure of the acoustic particle displacement
relativeto the wavelength of the laser light, it establishes the
acoustic particle displacement in terms of known quantities.
When the acoustic particle displacement A is much less than
the optical wavelength A, the phase modulation amplitude C
is much less than unity. The Bessel function can be approximated by using the small argument limits J 0 (C)::::: 1 and
J 1 (C)::::: C 12. The ratio of the amplitude of the first-order
side peak to the Bragg center peak is
.

rat10

(C)

C

21Tn A

J 0 (C)

2

A

Jl

.

= ---:::::- = - -0 - sm 8.

( 11)

The above discussion indicates that a spectral analysis of the
light intensity received at the photomultiplier allows one to
Vignola eta/.: Laser detection of sound
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determme both the acoustic frequency {t)a and the amplitude
A of the particle displacement in a single absolute measurement. Since the particle displacement is found from a ratio
quantity that relates the acoustic displacements to the wavelength of light, no calibration is required to get its absolute
measurement.
It appears from Eq. ( 10) that the slowly time-varying
random phase fluctuation At/Jr affects in a similar fashion
each peak of the photomultiplier intensity spectrum. In fact,
it can be shown (for instance, by computer simulation) that
the effect of random processes such as those represented by
the Brownian motion term At/Jar and the thermal expansion
term At/Jr is to broaden the width of the spectral peaks of the
photomultiplier intensity signal. It has been suggested 3•6
that spectral broadening resulting from Brownian motion
could be a fundamental limitation of the LDV detection system. In the worst case, spectral broadening due to Brownian
motion might be such that the half-width of the Bragg peak
is greater than the acoustic frequency that one wants to detect. In this case, Hanish warned that the acoustic peak
would be obliterated by the Bragg peak. This issue is discussed in detail in the present article. In particular, the next
section is devoted to establishing an analytical expression for
predicting the spectral broadening due to Brownian motion.

a more compact notation may be employed for Eq. ( 13)
using
(16)

to express the difference of the phase terms. The correlation
function reduces to

IT/2 cos({t)d'T + k•Ar)dt.
T-oo 2T -T/2

R 1 ( r) = lim -

9

IN (t) =cos[ {t)dt + At/Jsr (t)].

(12)

The correlation function is defined by
R 1 (r) = (IN(t)/N(t+ r)),

(13)

where ( ) denotes a time average over a long period of time
T. Combining Eqs. ( 12) and ( 13) and using a simple trigonometric identity yields
R 1 ( r) =!(cos[ {t)d'T- At/Jsr (t) + At/Jsr (t + r)])

+! (cos [ 2{t)dt + {t)d'T + f:,.t/Jsr (t)
+At/JsrCt+r)]).

(14)

The second term in Eq. ( 14) averages to zero as the limits of
the integration become large because it is a rapidly varying
function of time t. Since
1278
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(17)

Rather than trying to evaluate this integral, which contains a
random variable, Ar, over all timet, one can introduce the
probability density of finding the particle at a distance IArj
from the origin after a given timer. This probability density
is denoted by P( IArj;r). The purpose of this manipulation is
to shift the variable of integration from r to Ar. The time
integration of the correlation function is thus replaced by a
volume integration over all space. Since the probability density is defined by

f~ f~ J~
00

00

3

(18)

P( IArj;r)d (Ar) = 1,
00

the correlation function is rewritten as
R 1 ( r) =

C. Spectral broadening due to Brownian motion

In 1969 Clark et a/. 14' 15 reported on a study of Brownian motion with an LDV system. The following analysis is
based on Clark's formulation for the spectral broadening
due to Brownian motion. In this section we consider the
effect of the random phase fluctuations due to Brownian
motion on the beat signal from the photomultiplier with no
acoustic wave present in the system. The reason is that Eq.
( 10) indicates that Brownian motion affects in the same way
as the Bragg peak and the higher-order peaks. An understanding of the broadening of the Bragg_ peak is therefore all
that is needed to quantify the effect of Brownian motion on
the spectral content of the photomultiplier intensity.
The first step in this development is to evaluate the correlation function R 1 ( r) for the current output from the photomultiplier 1N (t). If one neglects the slowly time-varying
random process At/J r attributable to the thermal expansion of
the optical fiber to concentrate only on the effects of Brownian motion, it can be seen from Eq. ( 6) that

1

} Joo foo foo
2 _oo _ oo _ oo P( \Arj;r)
X cos({t)d'T + k•Ar)d 3 (Ar),

(19)

where the probability density is the three-dimensional generalization 16 of the one-dimensional version initially derived
by Einstein: 17 " 18
P(jArj;r)=

1
(41TDr) 312

exp(-(IArl)z).

