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ABSTRACT

We present an instructional undergraduate laboratory that introduces the student
to an acousto-optic modulator (AOM) in the context of an optical heterodyning
experiment. A moving diffraction grating is used to illustrate the internal functioning of
an acousto-optic modulator and to make optical heterodyning experiments accessible to
any undergraduate laboratory. The concepts and techniques presented can be used from
the introductory through advanced level, in that, students gain direct laboratory
experience with diffraction, the Doppler shift of light, construction of a Mach-Zehnder
interferometer, optical path length measurements using a heterodyne technique, and
sophisticated data analysis techniques.

PACS numbers: 01.50.Pa, 07.60.Ly



[. INTRODUCTION

The heterodyning technique (an experimental arrangement in which a beat
frequency is detected) is often employed in physics because of its remarkable ability to
detect small changes in frequency And or extract small signals from large noise
backgrounds. Optical heterodyning is commonly employed to measure optical path
length changes to high precision. The modern tool often employed in optical
heterodyning experiments is the acousto-optic modulator, which utilizes the Doppler shift
of light by an ultrasonic sound wave to achieve a heterodyne (beating) signal. In 1921,
Brillouin first predicted that sound waves traversing a liquid, under external illumination,
would give rise to an optical diffraction phenomenon similar to that produced by a
diffraction grating [1]. Ten years after Brillouin's prediction, Debye and Sears [2], and
Lucas and Biquard [3], independently observed this phenomenon, the so called acousto-
optic effect. Currently this phenomenon has found useful application in the modulation
of light intensity [4], directional control in linear scanning applications such as laser
printing [5], laser cavity dumping [4], and as a means of Doppler shifting light, the
application relevant to optical heterodyning experiments. Examples of modern optical
heterodyning experiments include measuring vibration amplitudes and flow velocities [6]
as well as the detection of small optical path length changes encountered when obtaining
the surface profile of an object [7]. Imaging absorbing structures through random media
using a low coherence optical heterodyning technique is also a topic of current research
[8].

In this article, we use a moving diffraction grating to illustrate the function of an
acousto-optic modulator in the context of an optical heterodyning experiment. A moving
diffraction grating (like a moving mirror) produces an optical Doppler shift that results in
a beating interference pattern which can be seen by the unaided human eye, making it an
ideal teaching aid. The similarity between a moving grating and the internal functioning
of many acousto-optic devices also makes it ideal for demonstrating how these devices
function. A simple experimental arrangement is presented and used to measure the index
of refraction of a thin glass slide.

[I. BACKGROUND
Devices utilizing the acousto-optic effect typically operate in one of two regimes,
the Bragg or Raman-Nath regimes. The description of the latter is highly analogous to
the moving diffraction grating employed in this experiment. The regime in to which a
specific acousto-optic device falls largely depends on the spatial extent of the acoustic
wave fronts in the direction transverse to propagation.



For example, the way this phenomenon is employed by acousto-optic devices
operating in the Bragg regime, where the acoustic wave fronts can be approximated as
infinite plane waves, may be understood with the aid of Fig. 1. Ultrasonic sound waves
(typically > 40 MHz) produced by a piezoelectric transducer, traverse a crystalline
material with speed’; , width/ , frequengy , and wavelength , and are absorbed by
an acoustic absorber. This results in a traveling sinusoidal variation in the density of the
material. Changes in refractive index of the material due to this induced mechanical
stress, known as photoelasticity, result in spatial perturbations in its index of refraction.
For a semi-quantitative analysis, these small sinusoidal perturbations in the index of
refraction may be modeled as a series of partially reflecting planes moving at the speed of
sound in the mediumy/; , a distankge  apart. This is a plausible model since variations
in the index of refraction result in the partial reflection of light. Constructive interference
between reflected optical waves is observed when optical wave fronts reflecting from
different acoustic wave fronts add in phase, that is, their path length difference is an
integral multiple of the optical wavelength in the medium. Again referring to Fig. 1,
constructive interference occurs when AO  ©Bn\/n  , or equivalently

