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Preface

The purpose of this study wa.. to develop some
optical communicaiton experiments to assist the student
in learning and understanding of Electromagnetic wave
theory propagation. The experiments were designed for a
project-type laboratory; however, they may also be adapted
for classroom demonstrations. Although only seven experi-
ments were developed during this study effort, the poten-
tial for expansion is tremendous.

During the course of this thesis, the method used
to expand and collimate the laser beam is described by
adjusting the microscope objective such that the laser
beam will focus to a point at some distance before the
25 y pinhole spatial filter. Thus the light field emerging
from the 25 y pinhole spatial filter is the airy diffrac-
tion pattern of the pinhole.

Although the method just described is a valid one
for obtaining a collimated wave field, the usable portion
of this wave field (the central portion of the airy diffrac-
tion pattern) is very small (approximately 5 mm in diameter).

A preferred method for expanding and collimating the
laser beam would be to adjust the microscope objective such
that it focuses the laser beam to a point directly on the

25 y pinhole. This creates a larger cross-sectional area
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of a collimated beam to illuminate an object. This method ]

was discovered during the final writing of this thesis.
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Abstract

This report is an accumulation of seven optical
laboratory experiments developed for the Optical Communica-
tions Program at the Air Force Institute of Technology.

The projects include measurement of pertinent parameters
of Fourier Optics (diffraction patterns and lenses) and
Acousto-Optics (Bragg angle and beam deflection using an
acousto-optic modulator), image construction and spatial
filtering, laser communications with an acousto-optic
modulator and a scheme for implementing a time integrating
correlator using two full size acousto-optic modulators.

Each experiment is self-contained with subsections
on project assignments, objectives, theory/background,
special problems, and experimental results.

The results of this report recommend that the
Optical Communications Program at AFIT further develop
their experimental laboratory and acquire some state-of-the-
art acousto-optic modulators for students to pursue research

and future studies.
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THE DEVELOPMENT AND IMPLEMENTATION OF AN

OPTICAL COMMUNICATIONS LABORATORY

I. Introduction

The Optical Communications/Signal Processing
sequence at The Air Force Institute of Technology (AFIT)
is relatively new and just starting to develop. The stu-
dents in this sequence are not able to conduct Optical
Communications/Signal Processing experiments because of
inadequate laboratory facilities. With the growing need
for faster and more réliable communications, and higher
and higher signal proccessing rates, optical techniques are
taking an ever more important role in the military environ-
ment. Therefore, the need for adequate laboratory facili-
ties in this area is high.

The Optical Communications/Signal Processing labora-
tory, as envisioned by the AFIT Electrical Engineering
Department, is to support research as well as teaching.

The teaching support role of the lab will be in the form
of demonstrations to complement the theoretical part of
related courses.

The general problem with the Optical Communications
Laboratory here at AFIT is that no written procedures have

been developed for conducting optical experiments.
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> Students in the Optical Communications Sequence have been

E discouraged from working with the optical equipment due to
i the lack of well-developed procedures. Although lab pro-

cedures for some basic optical experiments (i.e., Fraunhofer

Diffraction) have been developed, no procedures for Acousto-
Optical Signal Processing have been developed. Hence, with

this thesis effort, students pursuing the field of optical
communications will be able to develop an understanding of,
and further individual research efforts, with Acousto-
Optic Modulators (Bragg Cells) in the area of Acousto-
Optic Signal processing.

The objective of this thesis effort is to develop
some basic optical and Acousto-Optic laboratory experiments
which will enhance learning and understanding of wave propa-

)Y gation theory and provide the instructor with some useful
tools for demonstrating the classroom-related theory with
practical examples. This thesis effort consists of six
experiments. The seventh experiment could not be completed
due to the lack of proper optical equipment. These experi-
ments will illustrate the concepts and theories presented

in classes: EE 527 (Fourier Optics), EE 672 (Optical Com-

munications), and EE 715 (Special Topics in Optical Process-

ing and Communications). The experiments that have been

{ developed are: i
1. Fraunhofer Diffraction in the far field.

2. Fraunhofer Diffraction with lenses.

Dans gaat'} w e T e ke e b Den MM
. - . .
Rt 0 s a_»

l: l

¢

- . e - PSR . .
AP R e I Y e ta R
U L T ST T T L. S Ay Ay S R U i R Sy T R P UL |




3. Imaging and Spatial Filtering.

4, Measurement of the Bragg Angle of an Acousto-
Optic Modulator (Bragg Cell).

5. Beam Deflection and Spectrum Analysis using
an Acousto-Optic Modulator (Bragg Cell).

6. Laser Communications using an Acousto-Optic
Modulator (Bragg Cell).

7. Correlation with an Acousto-Optic Modulator

(Bragg Cell).

Thesis Organization

This thesis begins with Chapter III which is Experi-
ment 1. The experiments are self-contained presenting a
different topic under each chapter. This will make refer-
encing of each experiment much easier and will allow the
user to have all the information of each experiment in
one place. Chapter II describes the layout of each experi-
ment, with the exception of Experiment 7 (Chapter IX).
Each experiment contains the following information:

1. Title

2., Project Assignment

3. Objectives of the Experiment

4. Equipment for the Experiment

5. Theory and Background

6. Experimental Procedures
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7. Special Problems

8. Results and Sample Questions

9. References

Chapter IX starts with some theory and then goes
into the discussion of some of the problems that were
encountered in developing that particular experiment.

The last chapter (Chapter X) will propose some
recommendations as to possible future developments for

implementing a complete and suitable working laboratory for |

the Optical Communications sequence for the AFIT program.
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II. Outline

The experiments developed in this thesis were
designed to assist the student in grasping the basic funda-
mentals of both Optics and Communications. Therefore,
each experiment should help the student strengthen his/her
understanding of the principles of Optical Communications,
particularly in the field of Acousto-Optics. The set of
experiments presented_in-this thesis will enable the stu-
dents to gain experience with handling, evaluating, and
using optical equipment and associated communications
equipment (i.e., photodetectors, Acousto-Optic Modulators
(Bragg Cells), etc.). An underlying goal in developing
these experiments was to provide some guidelines for the
student in which he could perform some practical experi-
ments with the existing equipment in the laboratories.

The student should keep in mind that the equipment and set-
ups used are by no means the only way to conduct the
experiment. The student is strongly encouraged to use
ingenuity and creativity when performing each of these
experiments. With the addition of new equipment and sup-
plies to the laboratory, simpler and more precise labora-
tory setups can be devised.

Each experiment presented in this thesis is self-

contained in its own chapter. Each chapter, with the

wow e .
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exception of Chapters IX and X, contains the following
outline:

Title--each experiment has a specific title indi-
cating the particular project to be accomplished.

Project Assignment--gives the student a look-ahead

view of what to expect from this experiment.

Objectives of the Experiment--what is to be accom-

plished in each experiment.

Equipment Needed--self-explanatory.

Theoretical Background--each experiment has a

theoretical background which was developed from either
EE 527, EE 672, or EE 715. This portion consists of a

general description of wave theory propagation along with

a little mathematical analysis. Calculations developed
in this section are used to predict the Irradiance pattern

(i.e., Intensity Distribution) in the detector plane.

Experimental Procedures--this section presents

the procedures for implementing each experiment. A diagram
of the optical equipment setup is given along with an
explanation of the functional purpose of the equipment to
be used.

Special Problems--this section describes the prob-

lems a student can run into while either setting up the

experiment or conducting the experiment. Special attention

should be given to this section since it will include many
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common errors a student may encounter while performing
the experiment.

Results and Sample Questions~-this section contains

the results collected from performing each of the varicus
experiments. If the student performing the experiments
does not end up with exactly the same results, DON'T
PANIC!! Remember, much of the collected data was accumu-
lated using some very crude measuring devices (i.e., meter
sticks). Also keep in mind that this thesis effort, in
developing the experiments for the purpose of enhancing a
deeper understanding of classroom theory, is a first-pass
effort. Therefore, there are bound to be some points which
may have been overlooked. Although many long and tired
hours were put forth to correct as many of the problems

as possible, some small points may still have been missed.
Therefore, it is recommended that if there is any dis-
crepancy which is found, please bring it to the attention
of the instructor so the problem may be clear for future
students. The sample questions are designed to help the
student get a deeper grasp of the concepts and practical
problems encountered with each experiment. Some of the
questions may also be found in the "experimental procedure"
section. It is left up to the instructor to use the ques-
tions as an oral examination for the student.

References--this section contains a list of the

bibliographies used during each experiment. The student is
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encouraged to read the references presented at the end of
each experiment to help gain a deeper understanding of the
principles and concepts of the experimental project.

Chapter IX starts with an introduction to correla-
tion techniques using an Acousto-Optic Cell. This chapter
also presents a small section on the theory description
and a recommended experimental setup. However, due to the
lack of proper optical equipment needed to complete this
experiment, the conclusion indicates possible future action
needed to fully implement this experiment.

This thesis concludes with Chapter X and gives a

list of recommendations for improving the existing condi-

tions of the Optical Communications laboratory.
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III. Fraunhofer Diffraction in the Far Field

Assignment

The student will predict the Fraunhofer Diffraction
pattern in the far field and then verify this pattern using
a collimated beam of light. The locations of the minimas
will be calculated and measured to see how well theory

agrees with practice.

Objectives of the Experiment

1. To acquaint the student with laser light and

its characteristics.
o 2. To relate classroom theory of Fraunhofer Dif-
\e fraction with practical application.
3. To give the student some experience with simple

apertures and laser light.

Equipment Needed

Laser Source: Spectra Physics Helium-Neon Class IIIb
4 mw (Model 102-1) and Spectra Physics

Laser Exciter (Model 212-1).

Newport Laser Mount (Model 810), 1 each

Newport Support Post (Model VPH-4), 1 each

ff Newport Post Holder (Model SP-4), 1 each
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Jordan Spatial
Filter: a. Microscope Objective 10X

b. 25 micron Pinhole Spatial Filter
c. Spherical Collimating lens
Newport Support Post (Model VPH-4), 1 each
Newport Post Holder (Model SP-4), 1 each
Diffraction Grating Slides (1 set)
Three Finger Holder with stand or equivalent
Newport Rod and Platform Assembly (Model 300)
Metrologic Maggie "U" mount; Part No. 30180, 2 each
Magnetic Tape 1" x 28" (Metrologic Part No. 00068)
Measuring Ruler {(Meter Stick)

White Cardboard Screen, 2 ft. x 2 ft.

Theory/Background

The diffraction of light as it passes through an
aperture has been explained elsewhere in great detail (1;

3; 5; 6; 7). In this section, a brief description and back-

ground of the prop:gation nature of light will be given.
As a plant wave propagates through an aperture, it

spreads out more than can be accounted for by geometrical

construction (6; 7). The wave will have a tendency to 5
spread to the regions which are not directly exposed to 1
the oncoming light. This phenomenon is known as diffraction. i

Diffraction can be explained by using the Huygens %
principle and the principle of interference (6; 7). There

are two general classes of diffraction. The first class

10
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is that in which the light source and the observation

screen are effectively at an infinite distance from the
aperture. The second is where the light source and the
observation screen are a finite distance from the aperture.
These classes of observation are known as the Fraunhofer
and Fresnel diffraction regions respectively (see Figure
ITII-1). Both these classes have been covered extensively
in the literature. For the purpose of this experiment,

we will ignore the Fresnel Region and work only with the
Fraunhofer Region.

The Fraunhofer Region can be considered that
region beyond the aperture where the distance from the
aperture to the observation screen is much greater than
the maximum radial extent of the aperture (3:375). We will
use this fact to develop some equations for the intensity

distribution in the observation (Fraunhofer) region.

Rayleigh - Sommerfeild Region

bR L
A

Fraunhofer
Region

— o 1
e

L 1.1
.
w

Fresnel Region

Fig. III-1. Designation of Various
Diffraction Regions (3:361)

11




L b o ahe una S s e o dh A=Y A A Rl S S e - el Siadh Bl S tagl Ml ¥ L ot vad sadJinil Sl Sl Wl Soll b gl Sl Sah e b Nl i e e e e L L .

i From the text by Gaskill and Goodman (3; 4), the

E; Shey Rayleigh-Sommerfield formula is used to describe the dis-
h turbance of light behind the aperture (see Figure III-1).

",

E From Figure III-2, we can use the Huygens-Fresnel principle
s

(4:58) to determine the field amplitude response in the

Z = Z2 plana.

,W
S
S
ey
RN
|
.
-
w,

~y

22, 22,

Fig. III-2. Configuration for
Fraunhofer Diffraction (3:377)

L)} y
B Let Ul[x,y] be the input signal to this system. .
3 From (2) the response of the system Uz[x,y] in the 1z, »
b plane is given by !
{ . . 'y
b exp (jkz) explj li(x 2 +y 2)] A
‘ U. (x,y) = 2z 72 2 .
{ 2 XY = Irz §
o N
. U, (x,y)expl-3 2L (x,x, + )] dx,d (1) !
- 1\X/YIEXPLT] 55 1Xo%) T Yo¥; )] ax18Y g
. ® .
\ where :
b -
t = ZE -
¢ k=73 !
¢ z = z,, distance from z; to z,, and -
! A = optical wavelength. g
1 B
g |
3
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The impulse response of this system is given by Goodman

(4:59) which is

. _expka) ok [ - p
hix,,y,i%),7;) Iz explj5; [(xy- %)

+ (y,- vyl (2)
Taking a close look at Eqg (l), we see that the response of

the system of Figure III-2 is just the Fourier Transform of

the input signal and given by Eq (3),

U, (x,y) = A-F{U; x,y)}

IO

(3)

where

F{«+} = Fourier transform, and

exp (jkz) exp[jz—kz(xz2 + y22)]

jAz

The input signal Ul[x,y] is just the transmittance function
of the aperture (Tl[x,y]L in the Zl plane, times the unit
amplitude, uniform monochromatic wave impinging on the
aperture at normal incidence. Since the field to the left
of the aperture is uniform with unit amplitude, the input
signal is just the transmittance function (i.e., Ul[x,y]

= Tl[x,y]) given by

13
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(4)

1 X,y = inside the aperture
Uy (x,y) g

0 otherwise

From Eq (3) the response of the system in the 22 plane is

Uz(x,y) = Azxﬁyslnczxfx51nc2yfy (5)

where
2. = maximum radial extent of the object (aperture)
in the Zl plane in the x-direction, and
.. = maximum radial extent of the object in the
y direction.

The intensity distribution I([x,y] in the z, plane is just

2
the square of the field in this plane given by
I(x,y) = |U,(x,y) |2

= %zlyzsinc%%fxsinczlyfy (6)
The phase terms will go away since we are squaring the
magnitude of the function. From Eq (6) we can now predict
the intensity pattern in the 22 plane for the given input
signal Ul[x,y]. Notice that from Egqg (6), the intensity
distribution is a sinc function. The null points (minimas)
of the function can be found by setting the argument of the

sinc function equal to an integer (see Figure III-3).

Thus, the intensity I[x,y] = 0 when

)
Qxfx =1, 2, 3 ... where fx = 3z 7
Y,
2yfy=l, 2,3... fy=ﬁ
14
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At Normalized
e intensity

Fig. III-3. Intensity Distribution
of Slit Aperture (4:63)
The evaluation of Eq (7) will be important when determining
the minimas of the intensity pattern. Notice that the

intensity distribution in the Z2 plane is for the given

o input signal Ul[x,y]. This particular input signal will
be used to demonstrate the intensity distribution in the
Fraunhofer region for this experiment.

Fraunhofer Diffraction Far Field
Measurement Procedures

Before starting this experiment, some simple calcu-
lations need to be performed. 1In this experiment, the
student will predict the null points (minimas) of the
Fraunhofer diffraction pattern for two different diffrac-

tion slit widths and two different observation distances.

The positions of the first minimas of the Fraunhofer dif-
fraction pattern can be predicted by using Eq (7) and the

given data below:

s

. »
ThiS
e e
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Screen distance from aperture . . . . 1 meter
2. Light wavelength . . . . . . . . . . 633 mm

3. Diffraction slit width . . . . . . . 0.04 mm

Note that the diffraction slit width is only given in one
dimension. The reason for this is that the diffraction
slits used (borrowed from the AFIT Physics Department)

were only one-dimensional slits. Therefore, the determina-

I tion of the minimas need only be determined in one direc-

tion either "x" or "y," depending on the orientation of
the slit. Next, predict the position of the minimas for
- a screen distance of two meters away from the aperture.
1 Repeat the prediction of the minimas for a diffrac-

tion slit width of 0.08 mm for a screen distance of one

Y and two meters away from the aperture.

Figure III-4 illustrates the optical equipment
setup used for this experiment. It is recommended that
the following procedural steps be used to assist the stu-
dent in performing the measured values of the Fraunhofer

diffraction pattern.

STEPS INSTRUCTIONS
1. Assembling the Laser Source--assemble Spectra
Physics laser into laser mount and attach to a
support post and post holder. Fasten the post

holder to the optical table. Connect the He-Ne

laser to the laser exciter.
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Jordan Spatial Filter (JSF)--fasten a post holder,
approximately four inches in front of the laser
post holder, to the optical table. Attach a support
post to the JSF and secure it in the post holder.
Collimating the laser beam--turn on the laser
exciter and allow a few minutes for the laser to
laze. Remove the spherical collimating lens from
the JSF. Adjust both the laser mount and the 25
micron pinhole filter for a good airy disk pattern
out of the pinhole. (The airy disk pattern can be
observed on a screen placed approximately one meter
away from the JSF.) Refer to either (3:382) or
(4:66) for a picture of an airy disk pattern.
Note: This step may take a few moments to align
properly. Next, replace the spherical collimating
lens back on the JSF and adjust until a good
collimated beam is observed. A good collimated
beam is one which will propagate over a long dis-
tance (30 m) and maintain the same shape and size
of its pattern.

