


PRECISIO CR!
USING RESONANCE CURVES

by
Kimball J. Keeping

4 THESIS
submitted in partial fulfillment of
the requirements for the degree of

Doctor of Philoscphy.

McGill University

Avgust, 1952



Preface
Introduction
Chapter I

Chapter II

Chapter III

Chapter IV

Chapter V

Chepter VI
Chapter VII

Chapter VIII

TABLE OF CONTENTS

Theoretical Background for Microwave
Dielectric Measurements using Resonance
Curves = lines and cavities completely
filled by the dielectric being measured .eese

Theoretical Background for Microwave
Dielectric Measurements using Resonance
Curves = lines and cavities contalning
dielectric samples not completely filling
the line Or cavity eeccececcoscescocescoccces

Determinstion of the Msterial constants
from the Complex Propagation Factor secececee

The Signal Generating Apparatus - Basic
Oscillator and Frequency Multipliers seceeces

Measurement of Frequency and Amplitude
and Experimental Procedure esesssscccsscecces

The Vacuum SYsSteB eeceecveccccssocesscssccces

The Coexial Cavity, Vecuum Chamber and
Gas Measurements at 270 megacycles per

Second 0006000000000 000000000000000000c0008?

The Right Cylindricel Cavity and Vacuum
Chamber operating in the TMQ12 mode at
2970 megacycles per sSocOnd eseecsessecossscvees

Bibliogr&phy 000000000000 000000000000000000000000000008 00000080

Page

37

49

60



T _OF LUSTRATIONS

A slotted line conteining a dielectric sample
A cavity containing a dielectric sample
Crystai Oven Covers removed

5 = 10 Megacycle per second frequency doubler

5 = 10 Megacycle per second frequency doubler
lower view

10 - 30 = 90 Megacycle stages upper view
10 - 30 - 90 Megacycle stages lower view
90 Megacycle Amplifiers upper view

90 Megacycle Amplifiers lower view

829 Stage

90 = 270 Megacycle per second power amplifier
Klystron oil bath

Klystron Power Supply used with 2K35

Typical Lissajou Patterns

1100 - AQ Secondary Frequency Standard

815C General Redio Precision Tuning Fork
Type 723 Generel Radio Vacuum Tube Fork

The Type G Speedomex Recording Potentiometer
The vacuum pump and a portion of the vacuum system

The vacuum chamber for the coaxial cavity - (Pyrex
wool) lagging removed

The vacuum chamber for the coaexial cavity with
lagging

Page 21
page 26
pege 37
page 39

pege 39
page 40
page 41
page 42
pege 42
page 43
page 45
page 46
page 48
page 49
page 51
page 51
page 52
page 53
page 57

pege 60

page 61



The TMpy2 cevity resonant at 2970 megacycles per second
The TMpyjo cavity assembled
The vacuum chamber for the TMgpjo cavity

Temperature controlled water bath for the IMgy>
vacuum chamber and cavity

'page T2

page 73

page T4

page 75



LIST OF PLATES (or full page illustrations)

Project Block Diagram

5 Me. Oscillator Thermostats

Heaters and Power Supplies

Voltage Regulator for 5 = 10 Mc. Doubler

5 = 10 Mc. Amplifier and Frequency Doubler
10 - 90 Me, Stages and Voltage Regulator
90 Mc. Amplifiers and Voltage Regulators
90 Mc. Power Amplifier

90 = 270 Me. Frequency Tripler and Regulated
Power Supply

Coaxial Cavity 270 Mecs., and Vacuum Connections
Calibration of Iron Manganin Thermocouple

Typical Record of Vacuum Thermocouple

Oytput as Obtained from the Recording Potentiometer

Resonance Qurves Plotted from Vacuum
Thermocouple data

Sample Record of Vacuum Thermocouple output
for the TMyj, Cavity

Resonance Curves and Cslculation for (Ke = 1)
for Dry Air for the TMgjn Cavity

"

1"

n

following page 36

8 9B

40

43

N

63

63

76

76



EREFACE

The construction of apparatus and experiments described in
this thesie were carried out in the Communications Engineering
Laboretory of MeGill University, under the direction of Dr. R.A. Chipman.

The author wishes to thank Dr. Chipman for his interest and
assistance in carrying out this work, and the National Research Council
for a Fellowship and financial assistance during the summer months.

The author wisheg to thank also Mr. Paul Boire who constructed
a part of the chain of frequency multipliers. A few circuit disgrams
drewn by Mr. Boire are used in this thesis for the sake of completeness.

Mr. Noel Montagnon constructed & regulated klystron power
supply which was used in this project. The author wishes to thank
Mr. Montagnon for this, and Mr, Paul Lorimer of the "Radiation
Laboratory® for several very excellent pieces of glass blowing.

The author wishes to thank also Mr. V. Avarlaid of the "Eaton
Electronics Laboratory® for the construction of the circuler wave
guide cavity, and Mr., F, Corrick of the Mechanical Engineering
Department for machining large tubing and construeting the vacuum
chamber for the high frequency cavity.




Ph.D COMMUNICATIONS ENGINEERING

Kimball J. Keeping

PRECISION MICROWAVE MNEASUREMENTS USING LRESCMNANCE CURVES
Abstract

An apparatus has been constructed in wiiich the
output of a 5 mc/s crystal-controlled oscillator of
Bhort-time frequency stability 1 in lO8 is frequency
multiplied to frequencies of 270 mc/sec and 2970 mc/sec,
The oscillator frequency 1is variable by I 600 cps by
varying the capacity across the crystal, the frequency deviation
from 5 mc/sec being measured within 6.1 cps by comparison with a &
mc/s frequency standard and standard tuning forks.

Bu obtaining resonance-curves of a high-( 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
shown to be less than 5 x 107°,

Preliminary similar measurements on dry ailr have been
made at 2970 mc/s.

The application of the apparatus to measurements on

liguids and solidd is discussed in detail.




CHAPTER I

Theoretical Background for Microwave Dielectric Measurements using
Resonance Curves = lines and cavities completely filled by the dielectric

beix}g measured.

