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ABSTRACT

This thesis is the report of an investigation of the
permeability of iron and its dependence on temperature at
ultra high frequencies. The frequency used was 8,200
megaycles, the temperature range covered was from SOaC to

550’C, and two samples of iron were studied. Both samples

=

were approximately 1} x 13 x 7 inches and made from standard
Armco iron stock. Special heat treatment was used on one
sample to remove impurities. The other sample was annealed
but not purified.

To measure the permeability the effect of an iron sample
was compared with that of copper on the resonant length and
the shape of the resonance curve when used as end plates of
the resonant cavity. This technique eliminated the effect of
the other parts of the cavity on the measurements made.

Two values of permeabllity are obtained,/a‘ and e .
The first is obtained from measurements of resonant length
wnile the second is determined from measurements on the
shape of the resonance curve. How the two values of
permeability are obtained from the measurements made 1is

derived under Theory of Measurement.

For the sample of Armco iron purified by special heat
treatment)%evaried from 80 to 35 in the temperature range
50°C to 300°C. For the annealed iron sample #4evaried from
67 to 17 in the temperature range 5000 to 56670. Values of 4,
were obscured by the large probable error that resulted from
the type of cavity used in the experiment, but all values were

less than ten.



.,

TEXT

I. Preliminary Considerations

No attempt will be made here to discuss the theory of
ferromagnetism as developed by Weiss, Heisenberg and others
for static magnetic fieldsgl) However a few remarks are
necessary in order to explain the purpose of the experiment

herein described.

The permeability 4¢ 1is defined by the relation

B=_«&FH
where
B = resultant magnetic flux
H = applied magnetic field

B may also be expressed as
B = A ¥t
where
I = intensity of magnetization
It may be seen from this that
= /7*46r;§L
According to the theory of ferromagnetism 2D
I = I, fer o fF o A o oA i‘-z:)_/

waere
I, = saturation intensity of magnetization at absolute zero
k = Boltzmann's constant
T = absolute temperature
A = the exchange integral
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The Curie point is defined as the temperature at which
spontaneous magnetigation disappears. Consequently 2A can be
replaced by kT, where T, is the Curie temperature

Z = I, foots [,f;/my,ﬂf(;;’—%)]
It can be seen from this expression for the intensity of
magnetization and the relation of permeability to it that no
simple expression for & as a function of T can be written.
It can be said however that according'to the theory & decreases
steadily and continuously with increasing temperature from
a maximum value at absolute zero to one at the Curie pointi

It will be noticed that the normal definition of permea-
bility implies that H and I are in the same direction. While
this is true for static fields it no longer holds at very
high frequencies. The result is that the magnetization of
ferromagnetic materials is out of phase with the applied
magnetic field and 4 must be expressed as a complex quantity.
However, because & 1s also a function of frequency and because
of preceden® it is customary in measurements of permeability

at high frequencies to continue writing
B et
and then measure two different values of/xé,/gk, and 4 , the
former being the value of 4 derived from the losses the
ferromagnetic material introduces into the Lecher wire system
or cavity while the latter is derived from the reactance
(

introduced.s) The complex expression for & in terms of ko and 4,

is derived in the appendix. The precedence of measuring 4eand 4
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has been followed in this experiment for the purpose of
comparing results with previous investigations.

The resonant cavity technique is rapidly establishing
itself as an accurate method of measuring pnysical constants.
There are, in general, two techniques used in obtaining
resonance curves. One is to fix the dimensions of the cavity
and sweep through the resonant frequency of the cavitywith a
variable frequency oscillator. The other is to fix the
frequency of the oscillator and vary the length of the cavity
through resonance. The former technique 1s admirably suited
to comparing two different cavities. It has the advantage
that frequency stabilization is not necessary. It does not,
however, yield itself to making accurate measurements of the
"Q" of the cavity. The latter method requires frequency
stabilization but it can be used to obtain accurate values of
"Q" as well as resonant length. For this reason the latter

technique was used in this experiment.
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II. Description of Apparatus

If the permeability of iron were to be measured by
making the entire cavity of iron 1t would require accurate
knowledge of coupling of the cavity to the detecting probe
and the high frequency energy source as well as accurate
knowledge of the dimensions of the cavity and their variation
with temperature. To try to compare a cavity made of iron
with one made of copper would involve similar difficulties
even though it would eliminate the necessity of knowing the
effect of coupling to the energy source and detecting probe.
Consequently it was decided to use one cavity made of brass
wave guide and place first iron and then copper as the end
plate of the cavity and compare the resulting resonance curves.
Since the material being investigated is placed only at the
end of the cavity, the sample is small in size and easy to
prepare. By this method of comparison the entire effects of
the walls of the cavity other than the end where the test
samples are placed are eliminated. One need know only the
conductivity of the iron and copper and the permesability of
copper.

The copper sample was prepared by plating a layer of
copper about .007 inches thick on a small iron plate the same
size and shape as the iron test sample the permeablility of
which was being investigated. By this means the effect of

thermal expansion of the cavity was eliminated since 1t was the

same for the cavity with either sample placed on the end.
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The cavity was made of .400 inches by .900 inches rect-
angular wave guide. The test sample was bolted to one end and
a plunger with micrometer adjustment through which the energy
from the oscillator was fed formed the other. A schematic
diagram of the cavity is shown in plate I. The choice of this
type of cavity was unfortunate because wwwe the TE mode of
propagation vemesieeseessdddee rcquires that current flow across
the joint where the test sample contacts the end of the cavity.
Consequently minute Variations of this contact cause serious
variations in the effective resonant length of the cavity.
Removing, polishing, and replacing a test sample on the end
of the cavity caused a variation of as much as .0005 inches
in the resonant length. The "Q" of the cavity is not affected
in the same manner because the necessity of the current
traversing the joint does not cause any change in losses. The
use of the proper mode in a cylindrical cavity would have
avoided this source of error. But it was not realized during
the construction of the apparatus that the variation resulting
from the replacement of a test sample would be so serious.

The energy from the klystron oscillator was fed to the
cavity through a small hole in the center of the plunger
face that formed the opposite end of the cavity from where
the test sample was placed. The plunger was 1tself a short
section of wave guide which fitted snugly into the cavity.

It in turn was tightly coupled to the length of guide leading
from the oscillator by a length of coaxial cable. Two

dielectric attenuators (see plate II) were used to decouple
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the oscillator from the cavity so that as the cavity length

was varied through resonance it would not tend to pull the
oscillator off its fixed frequency. The repeller electrode

of the klystron was modulated by a 1000 cycle square wave

50 volts in amplitude. This amplitude was sufficient to pulse
the klystron so that it oscillated at only one frequency half
the time. The purpose of the modulation was to provide some
means of detecting the fields in the guide and cavity. A probe
was inserted into the cavity .025 inches 1% wave lengths from
the end where the test sample was placed. This probe extracted
a very small amount of energy from the cavity which was then
demodulated by a germanium crystal. The resulting 1000 cycle
signal was then fed to a selective audio amplifier. Since

the amplitude of the sqguare wave modulation was held constant
the output of the audio amplifier was proportional to the

high frequency electric field at the probe in the cavity.