Put a diffraction grating slide (the slide marked
with a single slit aperture), in the three-finger
holder and place it approximately two inches in
front of the JSF. Position the slide such that
the central portion of the airy disk pattern com-

pletely lights the object (diffraction slit) of

18
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interest (i.e., if the predictions calculated
earlier were with a .04 mm slit, then illuminate
the .04 mm slit on the slide).

5. Place a white screen approximately one meter away
from the diffraction slide. At this distance, the
Fraunhofer conditions will be satisfied. Observe
the diffraction pattern in the white screen. Does
the pattern in the observation screen agree with
the predicted (calculated) intensity pattern? The
room lights may have to be turned down if the
intensity pattern is not very visible.

6. Use a small school ruler and measure the distance
between the first two minimas. Does this figure
agree with the calculated value? Why or why not?

7. Move the screen back two meters away from the
diffracting aperture and repeat step 6.

8. Readjust the diffracting slide to fully illuminate
the 0.08 mm slit and repeat steps 5-7.

The Fraunhofer diffraction pattern can be realized for
other types of diffracting objects (i.e., circular shapes).
This setup can also be used to determine the Fourier Trans-

form of an object as seen from Eq (3).

Special Problems

In setting up this experiment, a very critical step

is the proper collimation of the laser light. If the light

19
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beam is not collimated properly, the far field pattern will
be distorted and slightly larger than predicted. The j
student should pay close attention to the 25 micron spatial
filter and the microscope objective on the Jordan Spatial

Filter. When aligning the laser beam with the microscope

AR

objective, ensure that the laser beam is centered on the
microscope objective. If the beam is not centered, it will
strike the side of the microscope objective, bounce around

and exit at some angle away from the optic axis. With this

RN 1 U

condition, alignment of the 25 micron pinhole spatial

filter will be near to impossible. When the microscope

|

objective and the pinhole filter are aligned properly with
the laser beam, the student should see an airy disk

(Fraunhofer diffraction pattern of a circular aperture

g

(3:382) ) pattern on the screen. Some slight adjustments

may need to be made to obtain the best airy disk pattern

out. After adjusting for the best airy pattern, screw the
collimating lens back on the JSF and adjust the lens until
a good collimated beam is achieved. Use a small 3" x 5"
card and mark the size of the central portion of the airy
pattern. Then move back approximately 20 to 30 meters and
measure the central portion of the airy pattern again. The
beam will be very nearly collimated if the size (radius)
of the airy pattern is the same.

During the setup phase of this experiment, the use

of the three-finger holder was quite awkward and difficult

20
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Diffraction
Slide l,"
- r
-1 ‘

Maggie U-mount .

B

Platform

Magnetic
Tape

Rod

Fig. III-5. Rod/Platform Assembly
with Diffraction Slide

to adjust for aligning the diffraction aperture slits up
with the central beam of the laser. An easier way dis-
covered was to use some "U-shape" brackets with magnetic
stickers attached to them (see Figure III-5). A rod and
platform assembly were attached to the table approximately
two inches in front of the JSF. The platform was adjusted
so the laser would shine between the U-shape brackets. The
diffraction slides have metal strips already attached so
the magnetic stickers on the brackets held the slide in
place. This made setting up the diffraction slit apertures
much easier.

When illuminating the diffraction slits, the stu-

dent should ensure that the slit is completely illuminatec

21
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by the central portion of the airy pattern. This will
enable as much of the light energy to light up the diffract-
ing obiect and ensure a brighter Fraunhofer diffraction
pattern.

A meter stick was laid down on the table and used
as a marker to indicate where the proper distances were

for the object plane and the observation screen.

Results and Sample Questions

The author's calculations and predicted patterns
agreed closely with the patterns observed. Comparing the
results of the predicted (theoretical) calculations to the

measured values, the results are as follows:

Theoretical Predictions.

Diffraction slit: 0.04 millimeters (mm)

Screen distance: 1 meter (m)

Light wavelength: 633 nanometers (nm)

First minima: 15.8 mm; distance to the first null

(minima) measured from the center of the sinc function

Diffraction slit: 0.04 mm

Screen distance: 2 m

Light wavelength: 633 nm

First minima: 31.7 mm; distance to the first null

(minima) measured from the center of the sinc function

22

..

MY - N A B < LR . L .~ "
R Y SN Y. P R VT SO U, NP S S S WS I, S |




I 0N R BT B B ¥
AR

o BELENA S S s oo gn §
‘ 1 e’

LY

a4
! e

v

p

Diffraction slit: 0.08 mm

Screen distance: 1 m

Light wavelength: 633 nm

First minima: 7.9 mm; distance to the first null

(minima) measured from the center of the sinc function

Diffraction slit: 0.08 mm
Screen distance: 2 m

Light wavelength: 633 nm

First minima: 15.8 mm; distance to the first null

(minima) measured from the center of the sinc function

Measured Values.

Diffraction slit: 0.04 mm
W Screen distance: 1 m
First minima: 31 mm; distance measured between

first two minimas

Diffraction slit: 0.04 mm
Screen distance: 2 m
First minima: 63 mm; distance measured between

first two minimas

Diffraction slit: 0.08 mm
Screen distance: 1 m
First minima: 15 mm; distance measured between

first two minimas
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Diffraction slit: 0.08 mm

Il Ik L A

Screen distance: 2 m i
First minima: 30 mm; distance measured between

first two minimas

IR At

As seen from these results the measured values

agreed very closely with the predicted values. Notice that b

the predicted values are measured from the center (x=0)

of the sinc function. Thus, simple arithmetic will indi-

cate that both the measured and predicted values are very

comparable. The reason for any discrepancies in the

answers is due to:

1. The alignment setup. Because of the precise

nature of an optical beam, meticulous alignment of the
Rk equipment is critical. The type of equipment at hand only
allowed for rough measurements; thus, some of the error is
due to this problem.

2. When measuring the spacing between the first

two minimas, it is very difficult to make markings right

Dl et S B e o e sl

on when the type of measuring equipment used is large and
inaccurate compared to the physical size of the intensity
distribution. Thus, human error is always a factor with

any experiment.

Sample Questions.

1
-
>
b

1. Could Eq (6) be used for observation distances

v v v v
. .

q less than 0.5 meters?

24
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Ans: In arriving at Egq (6), the assumption was made
that the observation distance be very large (4:61) compared
to the maximum radial extent of the diffracting object.
Therefore, Eq (6) may indeed be used for observation dis-
tances less than 0.5 meters if and only if the maximum
radial extent of the object satisfies the Fraunhofer con-
dition.

2. Could incoherent light be used to perform this
experiment?

Ans: As mentioned earlier in the theory portion,
the light field was assumed to be highly monochromatic and
coherent. This assumption allowed us to use the Huygen's
construction along with the principles of interference
(called the Huygen's-Fresnel principle) to obtain the
diffraction effects of the object (1). Therefore, incoher-
ent light is not a comparable source for performing this

experiment due to the non-uniform phase nature of light.
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IV. Fraunhofer Diffraction Using Lenses ;
X

Assignment i
The student will observe the Fraunhofer Diffraction i

:
hl
]
¥
:
B

in the near field using a lens. The student will predict

-

the intensity pattern in the focal plane of the lens and
plot a graph of it. The student will then compare results

with the previous far field experiments.

Objectives of the Experiment

1. To acquaint the student with the use of lenses.

2. To relate classroom theory of Fraunhofer Dif-
fraction with practical application.

3. To give the student some experience with simple

apertures, lenses, and laser light.

Equipment Needed

Laser Source: Spectra Physics Helium-Neon Class IIIb
4 mw (Model 102-1) and Spectra Physics

Laser Exciter (Model 212-1).

q Newport Laser Mount (Model 810), 1 each
- Newport Support Post (Model VPH-4), 1 each

Newport Post Holder (Model SP-4), 1 each

27
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Jordan Spatial
Filter: a. Microscope Objective 10X

b. 25 micron Pinhole Spatial Filter

.
'.l
R

f c. Spherical Collimating lens

] Newport Support Post (Model VPH-4), 1 each X
h Newport Post Holder (Model SP-4), 1 each é
ﬁ' Focusing _ . é
Ei Lens: a. Spherical Convex Lens with Holder :
ﬁ (150 mm) or equivalent i
f b. Translational Stage Newport Model 430 f
’ Newport Support Post (Model VPH-4), 1 each E
2 Newport Post Holder (Model SP-4), 1 each é
é Diffracpion Grating Slides (1 set) ,1
E Three Finger Holder with stand or equivalent R
) White Cardboard Screen, 2 ft. x 2 ft. i

Theory/Background

From Chapter III, the Fraunhofer Diffraction Theory
was derived and implemented for students to get an under- |
standing and some intuitive feeling for the optics involved.
The observation screen was placed in the far field of the

aperture so the Huygens principle would be seen to agree

""JvuL ‘.'A" e .'.

with mathematical analysis. The results prcved to be quite

A

favorable and extremely close to calculated values. An

vy

important component of an optical system is a lens. The g
-9
properties of a lens and its geometrical ray diagrams can =
4
be found in references (l1; 5; 6; 7; 8). For the purpose of fj
‘4
L |

PR\
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discussion, the approach to lenses we will discuss in this

SRR chapter will be like that presented in Goodman (4).
A lens is made of some optically dense material

(glass, plastic) in which the propagation velocity of the
light through the lens is slower than the velocity of light
in air. A thin lens is defiend to be that in which a ray
of light entering at coordinates (x,y) will emerge at the
opposite end of the lens at the same coordinates (x,y)
. (i.e., the ray translation in the lens is extremely small).
| Therefore, a lens can be thought of as an optical delay

which delays an incident wavefront by some amount propor-

tional to the thickness at some particular coordinate.

Since much of the derivations and theory of deriving a

transmittance function for a lens is treated in Goodman
and covered in (2) (Introduction to Fourier Optics), we
will just briefly touch on the highlights of using a lens
as a phase transformer.

Referring to Figqgure IV-1l, let the maximum thickness

i
|
5

of the lens be Ao and the thickness at coordinates (x,y)

be A{x,y). Then the total phase delay suffered by the

wave at (x,y) in propagating through the lens is
¢(x,y) = knA(x,y) + k[A0 - Ax,y)] (1)

where

&
VAL e, B

n index of refraction for the lens material;

al

kA (x,y) phase delay introduced by the lens; and
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! Fig. IV-1l. The Thickness Function (4:78)

k[A0 - A(x,y)] = phase delay introduced by the remain-

ing free space region between the two

planes.

Adopting the sign convention of light rays travel-
ing through a lens as outlined in Goodman (4:78), the

thickness function can be derived by separating the lens

into two halves as outlined in Figure IV-2. Referring to
the geometry as shown in the figure, the thickness function *

can be written, with the help of some paraxial approxi-

mations, as

) 2, 2
Ax,y) = 8 - X2 L - -13—2] (2)
1

It should be noted that many of the steps in arriving at
this function should be covered in (2).

The lens can be thought of as a multiplicative

transmittance function where the transmittance function can

K
‘ i
)
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Fig. IV-2. Geometry for the
Thickness Function (4:79)

be written as

to(x,y) = expjlé (x,y)] (3)

From Figure IV-1l, the complex field Uz'(x,y) across a plane
immediately behind the lens is related to the complex field

Uz immediately across a plane in front of the lens by

Uz'(x,y) = t, (x,¥)U, (x,¥) (4)

Substitution of Eg (2) into Eg (1) and then substituting
Eq (1) into Eq (3), the transmittance function of the lens

becomes, with a little rearranging,
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%+ 1 1
ty (x,y) = exp[jAokn]exp[-—jk(n-l)—?:Y— (= - =

)] (5)
Ry 2

The physical properties of a lens (that is n, Rl' Rz) can
be combined into a single number f called the focal length
(4:80) which is defined by
1
£

(n-1) - 5) (6)

e~

Substitution of Eq (6) into Eq (5), the phase transforma-

tion of the lens, becomes
t.(x,y) = expl[jknA.lex [—‘—!{—-(x2 + 2)] (7)
0 'Y PLl] 0 P sz Y

This equation will be used to represent the effects of a
e)' lens on some incidence disturbance. Note that although

this equation was derived with a particular geometry for

a lens, this equation may be used to represent other types

of lenses (4:81l) as long as the proper sign is used for the

focal length.

Fourier Transforming Properties of Lenses. A very

useful property of a converging lens is its ability to per-
form two-dimensional Fourier transforms. In Goodman, three
separate configurations are used to perform the transform
operation (see Figure IV-3). 1In case (a) the object to be
transformed is placed directly in front of the lens; in

case (b) the object is placed a distance d0 in front of
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Configurations (4:84)
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(a) Object Against Lens
(b) Object in Front of Lens
(c) Object in Back of Lens
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where
the constant phase factor exp(jkz) has been dropped
and d0 is the object's distance (z) to the lens.
The amplitude distribution Uf(x,y) in the focal plane
(Fourier plane) of the lens is given by

d
Aexp[j%%(l- qg)(xf
Uglxgye) = - INE

2+Yf2)]

2T
l] to(XO’YO)exP[-JXf(Xoxf+Y0Yf)] dx0 dyo (12)

where
the aperture effects of the lens have been

neglected (i.e., the pupil function of the lens

=1).
The amplitude and phase of the light at coordinates (xf,yf)
are related to the amplitude and phase of the object

spectrum at spatial frequencies (fx = xf/A-f,fy = yf/AofL

From Eq (12) we see that a phase factor precedes the

[ transform integral; however, at the special distance d0=f ’
: this phase factor vanishes and the field in the back focal i
a 1
3 plane of the lens is an exact Fourier transform of the 3
i '
; object's transmittance function. With d,=f the field in the 1
3 back focal plane becomes: .
9 g
s :
S A
q
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_ _A _. 2T
Uf(xf'yf) - jkf -Lfto(xolyO)exp[ J Af(xoxf+y0yf)]dx0dy0

A
+ 3Tf F[to(x0Y0)]l
X
£, = =
f
£ =if
Y Xf (13)
The intensity pattern in the back focal plane is
I (x.,y.) = |Ug(x )12~—A2—|F[t(x 1]2 (14)
£ Xge¥g) = Ve Xeo¥e T 2.2 0%0’¥0

From these results it is realized that the intensity
pattern If(xf,yf) is the same as the intensity pattern for
the Fraunhofer diffraction from Chapter III and the advan-
tage of a lens is that the pattern appears in a plane much
closer to the object.

One of our earlier assumptions was that the pupil
function of the lens can be neglected. This assumption is
valid as long as the object is much smaller than the lens
aperture. Taking the effects of the lens aperture into
account, the use of geometrical optic approximations is
needed. These approximations are valid if the distance
d0 is sufficiently small such that the object is well within

the Fresnel diffraction region of the lens. This limitation

of the effective object by the finite lens aperture is called

37
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"vignetting." Two ways to reduce the vignetting effect
are: (1) move the object closer to the lens, or (2) use a
larger lens aperture.

In practice, it is best to place the object well
against the front surface of the lens to minimize the
vignetting effect; however, for analysis, it is preferred
to place the object in the front focal plane of the lens

to obtain an exact Fourier Transform relationship.

P
d
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K
1
i
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k
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3
|
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These results show that the Fraunhofer Diffraction
pattern in the far field can be realized in the near field
by using a convex lens. This experiment will use the
results of these calc..lations and the student should be
able to observe, in the back focal plane of a lens, the

Fraunhofer Diffraction pattern (Fourier Transform) of an

object placed one focal length in front of the lens.

Fraunhofer Diffraction with Lenses
Measurement Procedures

Preliminary Calculations. Before performing the

experiment, some calculations need to be performed.
Referring to Figure IV-4, let the object transmittance
function be the diffraction slit (0.04 mm or 0.08 mm)
used in the far field experiment. With the distance do
equal to f (focal length of the lens), determine the inten-

sity distribution (I(x,y) = |Uf(xp,yp)|)2 for the screen

in the back focal plane of the lens and calculate the
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positions for the minimas (nulls) of the intensity pattern.

Plot a graph of the intensity distribution.

The experimental setup used is identical to that
of Fraunhofer Diffraction in the far field, except here a
lens is placed one focal length in front of the object and i

a screen one focal length behind the lens (see Figure IV-5).

Conducting this experiment is relatively simple and straight-
forward. The following steps will help to properly imple-

ment this experiment.

STEPS INSTRUCTIONS

1. Assembling the Laser Source--assemble Spectra
Physics laser into laser mount and attach to a
support post holder. Fasten the post holder to the
optical table. Connect the He-Ne laser to the laser
exciter.

2. Jordan Spatial Filter (JSF)--fasten a post holder,
approximately four inches in front of the laser
post holder, to the optical table. Attach a sup-
port post to the JSF and secure it in the post
holder.

3. Collimating the laser beam--turn on the laser
exciter and allow a few minutes for the laser to
laze. Remove the spherical collimating lens from
the JSF. Adjust both the laser mount and the 25

micron pinhole filter for a good airy disk pattern

39
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out of the pinhole. (The airy disk pattern can be

observed on a screen placed approxiamtely one meter

. [

away from the JSF.) Note: This step may take a
few moments to align properly. Next, replace the

spherical collimating lens back on the JSF and

adjust until a good collimated beam is observed.
Focusing Lens--fasten a support post to a transla-

tion stage and secure the post in a post holder

L. R
o elonad,

placed in front (200 mm) of the JSF. The stage

should move in a parallel line with the laser beam.

o

Next, fasten a spherical lens with holder to the

L

translation stage and adjust the height of the
support post so the laser beam strikes the center

portion of the lens.

