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When sound propagates through a medium, it results in pressure fluctuations that change the instanta-

neous density of the medium. Under such circumstances, the refractive index that characterizes the

propagation of light is not constant, but influenced by the acoustic field. This kind of interaction is

known as the acousto-optic effect. The formulation of this physical phenomenon into a mathematical

problem can be described in terms of the Radon transform, which makes it possible to reconstruct an

arbitrary sound field using tomography. The present work derives the fundamental equations govern-

ing the acousto-optic effect in air, and demonstrates that it can be measured with a laser Doppler

vibrometer in the audible frequency range. The tomographic reconstruction is tested by means of

computer simulations and measurements. The main features observed in the simulations are also

recognized in the experimental results. The effectiveness of the tomographic reconstruction is further

confirmed with representations of the very same sound field measured with a traditional microphone

array. VC 2012 Acoustical Society of America. [http://dx.doi.org/10.1121/1.3695394]

PACS number(s): 43.35.Sx [JDM] Pages: 3786–3793

I. INTRODUCTION

The acousto-optic effect has been extensively used to

characterize ultrasonic waves in underwater acoustics.1–7 In

such measurements, the acoustic properties of sound are

determined by measuring the small changes of the refrac-

tive index that are induced by the pressure fluctuations of

the acoustic field. These variations of the refractive index

will cause diffraction and changes of the speed of light that

influence the propagation of light in amplitude and phase.

In practice, in the low ultrasonic frequency range, diffrac-

tion effects can be neglected when the acoustic field has

small amplitudes.2,6,7

Ultrasonic measurements in air are not commonly

based on the acousto-optic effect (although some examples

can be found in Refs. 8 and 9). This is perhaps because

ultrasound is highly attenuated in air and because there

normally is a significant impedance mismatch between the

air and the ultrasonic transducer.8 These constraints are

less severe when using conventional loudspeakers and

microphones in the audible frequency range. However, only

a few investigations have been reported for audible

sound,10–12 and they have been concerned with visualiza-

tion purposes rather than quantification.

The aim of this work is to demonstrate that light can be

used as a means to characterize airborne sound in the audible

frequency range. First, the physical principles governing the

acousto-optic effect are presented. This will show that sound

pressure fluctuations are captured in the phase of a light

beam that travels through the medium. Next, we describe the

measurement procedure used to retrieve the phase of the

light as an apparent velocity measured with a laser Doppler

vibrometer (LDV). This apparent velocity is interpreted as a

projection of the sound field. Several projections in different

directions can be used to reconstruct the acoustic field using

tomography. The quality of the tomographic reconstruction

is finally assessed by means of simulations and experimental

results.

II. ACOUSTO-OPTIC TOMOGRAPHY

A. Acousto-optic effect

The phenomenon of sound inherently involves pressure

fluctuations that change the density of the medium. Assum-

ing adiabatic conditions, the total pressure pt and the density

q of the medium are related by means of the following

expression:13

pt

p0

¼ q
q0

� �c

; (1)

where p0 and q0 are the pressure and the density under static

conditions, and c is the ratio of specific heats. Note that,

when sound propagates, pt corresponds to the superposition

of the static and the acoustic pressures, that is, pt¼ p0þ p.
The influence of the density variations on the propagation of

light can be determined by combining the mechanical and

optical properties of the medium. In 1863, Gladstone and

Dale established an empirical relation between the refractive

index n and the density q of various liquids14

n� 1 ¼ Gq; (2)
b)Author to whom correspondence should be addressed. Electronic mail:
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where the Gladstone–Dale constant G is an intrinsic feature

of the liquid. This relation also holds for air.15 The most im-

portant property of the latter expression is not the exact

value of G, but the fact that density and refractive index ex-

hibit a linear relationship. The relation between the refrac-

tive index and the acoustic field can be established by

combining Eqs. (1) and (2)

n ¼ ðn0 � 1Þ pt

p0

� �1=c

þ 1 ¼ ðn0 � 1Þ 1þ p

p0

� �1=c

þ 1;

(3)

where n0 is the index of refraction under standard atmos-

pheric conditions. As shown in Appendix A, this expression

can be approximated by a first order Taylor expansion when

the acoustic pressure is much smaller than the static pres-

sure, p� p0;

n ffi n0 þ
n0 � 1

cp0

p: (4)

Thus, under weak acousto-optic interaction, the variations of

the refractive index are proportional to the sound pressure.