The parameters used to describe the behaviour of materials at

high frequency are the complex dielectric constant € = € = J‘eu

or €= e’(:_J‘L:S)= eoe (1-/@8)
and the complex permeability ¢ = /4(— "~ J'/‘-L”. The subject matter of
this thesis is concerned with the complex dielectric constant €, and LL
is taken to be /uothe permeability of free space for all materials dealt
with. ke 1is called the "Specific Inductive Capaclty® and lan$ 1s
the loss tangent. These quantities are obtained by 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 imeginary
parts of the propagatioh constant when the losses are in any way appreciable
as pointed out in W.B. Westphal's report.@ This is the procedure used
when the unknown dlelectrie sample f£ills the short circuited end of o
wave guide. In this case it is found that the two material constants
ke and ZZ«.S cannot be separatéd easily, since both affect the real
and imaginary parts of the propagetion constant. Por gaseous dielectrics
where éZ,S is a very small quantity the situation is somewhat simpler -
in this case to a high degree of accuracy it is true that /a_.‘ S has
negligible effect on the phase constant, and the dielectric constant

may be found very much more directly than is possible for materials
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having higher losses. Gaseous dielectrics of course completely fill the

measuring line or cavity. The remainder of this chapter is devoted to

the mathematical analyses required for completely filled lines and cavities.

The case of partial cavity filling will be considered in the mext chapter.
The mathematical background for all methods of measurement

econsidered ere the transmission line equations representing the distribution

of fields along the guide,

E.<E e + &5 e*' X for the transverse electric field I
—Px +Px
He=H € +Ha € for the transverse magnetic field  II
where P is the complex propagation constant per wave length and >C
is the distance in wave lengths measured from the generator,
The reflection coefficient for the electric field is defined

as follews:
Reflected wave at termimation _ A,
Incident wave at termination
_p Pl
S E.= K, "e’t e where ,( is the line lengthe

Equation I may be written

_P _aP/ +P°‘]
Ex=E[€ +he€ e

when the infinitely long line is considered the positive exponents in

III

equatien I and IT must be omitted.

_ . —Px ! ~P(
In that case k= £, € amda Hy = H &
Ex _ k., _ Z
- Ho = H, o (a constent)

This constant is known as the "characteristic impedancet,
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Equation II can now be written since aa—g— =-HZ.
-P P
-4 [E,e *_ e’
when —j the expression foS :I.mpeda.nce becomes -R’
7 Er . z, E, e + C:;GE l;"* ;]
T = Hy - E e-P—p C ei-P
T e
Zy +Zo v

This is another definition for the reflection coefficlent for electrie
fields.
Equation III may be conveniently transformed as follows: /w?L “if’{— =

P=aq+ andl —j—)(
a JP [(M])U 6/+ﬁa) —@Hy) ~J(v-lf>’(7j
7 "‘ﬂ etP

M[Q’“])*J.(w/gjﬂ V where £, = —2&

eu-f(jv e—fPJ

This gives the distribution of the transverse electrie field along the
line as a function of the distance 7 from the termination. The dis~
cussion which follows is limited to the case of low loss lines and
terminal impedances which are very much less than the characteristie
Impedance.

That is I(—ZZLI)«’ L] =

The termination is also taken to be nearly lossless. This 1ls consistent

S U=0

with precision measurements where losses must be kept small if undistorted
resonance curves are to be avoided.

Thus (U -rq]) is a very small quantity and equation V becomes
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£ Lena(vay) +j @2y ) ass )]

2

C

ol coa* UHpy) + ) aen (ry39)

Vi
Since U and 4 y are small this leads to very high values of standing
wave ratio. The detectors commonly used will not operate over such a
wide range. Thus it is customagy to move the probe slightly from the
position of minimum response until the response is twice the minimum
value to find the standing wave ratio.

From equation VI we see that , E7 ’Lwill pass through a
series of maxima for V-f-ﬂy 7%  and a series of minima for
v+ﬁy =(@n+ ,) U ., The distence of the first minimum from the

termination _ (j oo
_ "

h :zv>
Eomn = — P— =X . e e ..
i s (1 2y _

The increment in i.e, 83 required to make (L’Ty Iztwice its

minimam value is determined from equation Vi thus

2 (1/7‘0’07) ﬂ ~+ (u+a
-—-<U+Q’J> + D (u+cv(y);{ F%gy

Mzﬁ(gz} = L4 ) thus whenu’fd(yis very small

I—(Uja’y)
u+4/7=/57 . - . - < . .. VI
Now F’)‘ mey be determined from the relation F 2 ’)\ is twice
the distance between successive minima, () and V are quantities which
are easily found for an air filled short circuited coaxial line or guide,

(See the next chapter). With this information




(5)

may be determined from equation VIII since U -will be known and 8!{1
is measured. This system. of measurement is used by many workers in a
somewhat different way l.e.  amd ﬁ are known quantities 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 itself must be placed in the vacuum
systenm 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 106, length measurements must be made
accurately to one part in 1&6, since the dielectric susceptibility
lké-dl = 5{12;}- . The frequency of the generator must be known
to the order of ome part in 108 over periods long enough to make
measurements. The accuracy in length measurement required in say
10 cms. wave length is 10-5 mm, this is almost prohibitively difficult,
moreover thermel effects are very large and troublesome in this range.
There is always some‘radiation from the slot in such a line and the
moving probe is subject to numerous errors which are avoided when
other methods are used.

This method of measurement is properly regarded as a resonance
method as is any method based upon reflection when standing waves are
set up. The standing wave of electric field nesr the minimum (see

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

low loss IEH ,1.: ]EJ[M zgﬂsz) 4 (U+a ‘J)zwz%é})]
near the minimum when the circuit has low loss and ﬁ;} is small.

This equation may be quite accurately approximated

€y~ |, " [Corayy+ B8y)°]
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—

That is l l:a ,2plotted against 87 is a parabola having its minisum
velue for 57 =0.

