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Copyright, Warranty, and Equipment Return

Please—Fed freeto duplicate this manual
subject to the copyright restrictions below.

Copyright Notice

The PASCO scientific 012-04630E Model WA-9314B
Microwave Optics manual iscopyrighted and al rights
reserved. However, permission isgranted to non-profit
educationd ingtitutions for reproduction of any part of the
manual providing the reproductions are used only for their
laboratories and are not sold for profit. Reproduction
under any other circumstances, without the written
consent of PASCO scientific, is prohibited.

Limited Warranty

PASCO scientific warrants the product to be free from
defectsin materias and workmanship for aperiod of one
year from the date of shipment to the customer. PASCO
will repair or replace at its option any part of the product
which is deemed to be defective in materia or workman-
ship. The warranty does not cover damage to the product
caused by abuse or improper use. Determination of
whether aproduct failureisthe result of amanufacturing
defect or improper use by the customer shall be made
solely by PASCO scientific. Responsibility for the return
of equipment for warranty repair belongsto the customer.
Equipment must be properly packed to prevent damage
and shipped postage or freight prepaid. (Damage caused
by improper packing of the equipment for return shipment
will not be covered by the warranty.) Shipping costsfor
returning the equipment after repair will be paid by
PASCO stientific.

Credits
Thismanud edited by: Dave Griffith

Teacher’ sguide written by: Eric Ayars

Equipment Return

Should the product have to be returned to PASCO
scientific for any reason, notify PASCO scientific by
letter, phone, or fax BEFORE returning the product. Upon
notification, the return authorization and shipping
instructions will be promptly issued.

» NOTE: NO EQUIPMENT WILL BE
ACCEPTED FORRETURN WITHOUT AN
AUTHORIZATION FROM PASCO.

When returning equipment for repair, the units must be
packed properly. Carrierswill not accept responsibility for
damage caused by improper packing. To be certain the
unit will not be damaged in shipment, observe the follow-
ing rules:

@ The packing carton must be strong enough for the
item shipped.

@ Make certain there are at least two inches of
packing material between any point on the
apparatus and the inside wals of the carton.

® Make certain that the packing materid cannot shift
in the box or become compressed, allowing the
instrument come in contact with the packing
carton.

Address:  PASCO scientific
10101 Foothills Blvd.
Roseville, CA 95747-7100
Phone: (916) 786-3800
FAX: (916) 786-3292
email: techsupp@pasco.com
web: WWW.pasCco.com
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Microwave Optics

Introduction

There are many advantages to studying optical phenom-
enaat microwave frequencies. Using a2.85 centimeter
microwave wavel ength transforms the scale of the experi-
ment. Microns become centimeters and variables ob-
scured by the small scale of traditiona optics experiments
are easily seen and manipulated. The PASCO scientific
Model WA-9314B Basic Microwave Optics Systemiis
designed to take full advantage of these educationa ben-
efits. The Basic Microwave Optics System comeswith a
2.85 centimeter wavelength microwave transmitter and a
receiver with variable amplification (from 1X to 30X).
All the accessory equipment needed to investigate a vari-
ety of wave phenomenaisaso included.

This manual describes the operation and maintenance of
the microwave equipment and also gives detailed instruc-
tions for many experiments. These experiments range
from quantitative investigations of reflection and refrac-
tion to microwave models of the Michelson and Fabry-
Perot interferometers. For those who have ether the
Complete Microwave Optics System (WA-9316) or the
Microwave Accessory Package (WA-9315), the manual
describes experiments for investigating Bragg diffraction
and Brewster'sangle.

Equipment

Gunn Diode Transmitter

The Gunn Diode Microwave Transmitter provides 15 mW
of coherent, linearly polarized microwave output at a
wavelength of 2.85 cm. The unit consists of a Gunn di-
odein a10.525 GHz resonant cavity, amicrowave horn
to direct the output, and an 18 cm stand to help reduce
tabletop reflections. The Transmitter may be powered
directly from astandard 115 or 220/240 VAC, 50/60 Hz
outlet by using the provided power supply. Other features
include an LED power-indicator light and arotational
scale that allows easy measurement of the angle of po-
larization.

The Gunn diode acts as anon-linear resistor that oscillates
inthe microwave band. The output islinearly polarized
aong the axis of the diode and the attached horn radiates
astrong beam of microwave radiation centered along the
axis of the horn.

To Operate the Microwave Transmitter

Simply plug the power supply into the jack on the
Transmitter's bottom panel and plug the power supply into
astandard 115 or 220/240 VAC, 50/60 Hz outlet. The
LED will light indicating the unit ison.

[PASC (e
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» CAUTION: Theoutput power of the Microwave
Transmitter iswell within standard safety levels.
Nevertheless, one should never look directly into the
microwave horn at close range when the Transmit-
ter ison.

Power Supply Specifications:
9 Volt DC, 500 mA;

Miniature Phone Jack Connector (the tip is positive)

i
al

3

N

Microwave Transmitter with Power Supply
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Microwave Receiver

TheMicrowave Receiver providesameter reading that,
for low amplitude signals, is approximately proportional
to the intengity of the incident microwave signal. A mi-
crowave hornidentical to that of the Transmitter's collects
the microwave signal and channelsit to a Schottky diode
ina10.525 GHz resonant cavity. The diode responds
only to the component of amicrowave signa that is polar-
ized dong the diode axis, producing a DC voltage that
varieswith the magnitude of the microwave signd.

Special features of the Receiver include four amplification
ranges—from oneto thirty—with avariable sengitivity
knob that allows fine tuning of the amplification in each
range. For conveniencein class demonstrations, banana
plug connectors provide for an output signal via hookup
to aprojection meter (such as PASCO Modd ES-9065
Projection Meter or SE-9617 DC Voltmeter). Thisoutput
can also be used for close examination of the signal using
an oscilloscope. Thereceiver is battery powered and has
an LED battery indicator; if the LED lightswhen you turn
on the Receiver , the battery isworking. Aswith the
Transmitter, an 18 cm high mount minimizestabletop
reflections, and arotational scale alows convenient mea-
surements of polarization angle.

Microwave Receiver

The female audio connector on the side of the Receiver is
for an optional Microwave Detector Probe (PASCO
Mode WA-9319). The probeworksthe same asthe Re-
celver except it has no horn or resonant cavity. The Probe
isparticularly convenient for examining wave patternsin
which the horn could get in the way, such asthe standing
wave pattern described in Experiment 3 of thismanual.

