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Abstract 

An apparatus has been constructed in 1~hich the 

output of a 5 mc/s crystal-controlled oscillator of 

whort-time frequency stability 1 in 10
8 

is frequency 

multiplied to frequencies of 270 mc/sec and 2970 mc/sec. 
+ The oscillator frequency is v~riable by - 600 eps by 

varying the capacity across the crystal, the frequency deviation 

from 5 mc/sec being measured within ~.1 eps by comparison with a 5 

mc/s frequency standard &nd standard tuning forks. 

B3{ obtaining resonance-curves of a high-Q resonant cavity at 

270 mc/s measurements have been made of the dielectric 

const;nt and loss tangent of dry air and three dry non-polar 

gases. The loss tangent of each of the gases at N. T. P. is 
-6 shawn to be less than 5 x 10 • 

Preliminary similar measurements on dry air have been 

made at 2970 mc/s. 

The application of the apparatus to measurements on 

liquids and solidd is discussed in detail. 



CHAPTER I 

Theoretical Background for Microwave Dielectric Measurements using 

Resonance Curves - linas and cavities completely filled by the dielectric 

being measured. 

The parameters used to describe the behaviour of materials at 

high trequency are the complex dielectric constant 
, . ,, 

E=e-Jt. 

o-r ' - t 
1 

( 1-J "/,Q;;, S)-= E-o k'e. (1 -i~S) 
1 • 1/ 

and the complex permeabili ty _)A-~ -J _/--L . The subject matter or 

this the sis is concerned wi th the complex dielectric constant ~ :~ and fi. 
is talœn to be )-i..,the permeability or tree space for ali materials dealt 

with. -l(e. is called the "Specifie Inductive Capacity" and ti:;. & is 

the loss tangent. Theae quantities are obtained qy many different 

experimental procedures, but this work is concerned only with those 

involving resonance curves such as the slotted line and resonant cavity 

methods. 

The material constants are obtained from the real and imaginary 

parts or the propagation constant when the lasses are in any way appreciable 

as pointed out in W.B. Westpha1 1s report.CD This is the procedure used 

when the unknown dielectric aample ~ille the short circuited end or a 

wave guide. In this case i t is fowxl that the two material constants 

~ and t;;:;,S cannat be separat,;d easily, since both affect the real 

and imaginary parts of the propagation constant. For gaseous dielectrics 

where fA:... â is a very small quantity the situation is somewhat simpler -

in this case to a high degree of accuracy it is true that fa... S has 

negligible affect on the phase constant, and the dielectric constant 

may be round very much more directly than is possible for materials 
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having bigher losses. Gaseous ~electrice or course completely till the 

DJ8asuring li.De or cavity. The remainder or this chapter is devoted to 

the mathematical analyses required tor c011pletely f'Uled lines and cavi ti es. 

The case or partial caTi ty f'illing will be considered in the œxt chapter. 

'l'he mathematical background tor all aethods of' measurement 

eonsidered are the transmission liDe equations representing the distribution 

or fields along the guid,, 

-Px c... e+ P::JC 
Ëx. = E. e + ~..=._ 

-P~ +P.x 
H~ =- H, e + l-t1. e 

for the transverse electric field 

f'or the transverse magnetic f'ield 

where f' is the comple:x propagation constant per wave length and .X 

is the distance in waTe lengths measured f'r011 the generator. 

The reflection coefficient for the electric field is def'iDed 

as f'ollews: 

Reflected wave at ter:ai.De.tion = -k-t 
Incident waTe at terlli.ution 

Il -2.:p J 
, • E:'&. = E. -rt't: e where J is the line length. 

Equation I may be written 

r -Px -~pl -+ P:xJ 
E:x = E, Le +-k-t e e 

when the i.Df'i.Jrl.tely long line is considered the positive exponents in 

equation I and II must be ollitted. 
- - -P:x 

In that case l:::.;;rr = 1::., e 

. l::.x - f= ' = Z o 
. • 1{)( - H-, 

-P;>( 
am H;,t = 1-1, e 

(a constant) 

This constant is Jœown as the "chsracteristic impedance". 

I 

II 

III 
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IV 

This is anotber definition tor the retlection coefficient tor electric 

where E~ =- ;z E, 
eu+jV' e-tPJ 

This gives the distribution or the transverse electric field along the 

line as a tunction of the distance '/ troa the termination. The dis• 

cussion which tollows is limited to the case of low losa lines and 

terminal impedances which are very much laas than the characteristie 

illpedance. 

That is J ZT 1 << 1 
/Z,.} 

:. l~t 1 - 1 .·, u .. 0 

The termination is also taken to be nearly lossless. This is consistent 

with precision measur8118nts where losses aust be lœpt small it undistorted 

resonance curves are to be aToided. 

Tlms (u-tad) is a very small quantity and equation V becomes 
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'1 : E 3 [llo<. (V-tf] ) + J (v-1111 ) ,..._;.,(V-tf til 

.. L/il3',:"" ~'-GI+f'j) +(U+ttf/~'&+(3,) 
VI 

Since U and (;{ d are small this leads to very high values of stairling 

wave ratio. The detectars commonly used will not operate over such a 

wide range. Thus it is cuS'\0111~ to move the probe slightly from the 

position of minimum response un til the responae is twice the minimum 

value to find the standing wave ratio. 

From equation VI we see that / E~ /2.. will pass through a 

series of maxima far V+(>~ = ?J'i/ and a series of minima far 

V+(3Ï =(:?YI+-/) f . The distance or the first minimum from the 

termina ti on _ Lj G" m.u.:_ 

The i.ncreDBnt in ~ i.e. 3'J required to malœ / ~ 1 J'" twice its 

minimum value is determined from equation VI thus 

.;! (v-t"'l ) ... = ~ • (3 s3 -+ W+a d) .,_ e..o-<z 'f $l 

VII 

= (u+cr3) L T .. D- (u+ll'u )j ,._._:., 'f ~d 
~ > f S 'i ~ ,_ tlms when U-1<( 3 is very small 

u 1-(vft~) 

V+tl!~ = fb S d .. VIII 

~ ~-~n Now ,- may be determined from the relation ,- - -;;; · À is triee 

the distance between successive minima. U and V are quantities which 

are easily foun:l for an air filled short circui ted coaxial line ar guide. 

(See the next chapter). With this information <X 
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may be determined from equation VIII since U -will be known and S ~ 
is measured. This system or measurement is used by many workers in a 

somewhat different way i.e. 0( and j3 are known quanti ties but U 

and V are to be measured to obtain the terminal reflection coefficient. 

This method has many objections for precise work on gas 

measurements, e. g. the slotted line i tself must be placed in the vacuum 

system and must be accurately controlled in temperature since thermal 

changes in the probe displacement must be avoided. If /Ke - 1/ must be 

determined to one part in leP 1 length measurements must be made 

accurately to one part in 1c'fi 1 since the dielectric susceptibility 

(l(e-" = :Z A { . The trequency of the genarator must be known 

to the order or one part in 108 over periods long enough to make 

measurements. The accuracy in length measurement required in sa:y 

10 oms. wave length is 10-5 mm. this is almost prohibitively difficult, 

moreover thermal affects are very large and troublesome in this range. 

There is always soma radiation from the slot in auch a line and the 

moving probe is subject to numerous errera which are avoided when 

ether methode are used. 

This method or measurement is properly regarded as a resonance 

method as j_s any method based upon renection when standing waves are 

set up. The standing wave or electric field near the minimum (see 

equation VI) is quite accurately parabolic in shape for circuits or 

low losa If/:: !EJ[~ 'CfSJ) + (u+«J)'"Ü11'~S3)] 
near the minimum when the circuit bas low losa and (?> ~~ is small. 

This equation may be quite accurately approximated 

1 ["~ , .. = !E. (• [< U+«~t + }'SS~)~ 



Tbat is lE(/ j2
plotted against bf is a parabole. having its minimun 

value for bd = 0 . 

(6) 

The resonant cavity m.ethods to be discussed in the f'ollowing 

paragraphs use detecting loops or probes permanently f'ixed at some 

convenient locations on the cavity wall or end plates, and either 

f'requency or cavi ty length is varied. 

There the quantities f'ound by measurement are (a) f'or 

variable f'requency, the resonant f'requency and ~ factor, and (b) for 

variable length, the resonant length and (i) factor. For systems with 

low losses as previously explained the ef'f'ects of the dielectric constant 

and loss tangent are easily separable. The resonant f'requency or length 

def'ines the dielectric constant and the Q factors wi th and rl thout 

the test dielectric def'ine the loss tangent. The presence of' the 

losey dielectric broadens the resonance curve. 

The mathematical background is again the transmission line 

equations:-

IX 

x 

f'or the transverse fields, where X is measured from the generator. 

The ref'lection coefficient f'or the magnetic field f'ollows 

from the definition 

reflected wave at termination ~ 
incident wave at termination = "t 

where ) is the line length. 



.Now 

.. -it 

,_-kt 
1 + +t 

Now if' Ze- is the impedance or the termination at ::( = 0 

then ~ç, = Zo -ZG- -:::. 1-ke-l ej c{)c. 
Zo...,..Z(;.. 

Since refiections trom the two terminations JDUst be considered in this 

case the aost direct ws:y to obt&in the usetul equation which tellows is 

to consider the multiple ref'lections of a transJdtted wave and add up 

(7) 

® 
all the c011ponents e.g. let the f'irst wave ot electric tield proceeding 

trom the input have a magnitude i t sees Z:, and Z ~ in series 

Ec:r . ·. H, == 
Za -rZe. 

Now addiDg up all the waves produced by retleotion 

H -== EG- f e-P:rt-+ -kt e-2-PJ e-fP3( ( 
x. z .. + z G- L t - -kG. -kt e _, P.Q J 

'l'he J~Sgnetic field at the termillation i.e. tor :Z -=) is then 

II 

ni 

where 

Since square law detectors are used equation ni is wri tten in the 

more usetul f'orm. 
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This equation is qui te general applying to coaxial lina aJJd wave guide 

cavities - it may be simplif'ied as f'ollows tor :meastrreme.nts on law loas 

systems 

This equation is tuDdamental in the treatment of' cavities. T.be simplif'i

cation of equation XIII is justitied tar high ~ cavities since the change 

in f'requency required to reduoe { H.t /2.. to one ha1t ot i ts max:f I!\1JII value is 

so small oompared to the resonant t.requency. The retlection coef'f'icienta 

as well as Z o are .f'requency dependent but over the width of a resonance 

ourve they can be taken as constant with negligible error. 

'le diseuse first the case where the caTi ty length is f'ixed and 

the f'requency is varied to delinea.te the resonance curTes. Fran equa.tien 

XIV it is evident that as {3! Taries due to changes in (3 introduced 

via trequency Ta.riatio~( /-/~/~asses through a series of maxima tor 

values or pl-t-y = n y -
/ll..t/2. • , . XV(a) i.e. 