The resonant cavity methods to be discussed in the following
paragraphs use detecting loops or probes permanently fixed gt some
convenient locations on the cavity wall or end plates, and elither
frequency or cavity length is varied.

There the quantities found by measurement are (a) for
variasble frequency, the resopant frequency and ép factor, and (b) for
veriable length, the resonant length and (3) factor. For systems with
low losses as previously explaeined the effects of the dielectric constant
and loss tangent are eesily separable., The resonant frequency or length
defines the dielectric constant and the (i) factors with and without
the test dielectric define the loss tangent. The presence of the
lossy dielectric broadens the resonance curve.

The mathematical background is again the transmission line

equationss=~

- P>t
HX=H|8PD(+ l"’ze—’- - e . e . . IX

Ev =z he et .

for the transverse fields, where J( is measured from the generator.
The reflection coefficient for the magnetic field follows
from the definition

reflected wave at termination ____{é
incident wave at termimation . N U

_2P4

Hy, = H, & € where A is the line length.
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Now 7. = Er _ H[e ! —ktépq _z, - +og
T Ay H [e—l—’! * e—P.P] ) + ¢
%f = Mtl e’ #

Z°+ ZT

Now if s 4s the impedance of the termination at X = O

then ,&G:__ Z, Zc— M@,EJCPG

Zo+
Since reflections from the two terminations must be eonsidered in this

case the most direct way to obtain the usefwl equation which fellows is
to consider the maltiple reflections of a transmitted wave and add up
all the components@ 6.8+ let the first wave of electric field proceeding

from the input have a magnitude (¢ 1t sees Z, and Zg in series

H = _Ei.
! Zs +Z¢
Now adding up all the waves produced by reflection

- — - +P
H - _te {ep"+/ef€ ~Ple "2
X7 Zo+Ze 1 —~ %@‘kf e~ P¢ J
The magnetic field at the terminstion i.e. for X =,/ is then

~P4
H = Ee l+—£’f) = l I
L ZotZc ( | — -1@-“6@. Q—ZPJJ
This equation may be transformed as follows l - l-&-A’e-
Zg+Zo 22,
kbt =€ ¢y P=o+jf

- e O+ it ter) l
L He= 470 et audfods )ﬂ'@#&)j X
T R w g o= M

 the ] Hee |

Since square law detectors are used equation XII is written in the

more useful form
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bl ' e ke Xk [ ’ }

4Z0  HKeke | \'MZ@«@/&) +ﬂ4~vz¢14f:)
This equation is quite genersl applying to coaxial line and wave guide

cavities - it may be simplified as follows for measurements on low loss

systens

z |
(H,(’ = constant [Mz@’-!-f/'-‘)-f‘ﬂwlﬁj‘*f—)] T XV

This equation is fundamental in the treatment of cavities., The simplifi-
cation of equation XIII is justified for high ) cavities since the change
in frequency required to reduce { He lLto one half of its maximum value is
80 small compared to the resonant frequency. The reflection coefficients
as well as <o are frequency dependent but over the width of a resonance
curve they can be taken as constent with negligible error.

We discuss first the ease where the cavity lenmgth is fixed and
the frequency is varied to delineate the resonance curves. From equation
XIV it is evident that as /@1 varies due to changes in /3 introduced

via frequency variation ( "’1 passes through a series of maxima for

values of ’(L[-f- =nr - - - . . .- B \ 4
i.e. /;L/J/?- _ A""‘.’("L(«/p"—j’?) . .. XV(a)
[ Hel mano and @ty )+ml[¢&+q®i’+}7

- ,4»»11‘1 aLe p)

(ks }a) RYAIY:Y

since Aua g(d*zr)— 0 for resonance.

Now let the increment in /& i.e. Aﬁ) be such that

[Helome 2

s

2
_(Hif___ N i.e. A/}, is the change in ﬁ required for
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the half power points then -

ok * (2 /’> A AP'O
For low loss systems A/@J’ will be very small since of and % are then
very small quentities. Therefore the above expression may be approximated
with negligible error

wl’+/>=4@1’
v Apzo(—r*f’—(‘—-__ .

The resonant value of ﬂ) is found from equation XV when the resonant
frequency for the evacuated cavity has been experimentally determined.

% is a very small quantity approaching zero for short circuiting
metal plates. This measurement really serves to establish the electrical
length of the cavity or it measures the veloeity of propagation in free
space if the cavity length is accurstely known. Equation XV may be
written for the coaxial line cavity in the form

pod =2 _ anfey — o fue fod =i
— 'nu -
ﬁo -oT F,? RRF /(

it will be observed that // is proportional to 7. Next when a ges

whose dielectric constant &€ = ki, €. differs only slightly frem

€, is measured, we have
¥ V€. 1)
ke e = 2. ‘EJ
Nke == "t fi=fouaf

XViI

Thus the change in the resonant frequencies-between the evacutated and
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filled econditions gives a messure of the dielectric comnstant. This
measurement can be carried out with a very high degree of accuracy = the
frequency standard used holds its frequenby to one part in ICJY , and
Af as determined with the 100 cycle General Radio tuning fork
(which holds its frequeney accurate to one part in '06 ) can be
determined with an accuracy dependent upon the 47 factor of the cavity,
Af  may be determined within = 500 n/sec.gor @ factors of 5000
at frequenclies of the order of 270 megacycles per second, i.e. the value
of [Ke-1| can be determined within four perts in /0.  To mein-
tain this accuracy experimental conditions such as humidity of the gas and
cavity temperature must be very carefully controlled.
Equation XV is true also for wave gulde cavities.
In this case d -
A¢ 2d

From the cut off equatien )j{ { K. €, /u F (Ao>

Here again ké < L and as in the case for coaxial cavities

Ffll(eql——- 5’——‘i£ @

F" XVIII

Equation XVI must next be discussed for this is the relation which is
used to determine the loss tangent of the material filling the cavity.
The () factor for a cavity is defined by the relation
’ﬁl—'C) 3 where Fb is the resonant frequency and zsf) is
the increment (or decrement) in frequency necessary to bring the detected

power to one half of its value at resonance.
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For coaxial line cavlitles

Qsﬁpﬁzf’rﬁ w

using equation XVI
For wave guide cavities a relationship between —L— and
/3 and & /8 is required, since in this case /B does not
depend on frequency in the same linear manner which holds for
coexial cavities.