»NOTE: The detector diodesin the Receiver (and
the Probe) are non-linear devices. Thisnon-linear-
ity will provide no problemin most experiments. It
isimportant however, to realize that the meter read-
ing isnot directly proportional to either the electric
field (E) or theintensity (1) of theincident micro-
wave. Instead, it generally reflects some intermedi-
atevalue.

To Operate The Microwave Receiver:

>»NOTE: Before using the Receiver, you will need
toingall the two 9-volt transistor batteries—they are
included with the system. Seetheingtructionsin the
Maintenance section at the end of thismanual.

® Turnthe INTENSITY selection switch from OFF to
30X, the lowest amplification level. The battery indi-
cator LED should light, indicating that the battery is
okay. If it doesnot, replace the battery following the
proceduresin the Maintenance section of thismanual.

>NOTE: ThelNTENSTY sdlection settings (30X,
10X, 3X, 1X) are the values you must multiply the
meter reading by to normalize your measurements.
30X, for example, means that you must multiply the
meter reading by 30 to get the same value you
would measure for the same signal with the INTEN-
STY selection setto 1X. Of course, thisistrue
only if you do not change the position of the VARI-
ABLE SENSTIVITY knob between measurements.

@ Point the microwave horn toward the incident micro-
wave signal. Unless polarization effects are under in-
vestigation, adjust the polarization angles of the Trans-
mitter and Receiver to the same orientation (e.g., both
hornsverticaly, or both horns horizontally).

@ Adjustthe VARIABLE SENSITIVITY knobto attain
ameter reading near midscale. 1f no deflection of the
meter occurs, increase the amplification by turning the
INTENSITY selection switch clockwise. Remember,
aways multiply your meter reading by the appropriate
INTENSITY sdlection (30X, 10X, 3X, or 1X) if you
want to make a quantitative comparison of measure-
mentstaken at different INTENSITY settings.

[ PASC (s
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Initial Setup

To attach the microwave Transmitter and Receiver to their
respective stands prior to performing experiments, pro- Washers
ceed asfollows:

@® Remove the black hand screw from the back panel of
both the Transmitter and the Receiver.

@ Attach both unitsto the stands as shown below. Ob-
servethe location of the washers. Hand Screw

@ Toadjust thepolarization angle of the Transmitter
or Receiver, loosen the hand screw, rotate the unit,
and tighten the hand screw at the desired orientation.
Notice therotational scale on the back of each unit for
measuring the angle of polarization. Be aware, how-

ever, that since the Transmitter and Receiver face each .
other in most experimentsit isimportant to match their ) ) )
polarization angle. If you rotate one unit to an angle of Attaching the Transmitter and Receiver Stands

10-degrees, you must rotate the other to -10-degrees
(350-degrees) to achieve the proper polar alignment.

Accessory Equipment

Accessory equipment for the Basic Microwave Optics

System includes:

Goniometer (1)

Rotating Table (1)

ROTATING TABLE

Component Holder (2)

Rotating Component Holder (1)

o]
o |

Fixed Arm Assembly (1)

[PASC (e 3
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Metal Reflector (2)

}

Partial Reflector (2)

Polarizers (2)

Slit Extender Arm (1)

Narrow Slit Spacer (1)

Wide Slit Spacer (1)

Ethafoam Prism Mold w/ Tubular
Styrene Pellets (1) Plastic Bags (4)

The WA-9315 Microwave Accessory Package (whichis
part of the Complete Microwave Optics System Model
WA-9316) includesthefollowing:

Cubic Lattice with 100 metal
spheres—5x5x4 array (1)

Polyethylene Panel (1)

Thefollowing components, compatible with the WA-
9314B Basic Microwave Optics System, are available
from PASCO scientific:

Mode WA-9319 Microwave Detector Probe plugsdi-
rectly into the Microwave Receiver. The probeis essen-
tial for experimentsin which the horn of the Receiver
might otherwise interfere with the wave pattern being
measured.

M odel WA-9318 Microwave M odulation Kit includesa
modulator and microphone. With thiskit, you can use
your Transmitter and Receiver asamicrowave communi-
cationssystem.

[ PASC (s
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Assembling Equipment for Experiments

The arms of the Goniometer dide through the holesin the
Component Holders as shown. Make sure the magnetic
strip on the bottom of the arm grips the base of the car-
riage. To adjust the position of the holders, just dide
them along the Goniometer arms. Attach the mounting
stands of the microwave Transmitter and Receiver to the
arms of the Goniometer in the same manner.

For most experimentsit is advantageous to attach the
Transmitter to the long arm of the Goniometer and the
Receiver to the shorter, rotatable arm. Thismaintainsa
fixed relationship between the microwave beam and com-
ponents mounted on the long arm (or on the degree plate) _
of the Goniometer. In turn the Receiver moves easily to Mounting the Component Holder
sample the output.

Reflectors, Partial Reflectors, Polarizers, Slit Spacers, and
the Slit Extender Arm all attach magneticaly to the Com-
ponent Holders. The metric scale along the Goniometer
arms and the degree plate at the junction of thearmsaal-
low easy measurement of component placement. When
rotating the rotatable arm, hold the degree plate firmly to
the table so that it does not move.

» IMPORTANTNOTES:

1. CAUTION—Under some circumstances, microwavescaninterferewith elec-
tronic medical devices. 1f you use a pacemaker, or other electronic medical
device, check with your doctor or the manufacturer to be certain that low power
microwaves at afrequency of 10.525 GHz will not interfere with its operation.

2. Always mount the apparatus on aCLEAN, SMOOTH table. Before setting up
the equipment, brush off any material—particularly metal chips—that might
have adhered to the magnetic strips on the bottom of the Goniometer arms.

[PASC (e 5
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Copy-Ready Experiments

The following Experiments provide athorough introduction to wave theory using
the microwave system. We expect that the student approaches each experiment
with the appropriate theoretical background, therefore, basic principles are only
briefly discussed in each experiment.

The experiments are written in worksheet format. Feel free to photocopy them for
useinyour lab.

[ PASC (s
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Microwave Optics

Experiment 1: Introduction to the System

EQUIPMENT NEEDED:

—Transmitter
—Receiver

Purpose

This experiment gives asystematic introduction to the Microwave Optics System. Thismay

—Goniometer
— Reflector (1)

prove helpful in learning to use the equipment effectively and in understanding the significance of
measurements made with this equipment. It ishowever not a prerequisite to the following experi-

ments.