To be exact:

v = AE/,76
where
V = output of audio amplifier
E = electric field at the probe
A = amplification constant

The exponent for E was found experimentally by measuring the
field in a shorted section of wave guilde where E is known to

be a sinusoidal function of distance.
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In addition to this primary high frequency circuilt
beginning with the modulated oscillator the output of which
is fed into the cavity through a short section of wave guide
and connecting coaxial cable and ending with the audio amplifier
and meter which received the signal from the crystal coupled
to the detecting probe there was an auxiliary circuit used to
monitor the oscillator. This circuit consisted of a branch
of wave gulde in which was placed a fixed resonant cavity of
the cylindrical type. The branch wave guide Qas connected
at right angles to the main section of wave guide. Since the
fixed cavity was in series with the guide it acted as a highly
selective circuit and allowed energy to reach the demodulating
crystal at the end of the branch (see Plate II)only when the
oscillator was tuned to the resonant frequency of the fixed
or monitoring branch of wave guide so that the klystron could
be read justed if necessary until it was oscillating at the
resonant frequency of the fixed cavity. It was determined
by measurement that it was possible to hold the frequency of
the oscillator to the resonant frequency of the fixed cavity
within an error of less than one part in thirty thousand.

To stabilize the output of the klystron and minimize
frequency drift a voltage regulator line transformer was used
for the square wave generator. The power supply for both
the klystron and the square wave generator were voltage
regulated. In addition the klystron was placed in a bath

of transformer oil contained in a water cooled jacket.
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The water flowing through the jacket came from an open reservoir
near the ceiling of the room to maintain a constant pressure
head. The result was that it was possible to hold the frequency
of the oscillation at the resonant frequency of the monitoring
cavity without difficulty.

To prevent oxidation of surfaces the entire test cavity
assembly was placed in a brass bell jar which was evacuated.
The pressure in the bell jar was held to less than one milli-
meter by a vacuum pump throughout the course of measurement.
This pressure was low enough to prevent any noticeable oxid-
ation over a period of many hours even though the temperature
of* some of the surfaces was more than 40690. The brass bell
jar was necessary because unequal heating resulting from the
heating element surrounding the test samples was seVere enough
to crack a glass jar.

To heat the test samples to the various temperatures at
which permeability was measured a small rectangular heating
element was made to fit snugly over the sample. This element
was made by molding a 1000 watt helix of resistance wire in
an aluminum oxide form. It was put in series with several
rheostats across a direct current source of 115 volts. The
current through the heating coil and hence its temperature
was varied by changing the resistance of the rheostats. An
alternative method of heating the test samples would have
been to pass a very large direct current through the sample
itself. But this current would have set up a magnetic field

wnich would have partially magnetized the sample.
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While the test sample at the upper end of the test cavity
was being heated it was necessary to keep the lower portions
of the cavity at least moderately cool. The necessity arose
from two different causes. The first is that the detecting
probe assembly mounted on the side of the cavity contained
a germanium crystal and insulating parts that would have been
destroyed by elevated temperatures. The second is that the
plunger connected to the micrometer would make poor contact
with the lower walls of the cavity if a considerable temperature
differential existed. To cool the lower portions of the test
cavity a copper tubing was wound around the outside walls of
the cavity and soldered to it about % inches below the upper
end of the cavity which made contact with the heating element.
Water circulated through this copper coil at a rate of 15 cubic
centimeters per second. Because of thermal expansion small
temperature changes of the side walls of the cavity could
cause marked changes in the resonant length of the cavity.

For this reason this cooling coil was also supplied from an
open reservoir near the celling of the room to maintain a
constant rate of water flow.

To measure the temperature of the test sample two iron-
constantin thermocouples were extended through the heating
element. The Jjunctions were firmly seated by means of small
screws at the bottom of holes which were drilled in the samples.,
One hole was placed at the center of the sample and the other

so that it was just over one wall of the cavity. The holes
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were drilled almost through the sample so that the thermo-
couple junctions were 1/64 inches from the surface of the test
sample that formed the end of the cavity. The thermocouples
were connected to a Leeds-Northrup thermocouple potentiometer
calibrated for iron-constantin thermocouples.

To change test samples it was necessary to remove the
brass bell jar so that only a temporary seal could be used
when placing it over the cavity assembly. A rosin-beezwax
mixture makes an ideal temporary seal except that it melts at
a relatively low temperature. To avoid melting the seal when
the temperature of the heating element was raised another
cooling coll was wound around the bell jar and water circulated
through it at the rate of 10 cc per second.

So that the plunger.could be moved in or out of the
cavity to vary its length by means of a micrometer located
outside the evacuated jar a sylphon bellows was used. Inside
the cavity the bellows was fastened by means of a rigid
gulding plate directly to the lower end of the plunger.
Qutside the bellows was connected to the micrometer barrel by
means of a ball-in-socket joint so that rotation of the
micrometer caused pure extension of the bellows. To insurd
that the position of the plunger was in exact correspondence
with the micrometer setting it was necessary that the bellows
(to which the plunger is rigidly fastened) always pressed firmly
against the end of the micrometer barrel. Since the natural

action of the bellows under the influence of the vacuum is to
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pull away from the barrel strong springs were provided to
oppose atmospheric pressure from the outside.

For a clearer understanding of this description of the
apparatus reference may be made to the photographs in the

appendix where most of the detalils are clearly illustrated.
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III. Theory of leasurement

In this section the effect of the permeability and
conductivity of the end wall of a cavity on its resonant
length and the shape of the resonance curve is derived in
some detail. This is done firstly because the technique of
measurement depends on the elimination of effects of other
parts of the cavity by comparing measurements made with an
iron end with those made with a copper end, and secondly
because the shape of the resonance curve which is usually
measured by the "Q" of the cavity can be expressed much
more uséfully for the purposes of this experiment by the
slope of a certain linear relationship.

Consider a cavity formed of conducting walls of length d,
width a, and height b, the interior of which is evacuated.

Let the coordinate axis be oriented as shown in the diagram.

4 2
A A
/E // 1
| / o b
Vo
(2
A ——
/
/ a
/
/ . -
d 7

Then in the TE,, mode Z 1is the direction of propagation.
At Z=0 1is located the test sampls whose phvsical constants
are to be measured. At Z=4d is the effective end face of the
plunger. In the center of this face is a small hole through
which energy is fed into the cavity. At some point Z=3% and

X = a/2 a short probe is inserted into the top of the cavity
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to detect the electric field present there.