(20)

4Dr

In the above equation, Dis the diffusion coefficient or diffusivity of the microparticle. For a spherical particle Dis given
by Eq. (21) below, known as the Einstein-Stokes relation t9.2o
D

= k 8 T /61Tpa,

(21)

where k 8 is Boltzmann's constant, Tis the absolute temperature, a is the radius of the microparticle, andp is the viscosity
of the solvent in which the microparticle is in suspension. By
evaluating the integral of Eq. ( 19) in spherical coordinates,
one can derive an expression for R 1 ( r) that does not contain
any random variables:
R 1 ( r) = cos ( {t) d r) ex p ( - k 2D Ir

I ) ,

(

22 )

where k = 2lkl sin 8, 8 being the half-angle between the incident beams. [Note that this differs from Clark's 14 ' 15 definition of k, which is k = 2lkl sin( 812). This is due to the fact
that we are using a differential 11 optical configuration,
whereas he used a direct configuration.] The effect of Brownian motion appears in the Gaussian exponential. The Wiener-Khintchine theorem 21 states that the Fourier transform
(denoted by Y) of the correlation function R 1 ( r) is defined
as the power spectral density S 1 ({t)) of the current signal
from the photomultiplier. It is found to be
Y{R 1 (r)} =S1 ({t))
=2k 2D/[({t)-{t)d) 2 + (k 2D) 2 ].

(23)
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Equation (2-3) describes what is referred to as a Lorentzian
spectrum. 22 It can be seen that the width of the Bragg peak
in the LDV system (and consequently of any other higherorder spectral peaks) is broadened according to the Lorentzian distribution of Eq. ( 23). It follows that the full width at
half-height of any given peak of the spectral density of the
signal is 14' 15

(n)

2
2
k D
8
kBT. 2 .
(24)
tl.J;/2 = - - = - - - sm
1T
3 A.
f.la
where n is the refraction index in the fluid. This measure of
spectral broadening due to Brownian motion indicates that,
even for particles as small as O.lJLm in radius in suspension
in water at room temperature, the spectral broadening tl./112
is only a few hertz. Consequently, Brownian motion may not
be a serious limitation in the detection of underwater sound
as had been suggested earlier. 6 Carefully controlled experiments have been conducted to resolve the issue of Brownian
motion. The results are discussed in Sec. III.

e,

II. EXPERIMENT

A. Prototype LDV system

The LDV apparatus used in this study is a dual beam
system 11 • 12 operating in the differential heterodyne mode.
The laser beam is split into two beamsJ referred to as the
arms of the interferometer. Each beam is subsequently frequency shifted by acousto-optic Bragg modulation (heterodyne detection). The beams cross in the region (referred to
as the probing or fringe volume) where one wants to detect
sound. Light scattered from small particles in suspension in
the probing volume is collected by a large aperture lens and
focused toward an optical detector. A measure of the
Doppler shift of the scattered light is an indirect measure of
the velocity of the small particle and, in most practical cases,