Procedure

@ Arrange the Transmitter and Receiver on the Goni-
ometer as shown in Figure 1.1 with the Transmitter

attached to the fixed arm. Be sure to adjust both

Transmitter and Recelver to the same polarity—the
horns should have the same orientation, as shown.

@ Plug in the Transmitter and turn the INTENSITY

selection switch on the Receiver from OFF to 10X.

(The LEDs should light up on both units.)

® Adjugt the Transmitter and Receiver so the distance

between the source diode in the
Transmitter and the detector diode
in the Receiver (the distance la-
beled R in Figure 1.1) is40 cm
(see Figure 1.2 for location of
points of transmission and recep-
tion). The diodes are a the loca-
tionsmarked "T" and "R" on the
bases. Adjust the INTENSITY and
VARIABLE SENSITIVITY dids
on the Receiver so that the meter
reads 1.0 (full scale).

@ Set the distance R to each of the
values shown in Table 1.1. For each
value of R, record the meter reading.
(Do not adjust the Receiver controls
between measurements.) After mak-
ing the measurements, perform the
calculations shown in the table.

®) Set R to some value between 70 and
90 cm. While watching the meter,
slowly decrease the distance between
the Transmitter and Receiver. Does
the meter deflection increase steadily
as the distance decreases?

[PASC (e
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Figure 1.1 Equipment Setup

Effective Point of Emission of
Transmitter Signal

Transmitter

Effective Point of Reception of

Transmitter Signal
[+ 5cm

Receiver

Figure 1.2 Equipment Setup

Table 1.1

(cm)

Meter Reading (M)

MXR
(cm)

M X R?
(cm?)

40
50
60
70
80
90
100

1.0

40

1600
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® Set R to between 50 and 90 cm. Move a Reflector, its plane paralel to the axis of the microwave
beam, toward and away from the beam axis, as shown in Figure 1.3. Observe the meter read-
ings. Can you explain your observations in steps 5 and 6? Don't worry if you can't; you will

have a chance to investigate these phenomena more
closdly in Experiments 3 and 8, later in this manud. For
now just be aware of the following:

» IMPORTANT: Reflections from nearby objects, in-

cluding the table top, can affect the results of your mi-
crowave experiments. To reduce the effects of extrane-
ous reflections, keep your experiment table clear of al
objects, especialy metal objects, other than those com-
ponents required for the current experiment.

o] []

Reflector

Loosen the hand screw on the back of the Receiver and
rotate the Receiver as shown in Figure 1.4. This varies
the polarity of maximum detection. (Look into the
receiver horn and notice the alignment of the detector
diode) Observe the meter readings through a full 360
degree rotation of the horn. A small mirror may be
helpful to view the meter reading as the receiver is
turned. At what polarity does the Receiver detect no
signal?

Try rotating the Transmitter horn as well. When fin-
ished, reset the Transmitter and Receiver so their polari-
ties match (e.g., both horns are horizontal or both horns
are vertical).

Position the Transmitter so the output surface of the horn
is centered directly over the center of the Degree Plate of
the Goniometer arm (see Figure 1.5). With the Receiver
directly facing the Transmitter and as far back on the
Goniometer arm as possible, adjust the Receiver controls
for a meter reading of 1.0. Then rotate the rotatable arm
of the Goniometer as shown in the figure. Set the angle
of rotation (measured relative to the 180-degree point on
the degree scale) to each of

Figure 1.3 Reflections

Handscrew

Figure 1.4 Polarization

the values shown in Table Table 1.2 Figure 1.5 Signal Distribution
1.2, and record the meter
reading at each setting. Angle of Meter Angle of Meter Angle of Meter
Receiver Reading Receiver Reading Receiver Reading
0° 70° 140°
10° 80° 150°
20° 90° 160°
30° 100° 170°
40° 110° 180°
50° 120°
60° 130°
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Questions

@ The dectric field of an electromagnetic wave is inversely proportiona to the distance from
the wave source
(i.e, E = 1/R). Use your data from step 4 of the experiment to determine if the meter read-
ing of the Receiver is directly proportiond to the dectric field of the wave.

@ Theintensity of an electromagnetic waveisinversely proportional to the square of the distance
from the wave source (i.e,, | = 1/R?). Useyour datafrom step 4 of the experiment to determine
if the meter reading of the Receiver isdirectly proportiona to theintensity of the wave.

@ Considering your resultsin step 7, to what extent can the Transmitter output be considered a
spherical wave?- A plane wave?

[PASC (e 9
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Experiment 2: Reflection

EQUIPMENT NEEDED:

—Transmitter —Goniometer
—Receiver —Meta Reflector
— Rotating Component Holder

Procedure

@ Arrange the equipment asshowninfigure 2.1
with the Transmitter attached to thefixed arm
of the Goniometer. Be sureto adjust the Trans-
mitter and Receiver to the same polarity; the
horns should have the same orientation as
shown.

@ Pluginthe Transmitter and turn the Receiver
INTENSITY selection switch to 30X.

® Theangle between theincident wave from the Figure 2.1 Equipment Setup
Transmitter and aline normal to the plane of
the Reflector iscaled the Angle of Incidence
(seeFigure 2.2). Adjust the Rotating Compo- Reflector
nent Holder so that the Angle of Incidence K “
equals45-degrees. 7

@ Without moving the Transmitter or the Reflec- /
. Angle of
tor, rotate the movable arm of the Goniometer Incidence
until the meter reading isamaximum. The
angle between the axis of the Receiver horn and RA??let'Of &
aline normal to the plane of the Reflector is etiection
called the Angle of Reflection.

®) Measure and record the angle of reflection for

Figure 2.2 Angles of Incidence and Reflection

each of the angles of incidence shownin Table 2.1. Table 2.1
P> NOTE: At variousangle settings the Receiver will IAn%le of ﬁ\%glet.‘)f
detect both the refl ected wave and the wave coming neidence ctection
directly from the Transmitter, thus giving misleading 20°
results. Determine the angles for which thisistrue
and mark the data collected at these angleswith an 30°
g
asterisk "*". 40°
50°
60°
70°
80°
90°

IPASC O 11
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Questions

@ What relationship holds between the angle of incidence and the angle of reflection? Doesthisrela-
tionship hold for all angles of incidence?