A small amount of energy enters the cavity through
the nole at Z=d4d, it excites the TE,, mode of propagation,
the only mode the dimensions a and b will allow. This
field propagates down the cavity with a propagation constant )
and is reflected at Z=0 by the conducting test sample. It
is again reflected at Z =d and travels back and forth in the
cavity. Thus the electromagnetic field in the cavity can
be considered as consisting of an infinite number of waves
traveling in both directions. It is assumed that the
electromagnetic energy travels back and forth in the cavity
in the TE,, mode of propagation in a wave guide with perfectly
conducting walls with the same dimensions as the cross-
section of the cavity. Since the walls of the cavity used
in this experiment are brass the assumption is a very good
one. At any rate it is the effect of the end of the cavity
formed by the test sample at Z =0 on the fields that is
of interest, so that if the fields of a TE,, mode can satisfy
the boundary conditions at the ends it is sufficient to
consider only those fields. The fields of a TE,o mode are
a magnetic field in the Z-direction, H, , a magnetic fleld
in the X~direction, #y, and an electric field in the

Y-direction, Eoy o



Using the practical units these fields for a wave traveling

in the negative Z-direction are £

/;;z = A é{‘/ﬂ)ff#'zqaas }Z/E
w7 ‘Wz # 32D 7
By = —d AL ety 7
X a/})lzf/(/2> J'/”d
: 7 (fel # ¥, 2D TX
£ :—A..‘Z.a_J/_“o— P S -y s L=
4 d(>§2+/\f,‘z) =

The waves traveling in the positive direction are

s -y z TX
Aﬂé = £ e Credz—y >¢ﬁ¢f’:;‘
X 7 (aZ—yz) T
il = — = e ’ SHw2 L
X 6'4(3{2fkf0 a
[, = - M 6 K/l Z_¥z>

‘y a,(gz,,_k/z)

A = arbitrary amplitude

Q
"

arbitrary amplitude
X = coordinate across the cavity in meters

a = width of the cavity in meters

-/
2 = propagation constant in the Z-direction in meters
¢ = frequency of oscillations in radians per second
A = permeability of free space in henries per meter
2
-
k= wiye,
€, = dielectric constant of free space in farads pér meter

If the coefficient of reflection of a wave striking an end
plate is found so that successively reflected waves can be

expressed in terms of the wave initially entering the guide
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and the coefficient of reflection, and if the infinite series
of reflected waves can be summed the problem will be solved
since the coefficient of reflection of the end contains

the permeability of the material forming the end wall.

The coefficlient of reflection may be found by satisfying
the boundary conditions at the end. Any field existing in
the test sample at Z=0 will propagate only in the negative
Z-direction since the test sample is conducting and will
rapidly attenuate any fields that penetrate it. Consequently

the fields in the material forming the end of the cavity are

. z)
oy = Be i g d’asZ-’E

=4
: z
Aoy = = _33£ZL—-— o V7% i X
@ af “
: ' z X
o m S A o a2 )527-5;
7 @ (¥ +k3)

where

R e B 7 2
kzzzaa/@eég/V-f‘/a)ék

Y2 propagation constant in the test sample in meters

-/

/%ezpermeability of the test sample in henries per meter

- dielectric constant in the test sample in farads per

(]

meter

conductivity of the test sample in mhos per meter

11

%
The boundary conditions at Z =0 require:
4
lox * Mx = Pex

Ly * Ly T ey



Substituting the &xpressions given above for the fields with

Z =0 ylelds
Y, (¢-4) _ VB
e AR) T gt AS)

CRRrR%) (¥R rAF)

Eliminating B and finding C in terms of A gives the coefficient

of reflection

Ho¥, - Ay Ve
/“Zy/""/‘oyz

= A

Or the coefficient of reflection, K, is

ApY, M, Vs
/“2}//—/4‘/)/2

Let K' be the coefficient of reflection at the plunger (Z=4).

Since the detecting probe responds to the electric field
it alone needs to be considered. Let the electric field of
the wave initially excited by the energy entering the cavity
through the hole in the plunger at Z=d have the amplitude A.
It may be expressed

WZFNZ
G Y, )_‘_”7 T

A;V sA® a
" 4 s a1 77X
Since the detecting probe is located at AG:}? the factor 7 5~

equals one and need no longer be considered. The wave

reflected at the test sample 1is

Cfat-YZ)
Ly = AKE ’
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The result of the reflection ofzgz at Z=4 is

Ly = ek o TREFNZ-2)d)

and so on until there results an infinite series of waves

traveling in both directions. The total electric field giyis
oD
-9z e v
£y=,4/e’72+ e 7 )V ”z rar)’ e —Rr%S
o

K and K' are in general complex numbers and may be expressed

in the form

_.2
K= 7

4

K= e

where p and p' are also complex numbers the values of which

are such as to make the above relations true. Thus

©
=Arev? . e")’)z-ap)é"’wzz e siaiiac
172=0

Ly

The infinite series may now be expressed in closed form since

o0 5)
Jrcorbx =23 @ 2%

r=c

Jl

Thus letting e be understood

giy-=/4ér;2vsﬁ’/22!f;9ZCﬂ4cvﬁéu(ga/%/avecgb7

Obviouslyy4eﬁgs a constant independent of the length of the

cavity or the value of Z.
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The above expression for é; is an accurate expression
for the electric field at a point Z,Z=§ in a cavity of
length d with one end at Z=0 formed a medium causing a
coefficient of reflectionJK*éﬂaan the other end at Z=4d
having a coefficient of reflection <% e %p The only approx-
imation is the assumption that fields of the TE,, mode will

satisfy the boundary conditions along the sides of the cavity.

To make the expression for £g

£y = A, cosk (¥ 2 +p)[7 # cot s /)’,a’fpf—p/)]

useful, p and )y must be expressed in terms of the constants
of the cavity and its walls.

The propagation constant Y, for the TE,, mode in a

rectangular guide is derived 1in several texts on the assump-

&)
tion that the walls of the gulde are good conductors. So

without derivation it may be written

Y, = A * 8
where
%
3(6‘"2/‘(06;_ ZZ/E )
2é>
- / (w6°)2 ( )
()%
where

7 = conductivity of the walls in mhos/meter
¢ = velocity of light in free space in meters/second

The rest of the nomenclature has been defined previously.
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This value of ¥, is based on the fact that «, is very small in
relation tod as it will be shown to be. A more rigorous
evaluation of ¥ was made and it was found that it differed
from the above expression by a negligible amount for the |
purposes of this investigation.

