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ABSTRACT 

This thesi s is the report of an investiga tion of the 

permeability of iron and its dependence on temperature at 

ultra high frequencies. The frequency used was 8,900 

" mego.ycles, the temperature rang e cove·red was from 50 C to 

" 350 C, and two samples of iron were studied. Both samples 

l ' l were approximately 1~ x li x ~ inches and made from standard 

Armco iron stock . Special heat treatment was used on one 

sample to remove i mpvrities. The other sample was annealed 

but not purified. 

To measur.e the permeability the effect of an iron sample 

was compared with that of copper on the resonant leng th 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 permeab ility are obtained, /l-.1- and /'/e. 

The first is obtained from measurements of resonant length 

while the second is determi:'."l.ed from measurements on the 

shape of the resonance curve. How the two values of 

permeability are obtained from the measurements made is 

derived und er Theory of Measurement. 

For the sample of Armco iron purified by special h eat 

treatment ",µ.I'(. v a ried from 8 0 to 35 in t he tempe rature rang e 

50° C to 300" C. For t h e annealed iron sample_),'~ varied from 

~ " 67 to 17 in the temperature rang e 50 C to 360 C. Values of A 

were obscured b y t,he larg e probable error that resulted from 

the t y pe of cavity used in t he experiment, but all values were 

les s than ten. 
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TEXT 

I. Preliminary Considerations 

No attempt will be made here to discuss the theory of 

ferromagnetism as developed by Weiss, Heis enbe rg and others 

for static magnetic fields~l) However a few remarks are 

necessary in order to explain the purpose of the experiment 

h erein described. 

wh ere 

Th e permeability fa is defined by the relation 

B _ resu ltant magnetic flux 

H _ applied magnetic field 

B may also be expressed as 

where 

I = intensity of ma gnetization 

It may b e seen from t h is that 

_,µ, = /.,,. ~#';; 

According to t h e theory of f e rromagne tism r 2 ) 

w:here 
.z- = .z;, 7<?/? k £~;.. /" M7 # ~ .z A ~ )} 

I0 = saturation intensity of magnetization at absolute zero 

k _ Boltz~ann ' s constant 

T _ absolute temperature 

A _ the exchang e integral 
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The Curie p oint is defined as the temperature at which 

spontaneous magnetiiation disappears. Consequently 2A can be 

replaced by kTc where Tc is the Curie temperature 

r I .I ~ 7 
.r = ~ mnh L kT (/7? # + X 7c .r;, ); 

It can be seen from this expression for the intensity of 

magnetization and the relation of permeability to it that no 

simple expression for ),I- as a function of T can b e written. 

It can be said however tha t according to the theory_,µ. decreases 

steadily and continuously with increas ing temperature from 

a maximum value at absolute zero to one at the Curie point .l 

It will be noticed that the normal definition of permea

bility implies that Hand I are in the same direction. While 

t h is 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 )' must b e expressed as a complex quantity. 

However, because _,µ, is also a function of frequency and because 

of precedent it is customary in measurements of permeability 

at high frequencies to continue writing 

,/3:~H 

and then measure two different values of? ,/,Ae , and A , the 

former being the value of,/,(, derived from the losses the 

ferromagnetic material introduces into the Lecher wire system 

or cavity while the latter is derived from the reactance 

introduced~ 3 ) The complex expression for_,..u in terms of_,.u~ and _,#"' 

is derived in the appendix. The precedence of measuring _µ.,(' and /".t. 
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has been followed in this experiment for the purpose of 

comparing results with previous investig ations. 

The resonant cavity technique is rapid l y establish ing 

itself as an accurate meth od of meas uring physical constants . 

There are, in general, two techniques used in ob taining 

resonance curves . One is to fix the dimensions of the cavity 

and sweep through the resonant frequency of the cav ity with a 

variab le frequency oscillator. The other is to fix the 

frequency of t h e oscillator and vary t h e leng th of the cavity 

through resonance. The former techi~ique is admirably suited 

to comparing two different cavities. It has the advan tag e 

that frequenc y stab ilization is n ot necessary . It does not , 

h owe ver , yield its e lf to making accurate measurements of the 

"Q" of the cavity . The latter meth od requires freque n c y 

stabilization but it can be used to obta in accur a te values of 

•• ~ • as well as resonant leng t h . For t h is reason the latter 

technique was used in t h is 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 it would require accurate 

knowledge of coupling of the cavity to the detecting probe 

and the high frequency energy source as well as accurate 

knowledg e 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 ne c essity of knowing the 

effect of coupling to the energy sourc e 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 c urves. 

Since the material being investigated is placed only at the 

end of t h e 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 elimina ted . One need know only the 

conductivity of the iron and copper and the permeability of 

copper . 

The copper sample was prepare d b y 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 permeability of 

which was being i n v e stig ated. By this means the effect of 

t hermal expansion of t h e cavity was eliminated since it was the 

same for the cavity with eith er sample p laced on the end . 
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The cavity was made of .400 inches b y .900 inches rect

angular wave guide. Th e test sample was b olted to one end and 

a plun ger with micrometer adjustment t h rough which the energy 

from the oscillator was fed formed the oth er . A schematic 

diagram of the cavity is shown in plate I. The choice of this 

type of cavity was unfortunate because-.-- the TE
110

rnode of 

propagation in :13hs e&;i1'5 requires t h at current flow across 

t h e joint where the test sample contacts the end of the cavity. 

Consequent l y minute v ariations of this contact c ause serious 

v ariations in the effective resonant length of the cavity. 

Removing, polishing, and replacing a test sample on the end 

of the c avity caused a variation of as much as .0005 inches 

in the resonant leng th. The tt Qtt of the cavity is not a.f f ected 

in the same manner becaus e the ne c essity of the current 

traversing the joint does not cause any c h ange in losses. The 

use of the prope r mode in a cylindrical cavi t y would have 

avoi de d this sourc e of error. But it was not realized during 

the construction of the apparatus that the variat i on r e s u lting 

from t h e replac ement of a te st s ample would b e so ser i ous. 

