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Measurements were made of the diffraction patterns of a

plastic prism, and five rods in a total of nine different

cases. In all cases, the intensity noaauﬂ@mnts were made
along the axis of propagation of the incident beam behind
the diffracting object. A polarization normal to the axis
of the rods was used. Theoretical calculations were made

in three cases, and compared with the experimental results.
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The last hundred years or so have seen the expansion
of the electromagnetic spectrum on both sides of the visible
region, from radio to gamma rays. The first experimental
evidence of a relationship between light and electricity
and magnétism was obtained by Michael PFaraday near the
middle of the last century, He observed the rotation of
the plane of polarization of a light beam passed through
a plece of lead glass in a direction parallel to an
applied magnetic field, This was soon followed by Maxwell's
unexpected discovery of the similarity of the velocity of
light and the velocity of his theoretical "electromagnetic
waves." Heinrich Hertz proved the existence of Maxwell's
electromagnetic waves experimentally using an induction
coil, spark gap, and two metal sheets as a gencrator.

Hertg's discovery has led to the development of
radio equipment utilizing electromagnetic or "Hertzian"
waves from kilometer to centimeter wavelengths. It is only
recently, however, that the gap between "radio" and the
far infrared has been closed by the development of special



oscillators.
P 8, \

Waves throughout the entire spectrum are fundamentally
identical except for wavelength and frequency. They all
obey the same laws of diffraction and interference. It 1is
possible to demonstrate these effects in any part of the
spectrum, in principle at least., The phenomena of diffraction
and interference of light were well known in the early
nineteenth century,and were explained, first by Young and
later by Fresnel, in terms of a wave theory. Quite thorough
investigations were made, and most of the observed phenomena
were satisfactorily accounted for.

Because of the wavelengths involved in the visible
reglon, the diffraction patterns are always observed at
a large distance (in terms of wavelengths) from the
diffracting object. Accurate studies of effects in the
imuediate vicinity of the object are extremely difficult,
if not impossible to make.

Since oscillators are now available which operate
in the centimeter region, studies can be made of effects
close to the object. In addition, the objects used may
be made comparable to the wavelength in size, As a result,
classical diffraction theory is continually being augmented
and extended by new knowledge of the near-field region,
Approximations for small wavelength, which simplified the
theory in the optical case, become invalid in the microwave
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case. This complicates the theory, but provides an excellent
test of its ability to describe strongly localized effects.
The calculation of a diffraction pattern becomes essentially
a problem of solving Maxwell's equations with the proper

boundary conditions.

1-3 Scope of the Experiment

Considerable work has been done by other experimenters
in this laboratory on the diffraction patterns of conducting
and dielectric cylinders, all at 3.2 cm. Wiles (1) obtained
intensity and phase measurements about a 1 inch brass rod
and a 1 inch hard rubber rod, with the polarization parallel
to the axis of each rod. Runs were taken perpendicular to
the axis of propagation at several distances behind the rods,
and results for the conducting case were compared with
theory. Keys (2) studied the diffraction patterns of 1 inch
brass, hard rubber, and lucite cylinders, using & polarization
perpendicular to the axis of the rods. Results for the
luclte rod were compared with theoretical calculations by
Froese and Wait (3). Lucite and tenite 1 inch diameter
eylinders were studied by Subbarao (L) using parallel
polarization, and the patterns were compared with theoretical
calculations of Froese and Wait (3). Subbarao (5) also
studied, experimentally, the diffraction patterns of a 1}
inch lucite eylinder, and of a 1% inch lucite semicylinder

with plane face toward and away from the source. Jordan (6)



reinvestigated the region close to the semicylinder in the
above two cases, and also with the plane face along the
propagation direction. In addition, he investigated these
three cases with the semicylinder coated with aluminum foil.
As in the work of Subbarao, the incident field was polarized
parallel to the axis of the cylinder. In all cases runs

were taken trensverse to the incident beam.

Extensive investigations of diffraction and
evanescent wave effects have also been conducted in thés
laboratory using a large plastic prism described in section
2-5. Diffraction patterns of wedges have been studied by
Jordan (7), Dignum (8), and Hedgecock (9) using various
orientations of the prism. The evanescent wave behind a
totally internally reflecting surface has been investigated
by Jordan, Leung (10), and in considerable detail by
Hedgecock. Before the plastic prism was avallable, studies
had been made of the evanescent wave, and diffraction of
wedges by Kneeland (11) using a prism of paraffin wax. In
all cases the direction of the run made an angle with the
incident beam of either 45° or 90°.

In the present experiment, fisld intensity
measurements were made along the axis of propagation Rehind
cylinders of brass and lucite, as well as behind semi-
cylinders of lucite, and foil-covered lucite. Axial runs
were also taken behind the dielectric prism with the
hypotenuse face toward, &nd away from the source. The

polarization was perpendicular to the axis of each rod,



and to the apex edge of the prism,

Field measurements made along the axis are easier
to analyse than off-axis measurements. Because the latter
would involve radiation coming from the object as well as
directly from the horn, the directional characteristics of
the probe would have to be considered. The electric vector
of the incident field would be parallel to the probe axis
as usual, but that of the reradiated, or scattered field
would not be. Only a component of this field would be
detected (see Fig. 3), and that component would depend on
the position of the probe relative to the rod. The component
detected would be the y component as desired provided the
probe characteristics had the ideal cosine form as indicated
in Fig. 3. If the probe characteristics were not ideal and
symmetrical, the field value obtalned would not be truly
indicative of Ey in all positions. As long as the probe
remains on the axis of propagation, however, the electric
field of all radiation incident on the probe will be
practically parallel to the probe axis. In addition, by
considering flelds only along the axis of propagation, the
theoretical expressions simplify considerably so that
calculations are not prohibitively involved. This then
allows a comparison to be made of three cases with a
theoretical expression glven by Froese and Wait (3). The
cases studied theoretically were the 1 inch brass rod, and
the two lucite circular cylinders.