To find p in terms of useful constants its definition

must be used

The propagation constant in the conducting test sample,
may be found as follows. A fundamental relationship for

the TE, mode 1is el

, e
Yo KT = —3
This must be true 1In the end of the cavity as well as within
it to satisfy the boundary conditions at Z=0. Applying
this relationship to the end conducting wall and substituting

the value of A%

2l
2 7 2 Iz
3/2 —-72 61-7/26:2 //7“‘/.6‘)6.2)

For any metal ¢, is so large that all terms not containing it

are completely negligible and

))2 = //,a/)l/_f)_/:{_i‘:‘e_.

Before substituting in the values of x and ), in the
-2
expression for & Pit will be shown that o, is negligible in

comparison to/§ and may be neglected.



-20-

In this experiment
-2
a = 2.286 x 10 meters

4
b= 1.016 x 10 meters

&= 5,58 x lO/oradians per second

M= 4 X 10-7henries per meter

€ =1/36 x 10_?farads per meter

c =3 x lOaneters per second

= 1.6 x 107 mhbs per meter

¢ = same order of magnitude as q
So that

2 -/
A =1.252 x 10 meters
-2 il
a=4.0 x 10 meters
~ < -/
/%/=8 x 10 meters
-2
Thus &€ Fis very close to one and an excellent approximation
to the true value can be made by neglecting &, and letting ¥= J'/Q,

Dividing both numerator and denominator by «# ¥, in the

expression for el
y, z/'/d/ /“,e
o P A (14 Yark, 0 J2
J - S A Ao
A 1) Y, 7, f
Ry B A
e— 2/75 _ / S 7

A (AN G f2

This is still an excellent approximation since the lest term

is very small compared to one, being of the order /d’/))z
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Now let

4 = /6' P2y
) l’,eayrz

A i
® "'2P‘ .
Expanding e “into real and imaginary parts
- 2F i il ' 24
e cos P - & .r//727=—-/7-’—2.d~/-/
or
-2&

& cosf2 = —/+24

e-sz/f? 2= -R2A4
Since 4 is very small it is obvious that 27 is approximately Z
wiiile ¢ is approximately zero.
Let :
vz Z P
Dividing the equation derived from imaginary parts by that

derived from the real parts

N
[N
IR

Sorm Bo = ———— 24

or RPEa

-
Since 4 is of the order of 1 x 10 this approximation is
: 7 -2
good. Substituting 7= = # 4 in & = cosZp= =/7#2d

it is easily seen that &£ =a.
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Thus
p= D ) F+a)
where

o i’
Ao 2Lao T,

A:

» and p have now been expressed in terms of the constants
of the system.

So far nothing specific has been said about A = €
where K! 1s the coefficlent of reflection at the plunger end
of the cavity. While K!' cannot be expressed analytically
because of the hole in the plunger through which energy enters
the cavity it can be safely assumed that the plunger acts
aé a reflecting plate at the position Z-=-d with a coefficient

or reflection such that

/9/': 4 /*t/./z_z_rf_ d/)
where 4°is left unspecified except that it be regarded as
small. This must be true if the cavity is to show the
pronounced resonant properties 1t does. It is very likely that
7Z=d is not the exact coordinate of the face of the plunger.
But whatever the distance between its effective surface and
its actual surface, it will remain fixed with any variation
of position of the plunger so that it is of no importance in

in the analysis.
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It has been shown that

Y, =« *s8
P = d+//?7[fd>

=gt (F +2)
If these values are substituted in the expression

£y = A, cOfo (yz +,o)Z7f cott /xa’fpf,o’)_/

for the electric field existing in the cavity, there results
,é} = A, c'a.rb/c-y,z *I+ (82 2’—’*4)] X
[7 # cotb (U, + 4+ 9 +) (8~ %A/r‘-)r_)/
In the cavity used in this investigation the position of the
detecting probe is fixed at Z=5/4 )]u Likewise the resonance
curve investigated was the one occurring around d=3/2 257
where Ajyis the wave length in a wave guide of the same

dimensions as the cross-section of the cavity. Thus
&
8 Z= 3 7
B o= 3752

where 1 1is a very small deviation of d from 5/2,39.. Substi-

tuting these values in Aﬂ?
4%,: /%cwuvazfégqus7+47fu/ﬂ3ﬂﬂw427'x

/_/+ co’s /2,30(,;?7«4 #d ) (T 4B+ # 4 ’)Z/
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Expanding this relation into real and imaginary parts and
using the trigonometric and hyperbolic relations for functions

of sums of angles

£y = A, caj'/?/;“fqg,lqr d) cosd # jszfo /;{—fa’, Ay *4) .s-/md_/

X/;,«. S 2/}2«,)«7 FA+A") = fswr PBL+a+4")
cosh R ZaAagrara’) ~fcos2((47+a+4)

The first pair of brackets enclose terms that are entirely

independent of 1. Furthermore, since the arzguments of the

functions are small its magnitude is very close to unity.

Thus the variation of the electric field at the detecting

probe located a fixed distance, 5/4'A73 from the end of the

cavity as the lengtin of the cavity is varied a small amount,

1, about the length 3/2A#is given by the terms enclosed in

the second pair of brackets. The maximum value that 1 has

in this experiment is about 5 x lo-sﬁeters so that the arguments

of the functions are still small and they may be expanded in

a rapidly convergent power series. Although sw26‘27%§4}%7*27*41>

and .5‘//?,2/,6,2#-.4#4)’) may be approximated to the first order,

ao.s‘#?/fa;ayfdf.a’) and ¢vs 2/ 4244 #4°) must both be approximated

to the second order to obtain a result other than Aﬁy==ao

since they are both one to a first order approximation.

This is to be expected since near resonance the electric

field in a cavity becomes very large compared to that of the

energizing wave. The detecting probe is not sensitive to
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the phase of the electric field so only the magnitude of

need be considered

2
JE )%= 4f (B o Agrara?) #1824 0+27)°
70T 0 i aag rara) i g orara)®

o
2 2
//_-'y/a_::- ,442/—/—21«,2?*4%4’) 2‘/,42:‘-47‘-4')]

This is an excellent approximation as long as AL.Afgfamz/ay
are small and it has been shown that they are.
It is immediately obvious that /f}q/ is a maximum when
Bl=—-ra+4")

and
2
2 A

o

/‘Ei(naz = /:;Z @ Ags7 d+d’)2

Thus the resonant length of the cavity, d,egs , is
(A4+4°)
A

The value of 1 for resonance of the cavity depends on J

- 3
aﬁ'es‘ - ?39"‘

which in turn 1s a function of 4, , the permeability of the

test sample since
A:'/é/ /“2
A ].?d)qé

To the first order approximation made in this analysis

resonant length depends only on reactance phenomena so that

the &, determined by the measurement of 1 for resonance

‘3
of the cavity will be the 4, discussed by Kittel. 4
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Now let A be the displacement of the plunger from its

resonance position

. /
A+4
A=+ "=
A
Then
2l
2 3
/Eq/, _/;—ar,ayfmm/
2 - 7 72 PN 4
)t [Rargrara) g
Let
o Ve~ /
/fy/MJX
2/—-_*_? / 2 2 2 7 / o
X[ Z ﬂp&7+ﬁuﬂ +.2f/32‘= Z Qag 74 +4
2 2
- Z
or
/,_Xz__ /d/
XF _-_?qlayfdm’
/- X

Hence the slope of the curve versus A gives another

2=
determination of 4 . It may be seen that the slope is also
a function of o, which is to be expected since the steepness
of this curve 18 a measure of width of the resonant curve or
of attenuation. Thus the value of permeability, 4, determined
from the value of 4 given by this slope 1s the mentioned

. 3
by Kittel.