@ Inmeasuring the angle of reflection, you measured the angle at which amaximum meter reading

wasfound. Canyou explain why some of the wave reflected into different angles? How doesthis
affect your answer to question 1?

@ Idedly you would perform this experiment with a perfect plane wave, so that al the Transmitter
radiation strikes the Reflector at the same angle of incidence. |sthe microwave from the Transmitter

aperfect plane wave (see Experiment 1, step 7)? Would you expect different resultsif it werea
perfect planewave? Explain.

Questions for Additional Experimentation

@ How doesreflection affect the intensity of the microwave? Isal the energy of the wave striking the
Reflector reflected? Doestheintensity of the reflected signa vary with the angle of incidence?

@ Metal isagood reflector of microwaves. Investigate the reflective properties of other materials.
How well do they reflect? Does some of the energy pass through the material? Doesthe material
absorb some of it? Compare the reflective properties of conductive and non-conductive materials.

12 ’S;/_ olo°
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Experiment 3: Standing Waves - Measuring Wavelengths

» NOTE: Thisexperiment isbest performed using the PASCO Microwave Detector Probe
(Model ME-9319), as described in Method A below. However, for those without a
probe, Method B may be used, athough in this Method A can not be measured directly
from the standing wave pattern.

EQUIPMENT NEEDED:

—Transmitter —Goniometer
—Receiver —Reflector (1)
—Component Holder (2) —Muicrowave Detector Probe (ME-9319)

Introduction

When two electromagnetic waves meet in space, they superpose. Therefore, thetotd electric
field at any point isthe sum of the electric fields created by both waves at that point. If the
two wavestravel at the same frequency but in opposite direction they form a standing wave.
Nodes appear where the fields of the two waves cancel and antinodes where the superposed
field oscillates between amaximum and aminimum. The distance between nodesin the
standing wave pattern isjust 1/2 the wavelength (1) of the two waves.

Procedure

Method A

In this experiment, you will reflect the wave
from the Transmitter back upon itself, creating Receiver

astanding wave pattern. By measuring the Detector Probe
distance between nodesin the pattern and mul-
tiplying by two, you can determine the wave-
length of the microwave radiation.

Reflector

@ Arrange the equipment as shownin Figure 3.1.

@ Plug the Detector Probe into the side connector
on the Receiver. Facethe Receiver horn di-
rectly away from the Transmitter so that none
of the microwave signa entersthe horn. Adjust
the Receiver controls as needed to get astrong Figure 3.1 Equipment Setup
meter reading.

@ Jlidethe Probe along the Goniometer arm (no more than a centimeter or two) until the meter
shows amaximum reading. Then dide the Reflector (again, no more than a centimeter or
two) to find amaximum meter reading. Continue making dight adjustmentsto the Probe
and Reflector positions until the meter reading isas high as possible.

@ Now find anode of the standing wave pattern by adjusting the Probe until the meter reading
isaminimum. Record the Probe Position along the metric scale on the Goniometer arm.

Initial Probe Position =

| PASC (0 13
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®) While watching the meter, dide the Probe along the Goniometer arm until the Probe
has passed through at least 10 antinodes and returned to anode. Record the new
position of the Probe and the number of antinodes that were traversed.

AntinodesTraversed=

Final Probe Position =

® Useyour datato caculate ., the wavelength of the microwave radiation.
A=
@ Repeat your measurements and recalculate A.

Initial ProbePosition=

AntinodesTraversed=

Final ProbePosition=
L=

Questions

@ Usethereationship velocity = Av to caculate the frequency of the microwave signal
(assuming velocity of propagationin air is 3x108 m/sec).

(v = the expected frequency of the microwave radiation -10.525 GHz).

Method B

@ Set up the equipment as shown in Figure 3.2. Adjust the Recelver controlsto get a
full-scale meter reading with the Transmitter and Receiver as close together as pos-
sihle. Slowly movethe Receiver along the Goniometer arm, away from the Trans-
mitter. How does this motion effect the meter reading?

The microwave horns are not perfect collectors of microwave radiation. Instead, they
act aspartial reflectors, so that the radiation from the Transmitter reflects back and
forth between the Transmitter and Reflector horns, diminishing in amplitude at each
pass. However, if the distance between the Transmitter and Receiver diodesis equal
to n\/2, (wheren isaninteger and A isthe wavelength of the radiation) then all the
multiply-reflected waves entering the Receiver horn will bein phase with the primary
transmitted wave. When this occurs, the meter reading will be amaximum. (The
distance between adjacent positionsin order to seeamaximum istherefore A/2.)

@ Jlidethe Receiver oneor two centime-
ters dong the Goniometer arm to ob-
tain amaximum meter reading.

Record the Recelver position along the
metric scale of the Goniometer arm.

Initial Position of Receiver =

Figure 3.2 Equipment Setup

14 | PAS( (N
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@ Whilewatching the meter, dide the Receiver away from the Transmitter. Do not stop
until the Receiver passed through at least 10 positions at which you see aminimum meter
reading and it returned to a position where the reading is a maximum. Record the new
position of the Receiver and the number of minimathat were traversed.

MinimaTraversed=

Final Receiver Position =

@ Usethedatayou have collected to cal cul ate the wavel ength of the microwave radiation.
A=
®) Repeat your measurements and recalculate .

Initial Position of Receiver =

MinimaTraversed=

Final Receiver Position =
A=

Questions

@ Usethereationship velocity = Av to caculate the frequency of the microwave signal
(assuming velocity of propagationin air is 3x108 m/sec).

(v = the expected frequency of the microwave radiation -10.525 GHz).

IPASC O 15
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Experiment 4: Refraction Through a Prism

EQUIPMENT NEEDED:

—Transmitter

. Boundary between
—Goniometer ) media

. Incident
- Receu_ver Wave
—Rotating Table n|n,
— Ethafoam Prism mold with styrene pellets 0
—Protractor E
Introduction

An eectromagnetic wave usudly travelsina )
straight line. Asit crosses aboundary between ’
two different media, however, the direction of Refracted
propagation of the wave changes. Thischange EV\;:\? ee
indirectioniscalled Refraction, and it is sum-

marized by amathematical relationship known
asthe Law of Refraction (otherwise known as
Snell’ sLaw):

Figure 4.1 Angles of Incidence and Refraction

n,sind =n_sino,;
where 8, isthe angle between the direction of propagation of theincident wave and the
normal to the boundary between the two media, and 6, isthe corresponding angle for the
refracted wave (see Figure 4.1). Every materia can be described by anumber n, called
itsIndex of Refraction. This number indicatesthe ratio between the speed of
€lectromegnetic wavesin vacuum and the speed of €l ectromagnetic wavesin the material,
also caled the medium. In genera, the media on either side of aboundary will have dif-
ferent indeces of refraction. Herethey arelabeled n, and n.. It isthe difference between
indeces of refraction (and the difference between wave vel ocities thisimplies) which
causes “bending”, or refraction of awave asit crosses the boundary between two distinct
media

In this experiment, you will use the law of refraction to measure the index of refrac-
tion for styrene pellets.
Procedure

@ Arrange the equipment as shown in Figure 4.2. Rotate the empty prism mold and see
how it effects the incident wave. Doesit
reflect, refract, or absorb the wave?