The energy from the klystron oscillator was f ed to the 

cavity t hrough a s mall hole in the center of t he plung e r 

face that formed the opposite end of the cavity from where 

the test sample was placed. The plung er was itself a short 

section of wave guide which fitted snugl y into t h e cavity. 

It in turn was tightly coupled to the leng th of guide leading 

from t he oscillator b y a length of coaxial cable. Two 

dielectric attenuators (see plate II) were u sed to decouple 



the oscillator from the cavity so that as the cavity leng th 

was varied t h rough resonance it would not tend to pull the 

oscillator off its fixed frequenc y. 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 c avity. A probe 

wa s inserted into the cavity .025 inches l¼ wave leng ths from 

the end where the test sample was placed. This probe extracted 

a very s mall amount of energy from t he cavity which was then 

demodulated by a germani u..m cry stal. Th e resulting 1000 cycle 

signal was then fed to a selective audio amplifier. Since 

the amplitud e of the s quare wave modulation was he ld constant 

the output of the audio amplifier was proportional to the 

h igh frequency electric field at the probe in the cavity. 

To be exact: 

where 

j , <j'6 
V - AE 

V _ output of audio amplifier 

E ~ electric field at the probe 

A _ amplification constant 

The exponent for E was found experimentally b y measuring the 

field in a shorted section of wave guide where Eis known to 

be a sinusoidal function of distance. 
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In addition to this primary high frequency circuit 

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 c onsisted of a branch 

of wave guide in wh ich was placed a fixed resonant cavity of 

the cylindrical type. The branch wave guide was 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 Fla te 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 readjusted if necessary until it was oscillating at the 

resonant frequency of the fixed cavity. It was determined 

by measurement that it was possible to h old the frequency of 

the oscillator to the resonant frequenc y of the fixed cavity 

within an error of less than one part in t h irty t h ousand. 

To stabilize the output of the klystron and minimi ze 

frequency drift a voltag e regulator line transformer was used 

for the square wave genera tor. The power supply for both 

the kly stron 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 t h rough the jacket came from an op en res ervoir 

near the ceiling of the room to maintain a constant press ure 

head. The result was that it was possible to h old the frequency 

of t h e oscillation at the resonant frequency of the monitoring 

cavity without difficulty. 

To preven t oxidation of surfaces t h e entire test cavity 

assembly was placed in a brass bell jar which was evacuated. 

The pressure in the bell jar was held to less t h an 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 h ours even though the temperature 
0 

of some of the surfaces was more than 400 C. Th e brass bell 

jar was necessary b ecause unequal heating res ulting from the 

he at ing element s urrounding the test samples wa s seve re enough 

to crack a g lass jar. 

To heat the test samples to the various temperatures at 

whic h permeability was meas ured a s mall rectangular h eating 

element was made to fit snugly over the sample. Th is element 

was made by molding a 1000 watt h elix of resistance wire in 

an alwninum oxide form. It was put i n series with several 

rheostats across a direct current source of 115 volts . Th e 

current through the heating coil and hence its tempera t ure 

was v aried b y c h ang ing t h e resistance of the r h eosta t s. ~n 

altern ative method of heating t h e t e st samples woul d h a ve 

been t o pass a very larg e direct current through the s ample 

itself . But t h is current wou l d h ave set up a ma gnetic f i eld 

which would have partially magnetized t h e s amp ilie. 
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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 g erman ium cry stal and insula ting parts that would h ave been 

destroyed by elevated tempera tures. 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 about¼ inc h es below the upper 

end of the cavity which made contact with the heating element. 

Water circulate d through this copper coil at a rate of 15 cubic 

centimeters per second. Because of thermal expansion s mall 

temperature changes of the side walls of the cavity could 

cause marked changes in the resonant leng th of the cavity. 

For this reason this cooling coil was also supplied from an 

open reservoir near the ceiling of the room to maintain a 

constant r a te of water flow. 

Tb measure the temperature of the test sample two iron

constantin thermocouples were extended through the heating 

element. The junctions were firmly seated by means of small 

screws at the bottom of h oles which were drilled in the samples. 
t 

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 h oles 
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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. ~ 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 a.nother 

cooling coil 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 leng th b y means of a micrometer located 

outside the evacuated jar a sylph.on bellows was used. Inside 

the cavity the bellows was fastened by means of a rigid 

g uiding plate directly to the lower end of the plun ger. 

Outside 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 insure 

that the position of the plung er was in exact correspondence 

with the micrometer setting it was necessary that the bellows 

(to which the plunr,er is rigidly fastened) always pressed firmly 

a gainst the end of the micrometer b arrel. Since t h e natural 

action of the bellows under the infl uence of the vacu1un is to 
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pull away from t h e barrel strong spring s 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 details are clearly illustrated. 
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III. Theory of Measurement 

In this section the effect of the permeability and 

conductivi t y 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 11 Q11 of the cavity can be expressed much 

more us~fully for the purposes of this experiment by the 

slope of a certain linear relationship. 

Consider a cavity formed of conducting walls of leng th d, 

width a, and height b, the interior of which is evacuated. 

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

fl 
I 

I 
,,__~ __ I __ ~ 

/ b 
I 

I , 

,J!..---------- --
/ 

i a 
/ 

/ 
"--------------''--------:J- z 

d 

Then in the TE 10 mode Z is the direction of propagation. 