~"L(«)+~J :~ 1-LfJl. 
since ~ ~J+'fJ= o tar resonance. 

Now let the increment in (3 i.e. A(3 be auch that 

_, 
~ 

i.e. 6 (3 is the change in f required fœ' 
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the halt power pointa then · -

~2(cd+p) = ~ '~(3J 
Fer low losa systems ~pJ will be very aall since o( aiid -f. are then 

very small quantities. Theretore the above expression may be approximated 

with negligible errar 

~-1+ r = 4f3) 

.6 (3 = ~-+ -:IJ - . m 

The resonant value of' (3 is f'ound from equation XV when the resonant 

trequency far the encuated eavity has been experimentally determined. 

~ is a very small quanti ty approaching zero tor short circui ting 

metal plates. This measurement really serves to establish the electrical 

length of' the cavity or it measures the velocity of' propagation in t.ree 

space it the cavity length is accurately known. Equation XV ·~ be 

written for the coaxial line cavi ty in the f'orm 

AD}= ::lill 
Ï Ào 

_ ~~~fo J =- :iiÎYtoe: foJ = lJI/ 
..--...... 

~~~ ----~~~~-..<no/Z fbl - .;lj}4 fo) ... ~-
1 t will be observed that ) is proportional to YJ. Next when a gas 

whose dielectric constant E -.;::; ~ t 0 ditters only slightly f'rem 

€ o is measured, we have 

XVII 

!hus the change in the resonant f'requencies -between the evacutated and 
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tilled coDditions gives a measure of the dielectric constant. This 

measurement can be carried out wi th a very high degree of accuracy - the 
~ 

frequency standard used holds i ts trequeiœ7 to one part in 1 0 1 and 

A f as determined with the lOO cycle General Radio tuning tork 
(, 

{ which holds i ts frequency accurate to one part in 1 o ) can be 

determined with an accuracy depetdent upon the <( factor of the cavit7. 

A f ~be determined rlthin + Soo~/se~.tor cr factors ot 5000 

at f'requencies of the order ot 270 megacycles per second, i.e. the value 

ot ( l<e -1 ( can be determined wi thin tour parts in 1 0 '- . To mein-

tain this accuracy experimental conditions auch as humidi ty or the gas and 

cavity temperature must be very caretully controlled. 

Equation IV is true also for wave guide cavities. 

In this case 

l(e_ o< r- and as in the case for coaxial caTities 

/ ké -1 1 
2 pf ® :mn 

Here again 

Equation XVI must next be discussed for this is the relation which is 

used to determine the losa tangent or the materiel tilling the cavity. 

The 9 factor for a cavi ty is detined by the relation 

Cj) = 
2
gp @ ; wbere p e is the resonant !reqœncy aJ:d Lo. p ia 

the iDcrement {or decrement) in trequency necessary to bring the detected 

power to one halt ot its value at resonance. 
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For coaxial lina eavities 

q = if = d~ f' = ; cf!t- -f:-) usil>g equation XVI m: 

For wave guide eavi ties a relationship between ~ and 
:l.a 1 f3 and ...6 (3 is requirad 1 sinee in this case (3 does not 

depe.nd on frequeney in the same linear manner which holds for 

The C?factor for wave guide cavities is then 

@ 
II 

again using equation XVI 

The resson w~ this complication did not arise in connection with 

equation XVIII is simply that the cavity is exactly resonant at the 

two frequencies considered in that connection. In equation XX 

however the cavity is exactly resonant at one of the frequencies 

considered but not at tbe other. 

Equation XIX JBUSt now be IIDerted into a more uset'UJ. form. 

Using formulae developed for the coaxial line 

radians per wrl.t length 

nepers per unit length 

due to conduetor loss 
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nepers per unit length due 

to dielectric loss. ~ 

The resistance of the end plate is ~ ~ ohms 
«11'8 0 

where a-- = the conductivity of the metal plate in mhos per meter cube 

a. ~ -1.,.. are the radii of the outer and inner conductore reepeotively 

~ is the skin depth in meters. Now f = 1, r=;;:;:::::;:
1 

=r::::;;;:::=;::=-
4. 0_ ~f74/lltl 

-1\'s.. =-te-t when both ends of the oavity are closed' by short 

and 

But 

cirouiting metal platee 

.: f = h l~t} but 

and 

.. kt=- on substituting the 

values for Zr and Z0 

Now L 1+ J( ( -v x 3 x s--= :z -'1...+- +--t 
J-X 3 -s-

. . . ) when 

:>( is positive and less than unity 

.', f = ~ {fe sinee 

a u-~-Wo 
is of the arder 

1 0 1 

of ~ • It is therefore a very large quantity at all 
-" [" lo 

f'requenclee below 1 0 ~/se+. Thus the above approximation is justified. 

Using this expression for p and the phase and attenuation 

constants for the coaxial line equation XIX becomes 

m 
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This equation reveals ~ S clearly 

thus ® XXII 

Equations XVII and XXII gi ve the information required to determine 

dielectric constant and losa tangent from completely filled coaxial 

cavi ty data. 

Equation XX likewise must be transformed to produce a useful restüt. 

Transverse m.agn.etic modes in circular wave guide will be considered. 

Transverse electric modes may be treated in a somewhat similar mannar. 

However the expressions for attenuation are much more complicated - the 

final re sul t corresponding to equation XXII is the same for both 

TE and TM modes. 

radi~ns per unit length 

À = the T. E. M. wavelength of the frequency of 

propagation in the dielectric tilling the 

cavity 

À = The eut ott wavelength for the particular 
0 

mode considered 

nepers per unit length due 

to conductor loss. 

'Y1 is the intrinsic bipedance of the dielectrie 

fillillg the cavi ty 

~ is the skin etrect resistance or the metal 

forming the guide walls 

is the radius of the guide 



is the radius of the guide 

"ï"'l /- s 
" l-A...... nepers per unit lengthc due to 

À -J /-& J ,_ dielectric losa 

(l4) 

-Œ:;,. ~-.-the losa tangent of the dielectric filllng the cavi ty (j) 

For the evaluation of the factor -jt which appears in equation :XX it 

is necessary to find the intrinsic impedance of the metal plates 

termination the cavity. This ill.pedance is 1?, (,"';}.). ® 
z. -= 1~ 1- ( "i),_ tor T.M. modes in wave guide 

.: ..ft-= -Â'G- = Z.-Zr _ ~11-r±r- ff.I+J) 
Zo+ZT Rs 1 ~ t-C?x-~r- + ~~j) 

_:_ 1 -1:I ~~~y-
• 1 -t .,~7. 

. b= 1 _1 - :~..Rs .. r ke 1-let-1 - Y],~t. 
using the same arguments as for t~euc~~~ cavity in this respect. 

Substitution in equation XX now yields · 

_ C4J[~ 1 --<-t;)~J. +c4f 
Q - :tiL-cr ~ ... ,-: s + 'IrE$ .2. d?. l 

~ ~ / -f. >.o Ll]..t-J 1-(f.)l. rl ~1-Êf)"~- -t ~1j'{1-f};LJ 

1 cr=- ) Rs ( _J_ + .3:_) + f;;;;; s lXIII 

rn-1] \.k ~ 

~$:= [ 1 - ( l @ IIIV 

Qf, Ile J Cfev~tl) :rieJ j 
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-· 
Equations XVIII and XXIV are the ones required to obtain the material 

constants from circuler wave guide cavity data when the cavity is 

campletely filled. 

When temperature and bumidity can be caretully controlled1 

and when pressure can be accurately determined the limitation on the 

accuracy of determination of k'-e depends upon the accuracy wi th wbich 

..6 f may be determined. Experimentally this is found to depend 

upon the sharpness of the resonance curve and the overall amplitude 

stability of the apparatus. The accuracy of the determination of 

s 
trequency is of a very high order {about one part in 1 D ) but the 

resonant point on the Q curve may be in doubt to the extent of say 

7 
20 to 30 cycles per second in 10 cycles per second using Q factors 

as low as 4000. This would amount to an error of at most 60 cycles 

per second ill ..1 p measnred at 10 megacycles per second. This would 

give an accuracy of six parts in a million and permit the determination 

of { Ke-1/ to five significant figures. 

The dif'ficulty arising here is that with the narrow band 

width of the apparatus both of the resonance curves cannot be 

depicted adequately within the available frequency range, whicb is 

about 2400 cycles per second in 10 megacycles per second. Higher 

cavity CV factors will give much more accurate resulta since the 

indeterminacy of the resonant frequency will be smaller. 

The factors atfecting the accuracy of the determination 

of ~ $ are :much the same as those mentioned above 1 since the 

determination of G? depends upon the lecation of two frequencies 

accurately on the resonance curve. The fact that t;;::. d is 
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the difference between the reciprocals of two auch quantities doubles the 

probable error, so that with cr factors as before be; s may be 

determined to an accuracy of about l2 parts in a million. Here again 

higher Q factors will greatly increase accuracy and conserve band 

width. 

Referring to equation XV(a) the form or the resonance curve 

becomes apparent - when lasses are small far small deviations from 

resonance 
l H.rl 

l. 

{H.tl~ 

Writing this expression in terms or .6 p for the coaxial cavity 

(Hll
2 

___ , --=-----=-==-
liitl~ = + ~Y-0f-)~ 

and for the wave guide cavi ty 

J~l2-
[fu(~ ) +~<Y)t1-)~f-)l_ 

For high G cavities where the change in p or j3 is negligible 

compared to the quantity itself, it is clear that for cavities 

IH.t1
2 

whether coaxial or circular wave guide (1-{.( ~ is an inverted 

parabola having i ts ma.ximwn value f'or Â p equal to zero. This 

form is retained by the response over a range or frequency much 

greater than is needed to depict the resonance curve. For coaxial 

cavi ty having a c:r factor as low as 30001 having a resonant 

frequency of about 300 megacycles per second, the deviation of the 

curve from the above mentioned form is about O.l% for a frequency 

deviation of one megacycle per second from the resonant frequency. 
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-
The discussion of the variable length system depends again 

upon equation XIV. Again considering low loss systems the change in 

~ required to depict the complete resonance curve is very small 

Let 

{ H..t /2.. will pass througb a series or aa.xi ma ror pl 0 + J = .,ft' 1J3 

}, be a particular resonant length, then 

~?.(q:)o+P) 

Since low losa systems are biing eonsidered the q curve is 

delineated well beyond the half' power points ror very small values 

or ..6. J. . ~ above equation then may be approx:illlated 

{ H.t/.-;__ t( jo+ ) L 

{ 1-f.t/ ~o,t -= [ ~ Clo +.oi + rJ ~~A/) 'L 

and ..6j is so small compared to .J. o , that .) o -t.d.J = ) o ror all 

praetical purposes 

XXVII 

The value of ~ j required to bring the response to the halt power 

point ie obtained ~s follm 1 '!. ( c() 0 + }> ) 2.. 

L - (l~~~t (~}bTrJ'L -trpd)L 

.'. f ~J = o<Jo + f 
XXVIII 

Equation XXV reveals the dielectric constant or the material tilling 

the caTi ty. Let Jr be the resonant length or a coaxial caTi ty when 

f'illed with gas. 'l'ben 



(ôJ, -= ~ .J, = 2'i!Ytt>e pJ~ - :vr ff. yo~o f), =YI~ 
, ·. ""k'e ce T, 

Notr let J 4 be the resonant length of the evacuated cavi ty and let 

• ·• "'!] k'~ - J, +..61 
), 

· [u J :Z Lll 
.. f\e-1 -= ..J, 