@ Fill the prism mold with the styrene pellets.
To simplify the calculations, align the face of
the prism that is nearest to the Transmitter
perpendicular to theincident microwave
beam.

@ Rotate the movable arm of the Goniometer
and locate the angle 6 at which the refracted
signa isamaximum.

Ethafoam Prism

Figure 4.2 Equipment Setup
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»INOTE: 0 isjust theanglethat you read directly Refracted
from the Degree Scale of the Goniometer. Beam
0= . o

@ Using thediagram shown in Figure 4.3, determine 6 . Incident
and use your value of 6 to determine®,,. (Youwill Beam
need to use a protractor to measure the Prism angles.) N "

ormal to
91 = . Boundary of
Refraction

0,=

®) Plug these valuesinto the Law of Refractionto
determine the value of n /n..

Figure 4.3 Geometry of Prism Refraction

n1/n2 =

©® Theindex of refraction for air is equal to 1.00. Use this fact to determine n,, the index of
refraction for the styrene pellets.

Questions

@ Inthediagram of Figure 4.3, the assumption is made that the wave is unrefracted when it
strikes the first side of the prism (at an angle of incidence of 0°). Isthisavalid assumption?

@ Using this apparatus, how might you verify that the index of refraction for air is equal to one.

® Would you expect the refraction index of the styrene pelletsin the prism mold to be the same as
for asolid styrene prism?
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Microwave Optics

Experiment 5: Polarization

EQUIPMENT NEEDED:

-Transmitter -Receiver
-Goniometer -Component Holder (1)
-Polarizer ().

Introduction

The microwave radiation from the Transmitter is linearly
polarized aong the Transmitter diode axis (i.e., as the
radiation propagates through space, its electric field re-
mains aligned with the axis of the diode). If the Trans-
mitter diode were aigned verticaly, the eectric field of
the transmitted wave would be verticaly polarized, as
shown in Figure 5.1. If the detector diode were a an
angle 6 to the Transmitter diode, as shown in Figure 5.2,
it would only detect the component of the incident elec-
tric field that was aligned adong its axis. In this experi-
ment you will investigate the phenomenon of polariza-
tion and discover how a polarizer can be used to dter the
polarization of microwave radiation.

Transmitter

Diode
Vertically

Polarized
Microwaves
(E field)

Figure 5.1 Vertical Polarization

Vertically 0
Polarized
Microwave

Component
Detected

Detector
Diode

Figure 5.2 Detecting Polarized Radiation

Figure 5.3 Equipment Setup

Procedure
@ Arrange the equipment as shown in Figure 5.3 and
adjust the Receiver controls for nearly full-scale
meter deflection.
@ Loosen the hand screw on the back of the Receiver
and rotate the Receiver in increments of ten de-
grees. At each rotationa position, record the meter
reading in Table 5.1.
@ What happens to the meter readings if you continue
to rotate the Receiver beyond 180-degrees?
Table 5.1
Angle of Meter Angle of Meter Angle of Meter
Receiver Reading Receiver Reading Receiver Reading
0° 70° 140°
10° 80° 150°
20° 90° 160°
30° 100° 170°
40° 110° 180°
50° 120°
60° 130°
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@ Set up the equipment as shown in Figure 5.4. Reset
the Recelvers angle to O-degrees (the horns should
be oriented as shown with the longer side horizon-
tal).

®) Record the meter reading when the Polarizer isaligned
a 0, 22.5, 45, 67.5 and 90-degrees with respect to the
horizontal.

® Removethe Polarizer dits. Rotate the Receiver so the
axisof itshornisat right anglesto that of the Transmit-
ter. Record the meter reading. Then replace the Polar-
izer dits and record the meter readings with the Polarizer dits horizontal, vertica, and a 45-

Figure 5.4 Equipment Setup

?ﬁi&g Meter Reading oo

0 Gorin) STits Meter Reading
22.5° Horizontal
45° Vertical
67.5° 45°

90° (Vert.)

degrees.

Questions

@ If the Receiver meter reading (M) were directly proportional to the electric field component
(E) dong its axis, the meter would read the relationship M = M cosH (where 6 is the angle
between the detector and Transmitter diodes and Mo is the meter reading when 6 = 0). (See
Figure 5.2). Graph your data from step 2 of the experiment. On the same graph, plot the
relationship M | cosd. Compare the two graphs.

@ Theintensity of alinearly polarized electromagnetic wave is directly proportional to the square of
the electric field (e.g., | =kE?). If the Receiver's meter reading was directly proportional to the
incident microwave' sintensity, the meter would read therelationshipM = M 00052(9. Plot thisrela-
tionship on your graph from question 1. Based on your graphs, discuss the rel ationship between the
meter reading of the Receiver and the polarization and magnitude of theincident microwave.

@ Based on your datafrom step 5, how does the Polarizer affect the incident microwave?

@ Canyou explain the results of step 6 of the experiment. How can the insertion of an additional po-
larizer increase the signal level at the detector? ( HINT: Construct adiagram like that shownin
Figure 5.2 showing (1) the wave from the Transmitter; (2) the wave after it passes through the Polar-
izer; and (3) the component detected at the detector diode.)
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Experiment 6: Double-Slit Interference

EQUIPMENT NEEDED:

- Transmitter, Receiver - Goniometer, Rotating
- Component Holder - Metal Reflectors(2)

- Slit Extender Arm - Narrow Slit Spacer

- Wide Slit Spacer

Introduction

opposite directions can superpose to create a standing
wave pattern. A somewhat similar phenomenon
occurswhen an el ectromagnetic wave passes through U
atwo-dit aperture. Thewave diffractsinto two Q _____ d | __ Ir _________________
waves which superpose in the space beyond the aper- AN

tures. Similar to the standing wave pattern, there are —‘ AN

In Experiment 3, you saw how two waves moving in ‘

pointsin space where maximaare formed and others
where minimaare formed.