~i\t z == 0 is located the test sample whose physical constants 

are to be measured. At Z -= d is the effective end face of the 

plunger. In the center of this face is a s mall hole through 

which energy is fed into the cavity. At some point z =? and 

X = a/2 a short probe is i n serted 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 hole at Z = d, it excites the TE ,0 mode of propagation, 

the only mode the dimensions a and b will allow . This 

field propagates down the cavity with a propag ation constant Yt 

and is reflected at Z = 0 by the conducting test sample. It 

is a gain reflected at z = d and travels back and forth in the 

cavity. Th us the electromagnetic field in the cavity can 

be considered as consisting of an infinite nwnber of waves 

traveling in b oth directions. It is asswned that the 

electromagnetic energy travels back and forth in the cavity 

in the TE ,0 mode of pr opagation 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 g ood 

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 ,.o mode can satisfy 

the b oundary conditions at the ends it is sufficient to 

consider only those fields. The fields of a TE 10 mode are 

a magnetic field in the Z-direction, Hz , a magnetic field 

in the X-direction, H~ , and an electr.ic field in the 

Y-direction, ff~ . 
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Using t he practical units t h ese fields for a wave traveling 
('//) 

in the negative Z-direction are 

/t;x .::: -A Y. '71" e (/~Z-r }'jZ) .5'//7 _!!::! 
&?(,'t .2 -f ~t2) ~ 

E, - - A ,/ev _,,µ,, '71" e (' Ja>L r- ~ .z) ,I/' X 
/ y - ( \.J ;e ,ii,) • .., /t? 7 

d ~ +,k, 

The waves traveling in the p ositive direction are 

where 

/ C 
)1 77' e c./t:vZ'"-~ .z) .;//7 7r~ 

/-r/X' = 
4' (Y,R -I- I</') &I' 

I' -c ./ Cv fao 71' 
E/:r = 

a-(Y z"" .k .e) 
I ~ 

A _ arbitrary amp litude 

C _ arbitrary amplitude 

e vevc -~ .z) 

x - coord inate across t h e cavity in meters 

a = width of the cavity in meters 
-I 

~ _propagation constant in the z~direction in meters 

CA.>= frequency of oscillations in radians per second 

A :: permeab ility of free space in henries per meter 

z 
k = · 12. C<J/2~ 

~o = dielectric constant of free space in farads per meter 

If the coefficient of reflection of a wave striking an end 

plate is found so that s uccessively reflected waves can b e 

expressed in terms of the wave initially entering the guide 
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and the coefficient of reflection , and if the infinite se~ies 

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 coefficient of reflection may be found by satisfying 

the boundary conditions at the end. Any field existing in 

the test sample at z = o will propag ate only in the n egative 

Z-direction since the test sample is conducting and will 

rapidly a t tenuate any fields that penetrate it. Consequently 

the fields in the ma terial forming the end of the cavity are 

whe r e 

L_/ a f';/~Z' r ~ z) ,,,.t:7S E 
r72z .:: ~ e ~· . a-

-I 
)J,2 = propag ation constant in the test sample in meters 

P..! = perrneabili ty of the test sample in henries per meter 

e2 = dielectric constant in the test sample in farads per 

meter 

~: conductivity of the test sample in mhos per meter 

The boundary conditions at Z ~ 0 requ ire: 



-16 -

Substituting the expres s ions g iven above for the fields with 

Z =- O yields 

/kd ( c -r ,4) ,,,U z 8 
(~arl<i'e) t'JJ,/r;cf) 

Eliminating Band finding C in terms of A gives t he coefficient 

of reflection 

Or the coefficient of reflection, K, is 

,,A .e ~ - ,,u# Y.e 

?-2 l'j - ,,,ti-I Y.e 

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

Since the detecting probe responds to the electric field 

it alone needs to b e considered. Let the electric field of 

the wave initially excited by the energy entering the cavity 

through the h ole in the plung er at Z = d have the amp l itude A. 

rt may be expressed 

~ _ A ((/ev~r)"tZ) 71'.X 
-cf// - GI 5//? 7 

Since the detecting probe is located at X= 1 the factor S//'? 7 
equals one and need no longer be considered. Th e wave 

reflected at the test sample is 
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The result of the reflection of .c;-" at Z = d is 

and so on until there results an infinite series of waves 

traveling in both directions. The total electric field £y is 

I ,::0 

.E~ = A ( e ,;z -1- /<e- Y,Z)e ✓C,,.)t-E rk.lC) 11 e -,2n~c:/ 
/1"'0 

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

in the form 

U -2p 
/"I. = e 

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

are such as to make the above relations true. Thus 

The infinite series may now be expressed in closed form since 

oO 
\" -2nX 

/-/-- corhX =2L.J e 
n=-t:7 

Thus letting e .iwtbe understood 

Obviously Ae-1.s a constant independent of the length of the 

c avity or the value of z. 
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The above expression for E~ is an accurate expression 

for the electric field at a point z, ~-='J in a cavity of 

length d with one end at z = 0 formed a medium causing a 
-2,P 

coefficient of reflection Kre and the other end at z c d 
, -.Zp' 

havine a coefficient of reflection ,K=e . The only approx-

imation is the assumption that fields of the TE10 mode will 

satisfy the boundary conditions along the sides of the cavity. 

To make the expression for £~ 

useful, p and~ must be expressed in terms of the constants 

of the cavity and its walls. 

The propagation constant ~ for the TE"' mode in a 

rectangular guide is derived in several texts on the assump
('6) 

tion that the walls of t h e guide are g ood conductors. So 

without derivation it may be written 

where 

where 

rr, = conductivity of the walls in mhos/meter 

c = velocity of ligh t 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 to f3
1 

as it will be shown to be. A more rig orous 

evaluation of ~ was made and it was found that it differed 

from the above expression by a ne g ligible amount for the 

p urposes of this investigation. 