While somewhat involved in practice, the experimental
arrangement for a diffration experiment is quite simple
in principle. It consists essentially of a source of
radiation, a diffracting object, and a detecting device.

The source of 3.2 cm. microwave radiation consists
of a Varian VA-2L42E reflex klystron pretuned to 9.375
kMc/sec., and capable of delivering 725 mw., of power. An
FXR Model Z819B klystron power supply provides the necessary
tube voltages, as well as the 1 ke./sec. square-wave
modulation. The frequency is quite sensitive to the
temperature of the klystron. Thus, in order to eliminate
the effects of random alr currents around the tube, a
blower 1s used to provide a steady stream of air. As well
as stabiliging the frequency, this keeps the klystron cool.
Prom the klystron, the microwave power is fed, in the '1'810
mode, through a short section of RG-52/U wave guide to the
pyramidal horn radiator.



The horn, constructed by C. E. Jordan in this
laboratory, is made of brass with a 10.1 om. square aperture.
From the apex to the aperture, the distence is 38.7 em. in
the H-plane, and 33.4 cm. in the E-plane, giving H and BE-
plane angles of 15 and 17 respectively. The horn was
designed to have a broad radiation pattern in both the
vertical and horizontal planes in order to approximate,
as nearly as possible, to the desired plane wave condition.
This was an important conslideration in the previous work
already mentioned, since probe runs normal to, or at a
LS eangle to the propagation direction were made, In the
present work, the incident field may be considered perfectly
plane since probe runs are taken along the axis of
propagationc and the diffracting objects are small enough
to subtend quite small angles at the horn (less than 27! of
arc for the cylinders.)

In the wavegulide between klystron and horn is a
variable flap attenuator, used to adjust the rf. power
level, and a directional coupler. It is through this latter
component that the small amount of power necessary for
monitoring and frequency measufiuent is obtained. Connected
to the directional coupler is the frequency meter, which
is followed by a 1N23C crystal diode detector inserted in
the waveguide., A 0-50 a meter is commected to the diode
as the power indicator. Fig. 1 illustrates the arrangement
of the transmitter.
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The field intensity behind the diffracting objects
was determined by means of a small probe consisting of a
1N833 computer diode. The diode, 0.7 cm. long and 0,25 em. in
diameter, 1s mounted on the end of a 0,55 cm. outside diameter
glass tube as shown in Flg. 2, and acts as both antenna and
demodulator. The leads are bent sharply at the diode to keep
the overall length as short as possible, and are held in
place by a drop of paraffin wax inside the glass tube. From
the diode, the detected signal is carried along 60 cm. of
miniature coaxial cable 0.2 cm. overall diameter, where it
is then carried by standard RG-58/U cable to the amplifier
and recorder.

The length of the probe itself becomes an important
consideration in the case of horizontal polarization, since
it is mounted normal to the diffracting rod. The intensity
measured is thus a result of integrating the field over the
length of the probe. The probe described is less than 0.22A
in length, and cannot be made shorter with any presently
available diodes, There is, in addition, a directional
effect as mentioned in section l-=3, Only the component
of the field in the direction of the probe axis will be
detected, This component varies as the cosine of the angle
between the propagation direction, and the normal to the

probe axis, as shown in Fig. 3. As discussed in section 1l-3,
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this problem is eliminated Ly choosing the axis of propagation
for all probe runs.

The probe assembly 1s supported by a styrofoam
column mounted, in turn, on the trolley of an optical bench.
Styrofoam was chosen as the support material since it causes
negligible disturbance of the fleld. For greater rigidity,
the cross-section of the column was made in the form of a
eross, and the upper end is guyed to the trolley with cotton
thread. The helight of the probe above the floor is nearly
166 cme or 52) , the same as that of the horn. The probe
and support described are recent modifications made, by ©
the author, to equipment previously constructed by himself
and P, Leung. This equipment i1s described further below,.

The trolley is driven along the optical bench at a
speed of l;.0 cm,/min. by a steel wire passing over pulleys
at the ends of the track, and wound three times around a
h# inch diemeter aluminum drum. The drum is coupled to a
1/25 h.p. Bodine reversible motor through a system of gears
having a total ratio of 16000:1l, The trolley is prevented
from reaching elther end of the track by two microswltches
which act as safety stops.

In order to relate the pattern produced at the
recorder to the position of the probe relative to the
diffracting rod, a calibrating device was installed directly
at the track. This consists of a meter stick mounted parallel
to the track, with fine (30 guage) copper wires wound
around the stick every five centimeters. The wires were
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inserted in fine Imife cuts in the meter stick and were made
flush with the top edge by sanding the wood down to expose the
top surface of the wires. The wires are connected together by
a bus along the lower edge of the stick. A small metal wheel,
attached to the trolley, runs along thp upper edge of the meter
stick making contact with the wires every 5.0 cm. of travel. A
relay, operated from a low voltage battery supply, then
triggers a second relay through a differentiator circult. As a
result, the recorder input is short-circuited for a very short
time, producing a negative calibration pip on the chart. The
pip amplitude can be set to any desired value by varying the
time constant of the differentiator circult, The position of
each marker has an estimated accuracy of 0,05 cm., and there is
no accumulated error in going from one to the next. Fig. L
1llustrates the probe and track assembly, and Plate 1 shows

the track drive mechanism,.