For ease of reference, a sound pressure of 1 Pa yields an

increase of the refractive index of air of about 2� 10� 9 of

its value under static conditions.

B. Measurement principle

The understanding of the physical phenomenon govern-

ing the acousto-optic effect opens up the possibility of char-

acterizing sound by measuring light that travels through an

acoustic field. In this context, light can be regarded as an

electromagnetic wave E that satisfies the electromagnetic

wave equation

r2E� n

c0

� �2 @2E

@t2
¼ 0; (5)

where c0 corresponds to the speed of light in vacuum.

Although this fundamental equation is normally derived for

waves propagating through a homogeneous quiescent me-

dium (which is not completely true in the presence of

sound), correct solutions can still be obtained when the fol-

lowing condition is fulfilled:16

1

n

@n

@t
T

����
����� 1; (6)

where T corresponds to the oscillation period of the electric

field. This is indeed the case for weak acousto-optic interac-

tion (see Appendix B for further details). Under such condi-

tions, the acousto-optic effect modifies the phase of light

rather than its amplitude. One can think of it as an electro-

magnetic wave that travels faster or slower depending on the

pressure fluctuations caused by the acoustic field. The light

travels slower when the medium is denser (pressure increase)

and faster otherwise. These ideas bring up the possibility of

using the following expression as a solution to the electro-

magnetic wave equation in the presence of sound

E ¼ E0ej xotþ/ðx; y; z; tÞð Þ; (7)

where xo is the angular frequency of the light, E0 is a com-

plex number that accounts for the amplitude and the polar-

ization of the light, and / is the phase term that depends on

the acousto-optic effect. As demonstrated in Appendix B,

the general solution of / resulting from inserting Eq. (7) into

the wave equation is

/ ¼ k0

ð
L

ndl ¼ k0n0L0 þ k0

n0 � 1

cp0

ð
L

pðx; y; z; tÞdl; (8)

where k0 is the wave number of light in vacuum, L repre-

sents the path followed by the light, and L0 is the corre-

sponding distance. It is worth noting that in the absence of

sound, /¼ k0n0L0, that is, the classical phase shift of a plane

wave propagating in a homogeneous quiescent medium.

Equation (8) establishes that the phase of a beam of light

that travels through an acoustic field is proportional to the

line integral of the sound pressure. This can be exploited as a

measurement principle for acoustic measurements, but it

requires measuring the phase of the light accurately. An

LDV can effectively provide this information. In conven-

tional use, the vibrational velocity of a surface measured by

the LDV is proportional to the time derivative of the phase

of the light

vðtÞ ¼ 1

k0n0

d/
dt
: (9)

In the absence of sound (/¼ k0n0L0), the velocity retrieved

by an LDV is equal to the rate of change of the distance

from the head of the LDV to the reflecting point where the

laser is pointed, that is, v(t)¼ dL0/dt. However, an LDV can

also measure the acousto-optic effect when the vibrations of

the surface that reflects the light back to the LDV are negli-

gible.17 In such a case, dL0/dt � 0 and the acousto-optic

effect [the second term on the right hand side of Eq. (8)]

dominates in the time derivative of /

vðtÞ ¼ n0 � 1

cp0n0

d

dt

ð
L

pðx; y; z; tÞdl

� �
: (10)

C. Sound pressure reconstruction

The line integral of the acoustic pressure can be seen as

a projection of the sound field in the direction of propagation

of the light. These projections can be described mathemati-

cally by means of the Radon transform18

Rpðx0; h; tÞ ¼
ðþ1
�1

pðx; y; tÞdy0; (11)

where the coordinates x0 and y0 are related to the coordinates

x and y by means of the following rotation matrix:

x0

y0

� �
¼ cos h sin h
� sin h cos h

� �
x
y

� �
: (12)
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This coordinate system transformation is illustrated in Fig. 1.