To find pin terms of useful constants its definition 

must be used 

The propagstion constant in the conducting test sample, 

may be found as follows. A fundamental relationship for 
('6) 

the TE mode is 
Id 

This must be true in the end of the cavity as well as within 

it to satisfy the boundary conditions at z =- o. Applying 

t ;1. is relationsh ip to the end conducting wall and substituting 

the value of 1< 2 

For any metal ~ is so larg e t h at all terms not containing it 

are completely neglig ible a nd 

Before substituting in the values . of ~ and ~ in the 

• -R.P.i "11 • 1 • expression for e t wi be shown that ~, is neg i g i b le in 

comparison to ,4 and may be neg lected. 
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In this experiment 
~2 

a ~ 2.286 x 10 meters 
-2 

b = 1.016 x 10 meters 
/Cl 

ev = 5. 58 x 10 radians per second 
-7 

A= 4 x 10 henries per meter 
-9 

~= 1/36 x 10 farads per meter 

8 
C = 3 x 10 meters per second 

7 
~ == 1.6 x 10 mhos per meter 

"2 = same order of magnitude as di 

So that 
,2 -I 

~ == 1.252 x 10 meters 

-Z -I 
cX1 -= 4.0 x 10 meters 

~ .5' -I 
/Y.e/= 8 x 10 meters 

-2p 
Thus e is very close to one and an excellent approximation 

to the true value can be made by neglecting «, and letting Y,= )A 

Dividing both numerator and denominator by )'-, y~ in the 

• f -~~ expression or e 

-l<p,,.._, 
e == 

✓A~~ 
I - ~ (/1'.}) y',v_,P,e ~ /Z 

This is st ill an excellent approximation since the l a st term 

is very s mall compared to one, being of the order /4 /2
2 
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Now let 

Expanding e-
2
,.ointo r e al and imag inary parts 

or 

Since Ll is very s ma l l it is obvious that ~ is approximately ~ 

while .s is approximately zer o . 

Let 

Dividing the equation derived from imag i nary parts by that 

derived from the real parts 

or 

Since t!J is of the order of 1 x 

good. Substituting -;p= : -r .,a 

it is easily seen that f.: LJ. 

-~ 
10 this approximation is 

in e - 2.rct.?s -2-;p:: -/ r .2 A 
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Thus 

where 

~ and p have n ow been expressed in terms of the constants 

of the system. 

So far nothing specific has b een said a b out 

where K1 is the coefficient of reflection at the plunger end 

of the cavity. While K1 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 

as a reflecting plate at the position Z = d with a coefficient 

or reflection such that 

where ~ 1 is left unspecified except that it be regarded as 

small. This must be true if the cavity is to show the 

pronounced resonant properties it does. It is very likely that 

z·= d is not the exact coordinate of the face of the plunger. 

But whatever the distance betwe e n its effective surface and 

its actual surface, it will remain fixed with any v ariation 

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 

If these values are substituted in the expression 

E¥ = A" ct:7sh (Y;z --1- ,,.<')ji r coll? (Ytd-r pr.,.a/>} 

for the electric field existing in the cavity , there res ults 

Ef/ = A0 cosh ft:r/z '1-LJ r ,/('4z 7'- J' r.t1)] X 

ji r et)fh («1,d-1- .tt 'f- LJ/rj(/4d-r-drLJ/_,,.J'/'}/ 

In the cavity used in t h is investigation the position of the 

detecting probe is fixed at Z -= 5 / 4 ;._,, . Likewise the resonance 

curve investig ated was the one occurring around d =- 3/2 ..-1..9' 

where ).5' is the wave leng th in a wave guide of the same 

dimensions as the cross-section of the cavity. Thus 

where 1 is a very small deviation of d from 3/2 A 9 . Substi

tuting these values in £~ 

..c;, = ~ c-os-h L-f o(, A~ +-Ll r-./ r.111'-1-A>] x 

/-✓ --1- edh /f 4'(1 A 1 .,,. LJ -1-d ~ j r ~ 11" 1-,4 /-rd~ d '>J/ 
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Expanding this relat ion into real and imag inary parts and 

using the trigonometric and hyperbolic relations for functions 

of sums of angles 

The first pair of brackets enclose terms that are entirely 

independent of 1. Furth ermore, since the arguments of the 

functions are s mall its magnitude is very close to unity. 

Thus the variation of the electric field at the detecting 

probe located a fixed distance, 5/4 ~~, from the end or the 

cavity as the length of the cavity is varied a s mall amount, 

1, about the length 3/2 .AS" is g iven by the terms enclosed in 

t h e second pair of brackets. The maximum value that 1 has 
-S 

in this experiment is about 5 x 10 meters so t h at the arguments 

of the func t ions are still small and they may be expanded in 

a. rapidly convergent power series. Although S/1?/? -2(-:J-t:l(,').9'"rLJ~L1) 

and .5'//"J ..e(i3t2-f-LJ-f~:Y) may be approxima ted to the first order, 

C'dSk2(fc.r,~y .. h1rA') and ct:1s2(,4?rLJr4 1) must both be approximated 

to the second order to obtain a result othe r t han £~ = o0 

since they are both one to a first order approximation. 

This is to be expected since near resonance the electric 

field in a cavity bec omes very larg e compared to that of the 

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

need be considered 

z rl c<tJ.g--rLJ +L1')
2 
-1-rAl+LJ~LJ')" 

AP ff}.<>.';)..~ f-d-r-LJ') 2 -r r,&',.2rLJ -1-LJ')J,e 

This is an excellent approximation as long as LJ.1 A/~ ,:::v?d c:r1 

are small and it has been shown that t h ey are. 

It is irnmedia tely obvious t h at /Es✓ / is a maximum when 

and 

Th us the resonant leng th of the cavity , dres , is 

('Ll+LJ') 

A 
The value of 1 for resonance of the cavity depends on 4 

which in turn is a function of ~R , the permeability of the 

test sample since 

To the first order approximati on mad e in this analysis 

resonant length depends only on reactance phenomena so t ha t 

the fak determined by the measurement of 1 for resonance 

1 ' • tt 1 ~3> of t he cavity wil be t h e ),'-J.. discussed by Ki e . 
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Now let J,. be the displacement of the plunger from its 

resonance position 

Then 

Let 

or 

:Z-z= 146.~ 
IE~/~q~ 

_ r;:x-z _ -41 ;. 