Opt.ie&l Beacla

a good measure of the acoustic particle velocity of the sound
wave.
Figure 2 shows the system set up in a forward scattering
configuration, that is to say, when the optical detector is
located straight ahead of the incident laser beams, on the axis
of symmetry. A one watt cw argon laser, set to operate in a
single mode, (optical wavelength in air 514.5 nm) produces
a ray of light with power ranging from about 10-500 mW.
The linearly polarized light ray is split into two beams by a
nonpolarized beam-splitting cube. The two light beams of
nearly equal intensity are then passed through acousto-optic
Bragg cells. The Bragg cells shift the optical frequency of the
light by diffracting it from a traveling acoustic wave in a
crystal. 23 In our experiment, one of the beams is shifted by
40.000 MHz and the other by 40.050 MHz. The frequency
synthesizers driving the Bragg cells at these frequencies are
stable within 40 Hz. Beating at the difference frequency,
tl./8 = 50.0 kHz, occurs when these beams cross. This difference frequency is selected to satisfy sampling requirements
that will be discussed later. The two beams are directed
through apertures that block all but the first diffraction order from the Bragg cells so that only the beams shifted by 40
and 40.05 MHz are used in the interferometer. The frequen ~
cy-shifted beams are then coupled into two single mode polarization preserving optical fibers (core diameter 4 f.lm, numerical aperture of 0.3) through a pair of microscope
objectives (magnification 20 X ) that are mounted on posi~
tioners designed to couple efficiently the light beams into the
fibers . The fibers (about 2 m long) guide the light to the
detection bench, which is isolated from the optical bench.
The light that emerges from each of the fibers is collimated
by a miniature cylindrical lens ( 1.9-mm diameter, 16.5 mm
long) with a graded index ·of refraction referred to as a
GRIN lens. The length of the GRIN lens is such that a light
spot illuminating the center of one side of the cylindrical
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FIG. 2. Block diagram of the experimental apparatus used in the laser detection of
sound in a standing wave tube filled with
water.
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. GRIN lens leaves the other side of the lens perfectly collimated. Such a lens is called a quarter-pitch lens. The reverse
is also true and GRIN lenses can be used to efficiently couple
a collimated light beam into a single mode or a multimode
optical fiber. A detailed discussion of the mechanical coupling between the miniature GRIN lens and the optical fiber
is given in Sec. II C. The light from both beams is linearly
polarized in the same plane in order to achieve a high contrast in the probing volume where the two beams intersect to
create the fringe pattern. Good contrast is required to ensure
good signal-to-noise ratio at the detection stage. A detailed
procedure on the method used to align properly the polarization axes of the two fibers is given below in Sec. II B. A large
aperture ( 127-mm diameter) converging lens focuses the
two beams to a common focal point (about 30 em away) in
the center of a clean water-filled stainless steel cylindrical
standing wave tube ( 3.8-cm i.d., 6.3-cm o.d.). A detailed
description of the standing wave tube is given in Sec. II D.
The water inside the tube is carefully controlled so that impurities remaining in the fluid are sufficiently small that they
scatter a negligible amount of light. The purified water is
then seeded with polystyrene microparticles of known radius (either 10! 1? or 0.1 J.lm, corresponding to values of ka of
183? 18.3, and 1.83? respectively), which act as calibrated
scatterers oflight. The density of the microparticles is about
1050 kg/m 3 (specific gravity 1.05); the particles are thereG
fore in suspension in the water. The water sample preparation is discussed in Sec. II F below. A piezoelectric transducer generates a single frequency sound wave into the
water. The sound wave induces motion of the scatterers and
consequently a Doppler shift in the light scattered from the
buoyant microparticles. The light scattered in the forward
direction is collected and focused by another large aperture
lens ( 127-mm diameter). Another miniature GRIN lens is
placed at the point where the light is focused to couple the
scattered light to a multimode optical fiber ( 100-J.lm diameter). The multimode optical fiber guides the collected light
to a ten stage Thorn 9903 KB photomultiplier tube (22%
quantum efficiency) that produces a signal proportional to
the incident light intensity. This signal, which is related to
the Doppler shift of the light, is then bandpass filtered and
amplified so that the motion of the particles can be determined. Details concerning the signal processing can be
found in Sec. II G below.

along one of the principal axes of the fiber, it emerges linearly
polarized.25
To take advantage of this type of optical fiber, a systematic approach was developed to align the optical axes of the
polarization preserving fiber so that the light that emerges
from the fiber is linearly polarized (the electric field vector
propagates in a fixed plane). The light emitted by the laser is
linearly polarized vertically. A microscope objective mountG
ed on a specially designed positioner was used to focus the
light onto the core of the single mode polarization preserving
fiber. The inlet side of the fiber is mounted on a rotator on the
same positioner, thus allowing the fiber to be placed so that
the laser light is focused directly on the core of the fiber. If
the optical axis of the fiber is not aligned with the axis of
polarization of the incident light? the light that emerges is
elliptically polarized because the polarization-preserving fiber is birefringent. It is therefore necessary to align one of the
principal axes of polarization of the fiber with the plane of
polarization of the incoming laser light. This is achieved by
placing a polarizer at the output of the fiber and rotating the
polarizer until the output light intensity becomes a minimum. The fiber is then slightly heated simply by holding it.
This heating has an effect (the birefringence effect) on the
velocities of propagation of both components of the light in
the fiber 26 and induces a phase difference between the two
components of light, which results in a change in intensity,
due to interference, of the light after it passes through the
polarizer. The proper orientation of the input side of the fiber
is obtained iteratively by rotating the input side of the fiber
until heating has no effect on the fiber's output intensity after
it passes through the polarizer. At this point, when all of the
light is propagating along one axis of the fiber, there will be
no component qflight along the other axis, therefore heating
would not influence the output intensity. With the inlet side
aligned, it is a simple task to use a polarizer to orient the
outlet side of the fiber. The two fibers are cut to about the
same length so that the difference in optical path length of
the two arms of the system is well within the coherence
length of the laser. The fibers are also kept close together so
that thermal expansion effects are the same in both fibers.
These measures insure sharp contrasts in the interference
region and minimize fading and low-frequency noise associated with thermal fluctuations.
C. Mechanical mounting of the GRIN lenses