F. TR

Put a diffraction grating slide (the slide marked
with single slit apertures), in the three-finger

holder and place it one focal length (150 mm) in

AT, RN

front of the lens. Position the slide such that
the central portion of the airy disk pattern com-

pletely lights the object (diffraction slit) of

-

interest (i.e., if the predictions calculated

earlier were with a .04 mm slit, then illuminate

the .04 mm slit on the slide).

Ak

Place a white screen in the back focal plane
(Fourier Transform plane) of the lens and observe

the pattern. 1Is this the same pattern observed q
]

41




AR AR AL RN S

DA Bt AR AP O SF e NS SN LN LA R AL RPN [N SRR

Y

for the far field experiments? What differences,
if any, are there? How well does the pattern
compare to the one predicted earlier?
Steps 5 and 6 can be repeated for different diffraction
slits., The student should perform at least two different
diffraction slits to develop a good understanding of the

irradiance pattern.

Special Problems

The student is reminded here that ccllimating the
laser beam is a very important step. From Chapter III,
the problems of collimating a beam were explained and the
student should review these findings so as not to repeat
the same errors.

In setting this experiment up, it is important
that the screen be located exactly one focal length behind
the lens. If this distance is not precise, the irradiance
pattern observed on the screen may not be a true Fourier
Transform Spectrum,

During the setup phase of this experiment, the use
of the three finger holder was quite awkward and difficult
to adjust for aligning the diffraction aperture slits up
with the central beam of the laser. An easier way dis-
covered was to use some "U-shape" brackets with magnetic
stickers attached to them (see Figure III-5). A rod and

platform assembly were attached to the table approximately

42
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one focal length in front of the lens. The platform was
adjusted so the laser would shine between the U-shape
brackets. The diffraction slides have metal strips
already attached so the magnetic stickers on the brackets
held the slide in place. This made setting up the dif-
fraction slit apertures much easier,

A meter stick was laid down on the table and used
as a marker to indicate where the proper distances were

for the object plane and the observation screen.

Results

The author's calculations and predicted patterns
agreed closely with the patterns observed. In comparing
the resuits of this chapter to Chapter III, the results
showed negligible differences. The theoretical calcula-

tions are as follows:

Theoretical Predictions.

Diffraction slit: 0.04 millimeters (mm)
Screen distance: 150 mm

Light wavelength: 633 nanometers (nm)

First minima: 2.37 mm; distance to the first

null (minima) measured from the center of the sinc function

Diffraction slit: 0.08 mm
Screen distance: 150 mm

Light wavelength: 633 nm
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First minima: 1.18; distance to the first null

(minima) measured from the center of the sinc function

Measured Values.

Diffraction slit: 0.04 mm ]
Screen distance: 150 mm a
First minima: 5 mm (approximate measurement); 1

distance measured between first two minimas

As seen from these results, the measured values
agreed very closely with the predicted values. The mea-

surement for the second diffraction slide was not taken

due to the physical size of the pattern and the crude
measuring device used.

The observation was made that the Intensity i

Pattern behind the lens was a lot smaller than the Inten-

sity Pattern for the far field pattern. The reason for y

v

the difference is, the size of the pattern in the focal !
plane is due to the phase transformation of the convex
lens Eqg (14) where the size of the far field pattern is h

due to the diffraction spreading of the laser light itself ;

M TR

(see Chapter III, Eq (6)). The difference in size was

predicted in the theoretical calculations above; thus,

v-‘,.

the fact that the size of the near field pattern was much

AR A

smaller than the far field pattern should have been

! s

expected. A graph of the intensity function agreed with

LA 3 ARSI S A S e g
D e v .
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LR the intensity function of Chapter III (Figure III-3);

therefore, it was not repeated here.
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V. Imaging and Spatial Filtering

Assignment
The student will apply the knowledge learned from

Chapter IV and extend this to Imaging of an object using a
two-lens system. The student will also observe the Fraun-
hofer Diffraction in the near field using a lens and per-
form some simple linear Spatial Filtering using an aperture

stop.

Objectives of the Experiment

1. To acquaint the student with the use of a two-
lens system.

2. To relate classroom theory of Fourier Trans-
formation and Convolution to Fraunhofer Diffraction and
spatial filtering.

3. To observe the various intensity distributions

for different types of diffraction grating apertures.

Equipment Needed

Laser Source: Spectra Physics Helium-Neon Class IIIb
4 mw (Model 102-1) and Spectra Physics

Laser Exciter (Model 212-1).

47
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Newport Laser Mount (Model 810), 1 each
Newport Support Post (Model VPH-4), 1 each
Newport Post Holder (Model SP-4), 1 each

Jordan Spatial
Filter: a. Microscope Objective 10X

b. 25 micron Pinhole Spatial Filter

c. Spherical Collimating lens

Newport Support Post (Model VPH-4), 1 each
Newport Post Holder (Model SP-4), 1 each

Focusing
Lens: a. Spherical Convex Lens with Holder

(150 mm) or equivalent, 3 each
b. Translational Stage Newport (Model 430),
3 each
Newport Support Post (Model VPH-4), 3 each
Newport Post Holder (Model SP-4), 3 each
Diffraction Grating Slides (1 set)
Three Finger Holder with stand or equivalent
Newport Rod and Platform Assembly (Model 300), 2 each
Metrologic Maggie "U" mount, Part No. 30180, 4 each
Magnetic Tape 1" x 28" (Metrologic Part No. 00068)
1/8" size Architecture lettering or equivalent

White Cardboard Screen, 2 ft. x 2 ft.
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Theory/Background

In this chapter we will use the concepts of linear
shift~-invariant systems and our understanding of diffrac-
tion to analyze various images for coherent illumination.
We will start by analyzing some imaging effects of a one-
lens system and then go to a two-lens system for further

analysis. For the lenses, objects and collimated light

that will be used in this chapter, we shall assume that the
lenses are free of aberations, the object is fully illumi-
nated by the laser, and the object is well within the )
pupil function of the lens. This will help to simplify é
analyzing the developments of the optical systems.
The most familiar property of a single lens is the
) ability to form images. If an object is placed in front of q
a lens and illuminated, then under certain conditions (1),
there will appear across a second plane behind the lens,

an intensity distribution which closely resembles that of

JORN .V SBADBE

the object. This distribution is known as the image of
the object.

Referring to Figure V-1, let an object be illumi-

L ERL

nated a distance do in front of a convex lens, with mono-

chromatic light. The complex field immediately behind the

;} object is represented by Uo(xo,yo). The field Ui(xi'yi)
can be represented by the superposition integral

oo

Ui(xlryl) =ﬂh(xilyif xolyo) UO(XO'YO) dxodYO (1)

-0

4 9 :l.
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Fig. V-1. Geometry for Image Formation (3:90)

where the impulse response h(xi,yi; xo,yo) is the field
amplitude produced at coordinates (xi,yi) by a unit ampli-
tude point source applied at the object coordinates (xo,yo).

This impulse response is simplified if the condition

1 1 _ 1
i *ta, "% (2)
0 i
where
d. = observation distance behind the lens, and

focal length of lens,

is satisfied. Therefore, satisfying Eq (3) the impulse

response h becomes

1 . 2
h(xi,yi;xo,yo) = —3————-lTP(x,y) expl-j X&%[Sxi+Mx0)x
A dodi i

+ (y;+My,)y]l dxdy (3)

where

pupil function of the lens, and

d.
M= Ei (magnification of the system).
0

P(x,y)
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Notice that the impulse response h is just the Fraunhofer
Diffraction pattern of the pupil function of the lens
centered on image coordinates (xi = =Mx,, yi==-My0).

By using our previous assumption of neglecting the

pupil function (P(x,y)=l1) and allowing the wavelength ) to

approach zero, in which case diffraction effects become

negligible, the impulse response can be reduced to

h (x ;X ) = 1 G(fi + Xn; ZE + ¥a) (4) i
i'¥ii%¥gr¥p M °'M o' ™ 0 _

Substituting Eq (4) into Eq (1) the relationship between

5

o

Uo(xo,yo) and Ui(xi,yi) becomes !

_ 1 i _ ¥ ]

U(Xerl) - E UO (- Yr - Td-) (5) y

w i

Thus in conclusion, the image predicted on the basis of
geometric optics is an exact replica of the object except
magnified and inverted in the image plane (3:95).

Now note that diffraction effects have not been

POULY | Y MR

included in the exact geometrical optics prediction. For

a more complete understanding of the relationship between
an object and its image, diffraction effects must be
included. Therefore, to include the diffraction effects,
a revised impulse response is necessary to give the rela-
E tionship between the object and its image more validity.

Thus,

[ U; (x;0y;) = h (x,,y.) * Ug(xi,yi) (6)
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O where

Ug(xi,yi) = the image predicted on the basis of #
geometrical optics Eg (5), and ]
"
hr(xi,yi) = revised impulse response y
=M JT P(Adix,Xdiy) exp[-J2m(x;x + y.¥) )
B A o~ g

dxdy . (7)

Thus, as we can see that when the diffraction effects of

FIRIRET ) W

the pupil are included, the image is no longer an exact

replica but a smoothed version of the object which is a

AR

consequence of the nonzero width of the impulse response
h (3:96).

Now let us further our analysis to a two-lens system.

Since there are so many different two-lens system con-

.

figurations,we will only consider one special case in our

e

analysis. The configuration of Figure V-2 is the simplest

of all the two-lens systems (2:474). Reference Figure V-3.

Y

|

[ Let's de“ine some terms that will be used. ;
{ y
t ]
i L = Z. o= 2. 8

r“ ij j i (8) !
b

b

{ with plane wave illumination 3
[ :
2 . a
) 2;5= = 3=2,3,4,5 6 ,
i ]
‘ U; = plane immediately in front of the kth component

; or object (i.e., U; = plane directly in front of

.

f the lens at z = z3) q
5 B .
- 52
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Fig. V-2. Two-Lens System in One Dimension

U; = plane immediately behind the kth component or 1
object ]
Let the distance Zyq = Zgy = Zue T Zge = f. Then from Y

Chapter IV the field amplitude distribution at z = z, is

given by X

j2K£ g

- =7 & __ X X -
where

P

T"

A = amplitude of incident light, and !
]

TZ(fx’fy) = FT[t, (x,y)] y
£ =%, £ =%
X AE Yy A E

Fourier Transform of the object's trans-

mittance function.
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The aperture stop has a pupil function P4(x,y); thus, the

field behind the stop becomes

UZ(x,y) = U, (x,y) " P, (x,y) (10) ]

Now let's define

oJ 2k x .y

Thus we obtain
vt (x y) = Av, (X,Y) (12) .
4 4 4 I J
From (2:451-452) the field in plane z = z¢ becomes i
ej2kf x y :
and with E
ej2kf 5 ]

- —_— - - *

Vv, (a,b) F (M) “t, (-Afa,-Afb) **P, (a,b) (14) l
we can write 5
ej4kf * % X, Y ‘
U6 (XIY) = -A—'—z_ [t2 (-XI_Y) P4 (E )\f)] .
! (A£) .
F _ _a..J4kE v - 1 X Y

« (A£)

b

v
N

As we can see from the conclusion, the image amplitude is

given by the convolution of the geometrical image of
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t2(—x,-y) and the Fraunhofer Diffraction pattern of the
exit pupil. 1In this case, the exit pupil is the aperture
stop in the plane z = Zye The expression of Eg (l5) is

valid as long as the following conditions are met:

1. The aperture stop must be the limiting element
of the system and must be located in the frequency plane.
2. The Fresnel conditions must be satisfied for

each segment of the system.

4 The convolution of Eg (15) suggests that the image
: might be regarded as the output of a linear shift invariant ]
b system. With this in mind, let's use the frequency domain d
approach developed from linear systems (2:208-212).

The object can be related to the output by:

m".‘
UG(fx’fy) = Uz(fx,fy) H26(fx,fy) (16)
where
-1 1 X v

Hy (£ ,£ ) = F "~ [—= P, (X, L] :
26 "x'7y (Xf)z 4°'\f" A ]
{
= p4(-xffx, -Affy) (17) &
Note: The subscript 26 means the transfer function from the 3
R
plane z = z, to the plane z = Zg- Thus we see that the :
transfer function is simply a scaled version of the exit j
o

pupil. The effects of placing the aperture stop in the
frequency plane is to cause the spectrum of the input to

f be multiplied by an appropriate scaled version of the ]
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aperture stop transmittance function. Thus we have made
use of the multiplicative nature of the transfer function.
From this we can see that if the stop is in any other
plane except the frequency plane, the system will not
multiply the frequency spectrum of the input with the
transfer function and thus the system will lose its shift
invariant properties.

Thus the image spectrum can be determined by

= aF~ 1 P, (-Aff ,-
Ug (x,y) = AF T[T (£, £ ) Py (-AEE ,-AfE )] (18)

Note: Because we have assumed all distances to be equal

to the focal lengths and the two lenses have the same focal
length, all magnification factors are reduced to 1. Thus,
the image size should be the same as that of the object.

In this experiment, the student will be able to
look at the Fourier Transform of an object and observe the
inverted image spectrum. Some simple spatial filtering
will be performed and the effects of a finite aperture
stop will be demonstrated as a multiplicative transfer
function.

Imaging and Spatial Filtering
Measurement gzpcedures

. oL - S S B ’ RS ) y
I T T T T T P N N N "

In this experiment, the equipment setup will be
that given in Figure V-4. The setup is very similar to

that of Chapter IV with the addition of another lens. Thus
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the equipment setup procedure given in Chapter IV may be
used with the addition of another lens. By now the stu-
dent should be able to perform the equipment setup without

too much difficulty. If difficulty persists, then use the

RO TR

procedural steps outlined below; otherwise, skip down to

s X

step 8. 8
.
STEPS INSTRUCTIONS j
i. 1. Assembling the Laser Source--assemble Spectra !
; Physics laser into laser mount and attach to sup- ;
: port post and post holder. Fasten the post holder 5
ﬁ to the optical table. Connect the He-Ne laser to |
the laser exciter.
2. Jordan Spatial Filter (JSF)-~-fasten a post holder,
>
. approximately four inches in front of the laser |
post holder, to the optical table. Attach a sup-
port post to the JSF and secure it in the post ]
holder. 5
3. Collimating the laser beam—--turn on the laser i

exciter and allow a few minutes for the laser to

A

laze. Remove the spherical collimating lens from
the JSF. Adjust both the laser mount and the 25
micron pinhole filter for a good airy disk pattern

out of the pinhole. (The airy disk pattern can be

L

observed on a screen placed approximately one

meter away from the JSF.) Note: This step may take

ae "
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a few moments to align properly. Next, replace

the spherical collimating lens back on the JSF and

adjust until a good collimated beam is observed.
Spherical Lens l--fasten a support post to a trans-
lation stage and secure the post in a post holder
placed in front (250 mm) of the JSF. The stage
should move in a parallel line with the laser beam.
Next, fasten a spherical lens with holder to the
translation stage and adjust the height of the
support post so the laser beam strikes the center
portion of the lens.

Spherical Lens II--assemble a second support post
to another translation stage and secure the post
in a post holder placed a distance two focal lengths
in front of spherical lens I. Attach a spherical
lens with holder to the translation stage and
adjust the height of the support post so the laser
beam strikes the center portion of the lens. Note:
Depending on the positioning of spherical lens I,
the translational stage may need adjusting to
acquire a distance of two focal lengths between

the lenses.

Platform I--position a rod/platform assembly between
the JSF and spherical lens I located approximately
one focal length (i.e., 150 mm) from spherical

lens 1I.

60
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Platform II--position a second rod/platform

assembly at equidistance between the two spherical
lenses.

Place a white screen in the back focal plane
(Fourier Transform plane) of the spherical lens II.
The equipment setup should look like that of

Figure V-4. Now for this experiment the student
will use different types of diffracting objects

to observe the Fraunhofer Diffraction pattern
(Fourier Transform) and the inverted image (second
Fourier Transform) of the object. The student will
also perform some spatial filtering and observe the
effects of this action.

Find the diffraction grating slide with the
hexagonal aperture and the fine wire mesh (Figure j

V-5). Set up the slide on a maggie U-mount with

,’...'r'r
TR T W T

some magnetic tape and position the mount on plat-

2%

form I with the slide a distance one focal length
from Spherical Lens I. Adjust the slide so the

central portion of the laser beam illuminates the

s . .. te ‘s tg T
R

hexagonal aperture. Take a 3" x 5" card and hold

it in the Fourier plane of spherical lens I (i.e.,

over Platform II). Observe the intensity pattern
on the card. Compare the pattern to that of

Figure V-6. What, if any, are the differences

between the patterns and why are they different?
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Fig. V-5. Hexagonal Aperture with Fine Wire Mesh
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Fig. V-6. Photograph of the Unmodified Mesh and
its Spectrum. (a) Spectrum; (b) Image
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Remove the 3" x 5" card from the optical system

and observe the pattern in the screen. It should
be the image of the diffracting object. Notice
that due to the symmetrical shape of the hexagonal
aperture, the inverted image is not noticed.
Spatial Filtering--find the diffracting slide with
the single slit apertures (i.e., the aperture slide
used in Chapters III and IV). Take a maggie
U-mount and secure the slide to the mount with some
magnetic tape. Place the slide and mount on plat-
form II and position it so only one line of the
Fraunhofer diffraction pattern is passed through
one of the slits as in Figure V-7 (i.e., use the
.05 mm slit). Observe the pattern on the screen.
What is the difference between the images before
and after filtering? What is the reason for the
blurred image during filtering? How could you
sharpen the image (i.e., make it less blurry)?
Move the diffraction slide over so the square
aperture with the fine wire mesh is illuminated.
Repeat steps 9-11. Note: It should be easier to
filter the components of the square aperture since

the geometry is much simpler.