Y ~ - ~c:rAerr.tl+A' 
/< I J 

Hence the slope of the curve y 1-X~ versus ).. g ives another 
x2 

determination of ~ . It may be seen t hat the slope is also 

a function of (X1 wh ich is to be expected since the steepne ss 

of this curve is a measure of width of the resonant curve or 

of attenuation. Thus t he value of permeabilitY, ,1-',2 determined 

from t h e value of .L1 g iven by this slope is the mentioned fl/f 

(S) 
b y Kitte l. 

The curve yi-x.e versus ~ 
_x-e is a straight line sinc e cr/.l~~JL1J 

and A I 
~ are all constants for t h e cavity with a g iven test 

sample in pl a ce. Let the slope of this l i ne be m. Then 
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From an experimental determination of rn, _.µ~ of the test sample 

is derived. Likewise from an experimental determination of 

the value of 1 for resonance ,I-'-,(. of the test sample is derived 

/ . 
It has already been pointed out that A i s unknown. In 

actuality tX1 i s also unknown since the detecting probe extracts 

some energy from the cavity and thereby causes ~ to have an 

effectively greater magnitude than that givsn as far as the 

ends of the cavity are concerned. Therefore, to obtain an 
, 

absolute va l ue of A for a test sample, A and or,. , must be 

eliminated. I t can be seen that both m and l r , , are linear 

functions of ~,, A' and er; to the approximation made in this 

derivation and their effects on the measurements made may 

be eliminated by comparing the values of m and l ,..~s obtained 

with the test sample forming one end of the cavity with the 

values obtained with a conduct or whose permeability and 

conductivity are known forming the same end. In this 

experiment copper is used for the known conductor. Let the 

subscript c denote values for copper as the end of the cavity, 

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

l.r,,.~s = -
L1.r rLJ I 

~, 

~ r~s:: -
A,:: -I' LJ I 

A t:Jr 

2.r -? = A,:_- Az 

~ 

Ll.r A~ 
-= - -1- ;>, -l f//~(d.s ,,P.L. "'3, ,-(9, &' I 
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Tn a similar manner 

Or 

Using t he defin ition of A already given and mak ing use of 

the knowledge t hat t he permeab i l i ty of copper is very close 

to t hat of free space 

So that providing t he conductivity of copper and iron and 

the frequency of the electromagnetic waves are known the two 

values of the permeab il i t y of iron, .,.,"!{' and ,,.t.:k , c an be 

independently measured by finding t h e d iff erence in reson ant 

lengt h of the cavity with an iron and a copper end plate 

and by measuring t he slopes mz an d m e of t he plot of t h e 

function defined above . 

Alth ough determinations of _,µ~ and __,µ:~ are sufficient for 

t he purposes of t h is i nvestigation it is of interest to find 

t he relationship between /A/t and }<, and the r e al and i mag inary 

parts of the permeability . Th is rel a tionsh ip is derived in 

the appendix . 
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TEC HNIQUE OF MEASUREMENT 

The method of measurement was relatively straightforward 

and simple. Initially the wave g uide 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 audio amplifier was tuned to 

1000 cycles, the repetition rate of the square wave modulation 

on the repeller electrode of the klystron oscillator. From 

time to time it was necessary to change this adjustment 

slightly, but the drift was very s mall. To take a series of 

measurements on a sample of iron or copper, the insiie 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 
0 

to approximately 50 C 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 ob tained 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 

adjusted by small amounts to bring the test sample to the 

temperature desired. 

Since the cross-sectional dimensions of the cavity 

determine the propaga tion constant ~ , the temperature of 

the cavity walls had a critical effect on the resonant leng th 

of the cavity. Consequently it was necessary to control the 

rate of flow t h rough the c avity cooling coil as accurately as 

possible. This was done by measurinr; the quantity of discharge 

in a given interval of time with a stop watch and a graduated 

cylinder. The difficulty encountered in k eeping 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 equi :J_ i brium the frequency of the oscilla tor was tuned 

to the resonant frequency of the fixed monitoring cavity and 

the position of the plung er 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 g ain 

of the amplifier was adjusted to g ive about 90 percent the 

full scale deflection of the output meter at resonance in 

order to increase accuracy. Reading s were then taken at 

successive points beginning with a position of the plunger 

enough longer than the resonant leng th that the output of the 

audio amplifier was about h alf maximum, or roughly at the 

half-power part . Reading s were taken every .0002 or .0003 

inches, depending on the steepnes s of rise of the resonance 

curve, until resonance was approached. Ab out the resonant 

position of the plung er reading s were tak en every . 0001 inches . 

Usually the resonance curve was traversed three or four times, 

the frequency of the oscillator being checked before and 

after each run and readjusted. if necessary. Because there 

was a sligh t as ymmetry of t h e resonance curve of the test 

cavity all reading s were taken on the side of the curve where 

the cavity was slightly longer than the resonant leng th, 

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

resonance to aid in determining the most prob able value of lE?:0 ~• 
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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 (J;_,{!1?7A . It can be seen that the actual measurements 

were simple, but the time necessary for the s ystem 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 
/. t'6" 

to A/£fl'/ where 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 /£~/~btained for each 

position of the plunger at some particular temperature were 
.2 

then averag ed. A value. of /Eq~qfas then obtained by inspection 
; 

of the resulting set of values for/.EvL . Then dividing the 
rd<?;r, 

average value of /£~/f~r each position of the plunger by /E~~d~ 
~ 

a series of values for X were obtained. From these -//-X' 
x-2 

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 /E✓2 

resulting from repeating the series of readine s three or four 

times. 

Since 

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

length of the cavity 

or 

Comparing this linear equation with the usual equation for a 

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

i 1 • yf-X" X2/ stra ght ine when xa =O or :::. • L .k . / . th l ewise /7? is _ e 

slope of d plotted versus,& • 
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To find the most prob able values of the slope and intercept 

of a straigh t line g iven a series of points wh ich t h eoretically 
(7') 

lie on the line t h e procedure is as follows. 