B. Alignment of the polarization preserving optical
. fibers

The design of the prototype system takes advantage of
the flexibility that optical fibers provide: ease of alignment,
and decoupling of the optical bench from the area that is
being investigated. Another advantage is that polarizationpreserving fibers are now available and can be used to maximize the efficiency of the LDV system by sharpening the
contrast between the fringes in the interference region where
the laser beams cross. Ordinary optical fibers do not maintain polarization during transmission over long distances. 24
Polarization-preserving fibers, however, are made of a birefringent core and, consequently, when linearly polarized
light enters the fiber with its electric field vector oriented
1280
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When using optical fiber, it is crucial that the light beam
that emerges be well collimated. A miniature gradient index
(GRIN) lens 27· that focuses light via its nonuniform index of
refraction is chosen to insure proper collimation. Initially,
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FIG. 3. Mechanical mounting and coupling of the miniature GRIN lens
with a single-mode optical fiber.
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the optical fiber was bonded to the GRIN lens with optical
, adhesive. However, the heat induced by the laser light at
power levels of 100 m W and higher would melt the connection between the fiber and the GRIN lens, so a design for a
mechanical mounting was pursued. The final design is
shown in Fig. 3. A 27-gauge hypodermic needle and a halfinch-long Allen screw are used. The screw has a hole drilled
through the center of the long axis so that the GRIN lens can
fit inside with about 0.001 in. of clearance. Paraffin wax is
used to hold the lens within the screw without stressing the
lens. The screw is then threaded into a tapped syringe cut off
about a half-inch into the cylinder portion. An optical fiber is
inserted through the sharp side of the syringe and held in
place with wax. Turning the screw causes the lens to move
toward or away from the fiber and makes it possible to focus
the light into a collimated beam.

~

inch microphone

trapped air

plexiglus window
~ring

water

D. Standing wave tube

The sound wave that is being detected with the LDV
system is generated by a piezoelectric transducer located at
the bottom of a vertically standing tube filled with water
seeded with calibrated microparticles. Initially a 50.8 X 50.8
mm ( 2 X 2 in.) square tube made from two half-inch aluminum plates and two quarter-inch Plexiglas plates was built
and used as a standing wave tube. Preliminary measurements of the sound field inside the tube were taken with a
custom-made spherical ( =0.6 em in diameter) piezoelectric
transducer. These measurements revealed a reduction in
sound speed and the formation of spurious acoustic modes
due to the high compliance and lack of mass in the walls of
the tube, necessitating a redesign.
In an attempt to circumvent this problem, an alternative .
standing wave tube was constructed. The design was inspired by work done for impedance measurements in water
made by Walter Kuhl in the 1940s. 28 Kuhl emphasizes the
need for massive materials when building an -impedance tube
that will be filled with a liquid. Based on these considerations, the final design of our standing wave tube is a 29.2 em
( 11 .5 in.) tall stainless steel pipe with an inner diameter of
3.81 em ( 1.5 in.) and a 1.27-cm (0.5 in. )-thick wall. It is
shown in Fig. 4. The laser beams enter and exit through
small Plexiglas windows in opposite sides of the pipe. These
windows are circular with diameters of 1.90 em (3/4 in.)
and 1.90 em (3/4 in.) thick. In this design, no glues or sealants are used in order to prevent impurities from leaching
out into the water, thus maintaining the high degree of purity necessary in these experiments. At the base of the wave
tube a thin and ftexib~e stainless steel phite is secured to the
bottom using a 0.95-cm (3/8 in.)-thick slice of the pipe material to sandwich the thin plate and seal the end. As indicated in Fig. 4, two stacked circular piezoelectric transducers
are glued to the outer surface of the bottom so that they are
not in the wave tube. A lead weight acting as an inertial mass
was glued beneath the two transducers so that the excitation
from the transducers would be directed upward into the
standing wave tube. Suspending the transducers and weight
from the flexible bottom plate of the wave tube minimizes
the vibration transmission to the optical rail on which the
standing wave tube and the two large converging lenses are
1281
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FIG. 4. Standing wave tube used in the experiment of laser detection of
sound. A piezoelectric transducer produces a standing wave in the waterfilled pipe. A microphone is used at the free surface to estimate independently the particle velocity near the free surface for comparison with the LDV
measurement.

placed. The wave tube is filled with water to a level just above
the Plexiglas windows, approximately 15 em ( 6 in.) from
the bottom of the tube. The top of the water column is pressure release so that it can be driven at the quarter-wave resonance. This resonance is at a frequency well below the cutoff
frequency (22.6 kHz). By driving at a frequency below the
cutoff frequency, plane wave propagation is guaranteed. 29
The resonance condition is found experimentally by using
the microphone system that is described in the next section.