2
ﬁ In order to observe the inverted nature of the two-lens
-

system, take the architecture lettering template and

‘ illuminate one of the letters (i.e., a nonsymmetrical

63
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Fig. V-7. Mesh Filtered with Vertical Slit.
(a) Spectrum; (b) Image (3:144)

letter like the letter "W") and observe the image on the

screen. Notice now that the image is an inverted image of
\e the object. With this two-lens system, the student can
observe various diffracting objects and look at both the
Fourier Transform Spectrum and the image of the object.
It is left up to the student to use any one of a number of

diffracting objects and analyze both the Fourier Spectrum

and the image of the object.

Special Problems

The student is reminded here that collimating the
laser beam is a very important step. From Chapter III,
the problems of collimating a beam were explained and the
student should review these findings so as not to repeat

the same errors.

3
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Again (reference Chapter IV, Special Problems),
in setting this experiment up, it is important that the
screen be located exactly one focal length behind the lens.
If this distance is not precise, the irradiance pattern
observed on the screen may not be a true Fourier Transform
Spectrum or image pattern.

During the setup phase of this experiment, the use
of the three finger holder was quite awkward and difficult
to adjust for aligning the diffraction aperture slits up
with the central beam of the laser. Therefore, this method
was not used in the setup procedures of this experiment.
The procedure implemented was to use some "U-shape"
brackets with magnetic stickers attached to them (see
Figure III-5). A rod and platform assembly were attached
to the table approximately one focal length in front of the
lens (reference Step 6). The platform was adjusted so the
laser would shine between the U-shape brackets. The dif-
fraction slide has metal strips already attached so the
magnetic stickers on the brackets held the slide in place.
This made setting up the diffraction slit apertures much
easier.

A meter stick was laid down on the table and used
as a marker to indicate where the proper distances were
for the object plane (Platform I), Spherical Lens I, the
Fourier Transform plane (Platform II), Spherical Lens II

and the Image plane (observation screen).
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While performing this experiment, a very crucial
problem was the physical size of the diffracting object,
the Fourier Spectrum pattern, and the image pattern. A
student performing the mathematical analysis of the pat-
terns may have no idea of just how small the objects he/she
is working with. Consequently, although the analysis
indicates where the particular patterns are spatially, the
patterns were so small it was difficult to observe all the
resolution of the patterns. Therefore, in order to observe
the diffracting patterns, the screen was moved back a
distance of five meters to allow the magnification of the
system to operate on the patterns. At this screen dis-
tance, the pattern observed on the screen was not the
image of the object but the Fourier Spectrum of the dif-
fracting object. Why? 1In order to observe the image of
the object, a third lens was used and placed a distance of
two focal lengths from the second spherical lens (FigureV-8).
Thus, by inserting a third lens into the system, a magni-

fied image of the object could be observed quite readily.

Results

In setting up this experiment, the critical factor
is the proper distances between the optical components.
The student should ensure all distances are as accurate as
possible so as to eliminate any misfocusing problems or

multiplicative transmittance function anomalies. This
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experiment proved to be quite informative in that it demon-
strated the effects of convolving an aperture transmittance
function and showed the effects of this action. It also
demonstrated the inverted image pattern of performing the
Fourier Transform twice on a two-dimensional diffracting
object. Answers to various questions posed above are as
follows:

Reference Step 9. The differences between the
pattern observed on the 3" x 5" card and Figure V-6 were
that the pattern observed on the card did not exhibit a
symmetrical nature like that of Figure V-6. The reason
for this is the diffracting object itself. The hexagonal
perimeter of the diffracting object on the slide was not
a perfect circle. This caused the pattern on the 3" x 5"
card to exhibit a slight difference from that of Figure V-6.
The pattern of Figure V-6 came from (3:143).

Reference Step 11. The difference between the
images before and after filtering was that before filter-
ing, the image portrayed the fine wire mesh in both the
vertical and horizontal direction. After filtering, the
image only portrayed the fine wire mesh in one direction
(3:143-144). The reason the image is blurred is due to the
low-pass filtering of the aperture transmittance function
(2:481). 1In order to sharpen the image, the aperture
transmittance function must be widened to allow the higher

spatial frequency components to pass through (2:481).
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Reference Special Problems. As the screen distance

was moved back to five meters, the pattern observed on the

screen became the Fourier Transform Spectrum of the dif-
. fracting object rather than an enlarged image. This is

R
b due to the Optical System that is being used. A two-lens ?

system for which the distance between the two lenses is the

Y

3 exact sum of their focal lengths is referred to as an

"afocal system." This type of system has no finite focal

points. This simply means that light rays entering the

-
LREIEION =S 1PN

system which are parallel to the optic axis also exit
parallel to the axis. Therefore, this type of system has a
the interesting characteristic where light entering the
f system as a collimated (parallel) beam also leaves the

f 53 system as a collimated beam. Thus by moving the distance

of the screen back five meters, the diffracting pattern on

the screen is the Fraunhofer Diffraction pattern, of the

- diffracting object, in the far field. Placing the third J
lens a distance of two focal lengths away from spherical

lens II, the system is now an imaging system with the

orientation of the image rightside up and magnified by the

appropriate scale factor.
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VI. Measuring the Bragg Angle with

Acousto-Optic Cell

Assignment

The student will measure the Bragg Angle using an

Acousto-Optic Cell,.

] Objective of the Experiment

7 1. To acquaint the student with Acousto-Optic
! Cells.
[
k' 2. To relate classroom theory of Bragg Diffraction

with practical application.

3. To give the student some experience with Bragg

- Angle alignment and Acousto-Optic cells.
Equipment Needed
Laser Source: Spectra Physics Helium-Neon Class IIIb
4 mw (Model 102-1) and Spectra Physics
Laser Exciter (Model 212-1)
Newport Laser Mount (Model 810), 1 each
Newport Support Post (Model VPH-4), 1 each
Newport Post Holder (Model SP-4), 1 each
. Jordan Spatial
; Filter: a. Microscope Objective 10X
- b. 25 micron Pinhole Spatial Filter
g
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c. Spherical Collimating lens
Newport Support Post (Model VPH-4), 1 each

Newport Post Holder (Model SP-4), 1 each

Iris
Diaphram: Newport Model ID-15
Newport Support Post (Model VPH-4), 1 each .
Newport Post Holder (Model SP-4), 1 each h
Focusing
Lens: a. Spherical Convex Lens with Holder
(L50 mm) or equivalent
b. Translational Stage Newport Model 430
Newport Support Post (Model VPH-4), 1 each
Newport Post Holder (Model SP-4), 1 each
Bragg Cell
and Mount: a. Newport EOS Acousto-Optic
w Modulator Model N230
b. Newport Translational Stage
Model 430, 3 each
c. Newport 90 degree Angle Mount
RF Driver: Newport Modulator Driver Model N210 DS

White Cardboard Screen, 2 ft. x 2 ft.

Theory/Background

Acousto-Optic deals with the interaction of sound
and light. Diffraction of light by high frequency sound
waves, often called Brillouin scattering after the man who

first predicted it, was first observed in 1932 (1). A

72




great deal of experimental and theoretical work was done

in the following years. With the development of the laser

in the 1960s, and the many advances made with high fre-

quency techniques, a wide range of light and sound inter-

action experiments was developed. Coherent light permits

the observation of acoustic waves in a solid up to frequen-

cies in the microwave region.

In the following discussion, we will look at the

interaction of sound and light in the Raman-Neth region

sometimes called the Debye-Sears effect (3:594). The pri-
mary instrument we will be concerned with is called an i
Acousto-Optic modulator or Bragg Cell. This discussion

will be qualitative and will lean mostly on electrical

engineering concepts. Much of the terminology used will
be that of Communications engineering in that we will be
up shifting and down shifting‘frequencies. It is recom-
mended that you refer to a good introduction text on PM or

FM modulation techniques for quick reference (6). Later

we will go into sound and light interaction in the bragg
regime and discuss how to maximize the diffraction pattern ?
coming out of the Bragg Cell (4). *d
Let's assume we have a plane wave of light with
angular frequency "w" and vacuum wavelength"é" traveling
from left to right in a slab of length "d" (Figure VI-1)

with index of "n" (1). The velocity of light in the slab
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Fig. VI-1l. Optical Delay Line
Refractive Index Produce Phase Modulation

reduces from its vacuum speed ¢ to c/n. The wavelength

of light in the slab becomes

A = 2q1c/ny (1)

and the propagation constant g (the number of waves per

2 unit length) is

le
g =wn/c (2)
The slab can be considered an optical delay line with
time delay Tt = dn/c and phase shift ¢ = dB radians.
If we can vary the index of refraction by some
small amount, say some delta n(An), then in doing so, we
_, can vary the time delay and also vary the phase excursion.
%} Thus the resulting phase excursion at the output of the
i;1 slab is
7~-‘."|.
. Ad = dAR
X = dfAn/n
o
t;ﬁ = dZwAn/é (3)
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If we allow An to vary sinusoidally at the modula-
tion frequency W, the output light, emerging from the
right end of the slab, will now be phase modulated (1l; 7).
According to reference (6:237), a phase modulated signal
is composed of a carrier and sidebands with amplitudes
that are a function of the maximum phase deviation, known
as the modulation index. Figure VI-2 shows the carrier
and its sidebands and Figure VI-3 is a graph of the ampli-
tudes of the carrier and its sidebands versus phase'devia-
tion. Up to A¢ = 0.5 radians, only the first pair of side-
bands has significant amplitude. As you increase phase
deviation, more and more sidebands grow (6:237) until you
reach a phase deviation where A¢ = 2.4 radians and the
carrier will drop out (Figure VI-3). With this phase devi-
ation, the light emerging out of the right side of the
slab will have amplitudes in the sideband frequencies
wtw , wt 2wm, etc., in accordance with the graph of

Figure VI-3.

- - - +w w+2w w+3w
W me w Zwm w=w W ww m m

Fig. VI-2, Carrier (v) and Sideband
Spectrum of a Phase Modulated Wave
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Fig. VI-3. Amplitude of Sideband Light
versus Phase Excursion
Note: This is the Bessel Function (6:227)
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In order to illustrate the principles of a Bragg
cell, we will look at a bunch of slabs (like those in
Figure VI-1l) and stack them on top one another (Figure
VI-4). Now suppose we send a compressional wave with
frequency W traveling upward. As the sound wave propa-
gates up the column, each slab will encompass some incre-
mental portion (i.e., phase) of the acoustic wave. This
incremental phase change, from the acoustic wave, will
cause compressions and dilations (refractions) in the
index of refraction along the entire length of the column
[e.g., Figure VI-4 illustrated six sections of an acoustic
transmission line (i.e., one slab is one section of the
acoustic line) each having a quarter of an acoustic wave-
length phase variation]. If slab four is dilated (i.e.,
the index of refraction for that slab is n - An) then one-
half cycle later it will be compressed (i.e., index of
refraction is n + An, like slab six). Thus we see that the
index of refraction along the entire length of the column
is constantly varying where the variation from slab to slab
is linear.

Let a plane wave of light of angular frequency "w"
impinge on the column and travel from left to right at
normal incidence (Figure VI-4). Each slab will phase
modulate the optical wave as discussed earlier and produce
at the output (i.e., right side of the column) a carrier

and some sideband frequencies. Since the carrier wave has
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Wavefronts, Wavefront Wavefront,
incident light optical first upper

Acoustic carrier sideband
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Fig. VI-4. Sound Wave Propagating Upward will
Generate Optical Phase Shifts which Cause Wavefront
of First Order Sideband to Tilt. Carrier
Wavefront (w) Does Not Change (1:44)

the same phase for all slabs hence, light at the incident
frequency will propagate in the original direction (i.e.,
in the horizontal direction if the column is vertical).
The sideband frequencies, however, do not propagate in
the direction of the carrier. To determine the direction
of propagation of the sideband light, we construct a wave-
front by connecting points of equal phase together (7).
By doing so we find that the direction of propagation--

which in isotropic substances must be perpendicular to the

wavefront--is deflected up for upper sidebands at an angle

a = NA/A (4)
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and down for lower sidebands at the same angle where A is
the acoustic wavelength and N is an integer (N is the
higher order sideband number; i.e., N = 3 indicates the
third order sideband). In Acousto-Optics these sidebands
are the diffraction orders (5).

Due to the diffraction characteristics of the light
wave, special cases of diffraction can be characterized (2)

by the parameter
0 = x%a/g (5)

where K is the propagation constant wm/V of the sound and
B = propagation constant nw/c of the light within the
acoustic medium and V is the acoustic velocity. If Q is
much less than one, then the experiments for which this
condition holds are said to be within the Raman-Nath regime
(Figure VI-5). If Q is greater than one, then the experi-
ments for this condition are said to be in the Bragg regime.
For a given incoming light of angular frequency "w," the
two parameters which govern the diffraction pattern at the
output are: (1) the interaction length "d" (Figure VI-1)
and (2) the acoustic frequency (1).

Given the Bragg Cell in Figure VI-6, suppose a
monochromatic plane wave of light‘illuminates it at normal
incidence. The diffraction pattern at the output will

have the zeroth and two first order diffraction components.

To achieve maximum diffraction efficiency, the Bragg cell
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Light with Angular
Frequency w

Input Signal with
Angular Frequency W

Fig. VI-5. Acousto-Optic Interaction
in the Raman-Nath Regime
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Fig. VI-6. Acousto-Optic Interaction
3 in the Bragg Regime
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must be tilted at an angle with respect to the incoming

light (4). This angle eB is known as the Bragg Angle and

is given by:

-1
BB = sin é/ZA (6)

Figure VI-7 illustrates the effect of tilting the incoming

ikl K B

light to the Bragg angle. Notice that only one of the first

order diffraction components, along with the zeroth order

oninndll ke

component, will emerge from the output of the Bragg Cell.

For this experiment, the student will measure the Bragg

“l;‘ PN\

Angle and look at the diffraction efficiency of the cell

as light impinges on it at normal incidence.

Experimental Procedures

Introduction. Acousto-Optic devices can be used

to alter the amplitude, position, or frequency of a laser

q
[ AR TR L-‘

beam. As discussed earlier, an RF signal is applied to a
piezoelectric transducer to set up a pressure wave that
2 propagates through an acoustic wave supporting material

(in the Newport AOM, a Tellurium Dioxide crystal is the

M i ani e 4

-

acoustic wave medium). This pressure wave causes a periodic

change in density of the crystal material and therefore its

Trererr—
B .

index of refraction varies. 1In this experiment the student

will align a laser beam at a specific angle (GB) known as

the Bragg Angle to obtain an efficient diffraction of the

LA AR

laser intensity in the first order output beam.

.
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Incident at the Appropriate Bragg Angle
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In this experiment we will see the deflected beam
being shifted in frequency by the value of the RF fre-
quency due to constructing wavefronts of equal phases (7)
and determine the direction of propagation (Doppler effect)
(5).

Some characteristics of an AOM (Bragg Cell) are:

a. Diffraction Efficiency

b. RF Drive Power

c. Rise Time
Diffraction efficiency (n) is the ratio of the diffracted
beam intensity to the intensity of the incident optical
beam. It is related to the RF drive power (PRF) by the

expression

() = sin® (I | 5 E-S(prr) (7)
2 AZ h
o
where
é = free space optical wavelength;
h = beam height (beam diameter);
d = optical path length in the Acoustic Material; and
M = figure of merit related to acoustic material.

Another form of the diffraction efficiency is given by:

() = sin® (&) (8)
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where
; = 27 _An-d .
é cos BB
An = change in refractive index; and
(SB) = Bragg angle.

The Newport acousto-optic modulator (N230) used in this
experiment uses a tellurium dioxide crystal, with a lithium
niobate transducer because of its large refractive index

(n = 2.2), its low optical absorption and its resistance

to optical damage. The RF modulator driver (N210-DS) is a
digital driver. It takes a TTL input for the modulating
signal and drives the Bragg Cell (AOM) at an RF frequency
of 80 MHz.

An important characteristic of the digital modula-
tion system is the rise time of the output laser pulses.
This is determined by the transit time of the acoustic wave
across the optical beam path. The rise time can be thought
of as the time it takes the leading edge of the moving
grating to completely cross the laser beam. So for a
fast rise time, a lens will be used to focus the laser to
a smaller waist size in the Bragg Cell.

There are practical limits to the amount one can
improve the rise time by focusing the laser beam. Focusing
the laser beam too tight may cause optical damage to the

crystal, depending on the input power of the laser. Be
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sure to check the energy constraints (i.e., the maximum
laser power the AOM can withstand) of the Bragg Cell before

focusing the laser beam into the Bragg Cell.