/51'-_: (,ole_/q——’kl'-‘ 4"_7,F2€/u -—-'kz
dB _ z ool =
. Zﬂﬁ _ 87 (—Z-/aF- F ‘7%5?——
but EZ—:- 7&211_‘&} LAY = BAB

4mEM gk Noren
"F" \ gk \{_\# <mle /ué h
24} ANamer pap 2/3 /3

The C:Pfac‘bor for wave guide cavities is then

@
CP 75_—\ %) again using equation KVIxx

The reason why 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. 1In equation XX
however the cavity is exactly resonant at one of the frequencies
considered but not at the other,

Equation XTX must now be gemtyerted into a more useful form.

Using formulae developed for the coaxial line

_ Q’JTE {Ve
FB - < radians per unit length

-:ﬁe“'@'@— ’cl{"‘i—> nepers per unit length
2 NG 1. x

a due to conduetor loss
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Ap = %ﬁ JRe (5 &  nepers per unit length due

to dielectric loss. @
&

The resistence of the end plate is 2__ ohms
271‘5 a
where ( = the conductivity of the metal plate in mhos per meter cube

a and «év-are the radil of the outer and inner conductors respectively
and S 1s the skin depth in meters. Now p= S —
But “A’@_ = ‘k"t when both ends of the cavity are close§ by sho:'b/
circuiting metal plates

I-fﬁ:ﬂnm but 4 = Zo—2y

Zo+ <y
and Z = i o _“é_: 4
° " @ /(eeoﬁ“ a e
Zr ) ke
Gy = 1o % ST, on substituting the
|+ 4 K
Zo I -+ %—i—‘ values for 7 and Z,,
p=A L5
| — e
0§ <&

A is positive and less than unity

1 ¢
F = < ,__e_;_ since TS is of the order

o "o N
of o It is therefore a very lerge quantity at all

lo
frequencies below [O afeg. Thus the above approximation is justified.
Using this expression for /3 and the phase and attenuation

constants for the coaxial line equation XIX becomes

I
Q N ZC_' N G+£) 2 s
LV LE i
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This equation reveals =.$ clearly

L
thus . § = [ Q pited @ evacoated @ XXIT

Equations XVII end XXII give the information required to determine
dielectric constant and loss tangent from completely filled coaxial
cavity data.

Equation XX likewise must be transformed to produce a useful result.
Transverse megnetic modes in eircular wave guide will be considered.
Tranaverse electric modes may be treated in a somewhat similar manner,
However the expressions for attenunation are much more complicated - the
final result corresponding to equation XXII is the same for both

TE and TM modes.

/3 - 2{?? \[7i:}g§£FSL radigns per unit length

;X = the T.E.M. wavelength of the frequency of
propagation in the dielectric filling the
cavity

>g:::The cut off wavelength for the particular

mode considered
CXC‘Z'"—EX;”_“";T‘L nepers per unit length due
Mg N )

to conductor loss.
Y] is the intrinsie impedance of the dielectrie
£illing the cavity
Oii is the skin effect resistance of the metal
forming the guide walls

is the radius of the guide
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,Z, is the radius of the guide

Ay = 7 /e_-—__ 5 nepers per unit length: due to
A d l"é§:)L dielectric loss
1525 ~ the loss tangent of the dielectric filling the cavity ()
For the evaluation of the factor fz which appears in equation XX it
is necessary to find the intrinsic impedance of the metal plates
termination the cavity., This impedance is W; (H(-/)
= 1] | — (}%&i)t- for T.M., modes in wave guide

Chethe ol -G - )
T e NG R Gy)
- l~3_2]/;—13{:)‘
. l by

MERE

/D 1 s
€
/4@[ )Z\f l—@, v
using the same arguments as for the coaxlial cavity in this respect.

Substitution in equation XX now yields
Q: 21/) [’ zj +(2f\’lo) — &
reso 2 Ks
gl [wmz W Ty
v
Nbks (1
i 77 ( > ZLE:S

(
#5 = —“"_ -
- QF'lleJ (Pevacu#eo’ © =m

XIII
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Equations XVIII and XXIV are the ones required—to obtain the meterial
constﬁnts from circular wave gulde cavity data when the cavity is
completely filled.

When temperature and humidity can be carefully controlled,
and when pressure can be accurately determined the limitation on the
accuracy of determination of K& depends upon the accuracy with which‘

A(l 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
frequency is of a very high order (about one part in IO8 ) but the
resonant point on the CQ curve may be in doubt to the extent of say
20 to 30 cyeles per second in I()7;ycles per second using (g) factors
as low as 4000. This would smount to an error of at most 60 cycles
per second in A‘Z measured at 10 megacycles per second., This would
give an accuracy of six parts in a million and permit the determination
of ( Ke—1] to tive significant figures.

The difficulty arising here is that with the narrow band
width of the apparatus both of the resonance curves cennot be
depicted adequately within the avallable frequency range, which is
about 2400 cycles per second in 10 megacycles per second. Higher
cevity Cp factors will give much more accurate results since the
indeterminacy of the resonant frequency will be smaller.

The factors affeeting the accuracy of the determination
of é;:;S are much the same as those mentioned above, since the
determination of CQ depends upon the lecation of two frequencies

accurately on the resonance curve. The fact that ZE:: 8 is
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the difference between the r;ciprocals of two such quantities doubles the
probsble error, so that with Q factors as before 5: § mey be
determined to an accuracy of about 12 parts in a million. Here &gain
higher 62 factors will greatly increase accuracy and conserve band
width,

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

becomes apparent = when losses are small for small deviations from

(He® _ Q>(J+}>)1 - [ _
Helowe  @lepY + @D '+@,Z——_E)£éﬁ7

resonance

Triting this expression in terms of & for the coaxial cavity

Wl _ |

Hil o L+ G )
and for the wave gulde cavity'

[Hel ™ _ l .