E. Independent measurement of acoustic particle
velocity

To verify the data obtained by the LDV system, an independent system for measuring the acoustic particle velocity
was developed. The measurement is based on the assumption that the displacement velocity at the water surface is
Vignola et at.: Laser detection of sound
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essentially identical to the acoustic particle velocity in the
fringe volume which is only 6 mm ( 1/4 in.) below the water
surface, i.e., a fraction of an acoustic wavelength in water.
The method is illustrated in Fig 4. A 1/2 in. Larson-Davies
microphone is placed a small distance h above the surface of
the water. The microphone has a plastic tape skirt placed on
it to form the wall of a cylinder that traps a small volume Vof
air between the microphone and the water surface. Assuming adiabatic conditions and a rigid boundary at the tape
skirt, one can regard the water as a piston compressing the
trapped air. Since the wavelength of the sound in air is always kept large relative to the height of the air cylinder h, the
peak acoustic pressure in the air volume p a, which is measured by the microphone, can then be related to the surface
displacement Ass through a thermodynamic analysis which
leads to the following:

As= ( V lypoSm )Pa = (h IYPo )pa,

(25)

where r = 1.4 is the ratio of the specific heats of the air,
Po = 101.5 kPa is the ambient pressure, Sm is the surface
area of the face of the microphone, and h = 6 mm is the
height of the trapped air cylinder under adiabatic compression. The acoustic pressure Pa in the trapped volume of air is
measured directly by the microphone via the Larson-Davies
800B sound level meter. It is clear that this method for estimating the particle velocity in the fringe volume is not as
accurate as the Doppler interferometric measurement,
mainly because of the uncertainty of the precise volume of
air trapped between the microphone, the surrounding tape,
and the water surface. This measurement technique is intended to provide, first, a method for finding the resonance
in the wave tube and, second, an order of magnitude value of
the particle velocity at the pres~ure release end of the tube
which can be compared with more accurate measurements
obtained with the LDV system. The results of the comparison are shown in Sec. III.

F. Water sample preparation
When LDV data were collected from tests conducted in
the standing wave tube, the tube was meticulously cleaned
with soap and tap water and then carefully rinsed and filled
with reverse osmosis water. For the study of the effect of
Brownian motion, it was imperative that the light be scattered by particles of known size and shape. To achieve this,
calibrated spherical polystyrene particles 30 were used to
seed the water samples. These particles have a density of
about 1050 kg/m 3 • Their diameters are calibrated to be 220
nm ± 6 nm, 2.062 J.lm ± 0.025 jlm, or 19.58 J.lm ± 0.10 J.lm.
The neutrally buoyant particles are seeded in a controlled
concentration, such that there is on average one particle in
the fringe volume at a given time. In past experimental work,
it was found that both distilled water or deionized water had
sufficient levels of naturally occurring microparticles to produces a measurable signal from the photomultiplier prior to
the seeding. To obtain a condition where no signal was present, a test tube was put in place of the standing wave tube.
The test tube was carefully washed in a clean room and filled
with reverse osmosis water that had been rapidly passed
through a syringe filter and sealed. These test tubes were
1282
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tested to see if they scattered light. When a test tube was then
found to be clean, a controlled amount of scattering partiyles
was added to the sample. It was not necessary to impose an
acoustic disturbance on the sample because, as can be seen
from Eq. ( 10), the random phase fluctuations caused by the
Brownian motion broaden the Bragg peak in the same way
they broaden the acoustic side peaks.
G. Signal processing

The light scattered from the microparticles in suspension in the water-filled wave tube is collected by a large aperture lens and focused via a quarter-pitch miniature GRIN
lens into a mutimode optical fiber. The signal is carried
through the optical fiber to a photomultiplier (Thorn EMI)
driven with a high-voltage power supply. The signal is then
amplified ( 52.2 dB) and bandpass filtered between 45 and
55 kHz. Initially data were analyzed directly with an HP
3285A spectrum analyzer. This approach, however, proved
to be inadequate since the time required to collect data over
even the narrow part of the spectrum of interest in this application is between 10 and 300 s, which is much longer than
the typical duration of single scattering event. It was indeed
apparent that the signal observed on the spectral analyzer
was due _to the scattering of many microparticles crossing the
fringe volume and not due to a single scattering event as it
should be for a meaningful interpretation of the results. In
particular, the data displayed on the spectrum analyzer
would show that the acoustic side peaks would not remain
displayed continuously. The occurrence of a scattering event
could easily be monitored simultaneously on an oscilloscope. A typical scattering event has a duration of a few
hundred milliseconds and appears as a strong burst on the
oscilloscope. In order to avoid the inherent averaging present in the display of the data on the spectrum analyzer, it was
decided to collect data and store it in digital form only when
a strong burst indicating a single scattering event would occur. A waveform recorder (HP 5180a) was used to collect
data because of its ability to record signals using as many as
16 384 data points allowing for fine resolution in the frequency domain. By triggering the data acquisition only
when a signal was above a certain threshold, one could surmise that the scattering conditions in the fringe volume were
optimal. The waveform recorder sampling rate was 200kHz,
four times the carrier frequency generated by the difference
in the optical frequencies of the laser beams. The data were
then transferred to a VAX/VMS 11-750 minicomputer for
FFT analysis. The data file was zero padded to a length of
32 768 data points to increase the resolution in the frequency
domain. Given this sampling rate and record length, the frequency resolution was 6.1 Hz. No window was used in the
computation of the FFT of the signals because the signals
being analyzed are very narrow band in nature. Also, any
window applied to the signal would introduce artificial
broadening of the peaks in the frequency domain which may
mask the broadening induced by Brownian motion.
Ill. RESULTS