With adouble dit aperture, the intensity of the wave o
beyond the aperture will vary depending on theangle
of detection. For two thin dits separated by adis-
tance d, maximawill be found at angles such that

d snb = ni. (Where 6 = theangle of detection, A = the wavelength of the incident radiation,
and n isany integer) (See Figure 6.1). Refer to atextbook for more information about the nature
of the double-dit diffraction pattern.

Figure 6.1 Double-Slit Interference

Procedure

@ Arrange the equipment asshownin Figure 6.2. Use
the Sit Extender Arm, two Reflectors, and the Nar-
row Slit Spacer to construct the double dit. (We
recommend a dit width of about 1.5 cm.) Be precise
with the alignment of the dit and make the setup as
symmetrical aspossible.

@ Adjust the Transmitter and Receiver for vertical po-
larization (0°) and adjust the Receiver controlsto give
afull-scalereading at the lowest possible amplifica
tion.

. . Figure 6.2 Equipment Setup
@ Rotate the rotatable Goniometer arm (on which the

Recelver rests) dowly about itsaxis. Observe the meter readings.

@ Reset the Goniometer arm so the Receiver directly facesthe Transmitter. Adjust the Receiver
controlsto obtain ameter reading of 1.0. Now set the angle 6 to each of the values shown in
Table6.1. At each setting record the meter reading in thetable. (In places where the meter read-
ing changes significantly between angle settings, you may find it useful to investigate the signal
level at intermediate angles.)
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Table 6.1
®) Keep the dit widths the same, but change
the(;ji gSIanCSepacbetween ;23‘ SIfitSh byusingthe | Angle Meter Reading Angle Meter Reading
Wide Slit er instead of the Narrow
Slit Spacer. Because the Wide Slit Space 0° 450
is50% wider than the Narrow Slit Spacer
(90mm vs 60mm) move the Transmitter 5° 50°
back 50% so that the microwave radiation 10° 550
at the ditswill havethe samerelative . N
intensity. Repeat the measurements. 15 60
(Y ou may want to try other dit spacingsas 20° 65°
Wd | .) 25 o 700
Questions 30° 75°
@ From your data, plot agraph of meter 357 80°
reading versus 6. Identify the anglesat 40° 85°

which the maximaand minima of the
interference pattern occur.

@ Caculate the angles at which you would expect the maximaand minimato occur in a standard two-
dit diffraction pattern—maximaoccur wherever d Sin = n,, minimaoccur wherever
d sinb = nA/2. (Check your textbook for the derivation of these equations, and use the wavelength
measured in experiment 3.) How does this compare with the locations of your observed maximaand
minima? Can you explain any discrepancies? (What assumptions are made in the derivations of the
formulas and to what extent are they met in this experiment?)

@ Canyou explaintherdativedropinintensity for higher order maxima? Consider the single-dit dif-
fraction pattern created by each dit. How do these single dit patterns affect the overall interference

pattern?

>» NOTE:
@® Waveength at 10.525 GHz = 2.85 cm.

@ The experimenter’ s body position may affect the results.

22
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Experiment 7: Lloyd's Mirror

EQUIPMENT NEEDED:

- Transmitter - Receiver

- Goniometer - Fixed Arm Assembly
- Component Holder - Reflector (2)

- Meter Stick

Introduction

In earlier experiments, such as 3 and 6, you observed
how asingle electromagnetic wave can be diffracted B
into two waves and, when the two componentsjoin
back together, they form an interference pattern. :
Lloyd sMirror isanother example of this phenom- |
enon. Just aswith the other interference patternsyou : h

|

|

|

|

have seen, thisinterference pattern provides a conve-
nient method for measuring the wavelength of the
radiation.

Figure7.1lisadiagramfor LIoyd’ smirror. Anelec- L d »L q J
tromagnetic wave from point source A is detected at '

point C. Some of the el ectromagnetic wave, of
course, propagates directly between point A and C,
but some reaches C after being reflected at point B. A maximum signal will be detected when
the two waves reach the detector in phase. Assuming that the diagram shows a setup for amaxi-
mum signal, another maximum will be found when the Reflector is moved back so the path
length of thereflected beam isAB + BC + A.

A

@]

Figure 7.1 Lloyd's Mirror

Procedure

@ Arrange the equipment as shown in Figure 7.2. For best results, the Transmitter and Receiver
should be asfar apart as possible. Be surethe Receiver and Transmitter are equidistant (d,) from
the center of the Goniometer degree plate and that the horns are directly facing each other. (See
Figure 7.3 for location of effective points of transmission and reception). Also be surethat the
surface of the Reflector is parallel to the axis of the
Transmitter and Receiver horns.

@ Whilewatching the meter on the Receiver, dowly dide
the Reflector away from the Degree Plate. Notice how
the meter reading passes through aseries of minima
and maxima.

@ Find the Reflector position closest to the degree plate
which produces aminimum meter reading.

1.0 meter or more

@ Measure and record h " the distance between the center
of the degree plate and the surface of the Reflector.

h, =

Figure 7.2 Equipment Setup
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®) Slowly didethe Reflector away from the degree plate until the meter reading passes through a maxi-
mum and returnsto a new minimum. Measure and record h,, the new distance between the center
of the degree plate and the surface of the Reflector.

h,=
® Measure d, the distance between the center of the degree scale and the Transmitter diode.
d=
@ Useyour collected datato calculate A, the wavelength of the microwave radiation.
A=
Change the distance between the Transmitter and Receiver and repeat your measurements.
h, =
h,=
d=
A=
Effective Point of Emission of Effective Point of Reception of
Transmitter Signal Transmitter Signal Receiver
[ ==
=’
| —_——
Transmitter Receiver
Figure 7.3 Transmission and Reception Points
Questions

@® What isthe advantage in having the effective transmission and reception points equidistant from the
center of the degree platein this experiment?