For high @ cavities where the change in F or ﬁ) is negligible

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

2
whether coaxial or circular wave guide {}_Hd;z is an inverted

perebole having its maximum value for A P equal to zero. This
form is retained by the response over a range of frequency much
greater than is needed to depict the resonance curve. For coaxial
cavity having a @ factor as low as 3000, having a resonant
frequency of about 300 megacycles per second, the deviation of the
curve from the above mentioned form is about 0.1% for a frequency

deviation of one megacyclé 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

z 0~
and [H,(I will pass through a series of maxima for FL’,,%—? =M XXV
Let /Z, be a particular resonant length, then

(™ _ el *Cfotp) L
Wm‘ And” [_A’ QOMD + )aj +ML[/6 Qo“'!)*-fj
_ ,am‘,fzca(/?o +t)

M”[o( Q,Mf>+g +/u-.2?5d> vl
Since low loss systems are biing considered the Q curve 1is

delineated well beyond the half power points for very small values

of A»[ . The above equation then may be approximated

[Hel® (ads+ p)”

YA 2

(Holowoi [oc C(.,MT?}\LH 4@40)"

and Ai’ is so small compared to ,(o s that ,[o—mj =/(o for all

{H!{z _ (ﬂ/«(}o+/°)z~' "
(Helwee (o +/331+@d) oI

The value of Al’ required to bring the response to the half power

practical purposes

point is obtained as follows YA
o U—blz (Q'jo‘f'}’)

S (N TR T 2
-'.ijzo{ o+/b —

Equation XXV reveals the dielectric constant of the material f£illing

the cavity. Let j, be the resonant length of a coaxial cavity when

filled with gas. Then
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ply = S, < am i o = T G = o
Nk oC :5('

Now let /f,_ be the resonant length of the evacuated cavity and let

Lo < A+l

.',W(:=“LT_'“ = |+A7£-
: _ a24sd
- [Ke-—ll = ,ﬂ, - . . - - - C O

where A,e is the change in resonant length produced by the
introduction of the dielectric.

Equation XXV must now be discussed for the case of the wave guide
cavity. The resonant condition is ﬁj’o =0, It

and p,J, anJléJlare the corresponding quantities for the filled anmd

evacuated conditions

ﬁz —él- put /(z=/[:+4[

then _,é:' - /pr""“‘/ — ‘_;,Aj’—t—:- | w;f%":z%:j-:

e -(5)" _ 24l
-0 A
Ke — 1 24t
-G o

where >\ is the free space wawve length corresponding to the
frequency of excitation.

The () factor of a cavity is defined to be _Ei
24 F

In a coaxial cavity ﬂ: -RTR YTR anf

Lo Po

244 .2AF

FJ —= . & constant
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. The CP factor for a coaxial cavity

_ J 1,
’I%EJ) ‘(70%:&5 using equation XXVIIT.

2 2

Thus the behaviour of a coaxial cavity is identical for frequency

and length variation and

] |
[2:‘ 3 - QF,HeJ Qevacua+e J] IXXI
2,

For the wave guldecavity the Q factor 1is not ﬂ but rather
4

1 A
_ as shown below.
o A)] 244
For wave guides " z
weu= f+ *

S@mYeuf = @)L ()

P = (F) Y
ZGﬂFf’(Ef = )35
A - _L) (*'-?;

= e,u,pl Lj

~Lenf*~ 6y ) «4

= _ &Y ]4[
-[GY -] 4

{H I MJ% ©

Co- b T mm

QAF - [1— (_L;)J .?A—l }
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With this method therefore the same relation holds as for wvariable

frequency with completely filled wave guide cavities i.e.

l |
Z:'S B (: @P;Hed - @evacua{cJ] IIZXIII

Equations XXX and XXXII are on the whole not as useful as the
corresponding formulse (i.e. XVIII and XX). They depend explicitly
on Mo the cut off wavelength - thus the cavity diameter must

be known to a very high degree of accuracy.

Equation XXVII clearly shows that the form of the resonance
curve for length variation will be an inverted parabola as in the
case of frequency variation.

The requirements on accuracy of length measurement
demanded by equation XXX are very stringent, e.g. at a wave length
of 10 cms length must be measured accurately to 10-‘/ mm. if | ‘(e-l[

should be known to one part in IOL Frequency stability is required

to about one part in 105- This methed would present great
mechanical difficulty since it is necessary to measure small dis~
placements to such a high degree of accuracy.

Frequency variation appears to be by far the most desirable
of these methods when very high accuracy is desired. When lewer
accuracy may be tolerated variable length systems could conceivably
prove quite useful but variable frequency systems seem to be just
as useful. There is of course a great limitation to the frequency
variation method. That is erystal controlled oscillators cannot
be shifted to any considerable extent from the natursl frequency of
the crystal before they become unstable. Thus perhaps several crystals

mey be necessary to cover the required frequenéy rangee
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CHAPTER II

Theoretical Background for Microwaive Dielectric Measurement

using Resonance Curves = lines and cavities containing dielectric

samples not completely filling the line or cavity.

The same three methods that were considered in the last
chapter will again be considered here to illustrate the prineciples
involved and to indicate how the dielectric constant and loss tangent
of the material under test may be obtained from the quantities
actually measured. A4ll three methods measure in effect the reflection
coefficient 6f the portion of the line or cavity containing the
dielectric. From this reflection coefficient the complex propagation
constant of the dielectrie 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 only

where necessary will further derivations be developed.