The 1000 e¢ps. signal from the probe is amplified by a
narrow-band amplifier tuned for maximum response at this
frequency. The amplifier used in this work was built by
P. Leung (10), and is similar to the one originally designed
and built by D. Kneeland (1l1l) in this laboratory. Three
standard rc-coupled pentode stages are used with a "Twin TV
filter network coupled between plate and grid of the second
stage. This filter gives the amplifier its narrow band
characteristic by coupling all non-resonant signals back to
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the second stage grid in inverse phase., The third stage is
followed by a diode clamp which provides the direct current
required by the recorder, The dec pulse signal from the
clamping circult contrels the recorder by means of a cathode-
follower vacuum tube voltmeter, Power for the amplifier

is provided by a Hewlett Packard Model 710 B regulated

power supply, and for the vacuum tube voltmeter stage, by a
separate 90 volt battery. More detalled descriptions and
circuit dlagrams are given by Leung and Kneeland,

The recorder is a Brown self balancing potentiometer
model 153X17-V-II-III-30 with a 0-5 mv range, and manufactured
by the Minneapolis-Honeywell Regulator Co., The chart,
divided by a 0-100 scale, was driven at 5,1 cm,/min, for all
records, All of the equipment described 1s powered by Sola
constant voltage transformers type K0291l, Two separate
transformers are used, one for the transmitter, and one
for the amplifier, recorder, and track, The recorder and
amplifier are shown in plate 2.

2=l Tho Microwgve Darlroom

In order to reduce reflections and interference from
the walls, pipes, and other objects in the laboratory, a
‘microwave darkroom" was constructed by the suthor, using
microwave hair absorber obtained from Sponge Rubber Products
Co.s Shelton, Conn, Thirty-five sections of absorber, cach
2 ft. square, were mounted directly on the back wall of
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the room, covering an area 10 ft. by 1l £t. The left wall of
the darkroom (looking from the horn) was made by mounting

57 sections of absorber om a framework of wood. The
resulting wall 1s 10 ft. high and 2l £, long, with a 2 ft.
by 6 ft. doorway at the transmitting end, The front wall (at
the horn end) was also constructed om a framework of wood,
and is 10 £t by 10 ft. in size, The remaining, or right
hand wall, is similar in size to the left wall, but was
constructed partly in the mamner of the back well, and
partly in the manner of the left side wall, With the working
area enclosed to this extent with absorber, small adjustments
in the position of the walls have only a small effect on
the field pattern, Previous workers, using less absorber,
found the position of the walls to be quite eritical.

Pig, 5 illustrates the arrangement of the walls of the
dariroom,

Over the enclosed area of the darkroom are several
ateel beams and metal pipes which were covered by hanging,
on each one, 2 "eurtain" or baffle of hair absorber. There
iz also a wooden railing near the back of the room which
was covered by a wall of sbsorber two sections high, and
&% sections long running parallel to the back wall, This
is illustrated in Pigz, 5 and can also be seen in Plate k.
With the horizontal polarization used in this experiment,
it was expected that the floor and ceiling would be of
considerable importance in determining the incident field
pattern, Shielding of the forementioned metal objects was
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indeed found to be essentlial, However, the floor seems to
have little effect, since various arrangements of abserber
over this area caused only minor changes in the field,

Some additional improvement: in the field pattera
was obtained by placing two vertical sections of absorber,
in the form of & 90° "V" or "wedge", on the floor in front
of the track and drive mechanism, This prevents radiation
coming directly from the horn from reesching the metal parts
of the track and being scattered to the probe. Room was
left between the absorber and track so thal when one of the
diffracting objects was being studied, the base of the rod
or prism support could also be placed behind the two sections
of absorbers Fig. 5 and Plate 4 illustrate the placement
of these two sections of absorber. Plate L alsoc shows one
section of absorber mounted on top of the l £t. high wall
in front of the railing, and tilted back about 45°, This
section is centered directly behind the probe, its purpose
being to reduce reflection from the back wall., There is
some reflection even from the hair ebsorber, and by placing
one section of absorber in this way, some of the reflected
energy is directed up, away from the probe. Two different
colours of absorber can be seen in the photograph. They
are essentially the same, the white absorber being a newer
type. Plate 3 shows the transmitting or "Horn" end of the
darkroom, the klystron and associated equipment being behind
the end wall.,
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Five different cylinders are used in the diffraction
experiment. Three of these are dielectric rods made of
lucite, and two are conducting rods, one of brass, and
one of foil-covered lucite. Two of the lucite cylinders
are of circular cross section, one being 1 in, in diameter
and 90 cm. long, and the other 1% in. in diameter and 115
em. long. The remaining dielectric rod is a 1% in.
gemicylindey 95 cm. long, machined from a circular rod
similar to the one mentioned above. The brass cylinder is
a 1 in, outside diameter tube with & wall thickness of 1/32
in, and 200 em. in length. The second conducting cylinder
was made by coating the lucite semicylinder with a tight-
fitting layer of alumimm foll. During the experiment,
each eylinder, excluding the brass one, was held in place,
at the lower end, by a wooden stand., The brass tube was
fitted with an iron base of 1ts own.

The prism, made by C. E. Jordan (7) in this
laboratory, is a l..5°-u5° -90° prism with two 33.3 cm. faces,
a }j6.9 em. hypotenuse, and having a height of 50.5 em.
"Selectron 5026", a thermosetting plastic obtained from the
Pittsburgh Plate Glass Co., was used in the construction.



It is essential to an experiment of this kind that
the amplitude and frequency of the incident radiation
field be maintained constant to close tolerances. As
indicated in section 2-1, means are available for monitoring
the power level and frequency of the microwave energy in
the wave guide leading to the horn. After an initial warm-
up period of at least ten minutes, the power level was set to
the desired value by the attenuator, and the reading on
the monitor noted. During the course of the experiment,
this level was constantly checked for any possible variation.
It was found that the power level did not vary by more
than 0.5% over a period of 2% hours. An actual run took
less than 20 minutes to complete, and the variation during
this interval was negligible.