» NOTE: Don't stand in front of the apparatus while conducting the experiment. Y our body acts as
areflector. Therefore, try to stand to one side behind the plane of the antenna horn.
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Experiment 8: Fabry-Perot Interferometer

EQUIPMENT NEEDED:

- Transmitter - Receiver

- Goniometer - Component Holders (2)
- Partial Reflectors (2)

Introduction

When an el ectromagnetic wave encounters apartia reflector, part of the wave reflects and part of
the wave transmits through the partial reflector. A Fabry-Perot Interferometer consists of two
parallel partia reflectors positioned between awave source and a detector (see Figure 8.1).

The wave from the source reflects back and forth between the two partial reflectors. However,
with each pass, some of the radiation passes through to the detector. If the distance between the
partial reflectorsis equal to nA/2, where A is the wavelength of the radiation and n isan integer,
then all the waves passing through to the detector at any instant will bein phase. Inthiscase, a
maximum signal will be detected by the Receiver. If the distance between the partid reflectorsis
not amultiple of A/2, then some degree of destructive interference will occur, and the signal will
not be a maximum.

Procedure

@ Arrange the equipment as shown in Figure 8.1. Plugin Partial Reflectors
the Transmitter and adjust the Receiver controlsfor an
eadly readablesignal.

@ Adjust the distance between the Partia Reflectorsand
observe the rel ative minimaand maxima.

@ Adjust the distance between the Partial Reflectorsto
obtain amaximum meter reading. Record, dl, the
distance between thereflectors.

d =

Figure 8.1 Fabry-Perot Interferometer

@ While watching the meter, dowly move one Reflector avay from the other. Move the Reflector
until the meter reading has passed through at least 10 minimaand returned to a maximum.
Record the number of minimathat were traversed. Also record dz, the new distance between the
Reflectors.

Minimatraversed =
d,=
®)Useyour datato caculate A, the wavelength of the microwave radiation.
A=
©® Repeat your measurements, beginning with adifferent distance between the Partia Reflectors.

d = .Minimatraversed =

d = A=
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Questions

@® What spacing between the two Partial Reflectors should cause aminimum signa to be delivered
to the Receiver?

@ Inanoptical Fabry-Perot interferometer the interference pattern usually appears as a series
of concentric rings. Do you expect such a pattern to occur here? Why? Check to seeif
thereisone.
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Experiment 9: Michelson Interferometer

EQUIPMENT NEEDED:

- Transmitter, - Recelver
- Goniometer, - Fixed Arm Assembly
- Component Holders (2) - Rotating Table, Reflectors (2)

- Partid Reflector (1)

Introduction

Likethe Fabry-Perot interferometer, the Michelson
interferometer splitsasingle wave, then bringsthe
constituent waves back together so that they superpose,
forming an interference pattern. Figure 9.1 showsthe
setup for the Michelson interferometer. A and B are
Reflectorsand C isaPartid Reflector. Microwaves
travel from the Transmitter to the Receiver over two
different paths. In one path, the wave passes directly
through C, reflects back to C from A, and thenisre-
flected from C into the Receiver. Inthe other path, the
wave reflects from C into B, and then back through C
into the Receiver.

If the two waves are in phase when they reach the
Receiver, amaximum signdl is detected. By moving
one of the Reflectors, the path length of onewave
changes, thereby changing its phase at the Receiver so
amaxiumisno longer detected. Since each wave Figure 9.1 Michelson Interferometer
passes twice between a Reflector and the Partial Re-

flector, moving a Reflector adistance A/2 will causea

complete 360-degree change in the phase of one wave at the Receiver. This causesthe meter

reading to pass through a minimum and return to a maximum.

Procedure

@ Arrange the equipment as shown in Figure 9.1. Plug in the Transmitter and adjust the Receiver
for an easily readable signal.

@ Slide Reflector A along the Goniometer arm and observe the relative maximaand minimaof the
meter deflections.

@ Set Reflector A to aposition which produces amaximum meter reading. Record, x
tion of the Reflector on the Goniometer arm.

the posi-

ll
X, =

@ While watching the meter, dowly move Reflector A away from the Partial Reflector. Movethe
Reflector until the meter reading has passed through at least 10 minimaand returned to amaxi-

mum. Record the number of minimathat were traversed. Also record x,, the new position of
Reflector A on the Goniometer arm.

Minimatraversed =

X2=
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®)Useyour datato caculate A, the wavelength of the microwave radiation.
A=
® Repeat your measurements, beginning with adifferent position for Reflector A.

X1:

Minimatraversed =

)=

X
A

Questions

@ Y ou have used the interferometer to measure the wavelength of the microwave radiation. If you
aready knew the wavel ength, you could use the interferometer to measure the distance over which
the Reflector moved. Why would an optical interferometer (an interferometer using visible light
rather than microwaves) provide better resol ution when measuring distance than amicrowaveinter-
ferometer?

An Idea for Further Investigation

Place a cardboard box between the Partid Reflector and Reflector A. Move one of the reflectors
until the meter deflection isamaximum. Slowly fill the box with styrene pellets while observing the
meter deflections. On the basis of these observations, adjust the position of Reflector A to restore the
origina maximum. M easure the distance over which you adjusted the reflector. Also measurethe
distance traversed by the beam through the pellets. From this data, can you determine the styrene
pellets’ index of refraction at microwave frequencies? (Thewavelength of electromagnetic radiation
inamaterial isgiven by the relationship A = 2, /n; where 2. is the wavelength, % is the wavelength
inavacuum, and n istheindex of refraction of the material.) Try boxes of variouswidths. Y ou
might aso try filling them with a different material.

28 [PASC (K



012-04630F Microwave Optics

Experiment 10: Fiber Optics

EQUIPMENT NEEDED:

- Transmitter - Receiver
- Goniometer - Tubular Plagtic Bags
- Styrene Pellets

Introduction

Light can propagate through empty space, but it can a so propagate well through certain materi-
als, such asglass. Infiber optics, athin, flexible glass tube functions as atransmission line for
light from alaser, much as a copper wire can function asatransmission line for electrical im-
pulses. Inthe sameway that variation of the electrical impulses can carry information through
the copper wire (for example as a phone message), variation in theintensity of the laser light can
carry information through the glass tube.

Procedure

@ Align the Transmitter and Recelver directly acrossfrom each other on the Goniometer, and adjust
the Receiver controlsfor areadable signal.

@ Fill atubular plastic bag with styrene pellets (tie the end or use arubber band). Place one end of
the bag in the Transmitter horn. What happens to the meter reading? Now placethe other endin
the Receiver horn. How doesthe intensity of the detected signal compare to the intensity when
the bag is not used?