The curve V%’:_z versus A is a straight line since a,,2g,4

and 4’ sre all constants for the cavity with a given test

sample in place. Let the slope of this line be m. Then

A

/79 =
g 2 A+
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From an experimental determination of m, & of the test sample
is derived. Likewise from an experimental determination of
the value of 1 for resonance g, of the test sample is derived

D +2°
A

It has already been pointed out that 2" is unknown. In

Z/'e"""

actuality 4, 1s also unknown since the detecting probe extracts
some energy from the cavity and thereby causes a4, to have an
effectively greater magnitude than that given as far as the
ends of the cavity are concerned. Therefore, to obtain an
absolute value of 4 for a test sample,‘dland «, , must be
eliminated. It can be seen that both m and 1., are linear
functions of 4, 47 and a, to the approximation made in this
derivation and thelir effects on the measurements made may

be eliminated by comparing the values of m and 1,,s, obtained
with the test sample forming one end of the cavity with the
values obtained with a conductor whose permeability and
conductivity are known forming the same end. In this
experiment copper is used for the known conductor. Let the
subscript ¢ denote values for copper as the end of the cavity,

and the subscript £ denote values with iron as the end.

Ay ra’
4;/m9="‘_—_-—

(4
Do+’
/:' res =~ -?—

or 4
Zr -4 = Le-4z

4~

A.Z' Ag‘

|
)
l
R S
&N
g

9oéaéxf/42 .-
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In a similar manner

-,
/7?_2- — 3z 7
Z aAdg+dr 74
A3,
/775 —

Zarg+a,+2’

Or
dzr _ dc

Using the definition of 4 already given and making use of

the knowledge that the permeability of copper is very close

to that of free space

7/— _/fi"-/-/‘ﬂ/_‘/} /z_/
Var =y + 4 vew /——,,—g

So that providing the conductivity of copper and iron and
the frequency of the electromagnetic waves are known the two
values of the permeability of iron, #e and &, , can be
independently measured by finding the difference in resonant
length of the cavity with an iron and a copper end plate
and by measuring the slopes m, and m, of the plot of the
function defined above.

Although determinations of &, and «, are sufficient for
the purposes of this investigation 1t 1s of interest to find
the relationship between «, and/;kand the real and imaginary

parts of the permeability. This relationship is derived in

the appendix.



-29-

TECHNIQUE OF MEASUREMENT

The method of measurement was relatively straightforward

and simple. Initlally the wave guide and coaxial cable to

the test cavity were tuned to give a minumum standing wave

ratio at the frequency of the monitoring cavity by adjusting

tuning stubs. The adjustment resulted in a standing wave

ratio in the guide of 1.05., The
1000 cycles, the repetition rate
on the repeller electrode of the
time to time 1t was necessary to
slightly, but the drift was very

measurements on a sample of iron

audlio amplifier was tuned to
of the sguare wave modulation
klystron oscillator. From
change this adjustment

small. To take a series of

or copper, the inside surface

was first gently polished with the finest emery paper available

to remove any oxidation or dirt.

The sample was then bolted

to the top end of the cavity by means of four bolts, one at

each corner, the thermocouples fastened under their retaining

bolts, the heating element put in place over the test sample

and a large block of diatomaceous earth put over this to

reduce radiation losses from the

surface of the heating

element. The bell jar was then placed over the system and

evacuated. To get the pressure of the vacuum down to less

than one millimeter of mercury required about eight or ten

hours and was usually done overnight. The system was then

ready to begin a series of measurements. The electronic
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equipment was turned on, the heating element circuit closed,
and the water cooling turned on. The temperature of the test
sample as indicated by the thermocouples was first brought

to approximately SOoC after which a set of measurements was
taken. The temperature was again raised, another set of
measurements taken and so on up to the highest temperature
that could be obtained without exceeding the wattage rating of
the heating element.,

As the temperature was raised gases that had occluded
to the surface of various parts of the system were driven
off so that after each elevation of temperature it often
required several hours for the vacuum pressure to be reduced
below one millimeter of mercury by the pump. During this
time the resistance in series with the heating element was
ad justed by small amounts to bring the test sample to the
temperature desired.

Since the cross-sectional dimensions of the cavity
determine the propagation constant )& s the temperature of
the cavity walls had a critical effect on the resonant length
of the cavity. Consequently 1t was necessary to control the
rate of flow through the cavity cooling coil as accurately as
possible. This was done by measuring the quantity of discharge
in a given interval of time with a stop watch and a graduated
cylinder. Thé difficulty encountered in keeping the rate of
flow constant was that the heat caused bubbles to form in the

cooling coil which restricted flow.
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After the entire system had been allowed to come to
thermal equilibrium the frequency of the oscillator was tuned:
to the resonant frequency of the fixed monitoring cavity and
the position of the plunger in the test cavity was varied
through the resonance curve, the output of the audio amplifier
being recorded for each position of the plunger. Before
taking a set of readings at any given temperature the gain
of the amplifier was adjusted to give about 90 percent the
full scale deflection of the output meter at resonance in
order to increase accuracy. Readings were then taken at
successive points beginning with a position of the plunger
enough longer than the resonant length that the output of the
audio amplifier was about half maximum, or roughly at the
half-power part. Readings were taken every .0002 or .0003
inches, depending on the steepness of rise of the resonance
curve, until resonance was approached., About the resonant
position of the plunger readings were taken every .0001 inches.
Usually the resonance curve was traversed three or four times,
the frequency of the oscillator being checked before and
after sach run and readjusted if necessary. Because there
was a slight asymmetry of the resonance curve of the test
cavity all readings were taken on the side of the curve where
the cévity was slightly longer than the resonant length,

except for three or four points taken on the short side of

2
resonance to aid in determining the most probable value af/27;m¢'
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Usually there resulted from eight to ten points which could

be used to calculate the resonant length and the slope of

the curve/%%fﬂﬂk. It can be seen that the actual measurements
were simple, but the time necessary for the system to come to

equilibrium and to adjust all the possible undesirable variables

was quite long.
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REDUCTION OF DATA

Since the output of the audio amplifier was proportional
to /04%%/A;;ere‘A is a constant of the amplifier and
detecting circuit it was only necessary to raise the amplifier
output readings to the 1.04 power to obtain values proportional
to/€,/% The three or four values of,ﬁfg/%btained for each
position of the plunger at some particular temperature were
then averaged. A value,of‘AQ¢:yas then obtained by inspection
of the resulting set of values for/Z;éii Then dividing the
average value of/kim/?qr each position of the plunger by)éﬁyéi;z

2 -
a series of values for X were obtained. From these yf;j(

was calculated. The simple method used for determining
does not give the most probable value, but the error is small
compared with the mean deviation of the individual valueS/Q;/a
resulting from repeating the series of readings three or four
times.