The glotted line technigue,
This method has often been successfully employed. @

THE SLOTTED LINE > .~ eshort circuiting plate
- ! 4 1 r ." ..
WITH SAMPLE | i $—test dielectric
e — 'J- . - J -

The terminal reflection coefficient at
g —2 (U+yV
"%t R o 2. ( J )

¥ ZT+ZQ

g = was defined
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. Ze
4

| L . N . .
tand (U+J'V) 1

U and V are quantities derived from measurement and <o

will be known for the air filled portion of the line.
Zy = Zo td 12d

when end plate losses may be neglected, which is assumed as a first
epproximation,

oy = J—“—"{J—" for T.E. and T.E.M, modes and non ferro-~msgnetic

substances

CZr = W JJ_ECJ)/OI

Zo
fa,[‘ g»o(’ [ Wlto T wlted [ [
¥ W(UU V) riel mé’f/'V) "

where 6 , 1s the propagation constant for the air space of the line,

Equation II contains only one unknown, i.e. J;. s which is therefore

obtainable from the measured quantities.

For T.M. modes ZO‘L - '_—&#

0‘+J we

but XLL :J'w/uo ( 0\+J'COG) + %L
e}
. G\-I—J V. L'L——«k

JA
Z‘3 — ‘ (73 é!o a:.
: -4

S Bl = Sk A
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r=d o 1 Wued
(pd)- wﬂ el yed = "t;zﬂzut/- v)

=__ ) l
d’(g 2 %?3 [;_:4(04(/.\/) III

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 attenuaetion caused by metel losses in the line. The positions
of the successive minima are located and O the half widths of the
resulting resonance curves are obtained. Then since ﬂ 8((} = y + U
if ﬁ St& 1s plotted as a function of ?( a line of slops X 1s
obtained end U 1is revealed as the intercept on the ﬂgy axis.

ﬂ is obtained as ‘?;\”\ where 1 is the difference in
for two adjacent minima. The valus of U/ obtained from this graph
enables the end plate impedance to be calculated since lfé,—, = é—zu
and the characteristic impedance of the line is known. If this end
plate impedance is significant as it will be if accurate results are
desired the fundamental equation Z, = Zo = Zoa é_‘:{ af,_o(
lamdloyv)
must be altered to Z_T - Zo - 'Zoz Zﬁ:l(yl"(‘fﬁ‘)

Q)-UV)
where /0: f;w"'/ yawysn -

62
Equations II and III will then have to be altered in accordance

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

of Iz )

The attenuation factors of lines in general are larger than
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the theoretical values - therefore attenuation and end plete
impedance must be measured if any accuracy is to be obtained for
the loss tangent of the dielectric.

To obtain X;_ it will be observed that U and V must
be obtained with the sample in place (see equations II or III). It
was shown in Chapter I that the position of the first minimum in

the standing wave pattern provides a value for V  thus
— T 4 Y S
V=1 [: — —%——A ]

and if 83 is the change in probe position necessary to get twice
the minimum response with a square law detector (a technique
applicable to low loss systems)
U+ ‘J ‘65 y
Sl R

These values of U and V then, combined with the data obtained
from measurement on the line without a sample enables ZL
calculated for the sample dielectric.

J+ Real is partly due to wall loss in the dielectric
filled portion but this point will be discussed later,

The partielly filled cavity involving variable frequency
technique presents problems which appear to meke it of limited
usefulness unless certain steps are taken suech as the use of
several different oscillators or the use of a number of cavities
of various lengths. @ The variable frequency method makes
possible extremely accurate delineations of (P curves and changes
of resonant frequency, but this accuracy will suffer when length

measurements must be combined with frequency measurements to obtain the
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desired information. It is therefore desirable to use a cavity

for this purpose without movesble end plates. Assume at first

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

of the properties of a medium of which the dielectric constant and
logs tangent are known approximately. For a given cavity radius,
cavity length and oscillator frequency - the required length of dielectric
sample may be calculated which will cause the cavity to resonate in
the desired mode. The required length of sample must not introduce losses
go large that the response curve will be distorted. If distortion
does occur the exact point of resonance may be difficult to locate,
since the curve is so wide and the zZero reactance point may not
correspond with the peak of the curve. One or preferably more

extra resonators should now be available which are exactly an
integral number of helf air gulde wavelengths long of the same mode
at the operating frequency so that attenuation and end plate
impedance may be accurately determined. Thls assumes similar surface
conditions in all the resonators used which has been found to be
justified. Alternatively a nmmber of oscillators of widely different
frequency may be used ,@vthe cavity and sample length being so chosen
that the cavity can be resonated with the sample in and at seversal
frequencies with the sample removed. Either of these techniques
involves a lot of apparatus, and has the disadvantage that the
properties of the sample must be quite accurately known before the
length of the sample is chosen. Also the required length may be

such that the losses are too great for accurate measurements to be
mede. Extremely thin samples might possibly be a solution to this

problem. Then the problem of accurate machining for solids arises



(26)

Small errors in sample thickness become very important sources of
error., Such problems as how to keep the sample in contact with the
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 asdded until resonance occurred and
the depth of the liquid may be determined by volume or weight 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.

]
VR
wind X
23
RN |

THE  CAVITY olk v P .
WITH SAMPLE 'Z ﬁ—test dielectriec

——— o L

- — | ———— kg —>

Measurements 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 rescnant lengths of air filled cavity are
available s 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

2 (4
+

A Giayr)

by frequency variation. Thus various values of 0(+1ﬁ% =
are available, since 4 . ﬂ) F o, and 4 ere known from the

measurements. (The guide redius and mode define , 8ince air

is the dielectric the value of ﬂ will be known, and j will be
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almost exactly an integral number of half gulde wave lengths since

,3,0 —l-g = nn, ? is the phase angle of the reflection
coefficient for the metal end plates and is extremely smell., From
any two of these measurements & and /3 may be determined. From this
valus of [ the end plate impedance may be celculated since P . {722;['
and the characteristic impedance for the cavity is known.

Next measurements on the cavity containing the specimen
dlelectric are required. Here ./é indicates the length of the air filled
portion and O( the length of the dielectric sample. The resonant
condition is

{3}-@%1 = nu
CamINE) - )+ 9 = -

where //, ¢, xo) and Y] are known and f the resonant frequency

is measured. But ‘3 = — C&:‘%‘Q_‘ . 90& ma,y be obtained
frog measurements on the empty cavity (but in practical eases may
be too small to be observed).