where LlJ is the change in resonant length produced by the 

introduction of the dielectric. 

Equation XXV must now be discussed !or the case of the wŒVe guide 

cavity. The resonant co.odition is pJ 0 == n'if"- , If 

and ~J,~~f~l~are the corresponding quantities for the tilled and 

evacuated conditions 

then 
t+ ]~ ~ 

1 -t ;z_LJ 
J, 

k'e- 1 _ :z 4) 

(18) 

1 -( ~0)' - 7: . XII 

where )_ is the f'ree space wave length correspondillg to the 

frequency of excitation. 

The Q factor of a cavi ty is def'ined to be ~ .;(af 
In a coaxial cavi ty A -= :Z 11 _ }] Î1 _ Q ïr f r ~ ) ~ 

.·. pJ . a constant .' Jo ~~ 
· :l-41 -<6-P 
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. • The cr factor tor a coaxial cavity 

using equation XXVIII. 

Thus the behaviour ot a coaxial cavi ty ia identical for frequency 

and length variation and 

k:. a= [ ~F·"·J - cy~ •••• h.J 
For the wa:Ye guid<cavity the (i factor is not }:1 

but rather 

as shawn below. 

Imi 
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lfith this method therefore the same relation holds as-f'or variable 

f'requency with completely f'illed wave guide cavities i.e. 

DIIII 

Equations XXI and XXIII are on the whole not as usef'ul as the 

corresponding f'ormulae (i.e. XVIII and XX). They depend explicitly 

on À 0 the eut of'f' wavelength - thus the cavi ty diameter must 

be known to a very high degree of' accuracy. 

Equation XXVII clearly shows that the f'orm of' the resonance 

curve tor length variation will be an iDTerteè parabola as in the 

case of trequency variation. 

The requirements on accuracy of length measurement 

demanded b7 equation XXX are Tery stringent, e.g. at a wave length 

of 10 ems length must be measured accurately to 1 o-'1 Dllll. if / k't>- 1 J 

should be known to one part in 10 ' , Frequency stabili ty is required 

to about one part in 1 0 i . This method would present great 

mecbanieal dif'ficul ty since i t is necessary to measure small dis-

placements to such a high degree or aceuracy. 

Frequency variation appears to be by f'ar the most desirable 

of these methode when very bigh accuracy is desired. When lower 

accuracy ~ be tolerated variable length systems could conceivably 

prove qui te use.tul but variable f'requency systems seem to be just 

as useful. There is of course a great limitation to the trequency 

variation method. That is crystal controlled oscillators cannot 

be shif'ted to any considerable extent from the natural .frequency of 

the crystal bef'ore they become unstable. Thus perhaps several crystal& 

may be necessary to caver the required .frequency range. 
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CHAPTER II 

Theoretical Background for Microwaive Dielectric Measurement 

using Resonance Curves - lines and cavities contidning dielectric 

samples not completely filling the lina or cavity. 

The same three methode that were considered in the last 

chapter will again be considered here to illustrate the principles 

involved and to indicate how the dielectric constant and losa tangent 

of the material under test may be obtained from the quantities 

actually measured. All three methode measure in affect the reflection 

coefficient of the portion of the line or cavity containing the 

dielectric. From this reflection coefficient the complex propagation 

constant or the dieleetrie is found. The material constants are 

then derived from the real and imaginary parts of the propagation 

constant. This will be treated in a later chapter. Much of the 

mathematical analysis of the last chapter is relevant here and onl.y 

where necessary will further derivations be developed. 

The slotted line technique, 

This method bas often been successfully employed. GD 

W 1 TH 4MPLE 

'f 

... _..., 
1 

:. 

......... 
' 

t-short circui ting plate 

~test dielectric 
J • 

The terminal renection coefficient at l1 = o was defined 
0 ZT- Za - -z. (u+J·v)l 

as -Rt = = e 
ZT+ Zo 
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Zr =- ~-7-1 ---
Zo ~(V+JV) 

. I 

U . am V are quantities derived f'rom measurement and Z o 

will be known f'or the air f'illed portion of' the lina. 

when er.d plate losses may be neglected, which is assumed as a f'irst 

approximation. 

~02 = ~Lù~a f'or T.E. and T.E.M. modes and non terro-magnetic 

substances 

ZT - Zo - d, Wflo b;:;1 fl-J 
- -t;:;;J.. (u;.JV) - ·y 2-

II 

where 0• is the propagation constant f'or the air space or the line. 

Equation II contains only one unknown, i.e. O).. , which ia theref'ore 

obtainable f'rom the measured quSDtities. 

For 1'. M. a odes 

but 



~ (u+JV) 

~- ~ 
Jfi,'- Je~ 

(23) 

The technique adopted in practice is to make measurements on the 

line without the sample in place to obtain the end plate impedance 

and the attenuation caused by metal losses in the line. The positions 

or the successive minima are located and Ô 'J the halt widths or the 

resulting resonance curves are obtained. Then since (3 sd = Cid+ l) 
if p s~ is plotted as a i'unction of ~ a lina of slope o(_ is 

obtained and () is revealed as the intercept on the f s~ axis. 

{3 is obtained as ~::.. where ). is the difference in {

for two adjacent minima. The value of' U obtained from this graph 

1 J)T 1-- €-2-u enables the end plate impedance to be calculated since /e1 

and the cb.aracteristic impedance or the line is known. If this end 

plate impedance is signiticant as it will be if accurate resulta are 

desired the fundamental equation zT = 

where 

Equations II and III will then have to be altered in accordance 

with the above and they will represent a much more involved tunction 

or 0,_. 
The attenuation factors of lines in general are larger than 

III 



the theoretical values - theretare attenuation and end plate 

impedance must be measured it any accuracy is to be obtained tor 

the losa tangent of the dielectric. 

To obtain (2. i t will be observed that U am V must 

be obtained wi.th the sample in place (see equations II or III). It 

was shown in Chapter I that the position or the first minimum in 

the staming wave pattern provides a value far V thus 

y= ·~ ['- 4~~_;,] 
and ir $ d is the change in probe position necessary to ge~ twice 

the minimum respo.nse wi th a square law detector (a technique 

applicable to low losa systems) 

u-t lX d ~ p sd 
.·. v= ~s;)- ~~ 

These values ot U and V then, combined with the data obtained 

from measurement on the line wi thout a sample enables 0 1.. to be 

ealculated for the sample dielectric. 

0'- Real is partly due to wall losa in the dielectric 

filled portion but this point will be discussed later. 

The partially' fllled cart ty invol ving variable trequeney 

technique presents problems which appear to make i t or lilli ted 

usefulness w:üess certain steps are taken auch as the use of 

several different oscillators or the use of a nWDber of cavities 

ot various lengths. (!) The variable frequenc:r method malœs 

possible extremely accurate delineations of <tJ curTes and changes 

of resonant .frequency, but this accuracy will suffer when length 

(24) 

measurements must be combined lfith frequency measurements to obtain the 



desired information. It is theref'm'e desirable to use a cavity 

for this pur pose wi thout moveable end plates. Assume at first 

that a single oscillator is to be used to make the determination 

or the properties or a medium of which the dielectric constant and 

losa tangent are known approximately. For a given cavity radius, 

(25) 

cavity length and oscillator frequency - the required length of dielectric 

sample may be ca.lculated which will cause the cavity to resonate in 

the desired mode. The required length of sa.mple must not introduce losses 

so large that the response curve will be distorted. Ir distortion 

does occur the exact point of resonance may be difticult to locate, 

since the ctn'Ve is so wide and the zero reactance point may not 

correspond wi th the peak or the curve. One or preferably more 

extra resonators should now be available which are exactly an 

integral number of hal! air guide wavelengths long of the same mode 

at the operating trequency so that attenuation and end plate 

impedance may be accurately determined. This assumes similar surface 

conditions in all the resonators used which has been round to be 

justified. Alternatively a nnmber of oscillators of widely different 

frequency may be used,® the cavity and sample length being so chosen 

that the cavity can be resonated with the sample in and at seversl 

frequencies wi th the a ample removed. E1 ther or the se techniques 

involves a lot of apparatus, and has the disadvantage that the 

properties or the sample must be quite accurately known before the 

length or the sample is chosen. Also the required length may be 

auch that the losses are too great for accurate measurements to be 

made. Extremely thin samples might possibly be a solution to this 

problem. Then the problem of accurate machining for solide arise~ 



• 

Small errors in sample thickness become very important sources of 

error. Such problems as how to keep the sample in contact withthe 

end plate at all points must be considered - or if not in contact 

how can its position be accurately known. Thin layers of liquid 

dielectric might prove very suitable media to measure using this 

method - because liquid could be added until resonance occurred and 

(26) 

the depth of the liquid may be determined by volume or wëight methods. 

Sufficient has been said to show that this may be a difficult method 

to use experimentally. Mathematically this method is similar to the 

others. It depends upon the measurement of the reflection coefficient 

of the termination. 

v , 
1 TH E c V 1 T Y <T: • 1 

' 1 

w r H A~ PL E 
: 2 , +7-test dielectric 
' --

rl16asurements on the air filled cavity give the value of 

the reflection coefficient for the metal end plates and the air guide 

wave length. If several resonant lengths of air filled cavity are 

available a more accurate value can be found for the guide wave 

length, the wall attenuation and end plate impedance. The resonant 

frequency is noted in each case and the response curve is -delineated 

by frequency variation. Tbus variaus values of !X -f ~ = !},(;/;; 
are available, since --k :> (lJ Po J and L'l p are known from the p 

measurements. (The guide radius and mode define -k , since air 

is the dielectric the value of f will be known, and J will be 



almost exactly" an integral number of halt guide wave lengths since 

f11 +z = ""--' l1 Il • ~ is the phase angle of the retlectien 

coefficient for the metal eoo plates and is extremely smal.l. Froa 

(27) 

any two or these measurements œ ar.d f may be determined. From this 

value of r the end plate impedance mq be calculated sino• r =~~ r-t 1 
and the characteristic illpedance tor the cavi t7 is lmown. 

lext measurements on the carl t7 containing the specimen 