Precheck Procedures. Before starting, check the

RF output power level of the Newport (N210-DS) EOS Modu-
lator Driver. Use either an appropriate power measuring
device (i.e., Hewlett Package 432B) or a Spectrum Analyzer
(i.e., Hewlett Packard 141T). The Bragg Cell (AOM N230)
will operate at an 85 percent Diffraction efficiency at

750 milliwatts of input RF power.
kkhkkhkhkkhkhkkhkhkkhkhkkkhkhkhhkhkhkkhhkkkhhkkhhkkkhkhkhkkhkkhkkkkkkkk

CAUTION

Too much RF power will cause severe damage

that the output power of the RF driver does

* % % ¥ F H ¥ * ¥ ¥

*
*
*
*
*
» £O the lithium niobate transducer. Ensure
*
*
*
:

not exceed 1 watt of continuous output power.
khkhkhhkhkhhkhhhkhhkhkhkhkkhkhkkkdkkhhkkhkhkhhkhkhkhkhkkhhkkhkkhkhkkkkkk

Bragg Angle Measurement Procedures

The experimental setup used is shown in Figure
VI-8. The picture of the optical system (Figure VI-9)

should help to illustrate the equipment setup.

STEPS INSTRUCTIONS
1. Assembling the Laser Source--assemble Spectra

Physics laser into laser mount and attach to
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Fig. VI-9. Photograph of
Bragg Angle Experiment

o support post and post holder. Fasten the post
holder to the optical table. Connect the He-Ne
laser to the laser exciter.

2. Jordan Spatial Filter (JSF)--fasten a post holder,
approximately four inches in front of the last
post holder, to the optical table. Attach a sup-
port post to the JSF and secure it in the post
holder.

3. Collimating the laser beam--turn on the laser

' exciter and allow a few minutes for the laser to

D R

laze. Remove the spherical collimating lens from

the JSF. Adjust both the laser mount and the 25
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micron pinhole filter for a good airy disk pattern
out of the pinhole. (The airy disk pattern can be
observed on a screen placed approximately one meter
away from the JSF.) Note: This step may take a few
moments to align properly. Next, replace the
spherical collimating lens back on the JSF and
adjust until a good collimated beam is observed.
Connect an Iris diaphram to a support post and
secure it in a post holder. Fasten the post holder
approximately two inches in front of the JSF. Next,
close the diaphram down until the laser beam
diameter is approximately three to four mm in
diameter. Note: This should allow only the central
portion of the airy disk through and block all the
other rings.

Focusing Lens--fasten a support post to a trans-
lation stage and secure the post in a post holder
placed in front (one to two inches) of the iris

diaphram. The stage should move in a parallel line

with the laser beam. Next, fasten a spherical

lens with holder to the translation stage and
adjust the height of the support post so the laser
beam strikes the center portion of the lens.

Bragg Cell and Mount--build an X-Y-Z translational
stage using three translational stages and two 90-

degree angle mounts. See Figure VI-9. Fasten the
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e Bragg Cell to the stage and place the stage one

focal length (i.e., 150 mm) in front of the focus-

ing lens. Ensure that the Bragg Cell aperture is

perpendicular to the laser beam.

7. Alignment--adjust both the X-~Y-Z translational

stage and the focusing lens to center the laser

beam on the Bragg Cell aperture.

Kk khkkkhkRkkkhhhhkkhhkhhhkhhkkhhhkhhhkkkhhkkhrkkrkhkhk
CAUTION

Exercise extreme care to avoid focusing the

laser beam on the gold bond wires of the

wires to vaporize and severely damage the

* F % ok % F * H * * *

operation of the Bragg Cell.

*
*
*
*
*
%*
acoustic transducer. This may cause the *
*
*
*
. *
‘T_ khkhhhkhkhkhhhkhkhhkhhhkhdkhhkhhkhkhhkhhhkkhkhkkhhkhkkhhkhkkkkkkikk

8. Ensure that the LEVEL ADJUST of the Modulator

Driver is fully counterclockwise and the MODE

switch is in the "Normal" position before turning

on the power to the Driver. Next, connect the RF

OUT of the Driver to the Bragg Cell.

9. Turn on the power to the Modulator Driver and

switch the MODE switch to "Continuous." Turn the

LEVEL ADJUST up until the RF OUT power is 750

- mwatts.

10. Adjust the angle the Bragg Cell makes with the

laser beam until the first order diffraction




5
R.
:

s R, W T

A Tl Sl el s

vy Ty

( coniiul S0 g e 0 S SRt 4

12.

component is visible on the screen. To ensure

that the diffraction pattern observed is the zeroth

and first diffracted orders, switch the MODE switch

to "Normal" and observe that the first diffracted
order will disappear.

Switch the MODE switch back to "Continuous" and
ensure that only one of the first order diffrac-
tion components is strongly illuminated (i.e.,
adjust for the Bragg angle).

Measure the distance from the Bragg Cell to the
screen and record it. Next, measure the distance
from center to center of the zeroth and first
order diffraction components. The Bragg angle

can be computed by the formula:

(65) = sin~l[ccD/2%2] (9)
where
CCD = the center-center distance between the

zeroth and first order component, and

N
I

distance from the Bragg Cell to the

screen.

Special Problems

A ahd

The alignment of the laser beam and the Bragg Cell

is a very crucial step. With a laser beam waist size of

.51 mm, any small movement will cause a misalignment and
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the diffraction pattern will be lost. A common problem
encountered is the angle the laser beam makes with the
Bragg Cell. The laser should impinge on the Bragg Cell
aperture at normal incidence. The student may have to
adjust the alignment on the laser to ensure the proper
incident angle.

Another common problem is the position of the
laser beam on the crystal in the Bragg Cell. The TeO2
crystal does not fill the entire aperture. The effective
aperture of the crystal in the Bragg Cell is 1.5 mm in
height. The Bragg window is 2.5 mm in diameter. When
directing a 0.5 mm beam into the crystal, ensure that the
beam pattern on the observation screen, with the MODE
switch on the Modulator driver in the "Normal" position,
is a circle. Ensure that the laser beam is actually pass-
ing through the crystal.

As a protection to the equipment, ensure that the

RF power out to the Bragg Cell is below one watt. Remember,

too much RF power could cause severe damage to the crystal.

Results and Sample Questions

During the course of this experiment, there were
many practical mistakes discovered which any new student
could encounter while performing this exercise. Listed
are a few of the problems which were encountered during

previous implementation of this experiment.
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The first attempt at measuring the Bragg angle
entailed the equipment setup in Figure VI-8. After suc-
cessfully collimating the laser beam, the iris diaphram
and spherical lens were set up to reduce the beam diameter
to .5 mm. The RF driver to the Bragg Cell was turned off
and the optical pattern was observed on the screen. The
pattern on the screen was predicted to be a circular
pattern; however, no such pattern existed. Thus an attempt
was made to adjust the X-Y-Z translational stage until a
circular pattern appeared on the screen. The problem with
the first pattern detected, was that it did not propagate
through the TeO2 crystal. To ensure the laser propagated
through the crystal, the casing on the Bragg Cell was
removed so the crystal was exposed. The X-Y-Z translational
stage was then adjusted so the laser would properly propa-
gate through the crystal.

Once this step was established, the RF driver was
turned on and the MODE switch was switched to "Continuous,"
the pattern observed on the screen did not have a first
order component. The angle the Bragg Cell made with the
laser light was adjusted until the first order diffracted
component was visible on the screen. To ensure that the
observation pattern was the first order diffracted com-
ponent, the MODE switch was flipped to "Normal" and the

first order component disappeared.
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A TTL wave generator was used to modulate the RF

carrier out of the Modulator Driver. The modulating signal

was a slow 10 Hz signal and on the observation screen the

L
L

first diffracted order was blinking at a rate of the modu-

lating signal (10 Hz). The modulating signal was increased

TEN

to 1 KHz and the first diffracted order component was
observed to blink at the 1 KHz rate. The measurements

that were collected are:

,Tv -

Bragg Cell--Screen distance = 1000 mm
Center-Center distance of
zero and first orders = 12.7 mm

6.35 milliradians

Bragg Angle measured

3 The specified Bragg Angle for this particular Acousto-

Optic Cell is 5.9 milliradians. The error is due to inaccu-
rate measuring equipment and subjective interpretation.
Another problem encountered was the illumination of the
optical pattern on the screen. The existing setup (Figure
VI-8) filtered much of the laser energy before it propa-
gated to the screen. Most of the energy was being blocked

by the JSF. Therefore, in order to have a brighter illumi-

nation, the JSF was removed and the experiment conducted
as written. The effects of this change in the equipment
setup resulted in a brighter illumination and ease of

- viewing. b

T 17 v
o '. W e
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Sample Questions.

1. Does the amplitude of the acoustic wave in the
Bragg Cell have any effect on the diffraction efficiency?

Ans: As seen from Eq (7) the diffraction efficiency
is affected by the power of the RF signal. Thus by increac-
ing or decreasing the amplitude of the RF signal in the
Bragg Cell, the amount of light diffracted will increase/
decrease accordingly. However, there is a practical limita-
tion to the amount one can increase the amplitude of the RF
signal in the Bragg Cell (see Precheck Procedures).

2. We know from previous discussions that the
deflection angle of the first diffracted order has a
definite relationship to the Acoustic wavelength in the
Bragg Cell. Given the acoustic velocity (4.26 x lO3 m/s),
and light wavelength (633 nm), calculate the Bragg angle
(eB) for an input RF frequency of 90 MHz. What would it
be if the input RF frequency was 70 MHz?

Ans: The first thing to determine is the acoustic
wavelength. From any general physics book, the frequency

is related to wavelength by the velocity of the medium.

Thus,
£ = % where,
f = RF frequency;
=Y
h=% V = acoustic velocity; and

4.26 x 105 m/s A
90 MHz

acoustic wavelength.

= 4.733 x 10°° m
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ky: o Bragg Angle

DO L)
65 (90 MHz) Lo

sin (ﬁ)

[

3
2A

633 x 10" 2 m

2-4.733 x 10 °m

[

e

- 'eB(9o MHz) £ 6.68 milliradians

Similarly,

-~

’BB(70 MHz) = 5.20 milliradians
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VII. Beam Deflection and Spectrum Analysis

Using an Acousto-Optic Modulato. (Bragg Cell)

Assignment

To use the Bragg Cell as a spectrum analyzer, the
student will perform some calculations of spatial positions
for various input RF frequencies. The student will then
measure the Bragg angle for these various RF frequency
inputs and compare it to calculated results. Finally, the
student will input two different RF frequencies and observe
the resolution quality of the Bragg Cells Time-Bandwidth

product.

Objective
1. To acquaint the student with using the Bragg

Cell as a Beam Deflector and relate its use as a Spectrum
Analyzer.

2. To relate classroom theory of Braggqg Diffraction
with practical application.

3. To observe the resolution quality of the Bragg

Cells Time-Bandwidth Product.

Equipment Needed

Laser Source: Spectra Physics Helium-Neon Class IIIb

4 mw (Model 102-1)
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Jordan Spatial
Filter:

Iris
Diaphram:

Focusing
Lens:

Bragg Cell
and Mount:

RF Driver:
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Newport Laser Mount (Model 806), 1 each
Newport Support Post (Model VPH-4), 1 each

Newport Post Holder (Model SP-4), 1 each

a. Microscope Objective 10X

b. 25 micron Pinhole Spatial Filter

c. Spherical Collimating lens

Newport Support Post (Model VPH-4), 1 each

Newport Post Holder (Model SP-4), 1 each

Newport Model ID-15
Newport Support Post (Model VPH-4), 1 each

Newport Post Holder (Model SP-4), 1 each

a. Spherical Convex Lens with Holder

(150 mm) or equivalent
b. Translational Stage Newport Model 430
Newport Support Post (Model VPH-4), 1 each

Newport Post Holder (Model SP-4), 1 each

a. Newport EOS Acousto-Optic Modulator
Model N230

b. Newport Translational Stage Model 430,
3 each

c. Newport 90-degree Angle Mount, 2 each

Hewlett Packard 8640B Signal Generator,

2 each, or equivalent
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&' White Cardboard Screen, 2 ft. x 2 ft.

Theory/Background

Spectrum analysis is one of the most useful tech-

niques in modern science. Virtually every area of science

e

(Astronomy, Geology, Medicine, etc.) make use of it in one

form or another (7).

- Quite often an important requirement in spectrum
analysis is the Real-Time operation. Real time spectrum %
analysis below 2 MHz bandwidth is predominately performed ‘

in special-purpose digital equipment. Above 10 MHz band- g |

width, electronic analog, and optical techniques dominate
the field.

In communications, the spectrum of a signal is

e, ey v

‘if used to analyze the effects of a signal as the signal is
. changed in frequency, amplitude or phase (5). 1In Acousto- K
; Optics, primarily using Bragg cells as the medium for i

light diffraction, a change in frequency of a signal corres-

ponds to a spatial frequency change of the light beam. An <)

amplitude change of a signal corresponds to an intensity

change in the light beam. 2
Optical spectrum analyzers can be divided into two i

major classes based on the variable of integration for the ;

Fourier Transform operation. The "Space integrating

PR T T T
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Architecture" performs a Fourier Transform with respect to
a spatial variable. The "Time integrating Architecture"
performs the Fourier Transform with respect to a temporal
variable "t." One- and two-dimensional transforms exist
for both types of optical spectrum analyzers. Some tech-
nigues and practical examples of both time and space inte-
grating architectures are presented in (7).

An optical processor (Figure VII-1l) must have a
means of converting information (usually in the form of
an electrical signal) into an optical format for transmis-
sion by some light source. The receiving end of the pro-
cessor must also have a means for converting the optical )
format back to an electrical signal for further processing.

The most practical highly developed and real-time input

Py

device for an optical system is the Bragg cell (1; 8). A
brief discussion and operating characteristics of the

Bragg cell are given in (7; 8). At the receiving end of [
the processor (Figure VII-1l), is the optical sensors. One-

dimensional photosensitive arrays are currently available

in sizes from 64 to more than 1700 elements. The one-
dimensional photosensor arrays are the most prevalent out-
put device in optical processing (2).

From the Bragg angle experiment (Chapter VI), a
relationship exists between the acoustic wavelength and the
deflection angle (spatial positioning) of the diffracted

order. The deflection angle (Bragg angle) is given by
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: = A
sin GB = 3% (1)

where

A

free space light wavelength, and

A

acoustic wavelength in the medium.
Since the Bragg angle is usually very small (9B<< 1) the

approximation sin 64 = 6g will be used. Thus

. A
6p = 37 (2)
a:% (3)

e

where o = 2eB is the angle between the zeroth and first

diffracted order component in the Bragg regime (Figure

e Al

VII-2). The acoustic wavelength is related to the input

L

RF frequency (fRF) by the speed of sound in the acoustic

medium. Thus if the acoustic velocity is "V," then

A
~ V 'RF (4)

The optical wavelength and the acoustic velocity are
usually constant for a given Bragg cell. Therefore, a
linear relationship exists between the angle deflection
and the RF frequency (4). Thus for a small change in RF
frequency, say AfRF = fRF + Af, the deflection angle will

change by some small amount Aa given by

A
Ao = \—’ AfR.F (5)
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Fig. VII-2. Acousto-Optic Interaction
in the Bragg Regime

From Eq (5), we see that a Bragg cell can be used
as a spectrum analyzer in which input signals of different
frequencies will correspond to unique spatial frequencies
in the Fourier Transform domain (i.e., the back focal plane

of a convex lens). Figure VII-3 illustrates the use of the

Bragg cell as a spectrum analyzer (4).

g; A critical factor in using the Bragg cell as a

N JESSOAIRN

4 spectrum analyzer is the number of diffracted orders that

can be clearly resolved from one another. The criterion
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¢ used for resolving two adjacent diffraction orders is ]

the Rayleigh criterion outlined in (3). The number "N"

o of resolvable spots is determined by dividing the total ‘
angular displacement Ao by the unavoidable diffraction
spread of the laser beam. The unavoidable diffraction

4
spread is given by *

(6)

Q
I
o>

min

where

h = the optical beam height in the Bragg cell.

Dbt )

Thus dividing Eq (5) by Eq (6) results in

-
-

|
LR |

N
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= 1Af (7)

where 1t is the transit time of the Bragg cell (rise time) K

-

and Af is the peak to peak frequency change of the acoustic

Cadl M

wave in the Bragg cell (i.e., the bandwidth of the Bragg
cell). The number "N" is known as the time-bandwidth pro-
duct of the Bragg cell. This product is an indication of

the number of angular positions a Bragg cell can clearly
resolve. ]
This characteristic of the Bragg cell is very use- 1
ful in that it can process N spectral coefficients of a i
]

signal in parallel in real time. "N" is also known as the |

processing gain of the Bragg cell. The Bragg cell has
found practical applications in radar signal processing
and adaptive linear prediction signal processing (6).

In this experiment, the student will perform some
calculations of spatial positions (i.e., Bragg angles) for
various input RF frequencies to the Bragg cell. The stu-

dent will then measure these spatial positions and compare

; 106
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them to predicted values. The student will actually view
the beam deflection of the first diffracted order by vary-
ing the input RF frequency to the Bragg cell. Finally,

the student will input two different RF frequency signals
to the Bragg cell and view the resolution quality of the
Bragg cell. Note: Due to the lack of an appropriate photo-
sensitive array for this experiment, the output of the
spectrum analyzer will be viewed on a white screen and
limited to the human visual perception instead of elec-

tronic sensors.

Theoretical Calculations. Before conducting this

experiment, perform the following computations for the beam
deflection of various input RF frequencies and calculate
the time-bandwidth product for this particular type of
Bragg cell.

Given Data:

Acoustic velocity . . . . . . . . . . . 4.26 x 10 m/s
Center RF frequency . . . . . . . « . . 80 MHz

Light wavelength . . . . . . . . . . . . 633 nm

Bandwidth of Bragg cell . . . . . . . . 30 MHz

Optical beam height is cell . . . . . . 1 mm

L4

1. From the given data, determine the Bragg angle
of the Bragg cell using the center RF frequency (see

Chapter VI).