2)s SiNd = mA/n (2.2)

where )\, is the distance between acoustic wave frénts, is the incident and diffracted
angle with respect to the acoustic wave fronts, s the diffraction ordep /and is the
optical wavelength in the crystalline material with average index of refraetion . This is
reminiscent of Bragg diffraction of X-rays from crystalline planes [9]. In the acousto-
optic effect, however, the first order maxima dominate due to the fact that light is being
scattered from a sinusoidal grating, rather than a set of discrete planes. Additionally, light
in the diffraction maxima undergoes a Doppler shift resulting from the fact that it has
been reflected from moving sound waves. The Doppler shift, , of a light wave
reflected off a moving object is given, in the classical limit, by

Av =20 (2.2)
c/n
wherev is the frequency of the light source in its rest frame, is the speed of light in
the medium, ana is the component of the reflecting object's velocity in the direction of
the reflected light. From Fig. 1, the magnitudevof is givea-B§ sind , Where the

choice of sign depends on the direction of the acoustic wave front relative to the incident
light beam. Combining this observation with Eqns. 2.2 and 2.1 yields a somewhat
surprising result,
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The magnitude of the optical Doppler shift is equal to the frequency of the sound waves
produced by the ultrasonic transduger . From Eq. 2.1, it is also evident how acousto-
optic devices can be utilized in linear scanning applications. By adjusting the frequency
of the acoustic wavé¢ < 1/)\;) a commensurate change in beam defléstidi is
observed. The astute reader may wonder how the Bragg condition can still be satisfied by
the incoming optical wave front without adjusting the orientation of the acoustic cell. In
fact, in many Bragg regime devices employed in linear scanning applications the acoustic
wave front is redirected to maintain the Bragg condition [10]. Also, by adjusting the
amplitude of the acoustic wave, one can control the amount of light coupled into the
diffraction maxima, providing a means of amplitude modulation. Acousto-optic
modulators are often employed in this fashion as high speed beam choppers.
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Figure 1: A schematic representation of an acousto-optic device operating in the Bragg
regime. A piezoelectric transducer produces radio frequency sound waves that traverse
the crystalline material and are absorbed by an acoustic absorber. The resulting traveling
wave front spatially modulates the index of refraction of the crystal. An incoming light
beam undergoes Bragg diffraction from the moving sound wave fronts. A frequency shift
is observed in the diffracted light due to the Doppler effect. The magnitude of this
frequency shift is equal to the frequency of the sound wave.



Several authors present an alternate, semi-quantitative model to explain the
acousto-optic effect in the Bragg regime. This model examines the interaction between
photons and phonons in the crystalline material [4, 11]. Still more rigorous approaches
yield other important information like diffraction efficiencies and the effect of deviations
from the Bragg Condition [11, 12, 13].

In the Raman-Nath[14, 15] regime the transverse extent of the acoustic wave
fronts in the crystalline material is too small to be represented by infinite planes, as in the
Bragg regime. In the Raman-Nath regime the sinusoidal variation of the index of
refraction leads to periodic variations in the speed of light in the material, making the
crystal behave like ansmission phase grating, yielding diffraction maxima given by the
diffraction grating equation

m\ = dsind,, (2.4)

where m is the diffraction ordery is the optical wavelength in vacuigm, is the
diffraction angle of then!" diffraction maxima, add is the grating spacing, in this case
the acoustic wavelength in the crystal. In contrast to the Bragg Regime, the Raman-Nath
regime exhibits multiple diffraction orders. Also, in this regime it is not necessary to
maintain a Bragg condition, the intensity coupled to the diffraction maxima is largely
independent of the angle at which light is incident on the grating. The Dopplershift,

for light incident normal to and diffracting from a moving diffraction grating is given by

Ay — + Vsind,,v (2.5)
c

whereV is the speed of the moving grating, is the frequency of light incident on the
grating, and: is the speed of light in vacuum. Substituting isiféy, , from Eq. 2.4,
and noting thah /c = 1/v, vyields

mV

= 4+ — .
Av y (2.6)

where againd is the grating spacing. This is the resulting Doppler shift for both a
moving diffraction grating and a phase grating created by the acousto-optic effect in the
Raman-Nath regime. For the case of the acousto-optic effect the grating spaging is
and the grating speed isV , reducing the equation to