It is easy to see from Eq. (10) that the Radon transform of

the sound field under investigation can be obtained from the

apparent velocity of the LDV as follows

Rpðx0; h; tÞ ¼ cp0n0

n0 � 1

ð
vðx0; h; tÞdt: (13)

Unless assumptions about the symmetry of the sound field

are made, the information obtained from a single line scan

is, in general, not sufficient to reconstruct the acoustic

field.17 The reconstruction of an arbitrary sound field

requires the use of tomography. The sound field is first

scanned over a plane, e.g., along a set of parallel lines as

indicated in Fig. 1, and this procedure must then be repeated

(synchronously) for a series of angles of h from 0� to 180�. It

is not necessary to rotate up to 360� when using a parallel

beam scan configuration because the projections obtained

for angles h � 180� are replicas of the scans measured at

h – 180�. With this procedure, the acoustic field is projected

into different directions, and thus, the resulting data set con-

stitutes a well-defined inverse problem that can be solved by

means of the inverse Radon transform. The latter can in

practice be implemented efficiently by means of the filtered

backprojection algorithm,18 which in a parallel beam scan

configuration can be defined as

~pðx; y; tÞ ¼
ðp

0

Qðx0; h; tÞdh; (14)

where ~pðx; y; tÞ denotes the reconstructed sound pressure,

and Q(x0, h, t) is the so-called “filtered projection”

Qðx0; h; tÞ ¼ Rpðx0; h; tÞ 	 hðx0Þ; (15)

that is, the convolution of the measured Rp(x0, h, t) with a fil-

ter h(x0) that accounts for both the filtering required to imple-

ment the algorithm with a two-dimensional (2D) spatial

Fourier transform (Ram-Lak filter) and the windowing

imposed in the frequency domain in order to reduce the

influence of noise outside of the frequency range of interest

(e.g., a Hann or a Cosine window). Note that the phase of

the light performs a continuous integration of the sound field,

not a discrete summation. However, the data set used in the

reconstruction algorithm consists of a finite number of sam-

ples. This means that one must either estimate the continu-

ous integrals of the inverse Radon transform with numerical

approximations or use the inverse discrete Radon transform.

The latter option does not account for the spatial resolution

used in the measurements. This biases the amplitude of the

reconstructed pressure, but it can easily be corrected by

dividing the reconstructed pressure by the spatial resolution.

In either case, the quality of the reconstruction depends on

the spatial and angular resolutions used to sample the Radon

transform of the acoustic field.

III. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulations

The interpretation of the acousto-optic effect as the Ra-

don transform of an acoustic field is analyzed by means of a

computer simulation. For clarity’s sake, the case of study is

a monopole that radiates sound at a frequency of 2 kHz. Fig-

ure 2(a) shows the instantaneous spherical sound field emit-

ted by the monopole in a plane at a distance of 12 cm from

the point source. Figure 2(b) shows the corresponding Radon

transform as a function of x0 and h. As can be seen, the Ra-

don transform does not change with the angle of rotation h.

This is a consequence of the spherical symmetry of the

sound field under study, i.e., the integral of the acoustic field

leads to the same result independently of h. As mentioned

previously, it is only possible in practice to measure a dis-

crete number of points of the Radon transform, and thus, the

quality of the reconstruction relies on the separation between

the line scans (spatial resolution) and the angular resolution

used to rotate the measurement setup in order to scan the

sound field in different directions. Figure 3(a) shows the

reconstructed sound field when the spatial and angular reso-

lutions are 1 cm and 1�, and Fig. 3(b) corresponds to the spa-

tial and angular resolutions of 4 cm and 10�. As expected,

the reconstruction deteriorates when the spatial/angular reso-

lution is coarser, that is, when the number of samples of the

Radon transform that are used to compute the inverse trans-

form is reduced.