dielectric are required. Here _}_ i!Xiicates the length of the air filled 

portion and cl the length of' the dielec~ic sample. The resonant 

condition is 

pJ-1- ~ = 11~ 

:riiJ~cfr-c-tY + f =Y/ 'ir 

where ~ C. _; À o J and Y]_ are known and f the resonant trequency 

is measured. But ~ -=== - cfr +ft . {Js- ~ be obtained 

f'r~ measurements on the empty cavity (but in practical. eases 118.7 

be too small to be observed) • 

'lhe important tact is that cf2t is detel'lldDed from the 

condition tor resonance. The Q factor f'or the cavity was shown 

to be _ L _ @~-+ -lf~ 
Q - ""P - "f3 (o~-t--f,) 

(32+){~ ~ 

.. F = 1 [) C~) - "'J 
where .6 P is the increment in f'requency from resonance required to 

bring the response curve to half' or i ts resonant 'Yalue when usillg a 

square law deteotor. ~ j3 J -k, 8lld q' will now all be known 

and A f is measured. Theref'ore -jz 1.- detel'llliœd via a CiJ 
measurement .. 
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The definition of the reflection coefficients must next 

For the air filled cavity with metal short circuiting plates at each 

elld -/eq,. = J?t: ( l \ · 2cp(}-
. ·. e -"2. ro+Jfo ) ==- f)G- J -z.. eJ 

-: e- Cf-o+Jf·Î = tke-1 ej cPr.- -kG-
From measurements on the cavity containing the dielectric 

e-~ (f+Jf-) = -ktr-&-t = ë Cfoo +j'fo)(Zo-Z.r' 
Zo-tZr ) 

Zo-Zr _ e-2.[(/o-/'î)+j~-~,JJ 
Zo-t'Z.T 

Thus the terminal impedance is evaluated by the measurements on the air 

fil led line along wi th the measurements on the cavi ty containing the 

dielectric specimen. The effect of the end plate impedance may prove 

to be a significant part of ZT and remarks exa.ctly similar to 

those made for the slotted line technique apply here. That is Z T 

may not be adequately represented by Zo z. td O 'L J but 

P""haps should be written in the form Zr= Zo._t:::f.(gLJ +f) 

where f = (;;:)-' z~~-
Zo-z. 
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Usirlg the sillpler expression 

z 0 2- f;::;J. 0,_o/ = zo b::d [c + -lt) + J (J- If)] 

For T.E. and T.E.M. modes Z _ Ï l..O)./o 
02,. - u . r,. 

tor non rerromagnetic substances 

/:i::;A. )!-J_ _ _Z-=---0 ~ 
0 J.. 'of J W_/lo r/ 

u [c-r- k)-rj(!-~~ 

d[{f- -k)+j (f- '~él, 

For T.M. modes Z 0 ~ - ( LJ fiG "'f-
0 0:1---1/-

.'. '(1-J ~ y,_J=. Zo ~Jil.._~~+j(q-lî_)l 
({wJ)'-_ (jzJ)~ 1 J w_/lot/ ü( t11J ~ 

= <f(f.2__J')~@-k)i-Jct-~YI 
These expressions are more c011plicated when end plate impedance .wst 

be considered in Zr • The iaportant tact however is that "(z._ 
is now determined and the properties or the unknown dielectric mq 

be tound. 

The technique employing partially tilled cavities and 

variable lengths does not present serious difficulties as regards 
@ 

apparatus, in the same way that the variable rrequency technique 

does. 'l'he accuracy or the mathod depends upon the measurement or 

small increments in length which cann.ot be done with nearly the saae 

precision as can measurements tt increments in rrequency unless very 
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-great care is taken to ll8.lœ the measuri.l1g screw :f'ree of' backlash and its 

temperature is accurately oontrolled. In f'requency Jl8asurement using 

WWV or a Secondary standard both the :f'reqœncy and trequenoy increments 

8' are known to about one part in J o , Such accuracy in length measurement 

would be "'ery ditf'icult to obtain. This technique requires a generator 

of very high frequency stabllity over long periode of time. For 

accurate determination of losa tangente this .athod may not be very 

suitable becanse of indeterminate and possibly variable losses at the 

edge of' the plunger. Steps may be taken to offset this difficul ty e. g. 

the use of TE: o 1 'l? modes does not require current to pass 

from end te aide walls. This method bas been used successtully by 

Lamb and others. Tœ matbematical analysis of this problem is the 

same as for the Yariable :f'requency technique. By measurements on the 

completely air filled carl ty pl D + 1 = 11 'il" yields a series of 

resonant lengths corresponding to integral vslues of 'Y) i.e. 

11 = 1 1 2, 3 etc. Mee the difference in two successive values 

of Jo is the guide wa-.e length in the air portion of' the carity. 

Froa the various determinations of o/ on the ccapletely air filled 

cavity' 

Q =(lïJ[ 
. ·. a. -f -4;; =:: 

·: «Jo-+ f = J< A) where 

When K-6} is plotted against Jo a straight line is obtained 

whose slope is c( and whose in terce pt on the J( <f) axis is -j:z. 



Thus end plate iJipedance may be calcula:ted from jz.- as in the 

variable frequency case. 

The technique next requires measurements on the cavity 

contairdng the dielectric sample. As before (1.fo + 1 = l1 1i'-' 

:. c(Jt = 2 (plo --,'ii') - 4Js. 

where c{JG- is usually negligibly small being the phase angle 

of the reflection coefficient for the end plate. 

~t is the phase angle ot the retlection ceefficient 

of the eDd of the cavity containing the dielectric sample. 

FrCIIIl the expression for Q then 

f =1{[ ffJ[t-tl)j-tt} 

(31) 

From this point the analysis is exactly similar to the previous case 

aa i t aust be since the only mathematical difference in the two 

methods is the i.Ddependent variable chosen to delineate the resonance 

cnrves. 
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CHAPTER III 

Determination of the Material. constants from the Complex 

Propagation Factor. 

'flle propagation factor for wave guides is shown ill m.aliJ 

text books to be for non f'erromagnetic dielectrics 

........ [ ~ r~ll)'-l y =- _ l.cJ ~0 e -, ~ J 

E. =- e,:ife.o = ~( (l-i 6:;:;. ~) = the complex dielectrie 
con~~ tut 

note 

:Now 

== ~ 1 (, - j €~ ) 
is the relative dielectric constant or the ma~erial 

À(l-=- the 'r.E.M. wavelength is free space cœ-responding 

to the frequeney used • 

. ~'il ,r 
o~J~ 1f~-(~)L - .. . . I 

}" - . ;(if .J -1t (. * )( À,( \ L 
. . 0 - J ~i V ~ 1 + ,E, - 1 To) ~· . . 

(j) 

II 



Àg ia the guide wave length in the air portion or the guide. 

"{ ia a complex muaber which may be expressed iJl polar 

coordinates as rollowa 

(33) 

a= "f; Ve i [•+#.J)- ( lfr:J+ ~·a['+#.)J 
~ _J_... - 1 tt:-., $ at an angle .J.L _ _1 La.., m 
2.. ::l 1 - ÀiJ. -'-

'A-1.. + }..l.:. J(~ 

In rectangular rorm Y mq be expressed 
0 ...L 

o- ~{~(,+{-!f-{1- ooLt . +(.-{M~~v -·r 
+j ~ re( 1 +~) -ET-fJ,-+( li:;; s.; y· ~,Y.. 

J :Z ·'\ ~ 1- 1z' - -' . } ) IY 
~0 ..,. 'AJJ..I<e 

Solving either the polar or rects.ngular rorms tor the material constants 

in terms or the real and imaginary parts or y = rv-+ j {t· 
leada to 

v 

and 

VI 

The se may be separately solved for i(e and ta.... a 

vn 

fie - _(j) 

VIn 
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These then are the equations required to obtain the material 

constants f'rom the value of' r determined as shawn in the 

previous chapter. flle equations above apply to eny wave guide JDDde. 

The f'ormtù.ae f'or coaxial lines are the . same except that here 

).o = oo tor the principal mode. 

Wall L9ss in WaTe Guides (D 

For low losa samples contained i.n wave guides the wall 

losses may be illportant changin.g equation VII to 

t:;. S 5 -r /;;::, J4Js -= ~ ( frs + (r4JJ di II 
(~)).-+(li) l-

where 01" l.. has been omitted f'rom the denominator beca.use the 

sample has law losses. 

ti::. ~Cf> =- the loss tangent or the sample dielectrio 

~ ~ws :::::: the effective increase in ~ ~ due to 

losses oourring in the guide walls with the 

sample in place. 

0 1"$ = the attenuation racter due to sample los ses. 

or"'-'= the attenuation factor due to wall loss. 

The attenuation f'actor (r w due to wall losa has be en 

calculated. This value together with the value or {t. tor 

t~-.,. S = o have be en substi tuted into equation II to give tor 

the T.E 11 mode in circuler wave guide f'or the ratio 

_ 1 f_ o.42 +(+. J~ l 
- .)/' L 0,4.:J. -1- t~/o~; J . x 

the etf'eotive ~ S ain 
ef'feetive 



Now ~ ~ tor waJ.l loss wi th air will be known tru measurements 

on the air fllled cavi ty or line. Then ~ ~w s may be caJ.culated 

using equation X and on substi tuting this re sul t into equation II 

17::;, Ss is obtained. 

A somewhat similar approa.ch may be taken to this problem as 

tollows. Consider T.M. modes tor which the to1'11R1la tor conductor 

attenuation provides the relatioDShip 

d.. c.. c< -:-:--;:::::'::::::::;::===-1 ~ t-(t -y-
are e1r portion ot the line 
(:( <:.. dielectric portion of the line 

where 

This ratio will be lœ.own approx:illately it the dielectric constant 

is obtained trom equation VIII on the basie or 0 r = 0 . Thus 

the attenuation due to the walls becomes known tor the dielectric 

tilled portion or the line or cavi ty. This may then be subtracted 

from the apparent vaJ.ue of 0,- te obtain the true vaJ.ue ot ~ $ 

(35) 

and Ke . In the abOYe calculation the attenuation due to the waJ.ls 

in the air tilled portion of the line is determined e:x:perimentally

by measurements on the empty line or cavi ty as explained in the last 

ehapter. 

The ditt1C11l ty in aJ.lowing tor waJ.l loss in the dielectric 

tilled portion of the line or caTity arises tram the tact that the 

properties of the unknown dielectric atfeet this attenuation. 

Calculation ot dielectric constant on the basie or ~ero losa has 
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® -
been used but in this method it is used only as a .f'irst 

approximation to obtain a more accurate result. It is o.f'ten fOUDd 

that conductor losses are larger than the values calculated on a 

tbeoretical basie. It bas been poin~ out that in making dielectric 

measurements it is umesirable to use tbeoretical values o.f' 

attenuation along witb other quantities wbich are measured to derive 

the material constants. 

The question of just what factors affect skin affect 

impedance of a metallic surface are not completel7 understood. A 

high polish does not seem to greatly reduce the metal losses. Minute 

scratches in the direction or current tlew have much lesa e.f'.f'ect 

on losses than scratches across the direction o.f' the current. 
@ 

A. C. Vivian bas written a paper on superficial conductivity of 

metallic@ co.nductors for wave guides and A. P. Pippard bas @ 

examined the question of metallic conductivity at high .f'requency 

and at very.low temperatures, where UDder certain conditions it is 

.f'ould that skin effect conductivity becomes indepelldent of' D.C. 

conductivity. 1'his appears to be due to the mean free path of 

the electrons becoming very much greater than the skin deptb. 

The experimental techniques employed at high frequenc:r 

make it possible to obtain experimental values for atteœation 

due to m.etal losses am. these Talues are used rather than the 

theoretical cnes in mald.ng dielectric measurements. 
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R.'3 - 6oK 
R-.- 40K 
Rs - "500K 
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C . T . 