Av = £ mfs, (2.7)

which is identical to the result obtained in the Bragg regime except for the presence of



multiple diffraction orders. We use an actual moving diffraction grating to simulate the
internal functioning of an acousto-optic device operating in the Raman-Nath regime.

lll. EXPERIMENT
In a typical optical heterodyning experiment a photodetector measures a beating
irradiance, I(t), resulting from interference between the local oscillator arm and
frequency shifted light from the signal arm of an interferometer. This beating irradiance
is given by

I(t) =11+ I+ 2+ 11]2C05(w5t+6) (31)

wherel, ,I, are the irradiances of the local oscillator and signal arms respectively, is
the angular frequency difference between the two arms¢ and is their relative phase [6].
Optical path length changes much smaller than a wavelength can be detected by changing
the optical path length of one arm of the interferometer and measuring the resulting
heterodyne phase shift relative to the undisturbed reference heterodyne signal.

The experimental configuration employed to illustrate the optical heterodyning
technique is shown in Fig. 2. A low power( 5mW), HeNe laser (633 nm) was used as
the light source. The laser beam was expanded to allow both a reference signal and a
signal with changing optical path length to pass through the upper arm of the Mach-
Zehnder interferometer. Photodetector-1 (PD1) was used to measure the glass slide
signal, which changes phase due to glass slide rotation, while Photodetector-2 (PD2) was
used to obtain the fixed heterodyne reference signal. A diffraction grating (750 lines/mm)
was mounted on a moving translation stage to simulate the functioning of an acousto-
optic modulator, thereby providing the necessary Doppler shift for the heterodyne
experiment. The grating was mounted such that it would translate in a direction
perpendicular to the beam and grating lines. A D.C. gear-head motor, which was used to
drive the ruled translation stage, was calibrated (speed versus voltage) by measuring the
change in stage position for a given period of time at several voltages. The frequency shift
caused by the grating moving at several speeds agreed with the theoretical prediction of
Eq. 2.6. In fact, the observed frequency could be used to determine motor speed.
Doppler shifts ranging from 0.1Hz to 200Hz, were easily observable with an
oscilloscope (the lower range of these frequencies are observable with the unaided eye).
It is interesting to note that this Doppler shift is from a base frequency of approximately
5 x 10* Hz which represents a shift of one part in 5 210 at the lower limit. An 80 Hz
signal was used while measuring the refractive index of the glass slide. For pedagogical
purposes, being able to visually observe a beating fringe pattern at low grating speeds, by



inserting a viewing card at the exit of an interferometer, has been found to be beneficial.

Students can actually observe fringes moving across the pinhole in front of each detector.

Actual acousto-optic modulators usually Doppler shift light by frequencies in excess of

40 MHz, yielding a beat frequency that is undetectable by the unaided human eye.
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Figure 2: The experimental configuration used to illustrate the optical heterodyning
technique and measure the index of refraction of a glass slide. A moving diffraction
grating is used to simulate the internal functioning of an acousto-optic modulator and
provide the required phase shift. A HeNe laser (633 nm) is used along with other major
components; BE, beam expander; BS1 and BS2, beam splitters; TS, translation stage;
DG, diffraction grating; GS, thin glass slide; PH1 and PH2, 800 m pinholes; PD1 and
PD2 photodetectors. PD1 is used to obtain the phase shifted glass slide signal while PD2
measures the fixed reference signal.

A thin glass slide of thickness 0.15 mm was mounted on a graduated rotation stage
such that the reference part of the beam was allowed to pass beyond its far edge, as
indicated in Fig. 2. The specular reflection from the glass slide also provides an
excellent means of measuring angular displacement if a graduated rotation stage is not
available. This slide was rotated in discrete steps and the resulting optical path length
change was measured as a phase shift (relative to the reference signal) on an oscilloscope.
The slide's initial angle with respect to the incident beam was non-zero, allowing the
specularly reflected beam to clear the optical arrangement, thus enabling precise angular
measurements to be made. Thor Labs silicon photo-diode detectors [16] were used and
are ideal for student laboratories due to their internal battery power supply, low cost,
rugged housing, and high damage threshold. Anu800 m pinhole was placed in front of
each detector to allow detection of a fraction of a fringe in the beating pattern. A simple
homemade pinhole will also suffice. Care was taken in the interferometer alignment to
obtain fringe spacing significantly larger then the pinholes. The reference and glass slide
signal were viewed on a digital oscilloscope to measure the relative phase difference