Since

A =da-2

where & is the length of the cavity and 1 is the resonant

length of the cavity

-2
L s 7))

or

= L Afr-X*
a/—,,, “;?Ta""'z

Comparing this linear equation with the usual equation for a

straight line it can be seen that 1 is the intercept of the

; Z//—x‘? 2 . . I =
straight line when == =o or X=/. Likewise == 1s the

/72
slope of & plotted versus %’EZ "
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To find the most probable values of the slope and intercept

of a straight line given a series of points which theoretically

c7)
lie on the line the procedure is as follows.

Let g be a particular setting of the plunger and

/=22

Z, be the corrésponding value of =

7 Dbe the total number of points
z represent the summation over the n points
zay 7

Zd;‘ Z;' = 2"'

s
77

Tx %

z2xf Fz

Fx, Zap

sxf Zaxzx

z z; 77

2
Z Kr 8 Xy

The probable error of the resulting values of ;ﬂl" and /Z could

also be set down but it was found these errors were so puch

smaller than the average error resulting from evaluating ;%

and 1 several different times as to be negligible. At most
temperatures there were three to five separate values of ;#
and 1 determined, and these values were averaged to give the
final values used in calculating &, and Ug

Of the constants needed in evaluating /&_and/@e, @ 1s

easily determined by measuring the wave length in the guide,
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and &, is known to be 47 x 1647henries per meter. The
conductivity of iron and copper 1is replaced in the formulae
Tor «, and e by the reciprocal resistivity. The values as
well as the temperature coefficients are taken from the
Handbook of Chemistry and Physics(e{ This procedure is
valid for the accuracy of this experiment because both the
iron and coppsr used were very nearly pure metals, and
because there 1s no known theoretical reason for the resist-
ivity of metals varying with frequencies. A recent invest-
igation(?>has shown that there 1s some increase in resistivity
at very high frequencies but the increase is not appreciable
except at frequencies much higher than those used in this
experiment.

The values of resistivity used in this experiment are

= .17 x 07 )1+ 7-20)(00%2)]

I2opper

Prpgrs = 40 X 2071+ CT-20)(.00%47 #. 00002/ 7‘)]
where T is the temperature in degrees centigrade. Finally
the values of &, and &« are given in the results in practical
units instead of rationalized MKS units and both 1 and ;é
are measured in units of lo_yinches; The final result of

this change of units and the substitution of the values of

constants 1is

«, [;f- (7-20) (0047 +.00002/ 7’)]
= 3005 (4~2;) # [ /7[/+ (7-20) ao#z)] f

" 7+ (7-20) (0047 . 00002/ r) ]

= Foos (- L)+ f 17 /7% (r-20)(.00%2) [ J)
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RESULTS

Measurements of «gand 4, were made on two samples of
iron. Both were made of + inch Armco Iron plate milled into
squares approximately 13 by 13 inches. One sample was prepared
according to a heat treatment described by Cioff{qoén'which
the iron was heated to a temperature close to the melting
point in an atmosphere of damp hydrogen and held there for
eighteen hours to drive out the carbon and oxygen and then
lowered to about 835°C and held there for twelve hours for
annealing and finally cooled to room temperature at the rate
of about 5500 per hour. The second sample was not subjected
to the high temperature heat treatment but was annealed in
the same manner as the first sample. This heat treatment
was done by the Jet Propulsion Laboratory.

In the first sample the high temperature to which it
was sub jected (1570°C) for the purpose of removing impurities
was high enough that the crystals reformed on cooling and
resulted in beautifully large crystals, some almost 1/8 inch
across. Unfortunately this also resulted in a wrinkling of
the surfaces so that the sample had to be repolished. The
polishing was done with fine emery and took a very long
time. But in spite of this care there 1s no doubt that

surface stresses resulted which had a pronounced effect on

the measureable value of the permeability since at the
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frequencies used in this experiment the permeability is
almost entirely a surface phenomenon. In an attempt to
reduce the surface strains in the samples resulting from
polishing both samples were reannealed in the vacuum already
available in the experimental set-up for a period of ten
hours. It was stlill necessary to polish the samples lightly
before making a set of measurements to remove surface
oxidation. It was found that if a layer of oxidation was
allowed to develop on the surface of the iron the measurements
varied and were not reproducible. As a consequence it must
be remembered that the results given here are for iron, the
surface of which has been polished and therefore undoubtedly
have surface strains which effect the results. The fine
grooves resulting from polishing the surface were in the
same direction as the electric field and consequently at
right angles toIfoor all three samples, two of iron and one
of copper.

Previous measurements of the permeablility of iron
(see references 3 and 11) at very high frequencies show
that in the region from eight to nine thousand megacycles
Mpr is much larger than «, . On the basis of a low frequency
permeability of 100 results show that «, is around 2 or 3
whnile e is around 30 or 40. As 1s well known values of
permeability depend a great deal on the exact composition
of the iron investigated and on its history. The results
of this Investigation seem in good agreement with previous

ones .
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The results are given in table form below and plotted
in graph form in the appendix. Sample one 1s the sample
that was heat treated to remove impurities and annealed,

and sample two is the one that was annealed only.

SAMPLE ONE

T /“fe /“L
50°¢ 8.5 =% 18.8 6.6 * 25.4
100°¢C 79.1 + 11.2 3ok 4
150°¢ 77.3 £ 11.5 7.5 +£18.5
200° ¢ 51.2 ¥ 7.9 5.0 & 5.1
250°C 45,9 + 6.1 5.4 +11.3
310°C 36.5 £ 4.6 5 * 1.2

SAMPLE TWO

T A g AL
50°¢ 66.9 + 6.8 1.7 £ 2.8
115°¢ 42.8 £ 7.6 0.0 = .07
160°¢ 31.6 £ 4.8 5.0 £ 4.5
gag’g 289 & 3.8 2,7 £ 5.5
280°C 25.8 = 4.1 5.3 % 10.2
360°C 1758 2.9 -1.9 £ 6.5
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In plotting the values of 4g for the two samples an
attempt is made to draw a curve through the observed points.
The effect of surface stresses is probably pronounced and most
likely explains why both curves show deviations from a steady
decrease of up with Increasing temperature. As the sample
is heated an annealing effect takes place relieving the
surface stresses and increasing the permeability. It seems
hard to believe that for sample one any relaxation of stresses
could take place at a temperature of IOOOC. But 1t was
observed that the resonant length and the slope of the
resonance curve did decrease slowly with time with the
temperature of the sample held at 100°C. The same effect
was noticed around 150°C for sample two.