Although the klystron used was factory tuned to
the working frequency of 9.375 kMc/sec., the actual frequency
obtained depends to some extent on the tube voltages. The

15
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tube may be operated in one of several different modes,

and a small adjustment in reflector voltage 1s sufficlent

to bring the frequency tc the desired value, However, in
any glven mode, the most stable operation was achieved by
adjusting the voltages for maximum output, When ths was done
(using "mode A"), the frequency was meaéured and found to
be 9,380 ko/sec., only 0,053% greater than the above value.
All runs were taken with this setting.

In order to determine the stabillity of the frequency,
the value was checked periodically, This had to be done
immediately before or after a run, since tuning the
frequency me ter through resonance caused a small variation
in the power level, It was found that after the initial
adjustments, the frequency changed by less than 0.2% over
a period of 2 hours., If the frequency drifted from the
operating value by more than this amount, then the klystron

voltages were readjusted for maximum power output.
-2 Geomet f Diffraction e t and Placing of Rods

The axis convention used by Froese and Wait (3)
has been adopted in this work, and is as follows. The
geometrical axis of symmetry of the horn, or the axis of
propagation, is called the x axls¢ The source of radiation,
which 1s taken as the geometrical apex of the horn, lies
directly on this axis, The y axls also lies in the
horizontal plane cutting the x axis at the origin, which
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locates the center of the cylinder. The axis of the cylinder
is coaxlal with the 2 axis, which runs vertically. (See Fig. 20).
In order to locate the cylinders correctly, the x
and y axes were laid out carefully with pencil lines on the
floor. The y axis was placed at a distance of 5.0 meters from
the E-plane vertex of the horn. The exact position of this
point over the floor was located by the use of a plumb bob,
When one of the circular cylinders was to be placed in
position, the front edge of the probe was moved to an x
coordinate equal to the radius of the cylinder. To make this
adjustment, the cylinder radius a was measured off on the
positive x axis on the floor (in the direction away from the
horn) and the front edge of the probe diode set over this
spot with the plumb bob, The cylinder was then centered in
front of the probe, barely touching it.
The semicylinders were more difficult to set uwp
than the circular ones. The method used was to extend the
y axis on the floor to the right hand wall, and to place
a small mark on the wall directly above the axis. To
arrange the cylinder to have its plane face away from the
source, the probe edge was placed directly over the origin of
coordinates, and the rod centered in front of the probe with
its plane face just touching it., The cylinder was then
rotated until the plane face lined up visually with the
spot on the wall, To set the rod with its plane face
toward the source, the probe edge was set behind the origin
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by an amount equal to the radius of curvature a of the
semicylinder. The curved face was then brought adjacent to
the probe, and the plane face lined up visually with the
spot on the wall.

The prism was placed in position in much the same
manner as were the semicylinders. In both orientations of
the prism the probe edge was first set directly at the
origin., To set the prism up with its hypotenuse face away
from the source, a fine pencll line was first drawn vertically
down the eenter of this face. This facilitated the centering
of the priasm in front of the probe. The same spot on the
wall was then used to line the hypotenuse up with the y axis.
For the remaining case, a second spot was placed on the
wall to the "orn" side of the first spot by a distance
equal to the altitude of the triangular cross section of
the prism. After the apex edge of the prism had been
coentered behind the probe, the hypotenuse face was aligned
visually with this second marker. The exact positioning
of each diffracting object is clearly indicated on the
relevant figure. In all cases, except the two involwving

the prism, the objects are drawn to scale.

3-3 Procedure in Taking Runs

As explained in section 3«2, preliminary to setting
any object in place, the probe had to be properly positioned
at the origin, or behind it. Once this had been done for
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elther case, the meter stick on the optical bhench was moved
toward the horn until the nearest wire just made contact
with the wheel on the trolley. This position was determined
by listening for the click of the relays. After the correct
position of the meter stick had been located, successive
adjustments of the probe were made by means of the calibrating
system rather than by the plumb bob.

Bach of the experimental curves shown in Figs. 7-10,
13, 15, 16, 16, 19 is the result of averaging three
independent runs on the corresponding object. Each run was
preceeded by, and followed by a run on the incident field.
The field runs before and after were compared to see that no
noticable changes in the field pattern had occurred during
the main run. The procedure was as follows. A field run was
taken. The rod or prism was then set in place and a second
run made, The object was then removed, and the field run
repeated., This was followed by a second run on the object
and so on, alternating field runs and diffraction runs.
Thus each field run, except the first and last, served as
both a run following, and as a run preceding two succeeding
main diffrection runs, In analysing the results, the
field run immediately following the diffraction run in

question was used.
- is o esults

Since the units of intensity on the recorder chart
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are completely arbitrary, and since the incident field
itself does not comply to the ideal plane wave case, the
intensity pattern of each diffraction run was normalized

to the field pattern, Unfortunately, all reflections from
the back wall could not be eliminated, and interference
between the incident and reflected fields gave rise to a
standing wave pattern along the axis of propagation. The
pattern was found to be quite reguler with a half wavelength
spacing between adjacent peaks. A sample of the axial field
patterns obtained is shown in Fig. 6. Since the standing
wave pattern was regular and consistent, an average field
value was used in obtaining the final results. The estimated
average of the sample pattern is also shown in Fig. 6. The
standing wave pattern superimposed on each main diffraction
run was averaged out in a similar manner.

Because of the differentiator in the calibration
circuit, no marker pip was produced corresponding to the
surface of the object, and this had to be located on the
chart by measuring back {rom the first marker the equivalent
of 5 em. of probe motion. By chance, the track and chart
speeds are related in such a way that half an inch on the
chart correspends to one centimeter on the track. Points
were taken not more than # inch apart on the diffraction
patterns, and normalized to the incident field value at
the corresponding points. The three sets of results for
each object were obtalned separately, and the data for
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corresponding points averaged. The final averaged results
are plotted in Pigs., 7-10, 13, 15, 16, 18, 19 as stated
earlier, In placing the points on the curves, the radius

of the probe ltself was also taken into conslideration.