AN bbb Ao
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2. Determine the change in angle deflection (Aa)
for 70 MHz and 90 MHz using Eqgq (5).

3. Determine the Time-Bandwidth product of the
Bragg cell.

Beam Deflection and Spectrum
Analysis Measurement Procedures

PP Vi

Performing this experiment will be very similar

to that of Chapter VI. The difference with this chapter
is that the RF generator that will be used (Hewlett Packard
8640B) can sweep the RF spectrum bandwidth of interest

(namely, from 70 to 90 MHz). This will allow the student

to vary the RF frequency input and observe the angle
deflection (Eg (5)) on a white screen. Again, due to the

lack of proper optical sensing equipment (Photodetector

P TOORRR.

Array), observation will be limited to human visual per-

ception.

The Bragg cell being used in this experiment is

'.-h’ P o o )

the same model as that from Chapter VI. Therefore, the

same precautionary steps should be taken as not to overload
the Bragg cell. Refer to Chapter VI (Experimental Pro- |
cedures) for safety tips on protection to the equipment. 5

The following steps should help the student through -]

successful implementation of this experiment. The experi-
mental setup used is in Figure VII-4 . The picture of the
optical system (Figure VII-5) should help to illustrate

F the equipment setup.
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STEPS

1.

Fig. VII-5. Photograph of t.e Optical System

INSTRUCTIONS
Assembling the Laser Source--assemble Spectra
Physics laser into laser mount and attach to
support post and post holder. Fasten the post
holder to the optical table. Connect the He-Ne
laser to the laser exciter.
Jordan Spatial Filter (JSF)--fasten a post holder,
approximately four inches in front of the laser
post holder, to the optical table. Attach a support
post to the JSF and secure it in the post holder.
Collimating the laser beam--turn on the laser

exciter and allow a few minutes for the laser to
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laze. Remove the spherical collimating lens from

the JSF. Adjust both the laser mount and the 25
micron pinhole filter for a good airy disk pattern
out of the pinhole. (The airy disk pattern can be
observed on a screen placed approximately one meter
away from the JSF.) Note: This step may take a

few moments to align properly. Next, replace the
spherical collimating lens back on the JSF and
adjust until a good collimated beam is observed.
Connect an Iris diaphram to a support post and
secure it in a post holder. Fasten the post holder
approximately two inches in front of the JSF.

Next, close the diaphram down until the laser beam
diameter is approximately three to four mm in
diameter. Note: This should allow only the central
portion of the airy disk through and block all the
other rings.

Focusing Lens~-fasten a support post to a transla-
tion stage and secure the post in a post holder
placed in front (one to two inches) of the iris
diaphram. The stage should move in a parallel

line with the laser beam. Next, fasten a spherical
lens with holder to the translation stage and
adjust the height of the support post so the laser

beam strikes the center portion of the lens.
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Bragg Cell and Mount--build an X-Y-Z translational
stage using three translational stages and two 90-
degree angle mounts. See Figure VII-5. Fasten the
Bragg cell to the stage and place the stage one
focal length (i.e., 150 mm) in front of the focus-
ing lens. Ensure that the Bragg cell aperture is
perpendicular to the laser beam.

Alignment-~adjust both the X-Y-Z translational
stage and the focusing lens to center the laser

beam on the Bragg cell aperture.

khkkkhhhhhhkhkhhhkhkhhhkhhhhkhkhhkhhhhhkhhkkhhhkhkkhks
CAUTION

Exercise extveme care to avoid focusing the

laser beavs on the gold bond wires of the

¥ %k ¥ F % * ¥ *

* wires to vaporize and severely damage the
%*

* operation of the Bragg cell.

*
*
*
*
*
*
acoustic transducer. This may cause the *
*
*
*
*
khkhkhkkkhkhkhkdkhkkhkhhkhkhkhrkhkhkhhhbhkhkhkhkhkhkhhkhkhkkkhkhkhkhkhkkkkkkk

Setting up the Hewlett Packard (HP) 8640B--con-
nect the HP 8640B Signal Generator RF out to the
Bragg cell. Before turning on the power to the
HP 8640B signal generator, set the following con-
figuration:

AM Modulation: OFF

FM Modulation: OFF

Counter Mode: INT/EXT Depressed
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10.

11.

12.

Range (MHz): 64-128

Output Level: +10 dBm

RF: OFF

Turn on the power to the HP 8640B signal generator
and adjust the frequency to 80 MHz. Next, switch
the "RF" switch to "ON."

Adjust the angle the Bragg cell makes with the
laser beam until the first order diffraction com-
ponent is visible on the white screen placed approxi-
mately two meters away from the Bragg cell. To
ensure that the diffraction pattern observed is the
zeroth and first diffracted orders, on the HP
8640B signal generator, switch the "RF" switch to
"OFF" and observe that the first diffracted order
will disappear.

Switch the "RF" switch back to "ON" and ensure
that only one of the first order diffraction com-
ponents is strongly illuminated (i.e., adjust for
the Bragg angle).

Measure the distance from the Bragg cell to the
screen and record it. Next, measure the distance
from center to center of the zeroth and first
order diffraction components. The Bragg angle can

be computed by the formula:

(6g) = sin-l[CCD/Z] (8)




13.

14.

15.

Py
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where
CCD = the center-center distance between the
zeroth and first order component, and
Z = distance from the Bragg Cell to the
screen.

Note: Much of the steps up to this part are
exactly as in Chapter VI. The results of the
Bragg angle should be the same as that found in
the previous experiment. The Bragg angle measured
here will be the reference angle used for this
experiment.
Slowly change the RF frequency to 70 MHz and
notice the beam deflection of the first diffracted
order moves towards the zeroth order. Measure the
change in deflection angle and record it.
Repeat STEP 13 for 90 MHz. Compare the measured
values of the beam deflection with that calculated
earlier. How do the measured values compare with
the theoretical values?
Resolution Quality of the Time-Bandwidth Product--
adjust the RF frequency on the HP 8640B signal
generator back to 80 MHz. Use a BNC "T" connector
and connect a second HP 8640B signal generator to
the Bragg cell. Before turning on the power to the
second signal generator, set it up for the con-

figuration from STEP 8.

114

LAV IR B St

- o n




-
'

S A

le6. Turn on the power to the second HP 8640B signal
generator and switch the "RF" switch to "ON."
Sweep the RF frequency until the resolution of

two distinct diffraction orders are observed. Note

the difference in frequency on the two signal
generators. This is the resolution of the Time-
Bandwidth product of the Bragg cell as interpreted
by the human visual perception. 1Is this a good
indication of the resolution quality of the Bragg
cell? How well does the difference in frequencies

compare to the resolution quality calculated

earlier? 1Is this a good Bragg cell to use in
applications where a large time-bandwidth product

is needed? Why or why not?

Special Problems

Since this experiment is very similar to Chapter VI,
the special problems discovered in Chapter VI apply to this
experiment. It is recommended for the student to review
the special problems section of Chapter VI before con-

‘f ducting this experiment.
As pointed out in the results section of Chapter
,f VI, the illumination of the laser intensity on the screen

was very low and difficult to see. The JSF was the primary

cause for blocking much of the laser light propagating

through the Bragg cell. Thus, for a brighter illumination
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of the diffraction pattern on the white screern, the JSF

was removed from the equipment setup and the experiment
conducted as such. Caution must be exercised as not to
focus the laser beam on the transducer wires of the Bragg
cell (see STEP 7).

As mentioned earlier, an important item that was
missing from this experiment is the use of a good photo-
detector array. Depending on the time-bandwidth product
of the Bragg cell, spatial distribution of the diffracted
orders caused by various input frequencies is on the order
of a few micrometers. Therefore, it is usually very
impractical for an observer to try and view the resolved
spots on a screen. Thus, the use of a photodetector array
becomes an essential element in determining the actual
resolution quality of the Bragg cell. In many instances,
the resolution quality of the optical processor is depen-
dent on the specific architecture of the system along with
the spatial distributions of the photodetector elements in

an array (2).

Results

The beam deflection aspect of the Bragg cell demon-
strates how a Bragg cell can be used as a spatial Fourier
Transform device. The remarkable thing about the Bragg

cell, as demonstrated in this experiment, is that it per-

forms the Fourier Transform of an RF input signal

s o




instantaneously. This aspect of the Bragg cell allows a
" ’%F user to perform a "real-time" analysis on the spectrum of
a signal.

Comparisons of the theoretical results with the

measured results are as follows:

Theoretical Calculations.

RF Frequency (MHz) *Angle deflection

80 11.8 milliradians :
70 10.4 milliradians

20 13.37 milliradians

*The angle measured from the zeroth order diffrac-
tion component to the first order diffraction com-

ponent (Eq (8)). .

Measured Values.

RF Frequency (MHz) Angle deflection
80 12.7 milliradians
70 11.5 milliradians
90 14.1 milliradians ﬁ

All meacsured values were taken with a Bragg cell to screen
distance of one meter. All measurements were made with a
meter stick and/or a small 30 cm ruler. Thus, the measure-
ments are subject to round-off errors and subjective inter-
pretation.

As seen from these results, the measured values

agree with the theoretical values with a little error
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-}a- round-off. This indicates that there does exist a linear

relationship between the input RF frequency and beam

Y
’

deflection. With the use of a good photodetector array,

T

and the proper architecture for an optical system, the
Bragg cell can be used as a spectrum analyzer. The amount
of light diffracted by an input frequency is an indication
of the amplitude of the signal at that particular fre-

guency. This was evident from Chapter VI.

iRtk - g

The resolution quality of the time-bandwidth pro-
duct of this Bragg cell is as follows:
ﬁ Time-Bandwidth Product = 7.04
ﬁesolution Quality = 4.26 MHz

Observed Resolution Quality = 15 MHz

iﬁ; From these results, it is evident that this type

of Bragg cell is not a good device to use in optical

applications where a large time-bandwidth product is needed.
The reason for such a small time-bandwidth product is the
physical limitation of the Bragg cell. The Bragg cell
requires a very narrow beam of light for the input. Thus,
the rise time of the Bragg cell is very fast. For a large

time-bandwidth product, a slower rise time is needed (rise

times in a Bragg cell can be anywhere from 5 to 60 micro-
[] seconds depending on the time window of the cell). This

would constitute a Bragg cell with a larger effective

CMma ke A ASEERMS s s S P L ARSI RS-

optical aperture.
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As discussed earlier, the use of observing the
resolution quality of the Bragg cell on a white screen is
not a good indication of discriminating the diffracted
orders. Again, the use of a good photodetector array is
essential in these types of applications. Although this
type of Bragg cell is not a good example to illustrate the
time-bandwidth product or resolution quality of Acousto-
optics, it will suffice to portray a simple example of the
physical effects of resolving two signals from a Bragg
cell. The procedures written for this experiment are
general enough such that the use of a Bragg cell with a

larger time-bandwidth product can be easily implemented.
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VIII. Laser Communications Using Acousto-Optic Cells

Assignment

The student will implement a laser communications
system using an Acousto-Optic Cell and a black box photo-
detector circuit. The type of modulation used will be AM

modulation.

Objectives

1. To acquaint the student with using the Bragg
Cell as a laser communications device.

2. To relate classroom theory of the Bragg Cell
transmittance function with a practical application.

3. To acquaint the student with the use of photo-
detectors and their application to optical communication

systems.

Equipment Needed

Laser Source: Spectra Physics Helium-Neon Class IIIb

4 mw (Model 102-1)

Newport Laser Mount (Model 806), 1 each
Newport Support Post (Model VPH-4), 1 each

Newport Post Holder (Model SP-4), 1 each

pulinSdiaitues diasiind She™ o
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Focusing
Lens:

Bragg Cell
and Mount:

Photodetector
Box:

a. Spherical Convex Lens with Holder
(150 mm) or equivalent, 3 each

b. Translational Stage Newport Model 430,
3 each

Newport Support Post (Model VPH-4), 3 each

Newport Post Holder (Model SP-4), 3 each

a. Newport EOS Acousto-Optic Modulator
Model N230

b. Newport Translational Stage Model 430,
3 each

c. Newport 90 degree Angle Mount, 2 each

Metrologic Instruments, Inc.

143 Harding Avenue, P.0O. Box 307

Bellmawr, New Jersey 08031

45-720 Laser Video Kit Contents:

Black circuitry control box (W-5 1/4" x

L-6 7/8" x H~2 3/8"): Part No. 00129,

1l each

Control Box l1lid: Part No. 30855, 1 each

Slide Switches (ON/OFF): Part No. 00317,

2 each

Red binding posts: Part No. 00143, 4 each

Black binding posts: Part No. 00144, 4 each

8 ohm speaker: Part No. 00119, 1 each

Printed Circuit Board: Part No. 35115,

1 each
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Battery clamp: Part No. 00006, 1 each §
Battery connector: Part No. 00008, 1 each
Support Stand for !
Photodetector 1
Box: Newport Rod and Platform Assembly (Model 300) )
Photodetector Mounting Platform

Microphone with Amplifier

Ve

Small AM/FM Radio

Audio Amplifier with Speaker

RF Driver: Hewlett Packard 8640B Signal Generator i
Theory/Background

4

H From Chapters VI and VII the use of an Acousto-

-

a Optic Cell was used as a light modulator and a beam deflec-
tion device (1l; 3; 5). 1In this chapter we will model the

L) Bragg Cell as a spatial light modulator and try to relate i
the electrical drive signal to the resultant modulation

of light both spatially and temporally. In order to facili-

tate a better understanding of the system, we must first
review the basic characteristics of Acousto-Optic Cells

as spatial light modulators.

Analytical Modeling. The Acousto-Optic Cell, when

used as a spatial light modulator, is illuminated by a

beam of light (usually collimated) in which the wave field

is modified by the sound wave in the cell via diffraction

f
l
| . . .
- processes. For our analysis, we will only work with the
“ .
r
( one-dimensional case.
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Transmittance Function
of Ceil T(x,t)

> | —1 1
N . W
> > Z
-
—

N
\
N

Monochromatic Light
Plane Wave, Unit
Amplitude at Normal
Incident with Optical
Frequency Vv

v(t)

Fig. VIII-1l. Bragg Cell with Plane Wave Illumination

With reference to Figure VIII-1, the Acousto-

Optic Cell is characterized by the complex wave amplitude

transmittance function t(x,t), where x is the spatial

- coordinate along the length of the cell. Let s(x) repre-
R sent the transducer-strain field in the Acousto-Optic

o medium at time t=0. Then the amplitude transmittance

[ )

function becomes (6)
T(x,t) = expl(js(x-Vt)]lrect (x/W) (1)
4
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where V is the acoustic velocity and W is the finite
aperture window of the cell. Placing the origin of the
Xx-axis in the middle of the cell (Figure VIII-1l), the
strain field at the transducer end s(-W/2-Vt) is propor-

tional to the input signal voltage V(t) by
s[-W/2)-Vt] = mv(t) (2)

where m is a proportionality constant.

As determined from Chapter VI, the signal V(t)
that is launched into the Acousto-Optic Cell is an RF
modulated signal. Thus, by Eq (2), if s(-) and mv{(-)
are plotted as functions of the same variable, they would
only differ by a horizontal scale factor (the sound
velocity) and a delay. Therefore, we can write the strain
field s(x) as an RF carrier that is modulated in magnitude

and phase at t=0 as:
s(x) = a(x)cos[waox + al(x)] (3)

From Reference (3) the transmittance function

T(x,t) can be expressed in a power series as:

1.2

T(x,t) = {l+js(x-Vt)-—5s (x-Vt) + ...}rec (x/W)

(4)
If the modulation amplitude a{x) is assumed to be small,
the higher order terms (i.e., sz(x-Vt)) can be neglected,

thus substituting Eq (3) into Eq (4), we get:
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Tx,t) = {l+ja(x-Vt)cos[ano(x—Vt) + o (x=-Vt)1}.

rect (x/W) (5)

Expanding the cosine term into its exponential form we

obtain
Tlx,t) = {l+g- a (x-Vt)exp[ijrfO (x-Vt) lexp[jo (x-Vt) ]

+ %a(x-Vt)exp[-jZﬂfo(x-Vt)]exp[—ja(x—Vt)]}

rect (x/W) (6)
Simplifying Eq (6) we get:
T(x,t) = {1+4a(x-Vt)expljanf _xlexp[-j2mv t]

+ da* (x-vt)exp(-jan £ _x]exp[j2ry_tl}

rect (x/W) (7)

where vo is the temporal frequency of the driving RF signal
related to spatial frequency fo by'vc;=Vfoand a(x)=[;(x)[,
a(x)=arg[%(x)] and (*) indicates the complex conjugate of
the function. The transmittance function can be expressed

in terms of the analytic signal (S(x)) by

s(x) = Re(S(x)] (8)
where
%(x) = A(x)exp[janox] (9)

Thus the transmittance function becomes,

T(x,t) = {1+j%§ (x-Vt) + 335%x-Vt)  rect (x/W) (10)

126

________________

-t L
Vet




Ul(x,t)

|
| v
> |
|
| )9
: I -\ > Z
| )e
|
. |
| _
l \)\)o

Monochromatic Light
Plane Wave, Unit
Amplitude at Normal
Incident with Optical V(t)
Frequency v

Fig. VIII-2, Bragg Diffraction of an Acousto~Optic Cell

Now let an Acousto-Optic Cell be illuminated with
a monochromatic plane wave of light with unit amplitude
impinging at normal incidence (Figure VIII-2). The complex
wave amplitude Ul(x,t) at the outpﬁt of the Acousto-Optic
Cell is just the complex amplitude transmittance function

of the cell; i.e.,

Ul(xrt) = T(xlt) (11)
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For simplicity of analysis, let's consider the special

case of A=1 (i.e., the signal V(t) is an unmodulated car-
rier). From this, the complex wave field Ul(x,t) after

substituting Eq (7) into Eq (11), becomes

1, . . .
Ul(x,t) = 7{2 + 3exp[32nfox]exp[-]2nvot]

+ jexp[-jzﬂfox]exp[jvaot]} rect (x/W) (12)

If v is the optical frequency of the incident light and

the effects of the window (i.e., rect(x/W)) is ignored,

then the interpretation of Eq (12) is as follows: the first
term is the undiffracted component with optical frequency v,
traveling in the +z-direction. The second term is a
diffracted plane wave component with optical frequency
(v-v_) traveling at an angle e=-sin_l(fok). The third

term is a diffracted plane wave component with optical
frequency (v+v ) traveling at an angle 8 = sin-l(fol)

(see Figure VIII-1).