No attempt is made to plot 44, because the large probable
error obscures the variation with temperature. The observed
negative value of kK for sample two at 36050 is, or course,
an impossible result. But with such a large probable error
it is understandable how such a result could be observed.

In the derivation included in the appendix it was found

that if = gt f L

then e and 4¢, eXpressed in terms of the complex components

M = VA - g

/“L='k€:+7%§ + g

of M are
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The results of this experiment, and indeed the results of
previous experimental determinations of the permeability of
iron (see references 3 and 11l for summaries of previous
measurements), show that in the region of 8,000 megacycles
is much larger than 4, . From this it is evident that 4gz
is negative and of significant magnitude. Consider, for
example, the measured values of &, and/@R for sample two
at 50°C. Here the most probable values of/ge and/ai were

Mg = 66,9
My = 1T
FProm these values it may be readily found that
Mg = 32.6

My =007

so that with respect to time the magnetic flux lags over 70°

behind the applied magnetic field of the electromagnetic wave.
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ERRORS

Of all the possible sources of error in this experiment
there are two that are much larger than anv of the others.
One is the variation of contact between the sample and the
surface against which it is placed to form the end of the
cavity. For the theory to be accurate the Jjoint should be
.perfectly conducting. But thermal expansion and the slight
deviation from a plane surface of the sample and the plate
against which it is pressed introduce small cracks and
contact differences., Primarily this uncertainty in the
contact of the sample with the cavity effects the resonant
length since the cracks do not absorb energy themselves.
However the walls of the cracks are part brass and part iron
so that effects the formulae depend upon being entirely due
to iron are partly due to brass.

The other main source of error 1s the variation of
temperature of the walls of the cavity. For a given temper-
ature of the sample the walls of the cavity must be at the
same temperature for both the iron and copper sample 1if the
comparison of the two 1s to eliminate the effects of the
cavity walls. Since the brass walls of the cavity form the
ma jor part of the conducting area any deviations of its

temperature cause a much greater change in the measurements
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than the same change in temperature of the sample causes.
The temperature of the cavity walls depends on two things,
(1) the temperature of the heating element, and (2) the
cooling of the cavity by the water cooling coil. Cooling

is controlled by the rate of water flow through the coil
while the temperature of the heating element is controlled
by measuring the temperature of the sample. Since the
heating element does not make the same contact at all times
and the temperature of the water for cooling depends on room
temperature it is to be expected that there will be variation
in the wall temperature. This error also primarily effects
the resonant length and thus the measured value of 4, since
to a first approximation a uniform increase in all cavity
dimensions does not effect the "Q".

Other sources of error that undoubtedly affect the
results are random fluctuations of the frequency of the
oscillator and fluctuations in the amplification of the
audio amplifier. These errors however average out over one
set of readings in contrast to the previously mentioned
errors which vary from one set of readings to the other.

he other error of any importance is due to the contact
of the thermocouple junctions with the test sample. The
result 1s that the temperature read on the thermocouple
potentiometer may not be the temperature of the tsst sample.
It was found that even slight loosening due to thermal

expansion of the bolts that fastened down the thermocouple
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junctions would cause radical fluctuations in the temperature.
read. There was also a variation of temperature over the
surface of the sample due to the design of the heating element
and the thermal conduction of the cavity walls. Conseguently
there 1s some uncertainty as to what the effective temperature
of the sample should be. However iﬁ was found that if the
temperature near the cavity walls was held constant wnile the
temperature at the center of the sample was varied there was
little effect on the measurements. Consequently the effective
temperature was considered to be close to that of the outer
temperature.

An example of the measurements made on sample two at
the nominal temperature of SOOC will indicate the effsct of

these various errors.

Let
Za = temperature at center of sample
Ty 7 temperature of sample at the cavity wgll.
IRON
First set of rsadings Second set of readings

o \ . - o _ -#
T,=48 C - (15.65 £ ,05) x 10 'I;= 49 C ',,’7]:—(15.4:0.1'.10) x 10

_ oy ° -4
7,=54°C  2,=(2222.61 £.04)x10 T,=53 C J=(2222.79 %.08)x10
Third set of readings Average values

& -4
Ve 48° ¢ 5, =(15.98 £ .07)x10 ¢ T=50"¢ ,—,,"I=(15.65 +.11)x10

m
o - ) ~¥ . -4
T,=54 C /2r7(2223.74 £+ .05)x10 4.=(2222.71 £ .36)x10
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COPPER

First set of readings Second set of readings

i _ % 5 4
T,=49°C 7 =(12.99  .03)x10 T,= 48 C #3(12.57 £ .04)x10

c

)
-4 -4
T,= 53°¢ 2=(2222.74 £.02)x10  T,= 53° ¢ J=(2225.18 # .03)x10

Taird set of readings Average values
_ e -4 o -4
T,=48 C  7=(15.12 *.06)x10 T=50C #=(12.85+.11)x10
-4 .
T,=52°C  £=(2225.15 +.05)x10 2=(2223.05 £.03)x10 "
Resulte

N
J
]

3.005 (2.78 #.15) + A&

= |
W//cq,,__r = 3,005 (.32 &.36) + /,m

A e and 4 are found by substituting into these expressions

the values of ¢z and ¢ at 50 G. Although there is a small

error in the measurement of temperature it does not compare

in effect with the error of the other measurements. It can

be seen that the percentage error in determining 44 is many
times larger than that in determining 4,e . It can also be
seen that the random error in measuring any one value of ;%

or / is negligible compared to the standard deviation resulting

from averaging.
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CONCLUSIONS

The very small probable error in the values of ;%
and / determined by a single set of readings indicate that
the cavity resonance technique 1is an excellent method of
measuring the permeability of iron. However the comparison
technique used in this investigation would need to be improved
to obtain accurate results. As the experiment progressed
many improvements in the experimental set-up came to light
that seemed so simple it seemed obvious that they should
have been used in originally designing the equipment. The
most obvious improvement would be to use a cylindrical cavity
with the test sample forming one of the plane ends and a
plunger forming the other. Not only would contact differences
have been greatly reduced since with the proper mode of
propagation no current flows across the joint between the
cylindrical walls and the plane end but also the thermal
problem could have been reduced because the test sample
could have been insulated from the rest of the cavity by a
ring of quartz or some other refractory dielectric.