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Re - 6K 6 Wf'ITT 

Rg - é!OK POT· 

R 10 - T5K 
R11 - 0. 25 OHMS 

·P.,~ - 500K 

CftPf)C 1 TORS 

c, - o . 1 U.f 
Cz - o. 1 U.f 
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F, - -,A 
Fz - ye A 
1"'5 - 1 A 

+ 320v 

SWITCHES 

5 1 - D P S T 
Sz - S. P . S - T. 

S-a - O. P . 6 CONT. 

POWER. SOC.KET 
1 <ëROUNO 

Z N-C - x OUT 
:3 
.... 
5 
6 

T 
8 

-t-320V 

N.C. 
NEG. e,IA5 

-+"16"0 y 

6-~ A . C. 

N . C . 
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FOR 

5-IOMC. DOUeL.ER 
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CifAPTER IV 

The Signal Generating Apparatus - Basic Oscillator and Frequency 

Multipliera. 

(37) 

The basic rive megacycles per second signal is generated 

in a tuned plate tuned grid oscillator, using a 6C4 minature tube. 

The tuned circuit in the grid consista of a piezo electric quartz 

crystal along with several fixed plus one variable trimmer condensera. 

Variable 
trimming 
Condenser 

Crystal 
bolder 

Cr:ystal Oven Covers Removed. 

This unit and i ts power supply were manutactured by 

the Piezo Products Company or Framingham, Massachusetts. The 

Fixed 
trimmer 
Condensera 

temperature or operation is carerully regulated by thermostatically 

controlled heaters. It will hold its rrequency to one part in a 

million over extended periods and to one part in a hundred million 
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aver short periode o~ one minute or lesa. The generated frequency can be 

set to aey frequency between 5 I 1 0 '- -+ ' 0 D to S X 1 D ' - ' o lJ 

cycles per second. This is done by means of pre set padding condensera 

of graduated capaeity which are switched in one by one by means of 

a aagnetically operated switch. When a push push buttom is operated on 

the front panel the magne tic swi teh jœps the connee ti on from one 

f'ixed padding condenser to another. The small variable trilllller 

condenser makes it possible to select any frequency between the f'i~d 

steps. 

The whole oscillator circuit excluding the power supplies 

is housed in a temperature regulated aven. Within this aven there 

is a smaller temperature regula.ted aven containing the piezo electric 

crystal. 

It would be desirable to increase the band width available 

at this stage since the changes in resonant frequency caused by 

gaseous dielectrics are sufficiently large that the measurements 

must be made at reduced pressures. The resulta must then be extra-

pala.ted to normal conditions on the basie of some gas law. It would 

be desirable to be able to measure the dielectric constant up to 

pressures on one atmosphere. @ This problem may be avercome by 

employing more than one temperature regulated crystal. Using a. series 

of say three crystals differing by about one kilocycle per second in 

trequency the band width would be quite suff'icient for most purposes 

where gases are concerned. These crystals could be arranged so that 

any one could be selected at a time by means of a selector switch 

on the front of' the instrument. 
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The five megacycle per second signal is amplified and the 

output is taken via cathode follower and coaxial line to the 5 to 

10 me/sec. frequency doubler and amplifier 

1tl ., 

----- Cathode follower 6L6G 

5 - 10 Megacycle per second freguency doubler 

6AC7 

6MJ7 

Tuned Plate circuit 

Resonant at 10 

megacycles per 

second 

5 - 10 Megacycle per second freouency doubler lower view 
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The frequency doubler is a class 0 operated 6AC7 with the tuned circuit 

of the plate, tuned to twice the input frequency. This output is 

transformer coupled to the grid circuit of a 6L6G cathode follower 

and from there to a coaxial line. 

This leads to the 30 - 90 megacycle per second tripler 

circuits - all of these panels have separate voltage regulatora. 

The 10 - 30 megacycle par second tripler uses a 6A07 pentode and the 

30 • 90 megacycle per second tripler uses a minature 6AG5. These 

frequency multipliera are similar in principle to the one already 

described. 

10 - 30 • 90 Megaçycle stages Upper View 

6A07 10 - 30 
megacycle per sec. 
tripler 

6AG5 30 - 90 
megacycle par sec. 
tripler 

6L6G cathode 
~ollower 
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Tuned circuit 
resonant at 30 
megacycles per 

10 - 30 - 90 Megacycle stages Lower View 

' second. 

Tuned circuit 
resonant at 90 
megacycles per 
second 

At this stage the signal level ie quite low (less than one volt 

from the cathode follower). Since it is desirable to have 

considerable output power at 270 megac~cles per second both for 

measurement at that t.requency and for the input signal to a 2K47 

klystron, it was round desirable to raise the power level of the 

90 megac~le per second signal. This is done in two stages 

involving a 6AG7 pentode and finally a push pull power amplifier 

using an 829 double beam tetrode. @ 



90 Megacycle amplifiera upper view 

1· 

90 Megacycle amplifiera lower view 

(42) 

--- 6AG7 power 
amplifier 

This circuit has been modified since the ab ove 

photographe were taken and the circuit diagram was drawn up. The 

change consista in the removal of 'the second 6AG7 since it was round 

to be overdriven by the previous stage. The output from this circuit 

is taken via coaxial lina to the 829 stagee 
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829 Stage 

This appara~us i.e. up to but not including the 829 stage had 

been built by Mr. P. Boire at McGill University during the years 

1947 and 1948. The apparatus was taken over by the writer in 1949. 

Minor changes were made to increase the level of output power but 

the present form or the chassis containing the 6AG7 90 meg&CJCle 

per second power amplifier is very greatly changed from the 

(43) 

original madel. This chassis originally contained a 1614 transmitting 

tube to give the required output power. This however did not work 

too satisfactorily and the output power was still too small. 

It was then decided to use the 829 stage to obtain large power 

output. The power output of this stage will light a 30 watt bulb 

when placed across its output terminais. 

The output from the 829 stage is taken via balanced lines 

to the 90 - 270 megacycle per second frequéncy tripler. This 
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circuit employa two 2039 lighthouse triodes in push pull. These 

tubes have their grids grounded and the cathode circuit consista 

of a tuned lina. Tbere is no cathode connection on these tubes 

which is separate .f'rom the heater. There.f'ore the heater power 

is brought to the tube terminale by means of wires f'ed down the centre 

of the hollow brass tubes making up the cathode lina. The brasa 

tubes themselves forming one sida of the sixty cycle heater 

circuit. The 2039 needs special connectors to provide contact at 

many points arou.nd the various tube structures. These small con-

nectors are not too readily constructed but after discarding a f'ew 

attempts the contacts finally devised proved quite satisfactory. 

Tuning the cathode line is accomplished by calculating the input 

impedance to the tubes at 90 megacycles per second as sean between 

the two cathodes. The length of lina required is then such as to 

produce at the cathodes an impedance the same as is seen there. 

If it is assumed that there should be a quarter wave length of line 

from the terminating short circuit to produce a resonant condition 

at the tubes, then about one eighth of' a wave length is apparently 

contained within the tube structure. A similar approach is used 

in tuning the plate line. The input linas drive a coupling loop 

which excites the tuned line between the cathodes. The tuned 

plate lina excites an output loop which f'eeds a coaxial lina 

connected to the 2K47 t.requency multiplying klystron. 

(44) 

·, ~ . 
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90 - 270 MegacYcle per second power amplifier 

The output at 270 megacycles per second is sufficient to 

successfully operate a 2K47 Sperry frequency multiplier klystron, 

or to make measurements at 270 megacycles per second. It was found 

to be necessary to regulate the filament voltage of the 2C39 1s 

since the output showed a small dependance on line voltage until 

this was dona. 

A temperature regulated oil bath was built tor the 2K47 

and 2K35 klystrons. This was done to avoid the thermal detuning 

action due to changes in temperature of the klystrons. The bath 

was constructed from groove and tongue lumber and lined with sheet 

copper - the seams being soldered. The bath is filled with Imperial 

Volt Esso oil and is kept at 6ooc by means of thermostatically 

controlled heaters. The thermostat is the mercury in glass type 

which controle the bias of a 2051 gas filled thyratron. 



Klystron oil bath 

The operating coil or a rel~ forms the plate load or 

this tube. The relay contacts open and close the heater circuit. 

To ensure good temperature control a motor driven stirrer is used. 

(46) 

The power supplies used with the klystrons are voltage 

regulated having the positive side grounded. The 2K47 is a frequency 

multiplying tube which will give from ten to one hundred milliwatts 

or output power when the input power ranges from a fraction of a 

watt to several watts. The lower cavity may be tuned over the 

range 250 - 280 megacycles per second by means of tbree thermally 

compensated tuning screws. The upper cavity which is very much 

smaller than the lower one may then be tuned to obtain either the 

ninth, tenth, eleventh or twelvth harmonies of the input frequency. 

The high harmonie content of the election buncbes makes 



this arder or frequency multiplication possible. The particular 

harmonie used is the eleventh giv:Lng the output a frequency or 

2970 megacycles per second. Putting this tube into operation 

i.Jnrolves tuning the input resonatox: to resonance with the input 

signal using a crystal and galvanometer to indicate resonance. 

(Each resonator of this tube baà two coaxial terminale - tberefore 

the detector system is connected to one and the input to the other). 

The second cavity is then caretully adjusted over a small range of 

the tuning screws 1 varying the beam vol tage and control electrede 

voltage until the desired harmonie is detected. This procedure 

may be shortened somewhat by pretuning the output cavi t1 it a 

sui table signal generator is available. The 2K35 klystron was 

next put into operation b.1 pretuning each of its tbree cavities 

to the output signal from the 2K47 •. The 2K35 is a cascade amplifier 

which may be tuned over the range 2730 to 3330 megacycles per second. 

Each cavity of the 2K35 has only one coaxial line connecter so 

that the cavities are tuned as absorption wavemeters, that is the 

detector is attached to the apare terminal on the high frequency 