The important fact is that Qﬂt is determined from the
condition for resonance. The (p factor for the cavity was shown

to _, _ F%l—F “kz
> CP N ZEF - .2/8 (0(1—%)

2+ ’k"—
cp=Ad £ By~
£ )
where < F is the increment in frequency from resonance required to
bring the response curve to half of its resonant value when using a
square law detector. -/, ﬁ, #, ad A will now all be known

and AF is measured. Therefore /.2 is determined via a (})

measurement.
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The definition of the reflection coefficlents must next

be examined. 2-(f54y’§—\ _ .z
_ Zo  Ze-Zr
Hohe = € ke = “"—“Zo_,zi = 227,

, eJ@L&#ﬂa)

! ,926__92
T w5
| e
For the air filled cavity with metal short circuiting plates at each

end 46@ ==‘J%t

b=

From measurements on the cav1ty containing the dielectric

”’“g“J?' by = € /A°+Jf'° <ZO"ZT>

zo‘fz'r

2oz, _ 2l B+ §- 5

Zo "’ZT

= Zo m@&~é>+Jg?—)%’§] IV

Thus the terminal impedance is evaluated by the measurements on the sair
filled line along with the measurements on the cavity containing the
dielectric specimen. The effect of the end plate impedance may prove
to be a significant part of 211- and remarks exactly similar to

those made for the slotted line technique apply here. That is ZZ;'
mey not be adequately represented by 02_ aqul ]rz

perhaps should be written i the form 7 _ 7, Tad( y.d +/)>
/C7 5;4»4{ / gz—tiijé%LJg—
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Using the simpler expression

Zo, tod pod = 2, Gl [(B-#) +jF- 2]

For T.E. and T.E.M. modes Zoy = d&},&o_

2-

for non ferromagnetic substances

ﬁ;ﬁg _ &W td [~ ) (3~ 22)
L (k- A+ (g—%ﬂv
Fer T.M. modes Zoa :—. w °' 2
e

bt ol = e -2 )0
—#“—2)M&'~%>+J'Q¢"f%ﬂvx

These expressions are more ecomplicated when end plate impedance .must

| w) —{d)”

be considered in <, . The important fact however is that T
is now determined and the properties of the unknown dielectric may
be found.

The technique employing partially filled cavities and
variable lengths does not present serious difficulties as regards
apparatus@ in the same way that the variable frequency technique
does. The accuracy of the method depends upon the measurement of
small increments in length which cannot be done with nearly the same

precision as can meesurements #f increments in frequency unless very
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great care is teken to make the measuring screw f;-ee of backlesh and its
temperature is accurately controlled. In frequency measurement using
WAV or a Secondary standard both the frequency and frequency increments
are known to about one part in 10% | Such accuracy in length measurement
would be very difficult to obtain. This technique requires a generatoer
of very high frequency stability over long periods of time. For
accurate determination of loss tangents this method may not be very
suitable because of indeterminate and possibly varisble losses at the
edge of the plunger. Steps may be taken to offset this difficulty e.g.
the use of T & 5,5 — modes does not require current to pass
from end te side walls, This method has been used successfully by
Lamb and others. The mathematical analysis of this problem is the
same as for the variable frequency technique. By measurements on the
completely air filled cavity /3/0 +g = Mm% yields a series of
resonant lengths corresponding to integral values of M i.e.

TN = 1, 2, 3 ete. Twice the difference in two successive values
of /o is the guide wave length in the sir portion of the cavity.
From the verious determinations of () on the completely air filled

Q-G -'@:‘]: /s:fffa)
A = 7@’17%‘[ (,\oj

2

o(jo-f/é-—* KAJ where "("- _To)]

cavity,

When KA,V is plotted against jo a straight line is obtained
whose slope is ( and whose intercept on the X Avp axis is «ﬁ
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Thus end plate impedance may be celculated from - as in the
varisble frequency case.
The technique next requires measurements on the cavity

containing the dielectric ssmple. As before ﬂ/o +g =N

O (ﬂL;== 2.(,34& —“"7?>‘-‘1%;

where C%%L is usually negligibly small being the phase angle
of the reflection coefficient for the end plate.

§£4- is the phase angle of the reflection coefficient
of the end of the cavity containing the dielectric sample.
From the expression for (E? then

#={[FE -6

From this point the analysis is exactly similar to the previcus case
28 1t must be since the only mathematicael difference in the two
methods is the independent variable chosen te delineate the resonance

curves,
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CHAPTER _III

Determination of the Material constants from the Complex

Propagation Factoer,

The propagation factor for wave guides is shown in many

text books to be for non ferromagnetic dielectrics

v==[wmee )]

€ = e*Qo—_— €, ()_Jéo‘..s>= the complex dielectrie

constant
-0
= é;,() —1létz;)

ke = Ge’ is the relative dlelectric constant of the material
o

£i1ling the guide.
Y= - [w ‘ee, o — (22 )]

[.2/\//4 __(2 )J
. )( 2”)[@
note E,*::%b:(e(‘—J‘{Z-S):%('“Jé:‘S)

)\Q= the T.E.M. wavelength 1s free space cerresponding

to the frequency used.

CyEIEANT Y
o () = ) )

B R Py &Y A
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-

Ag’ is the guide wave length in the air portion of the guide.
} is a complex number which may be expressed in polar

coordinates as follows

ﬁﬁi\ﬁ( (’Xé’) —>‘-i‘-) ] ié[u(—é’-)]

at an angle _.l_l_~..L'ZZ,,—I ley d - III
2 a | __}i-- e
Ao+ N Ke

In rectangular form X may be expressed

- = @'*(@-—v 7

LG Sk e‘éi(\) ol i) ) .