}:S The 1 Inch Brass Rod

The observed diffraction pattern for the 1 inch
diameter brass rod is shown in Fig. 7 along with the
results of theoretical calculations. The calculated values
were obtained using a formula derived by Proese and Walt (3),
and are presented as the dash-dot curve in the figure. This
formula i1s given in the Appendix along with a brief
description of the procedure used in the calculations.

As expected by theory, the intensity very near the
surface is small, approaching zero. The actual intensity
right at the surface could not be observed because the
distance of closest approach of the probe axls to the
eylinder was determined by the probe radius, 0.125 cm.

The experimental curve is very similar in shape to the
theoretical one, but is noticably higher, particularly in
the region close to the cylinder. The finite length of
the probe is 1likely respdsible for this effect. Ideally,
the probe should be of zero length, since it is placed
normal to the axis of symmetry of the cylinder. The ends
of the diode extend beyond the x axis a distance of 0.35

cm., or 4+ of the cylinder radius a. Hence, when the probe
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18 immediately behlind the rod, tis extremitlies of the diode
extend beyond the axls into regions where the field Intensl ty
is noticably different from gzercv, The observed field intensity
1s thus higher than it should be according to the theory.

The experimental curve rises sharply within the
first wavelength from the surface, reaching 80 per cent of
1ts final value in this rogions A8 well as belng higher than
the theoretlical curve, the experimontul one also rises more
steeply mear the cylinder. Beyond this region, the field
intensity approaches the value it would have if the cylinder
were not present. It is clear fron the figure that the finite
loength of the probe is not such an ilmportant factor well

back from the surface.

3-6 The 1} Inch Foil-Covered Semicylinders

The diffraction patterns of the two alumlnume-
cocted semicylinders are quite similar %o that produced by
the full brass cylinder. The most significant difference is
the field value 0,125 cm, from the surface., When the plane
face was set looking away from the source, the intensity
very close to the cylinder was found to be almost zero
(Mge 8)e The distance across the plane face is 13 inches,
appreciably greater than the length of the diode. Also,
unlike the case of a circular conductor, the plane face of
the semicylinder does not curve away from the probe leaving
parts of 1t & significant distance from the rod.
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The initial slope is not as great as for the 1 inch
brass tube, and the curve levels off at a lower value,
However, the long gradual rise which takes place beyond
about three wavelengths of the surface has a slope nearly
twice as great.

The case with the plane face toward the source is
gshown in Pig. 9. As with the brass rod, the field behind
the curved face is not zero, although it is much closer to
it. Both the probe length and the probe diameter become
less important as the size of the rod is increased. Similar
to the circular cylinder case, the intensity rises more
rapidly behind the rod than it does for the preceding
semicylindar case. The only noticable difference in the
patterns for the two semlicylinders occurs within about
13\ from the surface, the two intensities becoming almost
identical beyond this region.

3=7 The 1 Inch Iucite Gircular Gylinder

Fige 10 shows the experimental and theoretical
curves for the 1 inch lucite rod. (Actual measurement showed
the rod to have an average radius of 1,233 cm. at the center.)
Experimentally, the intensity rises sharply and contimuously
as the surface of the cylinder is approached. Theoretically,
however, there is an intensity maximum about 0.12A from
the surface. That this is not observed is most likely a
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result of the integration of intensity over the finite length
of the probe diode. Reradiation from the probe to the cylinder
and back to the probe again, is an experimental disturbance
which may also modify the ideal field pattern at closest
approach.

According to geometrical optics, there is a partial
focussing of the radiation in a cusp shaped region immediately
behind the rod as shown in Fig. 11, and discussed in some
detail in Ref. l. There does not exist any sharply defined
focal line through which all the radiation passes. Rays
which passed through the cylinder making small angles with
the x axis form the tip of the cusp. Incident rays 2, 3, L,
and 7 in Fig. 11 are equally spaced, so that the flux
contained between adjacent rays is the same in each case.

It can then be seen that, after passing through the cylinder,
the flux density on the x axis is greatest in the region
near ray 2. In addition to the greater density of rays
cutting the x axis in this reglon, the smaller initial
angles of incidence of these rays on the cylinder results

in a greater fraction of the energy being transmitted than
for rays incident more obliquely. Closer to the surface of
the cylinder, the density of rays near a given point on

the axis 1s less, in accordance with the theoretlical results,

Because of the phgsical size of the detector, rays
off the x axis contribute to the observed field intensity

as well as do the desired ones on the axis. Consequently, as
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the probe is moved from the tip of the cusp-shaped region
toward the cylinder, & larger mumber of rays are intercepted
by it. In addition, the probe is more sensitive at the ends
than it is at the center. While the intensity on the axis
decreases, the total energy extracted from the field appears to
increase.. This is equivalent to saying that the intensity
integrated over the length of the probe increases even

though the intensity on the axis alone decreases. In order

for this to occur, the width of the peak spannsd by the

probe would have to increase as explalned below.

The field pattern along a line parallel to the y
axls and at various distances behind the cylinder exhibits
a high peak on the x axis. On either side of the x axis,
the intensity drops off rapidly becoming nearly zerc within
1l or 2 cme With the probe placed parallel to the y axis
as in this experiment, only a small section near the center
of the diode experiences the full field intensity
representative of the peak value on the x axls., The ends
of the diode extend beyond the peak into reglons where the
intensity 1s lower. Hence, the measured value of the {ileld,
which 1s the result of the integration of intensity along
the length of the probe, should be lower than the actual
value on the x axis. And, for the observed field intensity
%o increase while the peak value actually decreases,; the
peak would have to become wider in such a way that the
increased effect at the ends of the diode outwelghs the
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reduced effect at the center.