Let d: t 

Z· t 

~ 

.E 

be a particular setting of the plunger and 

be the corresponding value of 

be the total number of points 

represent the summation over 

_I_ 
n? 

l 

£e:/,· t 

~de-Xi 

z .z;,· 

zx~ 
~ 

.ZX~· 

2 
~ --4t' 

.E .Z.,· 

,2 z Z: · 
~ 

71 

.;!"~• 

?'? 

.z x,. 
't: 

~~-

.z~·~· 

'?? 

2x~-

N a 
.z 

the n points 

The probable error of the resulting values of /4 and l could 

also b e set down but it was found these errors were so ~uch 

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 _]_ 
l?7 

and 1 determined, and these values were averag ed to g ive the 

final values u sed in calculating .M.1., and ~~. 

Of the constants needed in evaluating .JA4 and_µ~ , a.; is 

easily determined by measuring the wave length in the cuide, 
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-7 
and ,.,.t'0 is known to be 4 if x 10 • henries per me ter . The 

conductivity of iron and copper is replaced in the formulae 

for _,,tL'- and_,µ,e by the reciprocal resistivity. The values as 

well as the temperature coefficients are taken from the 
ce) 

Handbook of Chemistry and Physics . This procedure is 

valid for the accuracy of this experiment because both the 

iron and copper used were very nearly pure metals, and 

because there is no known theoretical reason for the resist

ivity of metals varying with frequencies. A recent invest-
c9) 

igation has shown that there is 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 t h is experiment are 

/c-o,Ppei>r - • /7 x /cr 7 fl + rT-2tJ)(,t:JtJ{I.:!)] 

where Tis the tempera t ure in degrees centigrade. Finally 

the values of_,A.t. and__,,i,i~ are given in the r e sults in practical 

uni ts instead of rationalized MKS uni ts and both 1 and ....L /77 
--'SI 

are measured in units of 10 inches. The final result of 

this change of units and the substitution of the values of 

constants is 
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RESUL'rS 

Measurements of _,µIt. and __µ.t were made on two samples of 

iron. Both were made of¼ inch Armco Iron plate milled into 

squares approximately l½ by l½ inches. One sample was prepared 
(/0) 

according to a heat treatment described by Cioffi in 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 
0 

lowered t o about 835 C and held there for twelve hours for 

annealing and finally cooled to room temperature at the rate 

of about 35° c per hour. The second sample was not subjected 

to the high tempera t ure heat treatment bu t was annealed in 

the same manner as t h e first sample. This heat treatment 

was done by the Jet Propulsion Laboratory. 

In the first sample the high temperature to which it 
0 . 

was subjected (1370 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 h ad to be repolished. The 

polishing was done with fine emery and took a very long 

time. But in spite of thi s care there is no doubt that 

surface stresses resulted which had a pronounced effect on 

the measureable value of the permeab ility 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 still 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 t he iron the measurements 

varied and were not reproducible. As s. consequence it must 

be remembered that the results g iven here are for iron, the 

surface of which has been polished and t h erefore 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 to Hx for all three samples, two of iron and one 

of copper. 

Previous measurements of the permeability of iron 

(see references 3 and 11) at very high frequencies show 

that in the re g ion from eight to nine t h ousand megacycles 

ft~ is much larger than_µ~ . On the basis of a low frequency 

perme ability of 100 results show that _,,µ.l. is around 2 or 3 

while ,,a~ is around 30 or 40. As is well known values of 

permeability depend a great deal on the exact composition 

of the iron investig a ted and on its history. The results 

of this investi gation seem in good a g reement with previous 

ones. 
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The results are g iven in table form below and plotted 

in graph form in the appendix. Sample one is the sample 

that was heat treated to remove impurities and annealed, 

and sample two is the one that was annealed only . 

SAMPLE ONE 

T _µ.~ _µ.L 

50° C 75.5 -+ 16.5 6.6 + 25.4 

100° C 79.l + 11.2 .3 + 4.7 

150° C 77.3 + 11.5 7.5 + 18 .5 

200° C 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.R. A, 

50° C 66.9 + 6.8 1.7 + 2.6 -
115° C 42.8 + 7.6 o.o + .07 

160° C 31.6 + 4.8 5.0 + 4.5 

220° C 29.7 + 3.5 2.7 ± 5.5 

280° C 25. 8 + 4.1 5. 8 ± 10.2 

360° C 17.3 + 2.7 - 1.9 + 6.5 
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In plotting the values of _,J,t~ for the two samples an 

attempt is made to dr aw a curve through the ob served points. 

The effect of surface stresses is probably pronounced and most 

likely explains wh y both curves show deviations from a steady 

decrease of _,1-l;e 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 t h at for sample one any relaxation of stresses 

" could tak e place at a temperature of 100 C. But it was 

observed that t h e resonant length and the slope of the 

resonance curve did decrease slowl y with time with the 

" ternperatu::be of the sample held a t 100 c. The same effect 
() 

was noticed a round 150 C for sample two. 

No attempt i s made to plo t .JA-1- bee a use the larg e probable 

error obscures the variation with tempera t ure. The observed 

" ne gative value of ~l for sample two a t 360 C is, or course, 

an i mpossib le res ult. But with such a larg e probable error 

it is understandable how such a result could b e obs erved. 

In the derivation included in the append ix it was found 

that i f 

t h en ~~ and PL ex~ressed in terms of the complex components 

of _,µ. are 
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The results of this experiment, and indeed t h e results of 

previous experimental determinations of the permeability of 

iron (s e e referen ces 3 and 11 for summaries of previous 

measurements), show that in the re g ion of 8,000 megacycles 

i s much larger t h an .,/,,'4 • From t h is it is evident that _,,µ.8 

is negative and of significant magnitude. Consider, for 

example, the measured values of ~J. and /'-te for sample two 
0 

at 50 C. Here the most probable value s of ..P-te. and )"1,. were 

,;b<;e = 66. 9 

..P-.£. = /, 7 

From these values it may be readily found that 

.,,,t'g =- 3~. 6 

,,t,' A :: /tJ. 7 

so that with respect to time the magnetic flux l a g s over 70 ° 

be h ind t ~e applie d ma gne tic field of the electroma gnetic wave. 
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ERRORS 

Of all the possible sources of error in t h is experiment 

there are two that are much larger than any of the others. 