The magnitude and temperature dependence of g and «,
measured in this investigation for the two samples or iron
show no remarkable properties. Within experimental errors
the values of}ﬁ_and/ug are in agreement with previous

determinations. The temperature dependence of u, agrees with



46

the variation of permeability found at low frequencies. The
temperature dependence of 4, is completely obscured by the
large experimental error. The one phenomenon of unusual
interest observed is the one already measured. That is the
apparent inflections in the curve of 4, as a function of
temperature which seem to be due to relaxation of strains on
the surface of the samples. Since permeability at very high
frequencies 1is largely a surface phenomenon it is to be
expected that such effects should enter into the measured

results in a pronounced manner,
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THE RELATIONSHIP BETWEEN e AND c¢, AND THE

COMPLEX FORM OF &

In the theory of measurement the permeability, e , is
treated as a real quantity. The result is that the two
independent experimental determinations of the value of
that are possible by resonant cavity technique are not
consistent. The two different measured values of & are
called 4, and xe and that they are not equal is explained
by the fact that « is aétually complex since the intensity
of magnetization 1s not in phase with the applied magnetic
field in the material whose permeability is being measured.
The relationship between the complex components of & and &g
and 4, i1s not self evident from the theory of measurement.
In fact the approximations made in the theory of this
investigation make it difficult to see how a complex
permeability can account for the difference in values of «e
and &, .

Suppose one writes

Ltz = g v g = pen )@ ?
By following through the theory developed under Theory of

lMeasurement one can see that no difficulty is encountered

in substituting the complex form of A 1in any of the equations
until an attempt is made to solve for p . It was found that

to an excellent approximation the coefficient of reflection
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at a conducting end of the cavity is

fo= =) 2/ 8 #a J]
/Cd //*/)Z/a),uz ('3/2

To express Ey in closed form it was found convenient to

write B
K=~
and express Ey in terms of p where p must be evaluated

from the expression for A . Thus

20 _ _ - : ﬁl//(e
< - /; Acerdy Ho ea)@]

Before, with A,considered as being real,
- ﬁl/ﬁ

e % = - /}—2//+j)A]

where 4 was very small.

and

Substituting in the complex form of &,

oA f1#a] eﬁ}.’.’
My V2w 7,
w= L ) e(_zé

where /4/ is the magnitude of 4

So that )
2 14
e = —[;—2//+/')/A/e2j
Now letting =5 *sS7 and solving for the
approximate values @7« 72in the same fashion as before

a different result is obtained

»
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eﬂzfc'o.s',ey = -/ 2/4/4-0.;';— - 2/4/.:'/4-;

c‘?“zf.r/ﬂz?p = # 2/.4/4'&5;,3‘-’ *~ 2/.4/.;//7;
z/.a//c-as + s L £)

Sfar 277 =

/ - 2/4//6'05%._ 5/”§)
= z/a/ (cos L 2 4w ¢)

Since c¢os 27 1is negative

n

74 :—;Z + 10/ Ccost +.f//7§)

2

Since /d//€¢5;_;ér“-f//?g) is very small 7:‘;‘-'—;1
cos 27y =
. ' 2;‘
and from the value of e cos 27

& = /A/[aosz— - s/m7 ;;f >

The approximation that

7= }Z f‘f.
no longer holds in general and is valid only if % is
very small. This was the implied assumption in treating ««

as a real gquantity. The result is

2 o)

o= A/ (Cos5 +/ “'7"/4//{‘05¢f s'//?—-—]

This value of p along with
Y=o, +s A

,o’=A’+//;7’f-A’>
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may be substituted in the expression for Eg

Eg= A, d&fﬁﬁz'ff’]/;# cort (¥, + o0 /-,a’)]

and the same process of reduction by expansion and approx-
imation may be followed as was done before in the Theory of

Measurement. Without including all the steps in the process.

since they are exactly analogous to what was done before,
the result is obtained that

/2,1°2 47 [ 4 2y *a ‘#18/ 205 % - fa/ s ¢’)
# B2+ A" 4 ja)cos Errassm ¢)_/

When‘/z was treated as a real number

/,é‘y/'e: [-/24 % 2y sa'+a)° 4 V4 /-d’r‘d)f/

A, was determined by the resonant length of the cavity, or
the value of / for which 4 2# 2744 equals zero. Hence by
comparing the two expressions above for Afy/'it is evident

that

A [ M /,a/ &
LVise = Ayftas oS rom $)

VYV, = V/i«/ /;’as‘z +.)‘//7—'>

Likewise the 4 which occurred in the slope measurement
from which Xewas determined was the one bracketed with

’
-g- O(,).y and 4 . Hence it is also evident that

fJ ]/% 7 I/—/‘w -5 2)



or
Ve =zAag/¢@v5§?—Jw7£?)

Consequently & and #, expressed in terms of the complex

forms for M, are
ey = [ [ (7 # Sw2P)

Mo = VIV D

where

(’¢ .
My = Ao/ C T = Lyt
A, and u, may also be expressed in terms of 4, and g
.._7/ 2 2 .
A = YA P4y [P

Ao VAL 4y~ sy

These are the desired relationships between 4, and e and

the complex value Of/z o
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PICTURE T




-55.
DETAILS OF PICTURE I

Picture I * Test Cavity Assembly

l. Brass bell jar

2. Thermocouple leads

3. Heating element

4, Leads to heating element

5. Test sample

6. Coils for cooling test cavity

7. Tuned detecting probe

8. Test cavity

9. Coaxial cable to audio amplifier
10. Coaxial cable from energy source to the test cavity
11. Cavity mount

12. Plunger

13. Bellows

1l4. RBase plate for bell jar

15. Thermocouple switch

16. Micrometer for moving the plunger
17. Coils for cooling the bell jar
18, Hose to mercury§ manometer

19. Hose to vacuum pump
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DETATILS OF PICTURES II AND III

Picture II : Wave Guide Layout

Picture III : General Experimental Set-up

Tuning knob on the klystron oscillator
Water jacket to maintain constant temperature of the klystron
Hose from reservoir to the water jacket
Mercury manometer
Attenuators
Tuning screws
Audio amplifier
Output meter
Standing wave detector to measure wave length and to check
the mateh of the oscillator to the test and monitoring
cavities |
Standing wave detector to detect output of monitoring cavity
Monitoring cavity
Test cavity assembly
Test cavity assembly with bell jar in place
Thermocouple potentiometer
Resistors for adjusting current through heating element
Vacuum pump
Thousand cycle square wave generator

Power supply for klystron
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PLATE X
SQUARE WAVE, POWER KLY STROM |
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