B. Measurements

For ease of comparison with the simulations presented in

Sec. III A, measurements were carried out in an anechoic room

of about 1000 m3 and the sound field was generated by a loud-

speaker driven with a pure tone of 2 kHz. The signal emitted

by the loudspeaker was synchronized with the data acquisition

system, allowing for the reconstruction of the instantaneous

sound field. The measuring plane was located 12 cm above the

loudspeaker. A picture of the measurement setup with an LDV

Type OFV-505 manufactured by Polytec (Waldbronn, Ger-

many) can be seen in Fig. 4(a). Instead of rotating the LDV
FIG. 1. Sketch of the parallel beam scan setup for obtaining the Radon

transform of an acoustic field.
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together with the reflecting point, the loudspeaker was placed

on a turntable allowing the scanning of the sound field in sev-

eral directions. In this way, the structure where the LDV and

the reflecting point were mounted was more stable. The turnta-

ble was moved manually in the perpendicular direction of the

light beam allowing scanning in parallel lines. Besides, an ac-

celerometer manufactured by Brüel & Kjær (B&K, Nærum,

Denmark) Type 4344 was installed on top of the reflecting

point in order to monitor that its acceleration was negligible,

and thus, ensuring that the velocity output of the LDV was

essentially caused by the acousto-optic effect. The outputs of

the LDV and the accelerometer were captured with an external

sound card Type HDSPe ExpressCard manufactured by RME

(Haimhausen, Germany) that was controlled with a laptop by

means of a homemade Matlab program. The measured data

was afterwards also analyzed with Matlab.

The Radon transform of the acoustic field generated by

the loudspeaker was computed from the velocity measured

with the LDV according to Eq. (13). The result obtained

when using a spatial resolution of 2 cm and an angular reso-

lution of 10� is depicted in Fig. 4(b). Similar to the simula-

tion presented in Sec. III A, the pattern of vertical lines

exhibited by the Radon transform indicates that the meas-

ured Radon transform is fairly independent of h, which

means that the reconstructed sound field should be rather

rotationally symmetric. The pressure reconstructed after

applying the inverse transform is presented in Fig. 5(a). As

expected, the resulting sound field is spherically symmetric

FIG. 2. (Color online) Monopole located 12 cm away from the simulated plane.

FIG. 3. (Color online) Simulation of the tomographic reconstruction of the instantaneous sound field generated by the monopole. The filtered backprojection

algorithm included a Lam-Rak filter and a Cosine window.
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and exhibits the periodicities of a 2 kHz pure tone (cf. the

simulation results presented in Fig. 3). Figure 5(b) shows the

reconstructed field when the spatial and angular resolutions

are 4 cm and 10�, that is, with half of the line scans of the

previous reconstruction. As observed in the simulations, the

result becomes more blurred when decreasing the number of

samples of the Radon transform used to reconstruct the

sound field.

Finally, complementary measurements were carried out

with a microphone array in order to compare the tomographic

technique with a more traditional and well-established

method. Figure 6(a) shows the planar rectangular microphone

array used in this measurement. The array consisted of sixty

1/4 in. microphones (B&K Type 4957) with a spacing of 7.5

cm between the microphones. The measured sound field can

be seen in Fig. 6(b). Despite the use of 60 microphones, the

spatial resolution of the sampled sound field (7.5 cm) and the

covered area (67.5� 37.5 cm2) are not directly comparable to

the ones obtained with the tomographic technique. However,

the overall amplitudes and pressure distribution are in fairly

good agreement with the reconstructed fields shown in Fig. 5.

IV. DISCUSSION

The figures presented in Sec. III represent a single

instant of time of the simulated/measured Radon transforms

and the corresponding instantaneous pressure reconstruc-

tions. They do not represent an average quantity. In fact, the

complete output of the tomographic algorithm is a time se-

ries of the sound pressure measured over the area scanned

FIG. 4. (Color online) Measurement of the Radon transform of the sound field with an LDV.