Unfortunately there are no experimental results
available to verify this hypothesis. Any attempt to determine
the actual shape of the peak behind the rod would suffer the
same difficultles of resolution as the present experiment,
Results obt;inodA;y Subbarao and McLay (ref. u) using the
parallel polarization do not show any evidence of either
the broadening of the peak, or the lowering of the peak on
the x axis as the rod is approached. However, the 1l23A
probe diode used in this previous work had a radius of
about 0,27 cm., and the effect under consideration occurs
in the theoretical curve at distances less than O.4 cm, from
the surface of the rod, This distance is not significantly
different than the radius of the probe itselfy; and a further
investigation in this region using a probe of smaller
diameter may prove profitable.

The fleld intensity behind the rod drops sharply
within the first wavelength or so from the surface as
expected from geometrical optics considerations. However,
contrary to the previous discussion, it always remalins above
the theoretical curve., It 1s seen that simple geometrical
optics 1is inadequate to explain fully the experimental results.
A more rigorous treatment would include the diffraction
around the rod, which has not been taken into account in
the above geometrical optics treatment. However, all such
effects are included in the solution of the theoretical field
equations., There is thus no explanation immediately avallable
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for the fact that the experimental curve is above the
theoretical one in this case.

The theoretical determination of the diffraction
pattern along the x axis was continued for points inside
the cylinder itself. The results of these calculations are
shown in Fig. 12 along with the points already presented in
Fige 10+ A few points outside the ecylinder in the negative
x direction were also determined to show the continuity of
the curve at the surface.

It 1s seen that there are two peaks of intensity
inside the rod each of which is narrower than the one outside
at x=1.6 em, The peaks (and the troughs) become lower as

x decreases algebraically.

3-8 The 1% Inch Lucite Circular Cylinder

The 14 inch lucite rod (fig. 13) produces an
observed diffraction pattern similar in form to that of
the 1 inch rod, but with a 13 per cent higher peak. The most
outstanding difference between the two cases is the fact
that the intensity behind the 1% inch rod drops to a much
lower value. At a distance of about 3 wavelengths f{rom the
surface of each cylinder, where the two curves have nearly
levelled out, the intensities differ by a factor of more
than 5. However, the tail end of the experimental curve in
fige 13 shows a very slight upward slope suggesting that
the value rises again many wavelengths from the c¢ylinder.
The curve for the 1 inch rod, in contrast, is s$ill felline
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still falling in this same region.

The theoretical results for the 1} inch rod
(measured radius 1.916 cm.) differ from those of the 1 inch
rod in two outstanding ways. There is no large peak of
intensity outside the cylinder on the positive x axis as in
the 1 inch case. Also, the theoretical curve lies almost
entirely above the experimental one, as expected from
previous general considerations. Only at peints very near
the surface is this situation reversed. Beyond about 6 or 7
em, from the surface of the rod, the two curves become
very nearly parallel,

As was done for the 1 inch lucite rod, points were
caleulated for x values inside the cylinder. Fig. 1l shows
the results of these calculations, There is a sharp peak of
intensity very close to the surface with the value inside
dropping quickly to & minimum of less than half the surface
value. There are three peaks of intensity lying entirely
inside the rod, and these have rapidly decreasing amplitude
with decreasing x as in the previous case. The four peaks,
including the one at the surface, are nearly equally
spaced, having a separation of 1 cm. This ig just & half
wavelength for the 10 KMc/sec. radiation when traversing

a dielectric of refractive index n=1.6,
-9 Th Lucite S eylin

The two cases of the lucite semicylinder, shown
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in Figs. 15 and 16, are seen to be very similar in form.
Both curves rise to a peak about 2 cm. behind the back
surface of the rod. The heights of the two peaks are nearly
the same, with that shown in Fige 15 being roughly 3% higher
than that in Fig. 16. These peaks indicate that there is a
partial focussing of the radiation behind the cylinder in
each case. There is, as with the full lucite cylinders, a
caustic region behind the rod where the intensity 1s large,
falling off with increasing x.

As shown in Ref. 5 and Fig. 17, the caustic region
behind the two semicylinders 1s larger and extends further
zlong the x axiglthan it does in the case of the full
¢ylinders. In addition, the intensity should not decrease
as rapidly with increasing x for this case. Inspection of
Figs. 13, 15 and 16 shows this prediction to be in agreement
with experiment.

3-10 The Dielectric Prism

The diffraction patterns for the sselectron prism
are shown in Pigs. 18 and 19. In the first case (Fig. 18)
several high peaks are observed along the x axis, the distance
between peaks imcreasing with increasing x. As shown in
Ref. 9 for a similar orientation of the dielectric prism,
the incident beam is split by the prism into two overlapping
beams., There is strong interference of the two beams in

the region of overlap, producing a set of interference
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fringes along any horizontal line normal to the x axis.
Along the x axis itself, however, there should be no
significant intensity variation as a result of interference
alone., This follows from the fact that corresponding rays
in the two overlapping beams travel equal optical path
lengths to reach a given point on the axis. BEach beam has,
however, effectively passed through a diffracting aperture
approximately 10 wavelengths wide, and will thus have a
diffraction pattern superimposed on it. The superposition
of the two beams, and hence of their corresponding
diffraction patterns, will result in a wvariation of intensity
along the x axis., It is likely that the pattern observed
can be explained in terms of this superposition of diffraction
patterns.

It is readily shown that the two beams from the
"hiprism" overlap out to a distance of about 33 cm. on the
x axis (see Ref. 9, Fige. 6), Beyond this point the intensity
would be expected to fall off smoothly with increasing x.
Such is seen to be the case, at least within the region in
which observations were made.