cavity or the 2K47. The 2K35 is operated from a vol'bage regulated 

power supply very similar to the type SOlA Universal Klystron 

Power Supply manufactured by the Polytechnic Research and Development 
, 

Company or Brooklyn N. Y. The au thor wishes to express his thanks 

to Mr. Noel Montagnon for the construction of this power supply 

which was rather a large project in itself. 

(47) 



Klystron Power SupplY used with 2K35 

The power output from the 2K35 is taken by coaxial 

line to the high frequency cavity via. coaxial lina. The power 

output was found to be sufficient for the purposes of exoiting 

the high frequency cavi ty, that is at resonance full saale 

indicator deflections oould be obtained witb a higb degree or 

decoup~ing or the probes in the cavity. 

(48) 



ClLfU>TER V 

Measurement of Frequency and Amplitude, and Experimental 

Procedure. 

The principle of the frequency measuring system is as 

follows. The output of the ten megacycle per second frequency 

doubler is detected along with a standard frequency at ten mega-

cycles per second by means of a receiver tuned to ten megacycles. 

The resulting audio beat frequency is compared to standard audio 

frequencies by means of Lissajou figures on a Cathode Ray 

Oscillogr aph. 

(49) 
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It was thought that the standard frequency broadcast at 

10 mc./sec. b.Y the transmitter of the National Bureau of Standards 

at Washington D.C.© could be used as the standard against which 
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to beat the local signal. Measurem.etits were made using this SY"Stem 

but reception of the signal was very sporadic also the signal was 

very noisy am of verylow level. The greatest drawback however was 

that measurements could be made for only 20% of the time, since the 

standard carrier frequencies are modulated with audio frequencies 

of 440 and 600 cycles per second alternately in five minute intervals. 

In only one minute or this five minute interval is the modulation 

removed, even then code signala and noise announcements are made. 

In the presence of modulation many beat frequencies are obtained 

and i t was possible to obtain sever al different values for the 

beat frequenc,- during the periOd of modulation. Before discarding 

this plan a special antenna was erected between the roofs or two 

buildings on the university campus. It was directed sq as to have 

its greatest sensitivity in the general direction of Washington. 

'l'his is an untuned antenna whose performance . was very much better 

than the antenna previously used • 

A type 1100 -. AQ Secondary Frequency Standard was 

purchased from the General Radio Company of Boston, Massachusetts 

to circumvent these difficulties. The specifications for this 

• instrument state that after one months operation the frequency drift 

is lesa than fi ve parts in J ol per day - this decreases to about 
8 o. 5 parts in 1 0 after a year 's operation. Ordinary cha.Dges 

in air pressure, ambiant temperature and line vol tage have 

practioally no effect on its frequency. The temperature coefficient 

of frequency of the quartz bar is lees than one part in 1 0
1 per 

degree c and the temperature is controlled to within 1L o.Ol°C. 

Over short periode of time the frequency nuctuations are less than 



one part in 1 o' . The overall accuracy of the standard is more 

than sufficient for the purposes of measurement. 

1100 - AQ Secondary Fre9uency Standarg 

The standard audio signal is provided by a type 815 - C precision 

tuning fork made by the General Radio Company. 

815C General Radio Precision tuning fork 

(51) 
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The calibration data gives the frequency as 99.9998 cycles per second 

~ 0.001% with a temperature coefficient of frequency of 9.3 parts in 

loP per degree Fahrenheit, negative. For steady Lissajou figures any 

error due to variations in the f'requency of this fork are qui te 

negligible. This fork is battery operated. 

A second tuning fork, a type 723 Vacuwn tube Fork -

frequency 400 cycles per second - made by the General Radio Company 

was used in conjunction with the one mentioned above. 

T:ype 723 General Radio Vacuum Tube Fork. 

The two forks are connected to a D.P.D.T. switch so that 

ei thar could be connected·. to the cathode ray oscillograph. This is not 

a precision instrument but it is very valuable as an aid in identifi

cation of the more complicated Lissajou figures obtained with the 

lower frequency fork. 

The measurement of amplitude waa accomplished as followa: 

a Speedomax type G Recording Semi Automatic Potentiometer manufactured 

by the Leeds and Nortbrup c-ompany of Philadelphia Pennsylvannia was 



(53) 

used to measure and record the output or· a type 931 insulated vacuum 

thermocouple. This thermocouple is made by the American Thermo Electric 

Company. 

The type G Speedomqx Recording Potentiometer 

The output probe or loop in the cavity drives the heater of this 

thermocouple to which i t is connected by coaxial lina. A monitor 

thermocouple and gal vonometer ia employed as a check in the input power 

to the cavity. The monitor indicated a very high degree or amplitude 

stability and it was round that the more sensitive test or stability 

was to see whether the ampli tude as indicated by the Recording 

Potentiometer was accurately repeated over successive resonance curves. 

Deviations of not more tban one mm. in about 170 mm. are found to be 
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quite easily obtainable in successive resonance curves ~ the greatest 

part of this deviation was found to be due to drift in the zero position 

of the recording mater itself and not to actual alterations of the 

detected signal. 

The experimental points whose coordinates are amplitude 

squared and frequency do not follow one ,another in systematic order 

due to the fact that the padding condeasers in the five megacycle per 

second oscillator circuit are not set up in a perfectly graduated 

succession, so that as one padding condenser follows another the carres• 

ponding frequencies while tending to go from higher to lower frequencies 

are actually out of order at places. This needs mentioning only to 

e:xplain the somewhat irregular appearance of the array of points as 

displayed on the record of the Speedomax recording potentiometer. 

The procedure followed is to replot the points on a linear 

f'requency saale - the resonance curve is then fol.Uld to have a truly 

symmetrical inverse par abolie shape about a centre line. The location 

of the resonant frequency is .found by the .following procedure. Two 

points on the curve at the same height above the base line are 

selected and the point mid way between them is found. This is dona for 

a succession of different pairs of points and the centre f'requency is 

easi~ found by connecting the mid points with a straight line and 

projecting this to eut the curve. Since the curve is a symmetrical 

this process can be done by simply folding the curve back on itself 

until the two sides match. It is estimated that the resonant 

f'requency can thus be found accurately to about i 5 cycles per 

second in 107 cycles per second. This figure depends very largely 

upon the width of the resonance curve. The above figure is 

obtained from experimental observations 
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on the low frequency cavity used in this project which has a ~ factor 

of approximately 4000. Since two resonance curves are required for the 

determination of the dielectric constant the band width of the apparatus 

should be wide enough that the two resonance curves may be delineated 

down to their half power points on both sidas of resonance. Thus high 

q factors are very desirable, but are dif'ficult to obtain practicall.y 

especially at frequencies of the order of three hundred megacycles per 

second where the wavelength is about one mater. The reason tor this is 

that the cavities having high q .factors in the trequenoy range are 

so very large. Skin effect resistance is actually lower at these wave~ 

lengtha than it is at the shorter wavelengths, so that higher Gfaotors 

are possible at longer wavelengths. A simple caloulation shows that 

for a cubical cavity resonator in the TEoll made at 270 megacycles 

per second the (\? factor amounts to 671 500 when the walls are silver 

plated. @ The great difficulty with this is that the edge of the cube . 
is 78.5 centimeters long, to say nothing of the practical difficulties 

in getting perfect joins along the whole length of the twelve edges 

of the cube. The principal mode in a half wavelength coaxial line 

cavity was used there.fore, to reduce aize since the cavity must be 

placed in a vacuum chamber arrl to obtain a reasonable Q factor with 

very much greater practical ease. 

The determination of the losa tangent of gases is difficult 

since it is so very small - but it too becomes much more definite the 

higher the Q factor. The reason for this is that the higher the <y 
factor used the larger will the dielectric losses be in relation to 

the metal losses. Thus the losd"" tangent becomes the difference between 



(56) 

two quantities which do not differ ~oo greatly from the loss tangent 

itselr. The determination is thus much more accurate. 

Several writers bave published articles in the literature 

describing microwave gas dielectric measurements using Pound stabilized 
®@(Ïj 

klystrons as their signal sources. This system is limited to microwave 

frequencies for which klystrons are available and the use of the Pound 

stabilizer does not provide for the evaluation or the losa tangent 

or the dielectric under test. 

It is true that the Pound stabilized generator does enable 

a very accurate determination of resonant frequency (about f 100 

cycles per second in 9000 mc./sec. - under the beat conditions ~ ). 

However these signal sources are not entirely free of trequency 

modulation - since their operation depends upon auch action. 

In this project very little was dona at frequencies where 

the two systems may be compared. 

For measurements at 270 megacycles per second the use of 

a crystal controlled oscillator and frequency multipliera appe~s to be 

the most satisfactory system gvailable.~ At trequencies for which the 

two systems can be compared, the system used appears to be superior 

to the Pound stabilized genera tor in that i t may be used for measure-

ments or losey dielectrics which cannot be done with the Pound system. 

The author claims that the method or measurement used in this project 

is original in that no references in the literature have been found 

ot its use tor measurements at frequencies or the arder or 300 

megacycles per second. Dielectric measurements at these frequencies 