FIG. 5. (Color online) Tomographic reconstruction of the instantaneous sound field radiated by the loudspeaker. The filtered backprojection algorithm

included a Lam-Rak filter and a Cosine window.
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with the LDV. This can serve the purposes of many sound

visualization applications that are implemented nowadays

with microphone arrays. Besides, sound visualization based

on acousto-optic tomography has the great advantage of

being a non-invasive technique. The presence of a large

number of transducers often limits the frequency range that

can be covered with conventional measurement systems.

Increasing the number of transducers in order to enhance the

spatial resolution of the array tends to aggravate the influ-

ence of the array on the quantities measured at high frequen-

cies. A transducer-based correction in form of a frequency

response can be applied at a post-processing stage to coun-

terbalance this effect. There are also some transducers that

are specifically designed to compensate for it. Nevertheless,

the applied correction will only be valid for a certain direc-

tion of incident sound, typically axial incidence. Alterna-

tively, one can, for instance, improve the grid resolution of a

microphone array (without increasing the number of trans-

ducers) by performing synchronous measurements where the

array is simply shifted, say, half of the spacing between

transducers. In any case, it is necessary to immerse the array

into the acoustic field. This is not the case when using the

light as a “sensing” element.

The spatial resolution is also an important issue when

using acousto-optic tomography. In spite of the continuous

Radon transform measured with the LDV, only a finite num-

ber of line scans are captured for each direction of projection

h. Therefore, as in any other discretization problem, aliasing

effects may arise if the Nyquist theorem is not fulfilled— the

spatial resolution should always be smaller than half the

smallest wavelength of interest. Furthermore, it is also rec-

ommendable to have roughly as many directions of projec-

tion as parallel scans per projection.18

The available technology for measuring the acousto-

optic effect has not been constructed for this purpose. The

LDV is a device specially designed to measure mechanical

vibrations, and besides, a feasible measurement setup cur-

rently requires one to measure the sound field in a synchro-

nous fashion. Nevertheless, the results achieved with such an

off-the-shelf technology are quite satisfactory. Further inves-

tigations in this field could eventually lead to a new type of

optical device capable of measuring sound from the interac-

tion with light in real time. Thus, acousto-optic tomography

may have a great potential in acoustical holography and

beamforming.

The present work examines the interaction between

sound and light as a means to visualize acoustic fields. How-

ever, the refractive index, and thus, the propagation of light

can also be perturbed by other phenomena, e.g., the presence

of flow or temperature gradients. This could limit the num-

ber of applications for acousto-optic tomography. Neverthe-

less, further research needs to be done in this direction and

perhaps new acousto-optic techniques will be developed to

compensate for these effects.

V. CONCLUSIONS

The interaction between sound and light has been investi-

gated as a means to characterize airborne sound fields in the

audible frequency range. Both simulations and measurements

show that the acousto-optic effect can be used to reconstruct

an acoustic field using tomography. Despite the technological

limitations of the measurement setup, the experimental results

demonstrate that instantaneous pressure fluctuations of an

acoustic field can be captured with an LDV. The apparent ve-

locity caused by the acousto-optic effect can be interpreted as

projections of the acoustic field, which can be described math-

ematically by means of the Radon transform. Scanning the

sound field in parallel lines and projecting it in different direc-

tions constitute an inverse problem that can be solved by

means of the inverse Radon transform. The results show that

the quality of the reconstructed sound field depends on the

spatial and angular resolutions used during the measurement.

Nevertheless, satisfactory results can be obtained without

very fine resolution, especially when considering the number

of microphones that would be required to map the sound field

with a similar spatial resolution. Furthermore, the use of light

as a sensing element (instead of a bulk instrument) makes the

acousto-optic effect a non-invasive technique. This together

with the fact that the tomographic reconstruction does not

FIG. 6. (Color online) Sound field measurement with a planar rectangular microphone array.
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assume anything about the properties of the acoustic field

turns the acousto-optic effect into a very attractive measure-

ment principle for the visualization of sound fields.