The second case of the prism, with the hypotenuse
face toward the source (Fig. 19), is very dissimilar to
the case just considered, There is total internal reflection
of rays from the two oblique faces so that, according to
goometrical optics, all radiation incident on the hypotenuse
face is eventually returned along the path of the incident
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beam. In this 1deal case, the intensity behind the prism
anywhere within its geometrical shadow would be zero. In
reality, the observed intensity behind the prism is finite
but much lower than that observed in the previous case. Only
very close to the apex edge of the prism is the intensity
appreciable, According to electromagnetic theory, there is
an evanescent wave propagated parallel to the plane dielectric
surface of the prism in the optically less dense medium
when the angle of incidence of radiation on the surface
from the optically dense side equals or exceeds the critical
angle, The amplitude of this disturbance decreases
exponentially with increasing distance from the surface.
There is, in addition, no net energy flow through the
surface unless the evanescent wave is disturbed by the
presence of an object such as the dlode probe, As seen in
Flg. 19, the evanescent waves propagated behind the two
totally reflecting faces of the prism appear to merge and
reinforce in the reglon close bshind the 90° corner. The
same offect was observed near the 90° apex edge of the
prism by Hedgecock using a polarization parallel to the

edge (see Ref. 9, Fig. 8).

1 fect of b ntatl on Observed Patte

The comparison between theory and experiment for
the three circular rods shows that there 1s, in easch case,
a discrepancy between the caleculated and observed results.
An attempt was made to explain this fact in terms of the



finite length of the probe diode. Af'ter the results
presented in this thesis had been obtalned, a defect in
regard to symmetry of the probe was discovered. Tests were
being conducted to determine the feasibility of reducing
the effective length of the diode in the horizontal plane
by rotating it about the axis of the support rod until it
made a small angle with the (vertical) z axls. In this way,
only a smail component of the horizontally polarized field
would be detected. The amplifier gain was increased %o
allow for the decreased sensitivity of the probe, when in
this position, to the horizontal electric vector of the
incident field. The field pattern observed with the probe
in this orientation was identical to that with the probe
horizontal, as long as a diffracting object was not in
place. When runs were made with a c¢ylinder in place, the
results obtained did not agree with previous results except
as regards the general form of the curve.

As a result of this particular investigation, it
was found that the normalized field intensity patterns
behind the diffracting rods are in some way dependent on
the angle between the probe axis and the z axis. In add tion
to this, the results for angles 180° apart were not identieal
with those obtained by turning the diode end for end (180°
rotation). However, in this special case, the difference
is relatively small,

No explanation of this effect is forthcoming as
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yet, although the physical construction of the diode itself
appears to be partly responsible, Other probes constructed
from different diodes of the same type gave the same results,
even when the diode mounting was modified. It is possible
that the pattern of response of the diocde to radiation
coming from different directions is not symmetrical about
the center of the diode. (This possibility was mentioned
in section l1l-3 in connection with field measurements made
off the x axis.) This could result from the geometrical
asymmetry of the crystal and "cat's whisker" in the diode
construction. In this case, different intensities of
radlation reflected from the walls, and incident on the
probe from different directions, could modify the observed
patterns in a way depending on the orientation of the diode
in the fleld.,

Reflection of radlation from the walls of the
darkroom may give rise to small electric field components
in the z direction. The angle between the z axls and the
probe axis will determine the extent of response of the
probe to this z component if present. Some spurious response
of the probe to the x component of this fleld can also be
expected partly as a result of misaligmment of the probe
parallel to the yz plane. Even if perfect aligmment of the
probe axis were possible, all parts of the "S" shaped
"sat's whisker" do not lie along this axis and will be
gensitive to other field components. However, on the positive

x axis the x component arising as a result of the interaction
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of the incident field with the cylinder will be very small,
reflections from the walls providing the main contribution.

3-12 Conclusions

The main objective of this experiment was the
evaluation of the performance of the [{leld measurement
apparatus for the special case of polarization perpendicular
to the plane of incidence. As stated earlier, diffraction
measurements using this polarizatvion present special
difficulties in the design of the detecting probe. Of major
concern is the physical size of the probe itselfl,
particularly its length, The comparison between experimental
and theoretical results indicate that, as suspected, a
simple crystal diode probe is not very sultable for use in
experiments with a polarization perpendicular to the axis
of aymmetry of the diffracting cylinders. The smallest
microwave diodes presently avallable are still too large
to give good results with the wavelengths and object sizes
most convenlent for experimental investigations.

In addition to this problem, the difficulties
encountered, apparently as a resull of symmetiry defectis,
also indicate that special attention must be given to the
design of probes for use with this polarization. The
internal stucture of the microwave dlode itself appears
to be at leat partly responsible for the asymmetry of the
directional characteristics of the probe, and probably
glves rise to a spurious sensitivity to field components
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normal to the probe axis. Other possibilitles worthy of
consideration for the constructlon of probes include thermal
detectors such as bolometers or thermlstors, simple electiriec
dipoles made of wire, and magnetic fleld detectors (loop
antennae ).

In spite of the shortcomings of the probe, the main
features of the diffraction patterns of the various rods
and prism have been determined experimentally. In all cases
invelving cylinders, the intensity elther decreases or
increases smoothly with inereasing x. As expected, the
intensity behind conductors 1s small near the surface,
inereasing with increasing disteance along the x axls. The
opposite 1s the case for dlelectric cylinders, at lecast
for the shapes studled.

Calculations carried out for points inside the
two lucite ecidrcular cylinders have produced interesting
results which cannot be determined experimentally. The
oscillating patterns inside the rods are quite different
in structure from the patterns outslde along the positive
x axis, In each of the two cases, there is a high peak
of intensity inside the dielectric cylinder between x=0
and x= a. Similar calculations for the two rods taking the
polarization parallel to the axis of each cylinder, have
just been completed by Dr. A. B. McLay. These results,
which will not be presented here, are quite similar to

those already presented except for one notipable difference.