are difficult because or the large sizes_ or the required components 

and the difficulty or obtaining high ~ factors as pointed out else-

where in this thesis. 
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CHAPTER VI 

The Vacuum System 

When dielectric measurements are made on gases using 

cavities it is necessary to be able to remove the gaseous dielectric 

so that resonant frequency and q factor may be determfned in the 

absence or the dielectric. These determinations are important since 

the dielectric properties depend upon the difference in these quantities 

between evacuated and filled conditions. Consequently a vacuum 

system was constructed as shown in the photograph below. 

The vacuum pump and a portion of the vacuum system 

A "Speedivac" rotary oil pump (Type 2320) 1 manufactured 

by W. Edwards and Company, London, England, was employed in conjunction 

with a phosphorous pentoxide moisture trap. This can be seen at the 

left of the above photograph. The pump has an ul timate vacuum of 



0.0001 mm. Hg. as measured with a ~eod Gauge. The lower pressures 

were measured by means of a type 710 thermocouple gauge manuf'actured 

by the National Research Corporation of Cambridge, Mas s. This 

instrument indicated ultimate pressures of one micron in the ·glass 

system itself and or about 30 microns for the coaxial eavity and 

glass system combined. This order of vacuum is sufficiently higb 
·. 

(58) 

so tbat the residual gas pressure can introduce only about 0.01% error 

in the measurement of [ k'e - 1 l and is therefore negligible wben 

compared witb the 1% accuracy in { 1(-e- 1 1 actually obtained. 

Water vapour is very undesirab1e in the vacuum system 

due to its relatively large dielectric constant as compared to dry 

air ® (l.D2705 as compared to 1.000572 for dry air). Theretore in 

addition to the f:a..Os- moisture trap on the pum.p a drying tube was 

constructed from pyrex glass tubing of about 2 incbes diameter about 

five f'eet long. This was made in two sections and was constructed 

in auch a way that it can easi1y be detached and cleaned. It is 

packed with phosphorus pentoxide a.r:rl pyrex glass wool. The gas being 

measured is slowly admi tted to the system through the drying tube 

taking up to an hour to raise the gas pressure from 30 microns to 

25 ems. Hg. At first the drying tube was only 2t reet long and it 

was decided to see what difference if any resul ted from doubling 

its length. There was no apparent eff'ect in the measured resulte. 

Thus it is assumed that the gases admitted to the system are 

suf'ficiently dry that any remaining water vapour is completely 

negligib1e. Mr. Paul Lorimer 'of the Radiation Itaboratory of McGill 

University made the d.rying tubes. 



The higher gas pressures were measured with an "Absolute and 

Differential Mercury Manometer" connected to the vacuWil system. 

(59) 

This manometer is manufactured by the Emil Grenier OompaJ17 or New 

York. It has a vernier which makes it possible to read the pressure 

to 0.1 mm. Hg. The two vacuum chambers which complete the vacu\UI 

equipment will be separately described in the following ehapters. 

Pyrex glass was used throughout in the vacuum system. The pump is 

connected to the glass by means or a ground glass to metal joint whieh 

is treated with stop cock grease. The cavity is connected to the 

glass by me ans or a glass to metal joint sealed wi th sealing wax. 

\ 
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CHAPTER VII 

The Coaxial Cavity, Vacuum Chamber and Gas Measurements at 270 

megacycles per second. 

Due to large size of the coaxial line cavity at 270 mega

cycles per second(about &,f inches outside diameter and about 28 inches 

overall length including coaxial connectors and probe adjustors,) 

a large vacuum chamber is necessary. A piece of steel pipe of 8 

inch inside diameter and 3/8 inch wall thickness was located and a 

3 foot length was eut off and machined b,y Mr. F. Corrick of the 

Mechanical Engineering Department. He welded a cover plate to one 

end and machined a removeable cover plate for the otber end, both 

from 3/8 inch steel plate. It was not new pipe due to ditficul ty ·in 

obtaining pipe of this large diameter and proved to be slightly 

porous. This was overcome very largely by painting the outside of 

the vacuum chamber liberally with Glyptal paint. The cover plate 

seal is rendered vacuum tight by means of sealing wax. All of the 

leads passing tbrough the cover platé are similarly sealed. 

The vacuum chamber for the coaxial cavity - (Pyrex wool) lagging 
removed. 
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Tbe vacuum chamber for the coaxial cavitx with lagging. 

The vacuum chamber is thoroughly lagged on the outside 

with Pyrex glass wool for thermal insulation. This insulation was 

increased until i t was found that in the time necessary to take a 

set of resonance curves the temperature drift was negligible, being 

much less than a tenth of one degree Centigrade. This factor is 

very important because the linear coefficient of expansion of brass 

' is about 16 parts in 10 per degree Centigrade. The change in 

resonant frequency brought about by thermal affects can be very 

objectionable unless precautions are taken to render such changes 

negligible. 

The thermal detuning of a coaxial cavi ty is easily 

illustrated as follows 

wave length cavity 

f== 

-# 
f 

where À== 2J 

dl -- « 4t 1 -
where is the resonant freqnency of the cavity f 

).. is the resonant wavelength --

for a half 
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.J is the length of the resonating cavi ty 

ct is the linear thermal coefficient for the metal walls 

4t is the increase or temperature. 

But /14-r/ - R-ff already proved in Chapter I. Therefore cx.e1f 

must be kept small compared to 1 ~ -1 { • Thus temperature changes 

kept smaller than one tenth or a degree Centigrade cannot prove serions 

since this can affect only the sixth place or decimale and is therefare 

well under one percent or { ~ -1 / tor ali gases measured. 

The errect or temperature drift was minimized by the 

following procedure. A.tter filling the cavity with air (or gas) 

the temperature was periodically checked until the thermocouple 

showed no change in successive readings. Several resonance curves 

were then taken. When i t was observed that the curves were accurately 

repeated i t was assumed that s:tJ.Y small temperature change due to the 

air or gas which had just been admitted had ceased. The chamber was 

then evacuàted and resonated again - there is much less cause tor 

temperature drift here - but the same procedure was used to obtain 

the best possible resulta. 

A summary or experimental resulta follows which gives 

the dielectric constant for dry air am sever al dry gas es. The 

thermocouple used to measure the cavi ty temperature was made trœ 

iron and manganin. The cold junction was held at 00 C using crushed 

ice. The thermal e.m.r. or this couple was measured with a No. 55 

Potentiometer (D.C.) made b,y Elliott Bros. of London, England. A 

Weston standard cell was used for calibration purposes. 



The indicator used was a sensitive galvanometer. The calibration 

of this thermocouple showed that i t was linear over the range 0° 0 

to 50°0 and temperature changes as small as 0.1°0 were easily read 

on the potentiometer scala. 

A tuning arrangement was found to be essential since the 

evacuated resonant frequency depends upon the temperature or the 

cavity which for the low frequency cavity very slowly followa room 

temperature as it rises and falls. Thus with no tuning arrangement 

(63) 

it is not possible to resonate the cavity when the temperature di!fers 

by + 500 from the value which causes the cavity to resonate at the 

centre of the band. The si tua ti on is somewhat worse than this however 1 

since when gas is admitted the resonant frequency falls and it is 

desired to get the second resonance curve within the fixed band width. 

Therefore temperature changes are restricted to lesa than halt of the 

above quoted ~ 5°0 when no arrangement is made to offset the thermal 

lengthening and shortening or the cavity. 

The tuning mechanism consista of a brasa plug which projects 

slightly tbrough the surface of the outer conductor. The amount of 

penetration of the plug can be controlled by means of screw and pinion 

gears which are controlled by means of flexible cable from the exterior 

of the vacuum chamber. 

In the following section a detailed example is given 

showing how the original data is used to obtain the dielectric constant 

and loss tangent. Following this is a swnmary of experimental re sul ta 

giving original data in tabular instead of graphical form. 
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Calculations of dielectric constant and loss tangent of dry air based on 

information given on preceding graph. 

:where .6t is the change in resonant frequency due to introduction of 

the dielectric, and po is the resonant t.requency evacuated 

' :. J "-- 1 1 x. {(} = 
2 

)( 
8~~:10 = 17(, for dry air at a pressure of 

25.11 ems. Hg. and a temperature of 22.6°0, 

The index of refraction 11 = i ~~ for lossless media 

" t 
. ·. /-n-1/ X ID = g ~ 0 ~10 

- 8'8. o for dry air at a pressure of 
ID 

25.11 ems. ag and a temperature of 22.6°0. 

To reduce the measured index of refraction to standard conditions it is 

not strictly correct to use the ideal gas law. The formula used should 

allow for the fact that air deviates slightly from this law. @ 

.. (Y). u 0-1) x 10 '= (1-tJ> -t) x /0' )<. no. 'ob[l-l o. 06"3{,/, 1 t] 
' ' f->[1-t p(l.o'/P-O.OtS"7t))(/05 

f is the barometric pressure in mm. 

t is the temperature in oc • 

. : ('lo, 1,b-0x 106 = 88.o x 760,606 (l t o.oo3661 x 22.6) 

251.1 l f 251.1(1,049 - 0.0157 x 22.6) x 10-6 

= 88.0 x 760.606 x 1,08274 
251.1 x 1.000174 

neglecting the term 1,000174 in the denominator 

·( 10l~,.0-0X 1o6 : 288,61 
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Since the experimental accuracy to which .1 f is known is 

anly to the third significant figure, this term may be dropped and air 

to this degree of approximation follows the ideal gas law. The formula 

required then to reduce the ref'ractive index to standard conditions of' 

temperature and pressure is 

- 1) x 1rfo • < YJ-f,~ _ , ) x 1ffi x 7_6o,6œ <1 t o.oo3661 t > 
r 

The value of the iiidex of refraction found in this experiment for dry 

air und. er standard candi ti ons is 1 f 288 x 1rP. The value quoted by 
f 

Essen and Froome is 1 f (288,15 - 0,1) x 10-6, tor dry air at 241 000 

Mc/Sec. 

The 1oss tangent is calculated f'rom the formula 

~~ - 1 1 • ~x 1.410 - 2 x 1J20 - Q fil1ed Q evacuated 107 107 

= 2 x 20 = 4 :x: 1o-6 
107 



-~ - Swmnary of Exoerimental __ Rfte_ult§__Dr_y .A:i.r. 

Res. Freq. Res. Freq. (Ke - l) (n -J) l l ti;.~ Pressure temp. (n - 1) (Ke ~1) 