APPENDIX A: TAYLOR SERIES OF THE REFRACTIVE
INDEX

The refractive index changes slightly with the pressure

fluctuations caused by an acoustic field. The small magni-

tude of these variations makes it possible to approximate Eq.

(3) with a Taylor expansion. If Eq. (3) is rewritten as

nðxÞ ¼ ðn0 � 1Þð1þ xÞ1=c þ 1; (A1)

where x corresponds to p/p0, then the corresponding Taylor

series can be calculated from the following expression:

nðxÞ ¼
X1
i¼0

nðiÞð0Þ
i!

xi; (A2)

where n(i)(0) is the ith derivative of the refractive index eval-

uated at zero. Note that the Taylor series is centered at zero

because x fluctuates around this value. Furthermore, the infi-

nite summation stated in Eq. (A2) can in practice be trun-

cated when xj j � 1. This is indeed the case since the

amplitude of the acoustic pressure is much smaller than the

value of the static pressure ( pj j � p0). Therefore,

nðxÞ ’ nð0Þ þ n0ð0Þ
1!

x1 ¼ nð0Þ þ n0ð0Þx

¼ n0 þ
n0 � 1

c
x for xj j � 1;

(A3)

where n(0) and n0(0) have been determined from Eq. (A1).

Finally, substituting x by the ratio of the acoustic pressure to

the atmospheric pressure yields the approximation of the

index of refraction given by Eq. (4).

APPENDIX B: SOLUTION OF THE ELECTROMAG-
NETIC WAVE EQUATION

Equation (6) states the condition required in order to

guarantee the validity of the solutions obtained from the

electromagnetic wave equation in the presence of disturbing

sound. Under weak acousto-optic interaction, the magnitude

of the variations of the refractive index is very small, and in

particular, the overall magnitude of the refractive index can

be regarded as very close to unity when the light propagates

in air. Moreover, the time derivative of the refractive index

is proportional to the angular frequency of oscillation of the

acoustic field. Thus, Eq. (6) can be reformulated as

n � 1

@n

@t
/ xa

T ¼ 2p
xo

9>>>>=
>>>>;
) 1

n

@n

@t
T

����
���� � 2p

xa

xo

����
����� 1: (B1)

The highest audible frequency is around 20 kHz, whereas

the light oscillates at frequencies of the order of terahertz.

Therefore, this condition is clearly fulfilled when analyzing

the acousto-optic effect in the audible frequency range.

The exact solution to the electromagnetic wave equation

in the presence of sound can be derived by inserting Eq. (7)

into the wave equation

E j
@2/
@z2
� @/

@z

� �2
 !

� n

c0

� �2

E j
@2/
@t2
� xo þ

@/
@t

� �2
 !

¼ 0: (B2)

Without losing generality, it is assumed that the light travels

along the z-direction. According to Eq. (B1), the temporal

variation of / can be regarded to be much slower than the

angular frequency of the electromagnetic field

@/
@t

����
����� xo and

@2/
@t2

����
����� x2

o: (B3)

Equation (B2) now reduces to

j
@2/
@z2
� @/

@z

� �2

þ nx0

c0

� �2

¼ 0: (B4)

If the second partial derivative of /(z, t) as a function of z is

much smaller in absolute value than the square of the first

derivative

@2/
@z2

����
����� @/

@z

� �2

; (B5)

Eq. (B2) can be further simplified

@/
@z

� �2

¼ nxo

c0

� �2

, @/
@z
¼ 6

nxo

c0

; (B6)

and therefore / can be found by integrating the refractive

index along the propagation path

/ ¼ /0 þ6
xo

c0

ðz2

z1

ndz ¼ /06k0

ðz2

z1

ndz: (B7)

Here z1 and z2 are the initial and final positions of the inte-

gration, /0 is simply an integration constant that depends on

the used reference system, and the sign must be chosen

according to the direction of propagation, that is, “�” for

waves propagating in the positive direction of z and “þ ”

otherwise.
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