The results from two different experiments with the
LDV apparatus are presented in this section. First, the laser
Vignola eta/.: Laser detection of sound
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FIG. 5. Magnitude of the Fourier
transform of the photomultiplier signal in the LDV detection of a harmonic wave (1809Hz, 179 dB re: 1
11Pa, 75.4 X 10 - ., -m acoustic particle displacement) in a water-filled
standing wave tube.
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detection of sound in the wave tube is established and signalto-noise ratio considerations are discussed. Second, a detailed study of signal broadening due to Brownian motion is
presented.

A. Laser detection of sound
The LDV system for noninvasive detection of sound
was tested with a steady time-harmonic sound wave of frequency fa = 1809 Hz exciting a quarter-wavelength resonance in the water-filled standing wave tube, the upper surface being the pressure release surface. Measurements were
made near the free surface of the water column where the
acoustic particle velocity would be the greatest. As indicated
above, the Doppler-shifted signal was captured, digitized,
and stored on a minicomputer where the spectral analysis
was performed. A large number of signals were recorded for
different values of laser intensity and scattering microparticle size. Figure 5 shows a typical spectrum (magnitude of the
Fourier transform) centered around the beat frequency of
fd = 50 kHz corresponding to the difference between the
two Bragg frequencies. The magnitude of the Bragg peak
indicates that there is indeed a clear fringe pattern in the
probing volume where the two laser beams intersect. The
presence of two side peaks on each side of the Bragg peak, at
frequencies f _ = fd -fa and f + = fd +fa, indicates that
the light signal is modulated by a frequency fa, i.e., that the
scatterers are oscillating at a frequency fa under the action of
the acoustic wave. These side peaks are referred to as the
acoustic peaks. Figure 5 reveals that the acoustic peak on the
left is 1807 Hz below the Bragg peak frequency and that the
acoustic peak on the right is 1813 Hz above the Bragg peak
frequency. Hence, the LDV detection indicates that the
sound wave in the water tube is at a frequency of about 1810
Hz, which agrees quite well with the measured input frequency of 1809 Hz. Apart from the frequency of the sound
1283
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wave, one needs to determine its amplitude. Following the
method outlined in Sec. II B, it is found from Fig. 5 that the
two acoustic peaks are 15.7 and 15.5 dB lower than the central Bragg peak. Using these values in Eq. ( 11 ), we determine the amplitude of the acoustic particle displacement to
be 75.4 nm or 179 dB re: 1 ,uPa. The independent measure
ment of the acoustic particle displacement outlined in Sec.
II E [see Eq. ( 25)] yields a value for the acoustic particle
displacement of 61 nm. This measurement is made to give a
rough estimate of the acoustic particle displacement and a
confirmation of the LDV method. The discrepancy between
the two displacement values can be explained by the difficulty of accurately measuring the volume of air trapped in
the tape cylinder between the water surface and the microphone and the flexibility of the tape cylinder wall. Hence, il is
clearly established from Fig. 5 that the LDV detection system allows to measure nonintrusively both the amplitude
and the frequency of a time-harmonic continuous sound
wave.
Figure 6 is an expanded view of the same data that are
shown in Fig. 5 which reveals secondary peaks within the
primary peaks (the Bragg and acoustic peaks). These peaks
appear at integer multiples of 60 Hz and had the affect of
modulating the photomultiplier output signal. This effect
was found to be caused by the mechanical vibration of electrical machinery in the building that contains the prototype
LDV system. Added mass on the optical rail supporting the
wave tube and vibration isolation between the rail and the
foundation reduced the 60-Hz components by approximately 10 dB compared to their level shown in Fig. 6. This reduction in the 60-Hz noise level was adequate for accurate determination of the half-amplitude widths of the signal peaks.
B. Signal detection threshold
The minimum detectable signal can be roughly estimated from Fig. 5 by noting that the noise level is about 40 dB
Vignola eta/.: Laser detection of sound
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FIG. 6. The enlarged view of the
Fourier transform LDV signal
shows the presence of 60-cycle sidelobes. The dotted line indicates the
Lorentzian curve fit used to measure
the bandwidth.
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below the Bragg peak. Such a value indicates that a peak
acoustic particle displacement of 5 nm can be detected in
water at a frequency of 1809 Hz. [See Eq. ( II) .] This value
corresponds to a minimum detectable signal level of 154 dB
re: 1 ,uPa. The question arises as to whether this minimum
detectable threshold is limited by the shot noise in the photomultiplier tube. In any LDV system, the minimum detectable signal is limited in a fundamental way by the shot noise
of the photomultiplier detecting the Doppler-shifted light.
Hanish 6 has given an expression for the shot-noise limit in
the following form:
(26)
where A is