One is the variation of contact b etween t he sample and the 

surface a gainst which it is placed to form the end of the 

cavity. For the theory to be accurate the joint 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 s mall cracks and 

contact differences. Primarily this uncertainty in the 

contact" of the sample with the cavity effects the resonant 

leng th since the cracks do not a b sorb energy themselves. 

Bowever t h e walls of t h e cracks are part brass and part iron 

so that effects the formulae depend upon being entirely due 

to iron are partly due to b rass. 

The other main source of error is the variation of 

temperature of t h e walls of t he cavity. For a g iven temper

ature of the sample the walls of the cavity must be at the 

same temperature for both the iron and copper sample if t h e 

comparison of t h e t wo is to elimina t e the effects of the 

cavity walls. Since the brass walls of the c avity form the 

major part of the conducting area any deviations of its 

temperature cause a much greater c h ange in the me asurements 
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than the same chang e in temperature of the sample causes. 

The temperature of the cavity walls depends on two t h ing s, 

(1) the temperature of the heating element, and (2) the 

cooling of the cavity by the water cool i n g coil. Cooling 

is controlled by the rate of wa t er flow through the coil 

wh ile the temperature of the heating element is controlled 

by measuring the te mperature of the sample. Sinc e 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 leng th and thus the measured value of ,P-1. since 

to a first approximation a uniform increase in all cavity 

dimensions does not effect the " Q" . 

Other sources of error that undoubtedly o.ffect the 

results are random fluctuations of t h e freque n cy of t h e 

oscillator and fluctuations in the amplification of the 

audio amplifier. These errors however averag e out over one 

set of reading s in contrast to the previously mentioned 

errors which vary from one set of readings to the other. 

The other error of any importance is due t o the contact 

of the the rmocouple jmnctions with the test sample. The 

result is that the temperature read on the thermocouple 

potentiometer may not be the temperature of the t e st sample. 

It was found that even slight loosening due to t h ermal 

expansion of the bolts that fastened down the thermocouple 



-43-

junctions would cause radical fluctuations in the ternperature . 

read. There was also a variat i on of temperature over the 

surface of the sample due to the design of the heating element 

and the t h ermal conduction of the cavity walls. Consequently 

there is some uncertainty as to w".'.lat the effective temperature 

of the sample s hould b e. However it was found that if the 

temperature near t he cavity walls was held constant wh ile the 

tempera. tu.re at t he center of t h e sample was varied there was 

little effect on t ~c measurements. Consequently the effective 

temperature was considered to be close to that of the outer 

tempera t ure. 

An example of the measurements made on sample two at 
0 

the nominal temperature of 50 C will indicate the effe ct of 

these various errors. 

Let 

TA= temperature at center of sample 

T
13

:: tempera ture of sample at the cavity wqll. 

IRON 

First set of reading s 
0 

TA= 48 C 

- 0 T
6
= 04 C 

~I':: (15.65 ± .05) 
_if 

X 10 

- 1/
l.r= (2222.6l .¼: .04)xl0 

Th ird s et of readings 

,_;, == ( 15 .98 ± .07 )xlO-.<f 
:r. 

l -¥ 
:r=- ( 2223. '74 ±. • 05 )xl0 

Second set of readings 

" ~= 49 C 

" T&= 53 C 

- ,¥ 
~/= (15.40 ± .10) X 10 

-.If 
~-= (222 2 .79 .± .08)xl0 

A:.verage values 

" ...L -'/ T =- 50 C ffJ == (15.63 .± .ll)xl0 
I 

~=- (2222.71 ± .36)xl0--¥ 
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COPPER 

First set of readin~s 

o I - . _,;. 
TA=49 C mi:- (12. 99 .;t. . 03)xl0 

0 -'f 
T~= 53 C lc::: (2222.74.±:.02)xl0 

Third set of reading s 
0 -If 

T~-= 48 C ,:, = (13.12 .:±. .06)xl0 
C 

0 -~ 
T

8
-= 52 C ic= (2223.15 ±. .05)xl0 

Result: 

Second set of read i ngs 

o I -f 
TA= 48 C ,;r= ( 12 .57 .:J: .04 )xlO 

0 - 'I 
T

8
= 53 C {= (2223.18 ± .03)xl0 

Average values 

o I -f 
T = SO C ;:;;=(12.85 ± .ll)xlO 

C 

-'l
~= (2223. 03 : .03)xl0 

,/ fl1/q: - 3. oos ( 2. 78 :t .1s) +- Y,ra:: 
I C 

yP~ - 3 .005 ( .32 ± .36) +- ~ 

,µ ,re and ,,I,''- are found by sub s ti tu ting into t h ese express ions 
Q 

the values of Oz and ~ at 50 C. Although t here is a s mall 

error in the measurement of temperature it does not compare 

in effect with t h e error of the other meas urements. It can 

b e seen that the percentag e error in determining -""''- is many 

times larger than that in determining ~"' . rt can also be 

seen that t h e random error in measuring any one va l ue of ,;,, 

or I is negligible compared to t h e standard deviation resulting 

from averag ing. 
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CONCLUSIONS 

The very small probable error in the val ues of ~ 

and l determined by a single set of readings indicate that 

the cavity resonance techni que is an excellent method of 

measuring the permeability of iron. However the comparison 

technique used in this investigation would nee d to be i mproved 

to obtain accurate results. As the experiment progressed 

many improvements in the experimental set-up came t o light 

that se ,:imed 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 

propag ation 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 

c ould have been insulated from the rest of the cavity b y a 

ring of quartz or s ome other refractory dielectric. 