evac. fil led xlo6 xl Q evac. Q filled. mm. Hg ooo. xlo6 xl 
cy./sec. cy./sec. N.T.P. N.T.P. 

107 1 520 107 - .360 176.0 ss.o 2 iiS 1J20 ~ x ~b{tfO 4 x 1o-6 251.1 22.61 288 576.0 
107 107 

107 1635 107 - 245 176.0 88.0 21 MO~ 2 2Si 11&20 3 x 10-6 250.0 22.02 289.4 578.8 
107 107 

107 1 455 107 - 436 178.2 89.1 ~x ;bAOO 2 x 11&20 4 x 10-6 254.0 24.25 290.0 sso.o 
1o7 107 

107 1 580 107 - /JJO rn.o 88.5 ~ilS MOO 2 1 11&20 4 x 10-6 248.0 24.75 290.0 sso.o 
107 107 

Mean value J Ke - 11 x leP • 5'78.7 Maximum Deviation : 2,7 x lOO • 0.4% 
'578.7 

The values shawn for fi;._, S cannot be tak:en to indicate i ts actual value since occasionally much smaller 

values were obtained and at times the values were even slightly negative. However it may be concluded that for 

dry air at a pressure of 25 ems. of Mercury and a temperature of 22°0, the loss tangent is less than 5 x 10-6. 

The quantity is so small that it cannot be resolved by the apparatus. 

. ...... 

~ 
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S~J[_or Measured Resulte for OxYRen 

The oxygen used for the measurements was of 99.98% purity as supplied by the Dominion Oxygen 

Company. 

Res. Freq. Res. Freq. (Ke ~1) (n -J,) 1 1 16;;~ Pressure temp. (n -J,) (Ke ~1) 
evac. tilled x 1 xl Q evac. Q filled mm. Hg. 0°C. xl xl 
cy./sec. cy./sec. N.T.P. N.T.P. 

107 f 263 107 - 558 164.2 82.1 2 ;B; 1~20 2 as goo 2.0 x 10-6 260.0 27.4 264 528 
107 107 

107 f 535 107 - 273 161.6 80.8 2 x 1~00 2 x 1.410 2.0 x 10-6 251.5 23.25 266 532 
1dl 107 

107 f 773 107 - 70 168.6 84.3 ~ iaS 1~80 ~x lli2 3.0 x 10-6 262.5 23.00 264.2 528.5 
107 107 

107 f 595 107 - 275 174 87.0 2 ~ 1~:ZO 2 x 1J80 2.0 x 10-6 272.1 25.71 266 531.5 
107 107 

Mean value 530 for f k'e _, f Maximum Deviation = 0.38% 

The value obtained for ~~ S . here is also not sutficiently consistent to form a defini te answer as 

to i te true value. It may be said however that lA-.-. $ for dry oxygen is lesa than 5 x 10-6 when the pressure 

is 25 ems. of Mercury and the temperature is 25°C. The values of (n· - 1) and (Ke - 1) were reduoed to standard 

conditions using the ideal gas law • 



-(Cl 
'-'> -

~ummar;t or Me9;sured Re§ul t§ for Carbon Dioxide 

The carbon dioxide used was or 99.5% or better purity as supplied by Liquid Carbonio Canadien. 

Res. Freq. Res. Freq. (Ke ~1) (n -J) 1 1 4:;.$ Pressure Tempe (n - 1) (Ke - 1) 
evac. rilled xl xl Q evao. Q f'illed mm._ Hg. 0°C. xlo6 x1o6 
oy./sec. cy./sec. N.T.P. N.T.P. 

107 1 370 107 - 625 198 99.5 2 ! lJ:ZO 2 ;!j 1380 2 x 10-6 170.86 23.75 494.7 989.5 
107 107 

107 1 320 107- 645 193 96.5 2 ;!S 1:3§0 & ! 1:3§0 Zero 160.01 23.0 497.5 995 
107 107 

107 1 320 107 - 324 128.8 64.4 2 x lJSO 
107 

2 x 1J2~ 3 x 10-6 113.58 
107 

23.0 493.5 987 

107 1 383 107 - 518 180.2 90.1 2 x 1:3§0 2! l:i§2 1 x 10-6 155.78 23.5 495.5 991 
107 107 

Mean value (Ke - 1) 990.63 Maximum deviation 0.44% 

Carbon dioxi.de devia tes t'rom the ideal gas law and V~ der Waal' s equation must be used. The 

volume or the vacuum chamber 1 glass system must be known to use this equation. This was calculated to be 

27.8 litres t'rom the dimensions or the apparatus making allowances for the volume occupied by the cavity -

connection - tuning apparatus etc. Then using the constants given b,y Maas and Steacie the formula required 

to convert (Ke - 1) is derived as f'ollowst• 



(P f ~)(V - 0.166) : !! x R.T, 
v2 m. 

Where P is thè pressure of co2 in atmosphere 

V 11 " volume " " 11 litres = 27.8 litres 

w " " maas n n " grams 

m " " molecular weight or co2 in grams 

R n n gas constant in litre - atmosphere 

T " n temperature in degrees Absolute. 

(69) 

7.06 and 0,166 are the appropriate constants far Carbon Dioxide as given by 

Maas and Steacie. ~ 
Since (Ke - J) depends on the nu.mber of molecules per unit volume and the 

volume is a constant under the conditions of the experiment, (Ke - 1) 

depends upon the mass of the enclosed gas. 

thus (Ke - 1) 
n.t. p. • wl - ~1 - 0,00914) 273.18 r t - - x 

(Ke - 1) "'2 p - 0,00914) 273.18 

• (Ke - 1) (Ke - 1) 0.2,2086 (2:zJ.lS r t ~ • • -- x x 
n.t. p. measured 273.18 (P - 0,00914 

where t is temperature in degrees C. at which the experiment is 

conducted and P is the pressure in a.tmospheres. 
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Summary or Experimental Resul ts for Argon -
The argon used was or 99.92% purity as supplied by Dominion Oxygen Compaqy. 

Res. Freq. Res. Freq. (Ke -
6
1) (n -J) 1 1 Pressure Temp. (n- ~ (Ke -;pl) 

evac. rilled x 10 xl Q evac. Q filled mm. Hg. 0°C xl x 1 
cy./sec. cy./sec. N.T.P. N.T.P. 

107 1 438 107 - 4.38 175.2 87.6 2 ii 1320 2 x 1400 t2 x 10-6 258.90 23.01 279.0 558 
107 107 

107 f 427 107 - t.J.8 169.0 84.5 2 dli 13§0 2 :li 1380 o.o 251.30 23.23 277.5 555 
107 107 

107 1 327 107 - 605 186.4 93.2 ~ i 1322 2 x 1405 12 x 10-6 275.46 24.05 280 560 
107 107 

107 1 327 107 - 495 164.4 82.2 2 x 138~ 2 x 1390 Il x 10-6 243.00 24.11 280 560 
107 107 

' Mean value (Ke - 1).x1•558.25 Maximum deviation 0.58% 



The measured values of' (Ke - 1) tor dry air and the gases 

considered are consistent to within o.6% in all cases. The resulta 

being better in some cases. The consistency of these resulta gives 

a very good illustration of the stability of the apparatus both with 

respect to trequency and ampli tude. The values obtained tor the losa 

tangent are not sufficiently consistent to give an experimental 

value for this quantity but it may be deduced that the losa tangents 

for all or these gases are less than 5 x 10-6. 

A better we:y to express the consistency or the resul ts than 

by quoting the per cent consistency is to express it as f 5 parts 

in 106. Consistency expressed as a percentage is dependent upon the 

1 6 value or (Ke - 1) whereas the figure - 5 parts in 10 is a value 

which indicates the accuracy of' measurement ac',~tually attained. 

It has already been pointed out that this accuracy will be improved 

by using cavities with higher 9 factors. The ability to determine 

the resonant trequency is not wholly dependent upon the trequency 

stability of' the generatar. It depends also upon the amplitude 

stablli ty but even more so upon the sharpness of the resonance 

curve. The sharper the curve tbe more accurately can tbe resonant 

f'requency be determined. 

(71) 



CHAPTER -VIII • 

The Right Cylindrical Cavity and Vacuum Chamber operating in the 

TMol2 mode at 2970 megacycles per second. 

(72) 

This cavity was constructed by Mr. V. Avtrlaid of the Eaton 

Electronics Laboratory of McGill University. The cavity diameter is 

10.419 ems. with a tolerance of less than -,/;a of a mm. in the total 

length. The end plates have a tolerance in flatness of lees than 

1~ 000 of an inch. The cavi ty length may be adjusted by means of a 

worm pinion drive operated through a flexible shaft from outside the 

vacuum chamber wall. The minimum length of the cavity is 14.950 ems. 

long the shorter section being 3.740 ems. long and the longer 11.210 

ems. in length. The coupling holes in the centre of the end plates 

are 3/ 32 inches in diameter and very fine wire probes which project 

not more than a fraction of a mm. beyobd the surface of the end 

plate form the input and output probes. 

The TMo12 cavity resonant at 2970 me~cycles per second 
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Tuning Mechanism 

Jacket 

The TMo12 cavi ty a.ssembled 

The cavity was machined from 4 inch inside diameter 

brass tubing and 1/4 inch wall thickness. The jacket which surrounds 

the cavity was made from 4t inch inside diameter tubing also of 1/4 

inch wall thickness. The inside diameter of the jacket was machined 

to 4 5/8 inches to allow a clearance between the cavity and jacket. 

The purpose of the jacket is to provide a base on which to mount the 

worm and pinion assembly for tuning. 

The vacuum chamber was made by Mr. F. Oorrick of the 

~~chanical Engineering Department. It was machined from a piece 

of brass tube 6 1/8 inches inside diameter and 1/4 inch wall thick• 

ness. The vacuum chamber itself is 12 inches long and is provided 

with two cover plates machined from 1/211 brass plate. SiE steel 

bolts 1/4 inch diameter equally spaced about the circumference hold 

the cover plates securely on the vacuum chamber, tightly compressing 

two "neoprene" gaskets to provide a vacuum tight seal between end 
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plates and side wall of the vacuum chambar. 

The Vacuum chamber for tne ™012 cavity 

The input coaxial line passes through the centre of one 

end plate by means of a glass to metal seal. The screened twin line 

in the output similarly is passed through the side wall of the chamber. 

At all points where connections are made to the vacuum chamber water 

jackets are provided to keep the surrounding water (i.e. the thermo

statted medium for temperature control), away from the electrical 

connections to the vacuum chamber. A water jacket is also provided 

to keep the wax seal between the cavity and ground glass joint dry. 

These jackets consist of brasa tubing fitted with a flange which 

may be bolted to the vacuum chamber wall in auch a way as to compress· 

a neoprene gasket making the arrangement water tight. 



Temperature controlled water bath for the ~t12 vacuum 
chamber and cavity 

A type 97200 thermostat bath made by the Central Scientific 

Company is used to control the temperature of the high frequency 

cavity. The thermoregulator with which it is provided gives very 

excellent temperature regulation to within 1/20 of one degree 

Centigrade. 

(75) 
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It was found that there were air leaks in the soldered joints 

to the vacuum chamber -·which made it impossible to reach a pressure 

much lower than one millimeter or Mercury, and qui te impossible to hold 

the pressure at a fixed value for any length or time. Alter finding 

and waxing these leaks the pressure could be reduced to 10 microns. 

At this point it was discovered that due to capillary action oil from 

the klystron bath was passing over from the oil bath to the water bath 

tbrough the coaxial line. This was quite a rapid process and time was 

lacking· to modify the output coaxial line from the final klystron. 

The oil leak plus the fact that the brasa water shield around the out

put line could not be put in place due to the waxing process made it 

impractical to submerge the vacuum chamber in water. SeTeral 

resonance curves however were obtained with the chamber evacuated to 

10 microns and filled with air to about 25 ems. pressure. These 

curves may be taken only as an indication of how the ca vi ty was 

operating and do not represent an accurate determination of the 

dielectric constant due to the impossibility of knowing the cavity 

temperature accurately. These resonance curves are given in the 

tollowing set of plates. 
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