the optical

wavelength

of the

laser,

h = 6.6 X 10- 34 J ·sis Planck's constant, ce = 3 X 108 m/sis
the in-vacuo speed oflight, B is the bandwidth of the receiving electronics, n is the index of refraction of the water, 17 is

the quantum efficiency of the photomultiplier, and P0 is the
scattered light power incident on the sensitive surface of the
photomultiplier. In our experiment, A takes the value of
514.5 nm, the quantum efficiency is 0.22, and the bandwidth
is about 10kHz. The shot-noise limit is thus estimated to be
14
Amin = 1.33 X 10 (P0 ) - 112 • In order to estimate how far
from the shot noise limit the LDV probe is actually operating, it is necessary to estimate the laser power P0 incident on
the photomultiplier. This is achieved first by relating the
output voltage at the back end of the photomultiplier (measured to be about 67 mV peak to peak) to the current at the
first stage of the photomultiplier. For a 800 volts bias voltage
on the photomultiplier, the gain in current between the front
end and the back end of the photomultiplier is 2X 105 . Since
the voltage at the back end of the photomultiplier is measured across a 50 n resistor, the current at the front end of
the photomultiplier is ipm = 1.63 X 10 - 11 amp. The number
of electrons knocked off the photo-sensitive surface of the
front end of the photomultiplier is thus ipmlqe = 108 electrons per second, where qe = 1.6 X 10 - 19 coulomb is the

electric charge of an electron. Since the quantum efficiency
17 = 0.22 is defined as the ratio of electrons produced at the
first stage (front end) of the photomultiplier to the number
of photons incident on the photosensitive surface, one can
estimate the number of incident photons to be about
4.5 X 108 every second. But the energy E of a single photon is
related
to
its
wavelength
by
the
relation
E = hv =he!A = 3.86 X 10- 19 J. Therefore, the total energy per unit time incident on the photomultiplier, i.e., P0 , is
4.5 X 10 8 X 3.9 X 10 - 19 = 1.7 X 10- 10 W. Inserting this value of P0 in Eq. ( 26) yields. an estimate of the shot-noise
limited minimum peak amplitude detectable with our LDV
system: Amin = 1 nm, which corresponds to a free-field
sound-pressure level of 142 dB re: 1 ,uPa. This estimate can
be compared with our estimate of approximately 5 nm ( 156
dB re: 1 ,uPa) for the minimum detectable signal at a frequency of 1809Hz based on the signal-to-noise limitation in
Fig. 5. From this comparison it may be concluded that our
LDV system is operating almost at its shot-noise limit.
From Eqs. ( 11) and (26) it follows that the LDV technique detects particle displacement. Therefore, this technique is particularly well suited to low-frequency applications where the particle displacements are large for a given
acoustic pressure. This is because, for a monochromatic
plane wave propagating in free space, the ratio of acoustic
particle displacement to the acoustic pressure is inversely
proportional to the frequency and hence the minimum detectable sound pressure is inversely proportional to the
acoustic pressure. The minimum detectable signal level also
depends on the scattered light power P0 • Therefore, the minimum detectable level is a function both of the microparticle
size and optical properties, and of the scattering direction
along which light is collected by the receiving optics. The
minimum level estimates given in subsection B for a polystyrene microparticle have been both measured and calculated.2

These results for the minimum detectable signal were

. I
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established for the system in the forward scatter configura.· tion which is appropriate when collecting data in an impedance tube. In other applications it may be more appropriate
to use a backscatter arrangement.
Typically, the backscatter cross section is significantly
smaller than the cross section for forward scatter. For example, from the data given by Drain, it is that for microparticles
of diameter >1f.im the backscatter light intensity is lower by
approximately two orders of magnitude compared to the
light scattered in the forward direction. However, the low
value of the backscatter cross section can be compensated by
using a higher intensity incident light beam.
C. Broadening due to Brownian motion