between the two signals as the glass slide rotates. For large glass slide rotations this
required accumulating a total phase shift that was much greatersthan 2 , corresponding to
a several fringe phase shift. Relative phase changes were easily measured to/@ithin
radians, corresponding 1918  of a fringe or a change in optical path length of 35nm. A
lock-in amplifier could also easily be employed to accurately measure small phase
changes. A theoretical model, derived in the next section, for the change in optical path
length due to the rotation of the glass slide, was fit to the data with the slide's index of
refraction as the sole fitting parameter.

V. ANALYSIS AND RESULTS
In order to determine the index of refraction of the glass slide, it is necessary to
measure the change in optical path length due to a rotation of the slide. Figure 3
illustrates the path taken by an incident ray passing through a glass slide when the slide's
outward normal is at an angle &f  with respect to the incident ray. The ray travels an
optical path length), , inside the glass slide given by

T
2 co9,

Ay=mn (4.1)
wheren, is the index of refraction of the glass slifle, is its thicknessf,and is the
refracted angle. In the absence of the glass slide the incident ray would travel a shorter
optical path lengthd; , in traversing the same horizontal distance.

Figure 3: Diagram used to determine the change in optical path length of a light ray
passing through a glass slide of thickngéss as the slide is rotated. Light is incident on
the glass slide at an andgle  and is refracted to an angted; . In the glass slide the
light travels an optical path lengtk, , whereas in the absence of a glass slide the light
would travel a shorter optical path length in traversing the same horizontal distance.
The change in optical path length between the left and right side of the diagram for



different incident angleg8, is given by the change in the difference betwyeen Aj;and
A(A; — Az) as indicated in Eq. 4.4.

This is given by

T

Al = 008(91 — 02)C0592

(4.2)

wheren, is taken to be one. The increase in optical path length between the left and right
side of the diagram due to the presence of the slide is given by

T
Agtige = Ay — Ay = @{M —cogq6, —62)} (4.3)

Thus, in rotating the glass slide from an original artgle , to a new éhgle , the net
optical path length change due to the rotation is given by

T T
ANgiige = ?39,2{712 —cog6) — 05)} — E{nz — cogf; —6y)} (4.4)

wheref, ,0, are determined fraim ¢, n; , and Snell's law. The resulting net phase
change in radians is

27
Aper = TAAslide(‘gla 0;,T,ns) (4.5)

where\ is the optical wavelength in vacuum. Measurements of this phase change as the
slide is rotated, as well as a measurement of the thickness of the glass slide, yield the
index of refraction of the glass slide. This was done by least-square-fitting the single
parameterp, , in Eq. 4.5 to these measurements. The resulting fit is shown in Fig. 4
along with an inset showing two signals (reference and glass slide) as displayed on an
oscilloscope, with the relative phase shift indicated. The glass slide was determined to
have an index of refraction of 1.43 0.03. This was verified by measuring Brewster's
angle for the glass slide.
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Figure 4: Relative phase shift between light traversing the glass slide and the
undisturbed reference signal versus angle of rotation of the slide. The data was fit to a
theoretical model (Eg. 4.5) with the index of refraction of the glass slide as the sole fitting
parameter. Inset presents reference and glass slide signals as viewed on an oscilloscope,

clearly showing a phase shift.

IV. CONCLUSIONS

Acoustic-optic modulators are important experimental devices in modern optics.
A moving diffraction grating can be used to illustrate the internal functioning of an
acousto-optic modulator and make optical heterodyning experiments accessible to
undergraduate laboratories. The use of a moving diffraction grating as the Doppler
shifting component allows direct observation of the beating interference pattern in an
optical heterodyning experiment, greatly aiding student comprehension. We employed
this technique to determine the index of refraction of a thin glass slide.
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