1
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The intensity near the surface behind each cylinder was

found te be much higher than in the present case (by a factor
of more than 2), However, the helght of the peaks inside

the rods was seen to be much lower in each case., Thus, the
value of IE./xolz in the "parallel" case 1g large at the
surface (x=a) of the cylinder and small at the positlon

of the peeks inside, The value of |E,/E°|2 in the
"serpendicular" case is relatively small at the surface, and
relatively lerge at the position of the peaks inside the rods.
Previous experimental measurements mede by Dr. McLay and
cther workers in this laboratory, using the polarization
parallel to the axes of the rods, agree falrly well with

the high intensity values calculated for this case near

the surface of the eylinder, A check on the calculatlions

in both cases is efforded by the continuity of the calculated
curve through each surface.



APFPENDIX
THE THEORETICAL PFIELD EQUATIO

In studles of the diffraction of electromagnetic
waves around objects comparable in size to the wavelength,
only very crude explanations of the observed patterns are
possible using simple geometrical optics. No simple
physical argument is sufficient for a complete quantitative
description. In such cases, a solution of Maxwell's equations
with the proper boundary conditions is necessary for a
satisfactory theoretical analysis.

Proeseand Walt (Ref. 3) have solved the boundaxy
value problem for & cylinder of infinite length, having
dielectric constant ¢ and permeablility m. The eylinder
is surrounded by a medium with constants (€ ,m,). Fig. 20
shows the geometry of the diffraction experiment. For a
dielectric rcd and incident radiation polarized with
electric vector perpendicular to the cylinder axis, the

result is given as follows.

Ly 00
§ "B .MWZ,O‘ 1™ o~ 1%n g1n ny Fy (1)

(Por radiation emanating from a "line" source at (=-x,0).)
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where
Bo = k[/(x+x°)a+yzj -xo]
=2?\_77‘ A=Tree space wavelength.
= 1, 0n=2 (mx0)
o | _ (€ AN
‘- tan —%— ’—(%ﬁ7)
tan n, = tan Sn(kn) ¥° an Xplka) « tan X, (Nka)
Ne tan Bplka) = tan « (Nka)
(x) - Jn(x)/¥, (x)
tan °<,.(x)— - =3, '(x)/3,(x)
tan B (x) =« 2%, (x)/¥,(x)
o1 in mg sin ¢ H_(1)(kp)
Fp= cos mg cosg l!nu).(kp)*!- - E kp e
where

p = (=24 y2)E

The result (1) is expressed as a ratio of the measured
field to the incident field at the point (x,y), and gives
the normalized electric field value.

For the cases of interest in this experiment, the
coordinate y is zerv, which results in a comsiderable
simplification in the evaluation of scme of the above
expressions., With this condition #mposed, we have, for
points outside the eylinder,

Joz kx (x may have positive or negative values)



g =0 (for positive x), or 7(for negative x)

p =%
p = g (1)
w=H, kp)(cos mg cos ¢g)

so that (1) becomes
_:’_: odlex -Zc_ 1™ o~107 s1n nf 1 (1) (10)
. ™ (cos mg cos g) (2)

For positive x, the term (cos mg cos g) is unity. For
negative x it has the value +1 for odd m and <1 for even m.
Thus, points of negative x value cgn be obtained from the
numerical data determined for the corresponding points of
positive x value simply by changing the sign of even m
terms, and changing the sign of the sin kx term in the
exponential Qikx.

The theoretical curves for points outside the 1
and 1% inch dielectric cylindeprs were calculated using
equation (2) above, the British Association Mathematical
tables being used for the Bessel functlons J, and !n‘ The
(Hankel function)of the first lkind H (1)’ 1s given vy

R A

where Jo' = «d;

Jn' = #ipy = Jpy)  m#O

and Y,('= -1y



Y= ¥y = V) w0

sin n:md cos qf,, were found from tan 7): using the
trigonometric tables from the Handbook of Chemistry and
Physics and interpolating where necessary. The results of
the calculations were squared to get the normalized

intensity

-y

An alternative method of evaluating equation (2)
may be employed. The term Ay~ = sin M. o~1Ma may be
evaluated without recourse to the tan 71: formula by direct
evaluatlon of the following expression.
[(—%— T () Ih(b) - J;,(T)Jm(b))J
[a,,c—).rmm -3 J.(t):,'.(b)] 1 Y (@ ap(b) = Ly(@ (b
[%_ In(@) 3L (D) = J,(—)J,,(b)] [11‘ Yo (E) I (b) = Yy (I)Jn(b)] 2
-(3)

where @a=ka, and b=>Nka
In the case of the conducting cylinder

n:;'—-gm' (kl)
wvhere tan g'(x):- I (x)/%y' (x)

It was found that the series had to be calculated
as far as ten terms for points near the surface of the
eylinders. For points further out, six or eight terms

were quite sufficient for proper convergence of the series.



The expression for points inside the dielectric
eylinder (p<a) 1s as follows.

E’;_z ch gme1 Bh[%" cos mg cosg J’,:,(mqo)-l-#k—"sin mg sing JR(M)]
m=o "(l‘-)
where the factor By is given in full by

Zalf (813 00) = F Gpla) Gh0)41[E X (0)I5(0) - Th(a)3p(b)]
v [} Fn(a)Ia(b) = J,'.'aw.(b)] ﬁ[}x,un,’,(b) - z,f.(a):,.m]a
-(5)
For the case under consideration (i.e. y=0,§), equation (i)

reduces to the form

:ch qm-1 Bm% J;(mqo)(cos ug cos #) (6)
m=0

& |

where the factor (cos mg cos £) has the same properties of
sign as mentioned previously.

The values for points inside the cylinders, as
presented in Figs. 12 and 1ll, were calculated from equation
(6) using expression (5) for the determination of B,,+ Hence,
it would have been expedient in the long run to evaluate
the points outside the eylinders by use of expression (3)
rather than by direct use of equation (2) of Froese and
Walt.



FIG. 20: GEOMETRY OF DIFFRACTION EXPERIMENT
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