A systematic study of the spectral broadening caused by
Brownian motion of the microparticles in suspension was
undertaken in order to answer the following question: Is
Brownian motion a limiting factor in the LDV detection of
underwater sound? The question arises because Hanish, in
his preliminary study of the laser hydrophone, 6 estimated
the spectral broadening due to Brownian motion to be
BH

=

16trn 2 k 8 T/3A 2f.ia,

(27)
1

23

where k 8 = 1.38 X 10N m K- is Boltzmann's constant, Tis the absolute temperature of the water, .A is the
optical wavelength, n is the index of refraction of water (viscosity f.i = 10 -· 3 N m- 2 s), and a is the radius of the microsphere in suspension. Hanish's prediction is shown in Fig. 7
as a solid line as a function of particle radius. It shows that,
for microparticles of0.1-f..tm radius, the broadening is anticipated to be as high as 4.5 kHz. In other words, the width of
the Bragg peak would completely obliterate any acoustic signal at frequencies below 4.5 kHz in the LDV detection
scheme. It turns out that, as is shown below, our experimental data do not support Hanish's prediction.

Data were recorded following the procedure described
in Sec. II F with calibrated microparticles of radii 0.1, 1, and
10 f.im in suspension in reverse osmosis purified water. In
each case, a curve fit based on a three parameter nonlinear
least-squares was computed to match the measured Bragg
peak. An example is shown in Fig. 6. Figure 7 shows the
experimentally measured half-amplitude ( 6 dB) width of
the peaks found by averaging about ten different measurements of the bandwidth for each particle size. These widths
were found to be 20, 19, and 18Hz, respectively. These values are below the predicted minimum broadening B H given
by Eq. (27) which cannot, therefore, be taken as a good
model for spectral broadening. In fact, Eq. (24), which is
based on Clark's model (shown in Fig. 7 as a dashed line),
seems more appropriate because it does not contradict our
experimental data. Since it is found experimentally that
spectral broadening is about 20 Hz for particle radii ranging .
from 0.1-10f.i, (i.e., it seems independent of particle radii for
radii greater than 0.1 f.im), one can ascertain that Brownian
motion is not the cause of the observed spectral width. Instead, it is probable that other causes such as the slow drift of
the microparticles in suspension, or the finite length of time
over which the data are Fourier transformed, or fluctuations
in the frequency synthesizers driving the Bragg cells, are
really the limiting factors in the measured spectral broadening. Since the mean particle diameter in the ocean is several
microns, the experiment discussed above (which covers two
decades in particle size around 1 f.im) indicates that Brownian motion is unlikely to be a limiting factor in the laser
detection of underwater sound.

IV. CONCLUSIONS
A differential heterodyne laser Doppler velocimeter has
been assembled and tested to measure nonintrusively small
perturbation associated with acoustic standing waves excit-
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ed by a ptezoelectnc transducer m a stan mg wave tuoe
filled with water. An important factor in the design of the
LDV system was to decouple with optical fibers the optical
bench from the standing wave tube so as to ensure maximum
flexibility for future applications. Significant improvement
in signal-to-noise ratio was obtained by using polarization
preserving single mode fibers in the two arms of the interferometer. Also, fairly efficient coupling of light in and out of
the fibers was achieved by using miniature lenses with graded index of refraction (GRIN lenses). It was found that
spectral analysis of the signal detected at the receiver directly performed on a spectrum analyzer is not a very efficient
way to analyze the data. Instead, it is recommended to capture the signal whenever a strong burst of scattered light
occurs (i.e., whenever a microparticle drifts into the fringe
volume where the two laser beams intersect) and to digitize
the signal and store it in a microcomputer for fast Fourier
transform analysis. It was found that our LDV prototype is
able to detect acoustic particle displacement as small as 5 nm
with a detection bandwidth of 10kHz. This detection threshold corresponds to 156 dB re: 1 ~tPa at 1.8 kHz, and decreases even further at lower frequencies, and with narrower
bandwidth of the receiving electronics. The shot-noise limit
of the prototype was estimated to be such that the minimum
detectable particle displacement is of the order of 1 nm. Our
LDV probe is thus operating very close to its shot-noise limit. A systematic study of the spectral broadening due to
Brownian motion was carried out with calibrated microspheres of radii 0.1, 1, and 10 ~tm in suspension in reverse
osmosis filtered water. It was found that Brownian motion is
not a serious limitation for detection of sound in water containing scatterers whose radii is g~eat~r ': th~n 0.1 Jlm. Furthermore, laser detection of sound in air is much easier because particle displacements in air are much larger than
particle displacements in water. Further improvements of
the LDV prototype include the configuration of the system
into a backscattering mode for operations in a water tank
where the detection of acoustic transients is made possible by
using a phase-locked loop.
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