@ Removethe plastic bag and turn the Rotatable Goniometer arm until no meter deflection appears.
Place one end of the bag in the Transmitter horn, the other in the Receiver horn. Note the meter
reading.

@ Vary theradius of curvature of the plastic bag. How doesthis effect the signd strength? Does
the signa vary gradually or suddenly asthe radial curvature of the plastic bag changes? Find the
radius of curvature at which the signal beginsto drop significantly.

Questions

@ Check your textbook for information on Total Internal Reflection. Based on theradial curvature
when the signal beginsto show attenuation asit passes through the plastic bag, determinethe
angle of total interna reflection for the styrene pellets. Can you use thisvalue to determinethe
index of refraction of the styrene pellets?

@ Would you expect the plastic bag filled with styrene pellets to work the same with radiation at
optical frequencies? Why?
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Notes
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Experiment 11: Brewster's Angle

EQUIPMENT NEEDED:

- Transmitter
- Goniometer
- Polyethylene Panel

Introduction

- Receiver
- Rotating Table

When el ectromagnetic radiation passes from one mediainto another, some of theradia-
tion usually reflects from the surface of the new medium. In this experiment, you will
find that the magnitude of the reflected signal depends on the polarization of the radiation.
Infact, at acertain angle of incidence—known as Brewster’ s Angle—thereis an angle of
polarization for which no radiation will bereflected. (Check your textbook for moreinfor-

mation on Brewster' sAngle.)

Procedure

@ Arrange the equipment asshown in Figure 11.1, setting
both the Transmitter and the Receiver for horizontal

polarization (90°).

@ Adjust the Pand so the angle of incidence of the micro-
wave from the Transmitter is20°. Rotate the Goniom-
eter arm until the Receiver is positioned whereit can
detect the maximum signal reflected from the Panel.
Adjust the Receiver controlsfor amid-scale reading,
and record the meter reading in Table 11.1.

Polyethylene

Rotating o
Angle of Table

Incidence

Table 11.1

Figure 11.1 Equipment Setup

Angle

Meter Reading
(Horizontal Polarization)

Meter Reading
(Vertical Polarization)

20°
25°
30°
35°
40°
45°
50°
55°
60°
65°
70°
75°
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@ Without changing the angles between the transmitted beam, the Polyethylene Panel, and the Re-
celver, rotate both the Transmitter and the Recelver horns so they align for vertical polarization (0°).
Record the new meter reading in the table.

@ Repeat steps 2 and 3, setting the angle of incidence to each of the values shown in the table below.
At each point set the Transmitter and Receiver for horizontal polarization and record the meter read-
ing; then set them for vertical polarization and record that reading aswell.

®) Plot agraph of “Meter Reading” versus“Angle of Incidence”. Plot both the vertical and horizontal
polarizations on the same graph. Label Brewster’ s Angle—the angle at which the horizonta ly polar-
ized wave does not reflect.

Questions

@ Explain how Polaroid sun-glasses can be used to reduce the glare caused by the sun setting over a
lake or the ocean. Should the glasses be designed to block vertically or horizontdly polarized light?

@ Could you use the microwave apparatus to locate Brewster’ s Angle by examining the transmitted
wave rather than the reflected wave? How?
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Experiment 12: Bragg Diffraction

EQUIPMENT NEEDED:

- Transmitter - Recelver
- Goniometer - Rotating Table
- Cubic Lattice

Introduction

Bragg'sLaw providesapowerful tool for investigating crystal structure by relating the
interplanar spacingsin the crystal to the scattering angles of incident x-rays. In this experiment,
Bragg'sLaw isdemonstrated on a macroscopic scae using acubic “crystal” consisting of 10-mm
metal spheres embedded in an ethafoam cube.

Before performing this experiment, you should understand the theory behind Bragg Diffraction.
In particular, you should understand the two criteria that must be met for awave to be diffracted
from acrystal into aparticular angle. Namely, thereisa plane of atomsin the crystal oriented
with respect to the incident wave, such that:

@ Theangle of incidence equals the angle of reflection, and

@ Bragg'sequation, 2dsind = nj, is satisified; whered is the spacing between the diffracting
planes, 6 isthe grazing angle of the incident wave, n isan integer, and A isthe wavelength of the
radiation.

; i (210)
Cubic Lattice Y . (110)
/

Rotating Table /g 0 o o o

Figure 12.1 Equipment Setup Figure 12.2 "Atomic" Planes of the
Bragg Crystal

Procedure
@ Arrange the equipment asshownin Figure 12.1.

@ Noticethethreefamiliesof planesindicated in Figure
12.2. (Thedesignations (100), (110), and (210) are
the Miller indicesfor these sets of planes.) Adjust the
Transmitter and Receiver so that they directly face
each other. Align the crystal so that the (100) planes
areparalld to theincident microwave beam. Adjust
the Receiver controlsto provide areadable signal.
Record the meter reading. Figure 12.3 Grazing Angle
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@ Rotatethecrysta (with therotating table) one degree clockwise and the Rotatable Goniometer arm
two degrees clockwise. Record the grazing angle of the incident beam and the meter reading. (The
grazing angleisthe complement of the angle of incidence. It is measured with respect to the plane
under investigation, NOT the face of the cube; see Figure 12.3.)

@ Continuein this manner, rotating the Goniometer arm two degrees for every one degree rotation of
the crystal. Record the angle and meter reading at each position. (If you need to adjust the
INTENSITY setting on the Receiver, be sureto indicate that in your data.)

®) Graph the rdlative intensity of the diffracted signal asafunction of the grazing angle of theincident
beam. Atwhat angles do definite peaksfor the diffracted intensity occur?

Useyour data, the known wavel ength of the microwave radiation (2.85 cm), and Bragg'sLaw to

determine the spacing between the (100) planes of the Bragg Crystal. Measure the spacing between
the planes directly, and compare with your experimental determination.

® If you havetime, repeat the experiment for the (110) and (210) families of planes.
Questions

@ What other families of planes might you expect to show diffractionin acubic crysta? Would you
expect the diffraction to be observable with this apparatus? Why?

@ Supposeyou did not know beforehand the orientation of the “inter-atomic planes’ inthe crystal.

How would this affect the complexity of the experiment? How would you go about locating the
planes?

The Bragg Diffraction Experiment was devel oped by Dr. Harry Meiners of Renssel aer Poly-
technic Institute.