From these results, we see that the diffraction
process of the Acousto-Optic Cell agrees with that of
Chapter VI. The shift in frequency of the diffracted wave
can be determined in three different ways (1; 4):

1. Conservation of photon and phonon momentum

2. Doppler shift of frequency

3. Diffraction process of light

From Chapter VI (Bragg Angle) the Acousto-Optic

Cell must be tilted at an angle
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Fig. VIII-3. Illustration of an Acousto-Optic :
Cell Tilted at the Bragg Angle J

0y = sin~ 1 (r/21) (13)

where A = acoustic wavelength

known as the Bragg angle to achieve maximum diffraction

efficiency. Thus, tilting the Acousto-Optic Cell as shown
in Figure VIII-3 (i.e., eliminating the +1 diffraction

order), the transmittance function of Egq (7) can be written

as
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T(x,t) = %{2+j£(x-Vt)exp[j2nfox]exp[—j2nvot]}-
rect (x/W)

= %{2+j§(x—Vt)}-rect(x/W) (14)

An important aspect of Acousto-Optic is the means of con-

verting the information signal from a light format back

to an electrical signal. Figure VIII-4 illustrates a way

of converting the temporal and spatial phase modulation of

VP S |

h the light field to a temporal and spatial intensity modula-

tion. Note that in the back focal plane of L1, spatial

filtering may be performed to block the zeroth and either
p +1 or -1 diffraction order. However, operating in the
Bragg regime, one of the orders is already suppressed.

. Thus, neglecting the effects of the window [rect (x/W)],

L)) the field in the image plane is
.13
Ui(x,t) = l+]§S(x-Vt) (15)

The corresponding intensity is

I(x,t) = |Ui(t)[2
= [1+335 (x-vt) 12
=1 1.2
= 1+3za” (x-Vt) + 2s(t) (16)
;
From this we see that we can use a bandpass filter followed :
by an image plane detector to capture the modulation wave- i
1

form since the second term is low-pass in nature. Note

that a(x) represents a real baseband signal and will be
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filtered with the bandpass filter. If a(x) in Eq (3) is

DR D ) R A AEa

zero, then s(x) is a pure amplitude modulated carrier with
the amplitude conveying the information of the baseband

. signal. Therefore, since the current out of the photo-

detector is proportional to the intensity, the information
' signal can be recovered.
. In this experiment, the student will implement

. a laser communications system using Acousto-Optics with

amplitude modulation. Later the implementation of fre-
quency modulation will be discussed. This scheme of FM
laser communications was not performed due to the lack of

proper equipment.

Experimental Procedures

w The experimental setup shown in Figure VIII-5

will be used to perform the laser communications experiment.
The Newport N230 Bragg Cell is used for this experiment.

As light propagates through the Bragg Cell the cell is
adjusted for the Bragg angle. A spatial filter is used to
block the zeroth order component. A focusing lens (SL2)

is used to keep the first diffracted order from diverging

ittt bitbrini

too much and SL3 is used to concentrate the light energy

onto the photodetector. The current out of the photo-

detector is proportional to the intensity of the light.
The intensity of the diffracted beam is given by:

Ipg = IIN{sin2 Kv(t)} (17)
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sin?(8) 3
£
&5
~ O
VQ?'
i
[
|
]
: —t >
0 n/4 n/2 w (9)
!
\.
L 2
R Fig. VIII-6. Sin“ (8) Curve
& @
;. where
- IDB = intensity of diffracted beam,
E IIN = intensity of incident light,
! K = constant,
4
¢
i vit) = Vo + vl(t), and
! Kv(t) << 1.
.
Y Thus,
N _ 2
- IDB = Iy sin (KVO+Kl(t)) (18)
[ The sinz(-) and its argument are shown in Figure VIII-6.
[.
f Notice that the curve is almost linear in the region about
b m/4. Thus, if KV, = T/4 then the Bragg Cell will operate
)
’ in the linear in intensity region. Thus, Eq (18) becomes
134

. .. X . - . A A o .
. - P o e s et . . . IR SoOs
N O U e e St e ST T
P PR WETN YR IPIAAY 4 SR T S S iy WP I Sy SN, T S S 1 S L VP A S AP YIS P U, Y N




I =1 sinz(n/4+Kvl(t)) (19)

DB IN
:
After some work the diffracted beam intensity is: ’
Iog = Ipy(Ll/2+Kvy (L)) (20)

The current out of the photodetector is proportional to

IDB; thus,

v
LA AL

Ip(t) » Iq

© IIN(1/2+Kvl(t)) (21)

Notice the first term is just a bias and can be filtered

& SRl AR and

\

while the second term is the recovered signal.

Laser Communications with Acousto-
Optic Cell Procedures

It is recommended that two students work together

to set up this experiment since aligning the laser with

the photodetector may take some meticulous alignment.

Refer to Figure VIII-5 when performing these procedures.

STEPS INSTRUCTIONS

1. Assembling the Laser Source--assemble Spectra

Physics laser into laser mount and attach to

Support post and post holder. Fasten the post

holder to the optical table. Connect the He-Ne

laser to the laser exciter. Turn on the laser

exciter and allow a few minutes for the laser to

warm up.

......



P

vy

*

*
*
*
*
*
*
*
*
*
*
*
*

Focusing Lens--fasten a support post to a transla-

tion stage and secure the post in a post holder
placed in front (3-4 inches) of the laser source.
The stage should move in a parallel line with the
laser beam. Next, fasten a spherical lens with
holder (SLl) to the translation stage and adjust
the height of the support post so the laser beam
strikes the center portion of the lens.

Bragg Cell and Mount--build an X~Y-Z translational
state using three translational stages and two 90-
degree angle mounts. Fasten the Bragg Cell to the
stage and place the stage one focal length (i.e.,
150 mm) in front of the focusing lens. Ensure that
the Bragg Cell aperture is perpendicular to the
laser beam.

Alignment--adjust both the X-Y-Z translatinnal
stage and the focusing lens to center the laser

beam on the Bragg Cell aperture.

Ry R R R I Y
CAUTION

Exercise extreme care to avoid focusing the

laser beam on the gold bond wires of the

wires to vaporize and severely damage the

operation of the Bragg Cell.

*
%*
*
*
%*
%*
acoust. c transducer. This may cause the *
*
*
*
%
Ak hkhkhkkhhhhkrhhkhhkhhkhkhkhkhhkhkhkhkhkhkkhhkhkhhhkkhkhkhkkdkkkii
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5. Connect the Hewlett Packard (HP) 8640B Signal
Generator RF out to the Bragg Cell. Before turn-
ing on the power to the HP signal generator, set
the following configuration on the front panel:

AM Modulation: OFF

AM Modulation 0-100%: Fully CCW
Audio Output Level: Fully CCW

Scale: AM(x10%) Depressed

i
j

Modulation Frequency: 1000 Hz

» FM Modulation: OFF

g Counter Mode: INT/EXT Depressed
E Range (MHz): 64-128

L Output Level: +10 dBm

RF: OFF

6. Turn "ON" the power to the HP 8640B and adjust the

frequency output to 80 MHz. Next switch the "RF"
switch to "ON."™ Note: The power setting of +10 )
dBm on the output level is below the recommended q
RF power to the Bragg Cell. This is a safe power )
setting and may be used to perform this experiment;
however, for a better diffraction efficiency of the i

Bragg Cell, the output level may be increased to

1

\

+20 dBm. When doing this, ensure that the "REDUCE N

N

: PEAK POWER" light on the HP 8640B is NOT illumi- ’
. nated. Although the Bragg Cell is designed to

handle the peak power out of the HP 8640B signal
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generator, the signal generator is not designed

to operate at its peak power.

Adjust the angle the Bragg Cell makes with the
laser beam until the first order diffraction com-
ponent 1is visible on a test screen. (A white
card, placed approximately 50 centimeters behind
the Bragg Cell, was used as a test screen.) To
ensure that the diffraction pattern observed is
the zeroth and first diffracted orders on the HP
8640B, switch the "RF" switch to "OFF" and obsefve
that the first diffracted order will disappear.
Switch the "RF" switch back to "ON" and ensure
that only one of the first order diffraction com-
ponents is strongly illuminated (i.e., adjust for
the Bragg angle).

Set up a lens on a translational stage (as in

Step 2) and place the focusing lens (SL2) approxi-
mately one focal length (150 mﬁ) behind the Bragg
Cell. Use a small cardboard box to block the
zeroth order component.

Approximately 20-30 feet away, place a third
focusing lens (SL3) in the line of the laser (first
diffraction order). Note: At this distance,

the laser will have diverged and the circular
pattern of the first diffracted order will be much
larger than the zeroth order on the spatial filter

at sL2.
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Place the photodetector box one focal length
behind SL3 and align it so the laser beam (first
diffracted order) focuses on the detector's active
area (either detector "1" or "2" may be used).
Ccnnect a small Audio Amplifier with a speaker to
the output of the photodetector and ensure the
power switch of the photodetector circuitry is
"ON."

The laser communications system should now be ready
for demonstration. On the HP 8640B, switch the
"AM" switch from OFF to INT (internal modulation).
This will modulate the RF carrier with a 1000 Hz
signal. The output of the photodetector and the
speaker should be a 1 KHz tone. If this does not
happen, recheck the alignment and ensure the laser
is striking the active area of the detector.

To process a voice signal over the laser, simply
connect a microphone with the proper biasing
voltage (i.e., use a small amplifier for amplify-
ing the voice signal to approximately 1-2 volts
peak-peak) to the AM modulation "input." Switch
the "AM" switch to "AC" to allow an external signal
to modulate the RF carrier. Ensure the modulation
index is not over 100 percent (i.e., do not over-
modulate!!!). This may cause distortion of the

baseband (voice) signal.
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15. As a Gee Wiz demonstration, use a small AM/FM
radio and connect the "Earphone" output of a small
radio to the HP 8640B AM modulation "input."

Adjust both the percent modulation of the AM signal
generator and the volume of the radio to ensure a
good fidelity of the audio signal out of the
speaker. The volume of the speaker may also be
controlled by adjusting the amount of RF power

delivered to the Bragg Cell.

Special Problems

Refer to Chapter VI for special problems with adjust-
ing the laser beam in the Bragg Cell. For this experiment
the Jordan Spatial Filter and the Iris Diaphram were not
used because they would have severely reduced the amount
of laser energy delivered to the photodetector. Since the
current of the photodetector output is proportional to
the intensity of the light striking it, the objective
was to deliver as much laser energy to the detector as
possible.

Spherical Lens 2 is used to keep the laser beam
(first diffracted order) from diverging out too much before
reaching the photodetector. The SL2 lens was adjusted to

propagate the laser beam as near collimated as possible.

Because the laser beam exiting the Bragg Cell was not
perfectly spherical, the effects of SL2 were limited and

could not perfectly collimate the light. As noticed
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during this experiment, the beam still diverged over the

propagation distance.

——— A

SL3 is very important during the detection process.
This lens will collect as much energy from the laser as i
possible and focus it onto the detector. Without it, the
amount of laser energy that actually strikes the photo-
detector is so small that the information signal would be
lost below the detection threshold of the photodetector
and therefore no output would be detected.

The photodetector box came in a kit by Metrologic
Instruments, Inc. and was already assembled prior to use.
Thus no major problems were encountered with the detector i
except the power source (9 volt battery) needed replacing. 1

In performing this experiment, an oscilloscope was

used to monitor the RF signal out of the HP 8640B signal

generator. The AM waveform was monitored while adjusting

the percent modulation out of the signal generator. This
helped to ensure a good RF modulated signal was being
delivered to the Bragg Cell. The oscilloscope was also
used to monitor the output of the photodetector which made

aligning the photodetector with the laser beam (first

]
]

diffracted order) quite simple. The signal out of the

photodetector circuit box was compared to the signal out

X of the HP 8640B signal generator and it was noticed that
the photodetector signal was simply the envelope of the

RF signal (as expected from AM modulation). Thus, the
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output of the photodetector circuit box is the input

baseband (voice/radio) signal.

Results

The results of this experiment proved to be quite
favorable. Laser communications using an Acousto-Optic
Cell was successfully implemented with little trouble.
The next step after successfully completing the AM modula-
tion technique was to try the FM modulation technique.

Several articles have been written by others
describing the FM modulation technique using Acousto-Optic
interaction as the means of modulating the light (2; 7).
The idea of FM laser communications with Acousto-Optic Cells
is to combine two spatially separated beams of light,
namely that of the zeroth order component and the first
diffracted order, by interference principles to produce
an ultrasonic frequency for processing by some suitable
detector (photo-multiplier tube, photodiode array). The
article by Thaler (7) describes a technique for modulating
a He-Ne laser by Standing Ultrasonic Waves. Today, the
same idea can be implemented using Acousto-Optic Cells as
the ultrasonic wave medium.

The experimental setup of Figure VIII-7 was used
to demonstrate the use of FM laser communications using
Acousto-Optic cells. The major problem with this setup

was the lack of proper equipment to successfully implement
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the system. The equipments (optical components) that were
needed are

1. Two beam splitters

2. Newport mirror holder (Model 600A-4R), 2 each

3. Photodetector array

4. FM demodulation circuitry
It is recommended that with the equipment list from this
chapter and the equipment just mentioned, a student would
be able to successfully implement a full FM laser communi-

cation system.




yo

B L £ p - ot g~ ol ekt dc tnh MOt RAd gt S Ul Bl B AN SRl e ool el e And e & sl Aadh A i Gl IR S viae el 2 A i b dean il B Betn e bt

Bibliography

1.

2‘

Alder, Robert. "Interaction Between Light and Sound,"
IEEE Spectrum, 4: 42-53 (May 1967).

Borsuk, Gerald M. and William J. Thaler. "Frequency
Modulated Laser Communications System," IEEE Trans-
action on Sonics and Ultrasonics SU-17(4): 207-209
(October 1970).

Class Lectures or Lecture Materials. Syed, Vagar
lecture notes distributed in EE 672 "Optical Communica-
tions," School of Engineering, Air Force Institute

of Technology (AU), Wright-Patterson AFB OH, January
1984.

Dixon, R. W. and E. I. Gordon. "Acoustic Light Modu-
lators Using Optical Hetrodyne Mixing," Bell System
Technical Journal, 46: 367-389 (1967).

Korpel, Adrianus. "Acousto-Optics--A Review of Funda-
mentals,"” Proceedings of the IEEE, 69(1): 48-53
(January 1981).

Rhodes, William T. "Acousto-Optic Signal Processing:
Convolution and Correlation,” Proceedings of the
IEEE, 69(1): 68-79 (January 1981).

Thaler, William J. "Frequency Modulation of an He-Ne
Laser Beam via Ultrasonic Waves in Quartz," Applied
Physics Letter, 5(2): 29-31 (July 1964).

145

.................

-y




MR

IX. Correlation Using Acousto-Optic Cells

Introduction

ey
i ()

Acousto-Optic Cells are known for their funda-
mental simplicity in optical signal processing systems
and their wide bandwidth. For real-time signal process-
ing, these types of cells become a very good candidate.

The basic principle involved in correlating two
signals via optical signal processing using acousto-optic
cells, is to launch a signal into a Bragg Cell so that a
time window format of the signal, containing many signal
cycles, is present to the optical system. The signal, dis-
played spatially, is illuminated by a collimated beam of
light and imaged, using geometric optic techniques, onto a
second Bragg Cell. The second Bragg Cell contains a time
window with many signal cycles of a second signal. The
field exciting the second Bragg Cell is proportional to the
product of the two signals. Again by geometrical optics,
the light is further processed and imaged onto a photo-
detector array. The photodetector array will integrate
the light distribution over all the surface of the detector
and the time varying output of the detector array will be
the desired correlation function.

Signal correlation, by spatial integration, is

performed by spatially integrating light collected from
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all parts of a signal which is simultaneously present in
an acousto-optic device or pair of devices. This type of
correlation is limited by the time-bandwidth product (num-
ber of signal cycles that are correlated) of the acousto-
optic device. In working with the equipment available at
the AFIT communications electronic laboratory, this type
of scheme was not considered due to the lack of sufficient

equipment available. Thus a different approach to signal

correlation was attempted using a time integrating correla-
tion structure and will be the topic of this chapter. Due
to the lack of proper equipment available, this particular

d
experiment was not fully performed; however, the means '
for realizing the full implementation of this experiment

will be discussed in this chapter.