The magnitude and temperature dependence of .?-1e and _,µ.L 

measured in this investigation for the two samples or iron 

show no remarkable properties. Within experimental errors 

the values of.}'~ and __µ~ a re in a greement with previous 

determinations. The temperature dependence of_,1,<R. a grees with 
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the variation of permeability found at low frequencies. The 

temperature dependence ofJl-i is completely obscured by the 

larg e experimental error. The one phenomenon of unusual 

interest observed is the one already meas ured. Th at is the 

apparent inflections in the curve of,P"~ as a function of 

temperature which seem to be due to relaxa tion of strains on 

the surface of the samples. Since permeability at very high 

frequencies is larg ely a surface phenomenon it is to be 

expected that such effects should enter into the measured 

res u lts in a pronounced manner. 
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APPENDIX 



THE RELATIONSHIP BETWEEN _,µ-12 AND ?-1.. AND 'l'HE 

COMPLEX FORM OF ,,tt. 

In the t h eory of measurement the permeability, ~ , 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 

consis t ent. The two different measured v alues of ,,,.tt, are 

c a l led p'- and _µ-~ and that t hey are not equal is explained 

by the fact that ~ is actually complex since the intensity 

of magnetization is not in phase with the applied magnetic 

field in the material whose perme ab i l ity is being measured. 

The relationship be tween the compl ex components of,)'- and ~,,e 

and _,l,l,1. is not se l f evident from the theory of meas urement. 

In fact the approximations made in the t h eory of this 

investigation make it difficult to see how a complex 

permeability can acco unt for the difference in values Of /-/<! 

and ~L.. . 

Suppose one writes 

.,,t,t,e = µA +- J',#s = /,,a..e I 61 ~·I 

By following through the theory de v elope d u n der Th eory of 

Measurement one can see that no difficulty is e n c oun t ered 

in substituting the complex form of _)A- in any of the equations 

until an attempt is made to solve for ,P . It was found that 

to an excellent approximation t h e coefficient of reflection 



at a conducting end of the cav ity is 

To express E,r in closed form it was found convenient to 

wri.te 

and express E,r in terms of p where I° must b e e v aluated 

from the expression for )< . Thus 

e - -2;tP = - ~-,;Jc/ .,-J) ,,d, .. ~; L 1 
,#" r~~ 

Before, with_)(2 considered as being real, 

,&, _{7iz 
LJ = .,J,i" V ~ 

and 

where Ll was v ery s mall. 

Substituting in the complex form of _,µ2 

,,a, 1§~.2/ it LJ=- e, 
_,I,(" .R tV r2 

i.i =/A/ 6? .z 

where /Lil is the magnitude of Ll 

So that 

Now letting and solving for the 

approximate values f g,?t:11?? in the sa.me fashion as before 

a different result is obtained 
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/ - 2 / .tJ / (&'t?S ..!E. - .5'1/? .1,) 
,2 ,2 

:: R /A I (Ct:'S t -r .S-/;?:) 

Since cos 2'7 is negative 

Since /LJ/ ('cc,s f .f-s/1'? f) is very small 

CtJS -2"7 ~ -I 

and from the value of e- 2f ~t::1S 2':i'/ 

S _::: /~/(~e?S 1-s//7:) 

The approximation that 

~= -f -rs 
no longer holds in general and is valid only if ? is 

very s mall. This was the implied assumption in treating ? 

as a real quantity. The result is 

This value of p along with 
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may be substituted in the expressi on for E~ 

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 ana l ogous to what was done before, 

t h e result is obtained that 

A/ f(-} a1 )5" +-LJ 1-1- /<1!1/ cc1s: - /.d/ s//? 1 )~ _
1 

• -r('A2-rd""+/d/t:'t:1.s fr/LJ/s//? f)} 
When ..,µ was treated as a real number 

_.,iA!~ was determined by the resonant leng t h of the cavity, or 

the value of / for which A lr Jt:J,,'-1-A equals zero. Hence by 

comparing the two expressions above for /E1// it is evident 

that 

Likewise the A wh ich occurred in the slope measurement 

from which ,/AA was determined was the one brac k eted with 

3 I 

2 C(
1

). 'J' and LJ . Hence it is also evident that 
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or 

Consequently ~/t and -~ expressed in terms of the complex 

forms for _,,t,1.
2 

are 

where 

• _µ,L. and ~~ may a lso be expressed in terms . of /-'-A and ,,,i,'-9 

These are the desi:r>ed relationsh ips between .,l,'1. and ~;e and 

the complex value of _µ . 
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PIC.TUF\E 'I. 
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DETAILS OF PICTURE I 

Picture I ~ Test Cavity Ass embly 

1. Brass bell jar 

2. Thermocouple le ads 

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 

14. Base plate for bell jar 

15. Thermocoupl~ switch 

16. Micrometer for moving the plunger 

17. Coils for cooling the bell jar 

18. Hose to mercurj manometer 

19. Hose to vacuum pump 



-56-



-57-

DETAILS OF PICTURES II AND III 

Picture II : Wave Guide Layout 

Picture III :. General Experimental Set-up 

1. Tuning knob on the klystron oscillator 

2. Water jacket to maintain constant temperature of the klystron 

3. Hose from reservoir to the water jacket 

4. Mercury manometer 

5 • .At tenuators 

6. Tuning screws 

7. Audio amplifier 

8. Output meter 

9. Standing wave detector to measure wave length and to check 

the match of the oscillator to the test and monitoring 

cavities 

10. Standing wave detector to detect output of monitoring cavity 

11. Monitoring cavity 

12. Test cavity assembly 

13. Test cavity assembly with bell jar in place 

14. Thermocouple potentiometer 

15. Resistors for adjusting current through heating element 

16. Vacuum pump 

17. Thousand cycle square wave generator 

18. Power supply for klystron 
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THE~MOCO\J P Ll!. LEADS

H ~A,-ING- E L.E Mf.NT ---.;;::,,,,.,~--~, 
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CO/\)UAL C ,,._8La 
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SC.HEM~TIC CROSS SE.CT ION Of TEST CA\/ ITY 
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PLATE :tr 

TUNING- STUB 

~\JDIO A.MPL\F 1aR 

METl:R. Q 
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