Theory Description

The basic structure of time integrating correlation

using acousto-optic cells is depicted in Figure IX-1l. The
signals to be correlated are Sl (t) and S2(t). The signal
S1(t) is used to modulate the intensity of a small Bragg

Cell (BCl). The zeroth order beam is spatially filtered

and the first diffracted order light from BCl is expanded
and imaged onto Bragg Cell 2 (BC2). 82(t) is used to modu-

late an rf carrier that drives BC2. The Bragg Cell BC2

ikl bl

creates a time window of S2(t) and displays it in space

‘A e g

along the length of the Bragg Cell. The spatial distribution
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of the signal becomes S2 (t-x/V) where x is the position X

along the length of the Bragg Cell and V is the acoustic

Y NPT

velocity in the cell.
The acoustic signal emerging from BC2 is Fourier

transformed, using an imaging lens, and spatially filtered

| "B ]

; in the Fourier plane where only the first order diffracted

’
W T Y

component and its sidebands are allowed to pass through

-

X the system.
b A second lens is used to inverse Fourier Transform
[ the acoustic signal and image it onto an array of photo-

diodes which integrate the light intensity. The output of

W IR e

F the diode at position x is given by Eq (1) where T is the

detector integration time (i.e., detector time constant) (5).

I S S )

T
r (x) =j Sy ()8, (€t - ;’j) at (1)
0

ieciedBRA

As noticed by Eq (1), the time integrating corre-
lator integrates with respect to time instead of space. s
4

The time bandwidth product of the correlator, which is

the total number of signal cycles involved in the correla-
tion, is limited in practice by two constraints: (1) the
detector integration time, which is limited by its dark

current; and (2) the usable portion of the time window in

the cell. 1In general, large time bandwidth products
enable recovery of a signal whose voltage level is very

near the noise level (5). ‘
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The bandwidth of the correlator is determined by
the bandwidth of the Bragg Cell and the bandwidth of the
modulator driver to the cell. Typically, state of the art
acousto-optic cells have bandwidths of hundreds of mega-
hertz (MHz) (1; 5). The limiting factor is the modulating
speed of the modulator. Using light emitting diodes as a

source for modulation one could achieve up to 200 MHz of

bandwidth. However, light level illuminaticn is very low.
A continucus wave (cw) laser can be used with an electro-
optic modulator which can achieve up to 500 MHz of band-
width (3). Acousto-optic modulators normally have band-
widths of tens of megahertz (e.g., 20 MHz). Usually above
20 MHz the diffraction efficiency will go down and the low
contrast »f modulation will reduce the dynamic range of
the correlator. However, the usable bandwidth of these
types of modulators can be extended by using a Schlieren
readout slit (5).

The time difference acceptable by the correlator
is determined by the time window of the cell. Normally,
Bragg Cells have a time delay of 5 to 60 microseconds
depending on the bandwidth of the cell. This time delay
can be extended by use of a stacked array of transducers
in conjunction with delay lines. To utilize the maximum
extent of the time window, a sufficient number of detectors
must be available to sample the correlation function at

the proper intervals.
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Experimental Procedures

The experimental setup shown in Figqure IX-2 is
designed to illustrate the operation of the time inte-
grating acousto-optic correlator. A Newport (Model N230)
acousto-optic modulator (bandwidth = 30 MHz), driven by
Sl (t), was used to modulate a cw He-Ne laser. The modu-
lated light (first diffracted order) was expanded and
collimated to illuminate a second acousto-optic cell
(IntraAction AOD-70). The phase variations within the
Bragg Cell, caused by the electrical input signal (S2(t))
were Fourier transformed by a spherical lens behind the
cell. 1In the focal plane of the lens, the zeroth order
component was filtered so only the first diffracted order
was imaged onto a photodetector array. The phase vari-
ations of the Bragg Cell were imaged as intensity varia-
tions onto the image plane. Linearity was achieved in the
two Bragg Cells by operating in the linear in intensity
region of the Bragg Cell (see Chapter VIII--Experimental
Procedures). The intensity variations on the photodetector
array are integrated and the time varying output of the
array 1is the desired correlation function.

The procedures just described are the procedures
used to implement the time integrating correlator using
acousto-optic cells. However, this implementation was not
fully carried out due to the lack of proper optical equip-

ment. The following is a list of the equipment needed to

151

LA A i iend ol Ml At s me s e a- R B and kot

vy
AR

.....




—— \J-d\.. >y T, LYY T,

.x..,,u
P. =
. 3
., -4
|
l, . L
2 ) w
3
:, dnasg Teiuswixadxm Io3le[9II0) burjeaboajur swrlg °Z-XI °*DBTd .
]
. ]
A -
, Jopuedxyg wesag 3d 4
5 suo] Teotasayds TS By
: I937Td TeTieds  ds e
. Aexay I030939po3joyd vd e
g SusT TedTApuITAD 1D 1.
] (0L-a0oV uotjoyexjui) 1190 bbeag zod '
3 (0gZN 3x0dmapN) 112D bbeag 104 .
3 -9
b, WWL‘
,, oY
1 burssaooxg i 1
d 3sod : = _ -
p: 4 ! 4
(3)*s (3 s
1 ]
= g
“ N I ;
= : DB |
m Z'Is 1S ite) ¢od TO dd 4S 109 118 .
)
R

AL S P




L pEamchi e et e i Padh Aiaia Al Al SRS st Jhat —Shafe Ut Tt Sinft Jind b i Mhad HRa/ ~ A o R S odh S Y TR S RN A DA DU AR S i S S-SR e i Y A IL A |

carry out this experiment and the problems encountered in
- performing this experiment.
3 1. Cylindrical lens: In performing this experi- '

ment, the AOD-70 Bragg Cell was used to spatially dis-

tribute S2(t). This type of Bragg Cell is a one-dimensional
cell and requires longitudinal waves as an input to the
cell. The spherical lens used, generated spherical waves
from the collimated laser beam. In using this type of
waves to illuminate the Bragg Cell, much of the energy was .
lost due to the windowing effect of the Bragg Cell.

Cylindrical lens will provide the proper phase transforma-

tion on a collimated beam of light (generating longitudinal
waves) for illuminating the Bragg Cell.

2. Photodetector array: As pointed out earlier,

the use of a photodetector array is essential in capturing
the sampled values of the correlation function. The photo-

detector available (Metrologic photodetector box) did not

sample and integrate the light distribution since this

type of detector is not designed to do so. A photodetector
array is needed to integrate each section of the image wave-
form and produce a spatial distribution of the correlation

1"

function as a function of "x" (distance along the Bragg

Cell or detector array). With a photodetector array, the

correlation function can be observed on an oscilloscope

connected to the output of the detector array.
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3. Schlieren readout slit: This type of slit is
basically a spatial filter which filters the zeroth order
and other unwanted diffracted order components. The
physical size of the slit depends on the architecture or
geometry of the system.

This experiment was taken from the article by
Sprague (5). Several other time integrating correlator
architectures were investigated (2; 4; 6) and the archi-
tecture by Sprague was the simplest to implement with the
equipment available.

The laser source (Spectra Physics Model 102) avail-
able, although sufficient for aligning the system, did not
provide a good illumination level to the second Bragg Cell.
Consequently, the illumination to the image plane (detector
plane) was even lower. It is recommended that for any
student wishing to perform this experiment, he/she may want to
get another laser source with an output power higher than

2 milliwatts.

Conclusion

Although this experiment was not performed, the
means for its full implementation are almost there. As
discussed above, the additional equipments needed for
implementing this experiment are few yet necessary. The
IntraAction AOD-70 Bragg Cell used in this experiment

was on loan from National Security Agency, Ft. Mead MD.
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The AFIT EE Communications department does not have a ;

full size Bragg Cell. Thus, it would *e to the depart-

ment's advantage to order one for further development of

the optical communications program.
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X. Conclusion

A number of experiments in optical communications/
signal processing were designed, implemented and demon-
strated. These experiments were developed to give the stu-
dent a stronger understanding of the principles and prac-
tices of Optical Communications. Each experiment developed
portrays a different aspect of either optical principles or
Acousto-Optical principles. With the addition of more equip-
ment into the laboratory, the student should be able to
expand on the theoretical background of optics and communica-
tions and create some different experiments which would
enhance various aspects of the Optical Communications field.

In pursuing this thesis effort of organizing the
existing laboratory equipment and developing some simple
experiments to aid the learning process of understanding
classroom theory, many thoughts came to the author's mind
as to improving the existing conditions of the laboratory.
The following is a list of the possible recommendations
which could help future students in the field to be better
prepared for pursuing either research or basic understand-

ing of the Optical Communications science.

Recommendations

1. An important piece of equipment for working

with optical equipment is a good optical table. The table
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used to conduct all the experiments in this thesis was a
sturdy 3'x8' wooden work bench. The bench was secured
against a wall so it would not shake while conducting the
experiments. Two aluminum slabs (3'x4') were used on top
of the table which had screw holes drilled approximately
four inches apart all throughout the slab. The optical
components were screwed to the aluminum slabs to keep them
from vibrating. Although this worked satisfactorily for
the time being, it is recommended that a good sturdy opti-
cal table be purchased for the use of future optical com-
munications projects. A recommended source is the Newport
Research series Honeycomb table top (5'x16'). See the
Newport Catalog (1984 Series).

2. During the process of this thesis effort, many
different types of optical components were borrowed from
various departments within the AFIT department. This
created many problems with support, time, and quality. The
major items that were not available within AFIT are: lenses,
beam splitters, mirrors, and a photodetector array. Instead
of listing all the various equipment that is needed, refer
to the equipment list of each experiment. The equipment
listed is what is necessary for conducting the experiment
with one group (two persons) of people. To implement a
full laboratory with many people, it is recommended that

the AFIT EE Department purchase the required equipment.
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needed for conducting each experiment. A recommended
source is the Newport Corporation of Melbourn, Florida.
3. The Acousto-Optic Modulator (Bragg Cell) used 3
throughout this thesis is the Newport Corporation Model
N230. Although this was instrumental in learning the )
simple principles and practices of Acousto-Optic inter- !
action, this type of modulator was not designed to perform
correlation processes and techniques. The time-bandwidth j
product of this device is much too small. Therefore, it !
is recommended that a full size Bragg Cell be purchased :
for implementing light and sound interaction experiments. f
A recommended source is the IntraAction Corporation with i
the AOD/70 model. This particular model was loaned to p
the AFIT EE department by the National Security Agency for |

the purpose of experimenting and research efforts.

4. Frequency Modulated Laser Communications: The
reality of this type of system using acousto-optics is not W
far from reach. As pointed out in Chapter VIII, only a H
few pieces of equipment are all that is necessary for con- 5

ducting this experiment. It is recommended that after the
department acquires the necessary equipment needed for
this experiment, that several schemes for performing FM
laser communications be implemented by utilizing both a
video and an audio signal to be transmitted simultaneously
on a single laser beam (i.e., transmit the video signal

via FM communications and transmit the audio signal via
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AM communications. Two Bragg Cells will have to be used

to properly implement this scheme.) See article by Borsuk

and Thaler, Chapter VIII, reference 2.

5. Holography: The laboratory has a holography
kit by the Metrologic Company and comes with a booklet
which describes the basic principles for setting up a
holography experiment. Any student interested in setting
up a holography demonstration may do so since all of the
equipment necessary is available in either the Communica-
tions laboratory or the Physics laboratory. Since a

booklet along with the holographic kit was available,

procedures were not written up for this type of experiment.

It is left up to the initiative of the student to pursue
this exciting field of endeavor.

6. Cross-correlation and Ambiguity Functions
using Acousto-Optic Cells: The references at the end of
Chapters VIII and IX have several references to acousto-
optic architectures which perform either a cross-
correlation or an ambiguity function. To implement these
architectures, two or three full size Bragg Cells are
needed. Much research and development is being done in
the area of radar signal processing in which these tech-
niques are used. Implementing a cross-correlation on a
radar signal using acousto-optic techniques can be per-
formed in real time. Since this is a very open area of

research, it is recommended that upon acquiring several
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full size Bragg Cells for the AFIT Communications labora-
tory, students develop experiments and conduct research
for this area of Acousto-Optic signal processing.

7. Since much research and development in communi-
cations is in the area of fiber optic technology, it is
also recommended that some good sources of both laser
diodes and semiconductor lasers be acquired for the use
of developing experiments in the area of fiber optic
communications. Also an important item not to be forgotten
is the detector. Since detectors are just as important
as the transmitters (laser sources), it is recommended
that several quality detectors be acquired for this same

purpose of fiber optic communications.

l61

RN

st B icbvaieadeclociea B s




e e e T g TR T T e B VA TR LN N

VITA

Captain William K. Aiu was born on 25 June 1958
in Los Angeles, California. He graduated from high school
in Kapaa, Hawaii in 1976 and attended the University of

Portland from which he received the degree of Bachelor of

Science in Electrical Engineering in May 1980. Upon gradua-
tion, he received a commission in the USAF through the ROTC
program. He was employed as a Hydro-Electric Design Engi-

neer at the Army Corps of Engineers in Portland, Oregon i

until beinc¢ called to active duty in August 1980. He

graduated from the Communications-Electronics Engineer
Course at Keesler AFB, Mississippi in January 198l. He *
served as a Systems Evaluation Team Chief with the 1815

Test and Evaluation Squadron, Wright-Patterson AFB, Ohio

until entering the School of Engineering, Air Force Insti-
tude of Technology. Upon graduation from AFIT in December
1984, he is scheduled for assignment to the Air Force

Communications Command Headquarters at Scott AFB, Illinois. , 3

hiha s

L

Permanent address: 4855-C Nonou Rd

Kapaa, Hawaii 96746

W




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE
e ———————— |

REPORT DOCUMENTATION PAGE

'~‘. .f1a. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MARKINGS
-§ UNCLASSIFIED

2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT
- Approved for public release;
. 2b. DECLASSIFICATION/DOWNGRADING SCHEDULE diStribution U.nl lmlted-

4. PEAFORMING ORGANIZATION REPORT NUMBERI(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)

AFIT/GE/EE/84D-12

'ﬁa. NAME OF PERFORMING ORGANIZATION b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

- School of Engineering (1f applicable)
3
: 6c. ADDRESS (City, State and ZIP Code) 7b. ADDRESS (City, State and ZIP Code)
[ Air Force Institute of Technology

Wright-Patterson AFB, Ohio 45433

8a. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

ORGANIZATION (If applicable)
8c. ADDRESS (City, State and ZIP Code) 10. SOURCE OF FUNDING NOS.
PROGRAM PROJECT TASK WORK UNIT
+ ELEMENT NO. NO. NO. NO.

11. TITLE (Inciude Security Classification)
See Box 19

12. PEASONAL AUTHOR(S)
A wWilliam K. Aiu, B.S.E.E., Capt, USAF
L)) 13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Yr., Mo., Day) 15. PAGE COUNT

- MS Thesis FROM TO 1984 December 176
: 16. SUPPLEMENTARY NOTATION

L

l17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

Lrewo GROUP SUB. GR. Acousto-Optics, Optics, Optical Communications,
17 02 Telecommunications

19. ABSTRACLT rContinue on reverse if necessary and identify by block number)

. yaw AFR10TE
Title: THE DEVELOPMENT AND IMPLEMENTATION OF bt p?bn‘r/:e\msa.} ,16 l".,f&)'\’
AN OPTICAL COMMUNICATIONS LABORATORY Bpr ST Y ke~

T e ok

ter A Cohe

LA D ,veloPﬂe“‘

v 7 ’\"E'. L1
T

Des® T
A Yee L
Thesis Chairman: Dr. Vagar H. Syed woght

o

T .

;#
e ———

. A. R - o .

=1
1

': 20. DISTRIBUTION/AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION

. :.:;:‘;iNCLASSlFlED/UNLINHTED @ sawme as aer. O oricusers O UNCLASSIFIED

22a. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE NUMBER 22¢. OFFICE SYMBOL
{Inciude Area Code)

(513)255-3576 ENG/AFIT
- DD FORM 1473, 83 APR EDITION OF 1 JAN 73 IS OBSOLETE. UNCLASSIFIED

Kenneth Castor, Major

SECURITY CLASSIFICATION OF THIS PAGE

A r . . . .
SOAN | SAAAANNSS. VRee




'.' UNCLASSIFIED
P

SECURITY CLASSIFICATION OF THIS PAGE

[

This report is an accumulation of seven optical
laboratory experiments developed for the Optical Communica-
tions Program at the Air Force Institute of Technology.

The projects include measurement of pertinent parameters
of Fourier Optics (diffraction patterns and lenses) and
Acousto-Optics (Bragg angle and beam deflection using an
acousto-optic modulator), image construction and spatial
filtering, laser communications with an acousto-optic
modulator and a scheme for implementing a time integrating
correlator using two full size acousto-optic modulators.

Each experiment is self-contained with subsections
on project assignments, objectives, theory/background,
special problems, and experimental results.

The results of this report recommend that the
Optical Communications Program at AFIT further develop
their experimental laboratory and acquire some state-of-~the-
art acousto-optic modulators for students to pursue research L
and future studies.

.-

UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE

e e . - -

Te . - - . - °, Ty L . v S . -7 s ta * Y -"‘ .‘
- - “, - K -‘ - R o . Rl . ‘.. -‘ . -.‘.'y‘ 'n‘ o~ '1' ‘;- -. _.. - o Rl _C.~.-- ‘\\ .0‘ .,
B R R A T D R R T e S S S S T




ALl A Ak Al A S Mg Al S A A i e A AT A A el A R Sl ORI IS S
< . . ~ PRI N L.

A..;

P

ca_A 2 B

¢ w e el —