Solving either the pelar or rectangular forms for the materisl constants

in terns of the real and imsginary parts of Y = Jr+ J )
leads to

(:S - 2 Xrl«.' ) o v
| ~ _g‘____l ZA.{ JKQ fiz‘%}

2 2

and Ke[..p(_%)]—(—}\%)z: —)f‘—;‘;l'%_
&) I

These may be separately solved for k/c and fc:. 3
o § - =2l o

(Ru " b/t . rrl
Ko = (7,7:) + L‘4—7rl @

@)7—4(&'37— T m
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These then sre the equetions required to obtain the material
constants from the value of r determined as shown in the
previous chapter. The equations above apply to any wave guide mede.
The foermulae for coaxisl lines are the same except that here

Yo = oo for the principal mode.

Wall Logs in Wave Guideg @

For low loss samples contained in wave gulides the wall

losses may be important changing equation VII to

et R 2(&5:%‘«»3%‘ -
SAENAN

where XT"— has been omitted from the denominator beceuse the

sample has low losses.
Z_G: § $ == the loss tangent of the sample dielectric
a\: Sw.s = the effective increase in d::.s due to
losses ocurring in the guide walls with the
sample in place.
a/ YS = the attenuation facter due to sample losses.
Xnu = the attenuation factor due to well loss.
The attenuation factor J/ Y Gue to wall loss has been
calculated. This value together with the value of fL for
l‘ZI 5 = 0 have been substituted into equatien IX to give for
the T.BE I/ mode in eircular wave guide for the ratio
las, Sws o [ 0.42 +(AX"§\)L2L'?7 _
Tbwa | M| o042 + QL) T x

— Xhe effective Z:, 5 for wall loss with sample in
effective 77— § for wall loss with air
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Now éz:\g for wall loss with air will be known from measurements
on the air filled cavity or line. Then t.gwg may be celculated
using equation X and on substituting this result into equation IX
éb_n Ss is obtained.
A somewhat similar approach may be taken t¢ thlis problem as
follows., Consider T.M. modes for which the formula for conducter

attenuation provides the relatiomship

|
A
7? l~‘6%:)2 [ dielectnic\"
_‘1/.%_.9;_203.&@.9_21'“16___1_& nclltledne\[' "(E_Yo'- )

- e diselectric portion of the line ;faw_ \(' — (! ;i"* T

where y] \J 0—~+J

This ratio will be known approximately if the dielectric constant

is obtained from equation VIII on the besis of W" =0 , Thus
the attenuation due to the walls becomes known for the dielectric
filled portion of the line or cavity. This may then be subtracted
from the apparent value of KT’ to obtain the true value of (::g
end Ke . 1In the sbove calculation the attenustion due to the walls
in the air filled portion of the line 1s determined experimentally
by measurements on the empty line or cavity as explained in the last
chepter.

The difficulty in allowing for wall loss in the dielectric
filled portion of the line or cavity arises from the fact that the
properties of the unknown dielectrie affect this attenuatien.

Caleulation of dielectric constant on the basis of gero loss has
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been used @but in this method it is used ;nly as a first
approximation to obtain a more accurate result, It is often found
that conductor losses are larger than the values calculated on a
theoretical basis. It has been pointed out that in making dielectric
measurements it is undesireble to use theoretical values of
attenuation along with other guantities which are measured to derive
the material constantse

The question of just what factors affeet skin effeet
impedance of a metallic surface are not completely understood. A
high polish does not seem to greatly reduce the metal losses. Minute
scratches in the direction of current flew have much less effect
on losses than scratches across the direction of the current,
A, C. Vivian has written a paper on superficial conductivity of
metallic@conductors for wave guides and A, P. Pippard has @
examined the question of metallic conductivity at high frequeney
and at very low temperatures, where under certain conditions it is
fould that skin effect conductivity becomes indeperndent of D.C.
eonductivity., This appears to be dus to the mean free path of
the electrons becoming very much greater than the skin depth.

The experimental techniques employed at high frequency
meke it possible to obtain experimental values fer attemmation
due to metal losses and these values are used rather than the

theoretical ones in making dielectric measurements,
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CHAPTER IV

The Signal Generating Apparatus - Basic Oscillator and Frequency

Multipliers.

The basic five megacycles per second signal is generated
in a tuned plate tuned grid oscillator, using a 6C4 minature tube,
The tuned cireuit in the grid consists of a piezo electric quartz

crystal along with several fixed plus one variable trimmer condensers.

Variable

trimming Fixed

Condenser trimmer
Condensers

Crystal ‘

holder *

Crystal Oven Covers Removed.

This unit and its power supply were mamufactured by
the Piezo Products Company of Framingham, Massachusetts. The
temperature of operation is carefully regulated by thermostatically
controlled heaters. It will hold its frequency to one part in a

million over extended periods and to one part in a hundred million
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over short periods of one minute or less. T%e generated frequency can be
set to any frequency between 5 X lo" 4 600 to §X/0 é — 60O
cycles per second, This is done by means of pre set padding condensers
of graduated capacity which are switched in one by one by means of
a magnetically operated switch. When a push push buttom is operated on
the front panel the magnetic switch jumps the connection from one
fixed padding condenser to another, The small variable trimmer
condenser mekes it possible to select any frequency between the fizad'
steps,

The whole oseillator circuit excluding the power supplies
is housed in a temperature regulated oven. Within this ovén there
is a smaller temperature regulated oven containing the plezo electric
crystals

It would be desirable to increase the band width available
at this staée since the changes in resonant frequency caused by
gaseous dielectrics are sufficiently large thaf the measurements
must be made at reduced pressures. The results mmst then be extra;
pelated to normal conditions on the basis 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 overcome by
employing more than one temperature regulated crystal. Using a series
of say three crystals differing by about ome kilocycle per second in
frequency the band width would be quite sufficient for most purposes
where gases are concerned. These grystals 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 signsl is amplified and the
output is teken via cathode follower and coaxial line to the 5 to

10 me/sec. frequency doubler and amplifier

Cathode follower 6L6G
.—— doubler 6ACT

T amplifier 6ACT

5 = 10 Megacycle per second frequency doubler

Tuned Plate circuit
Rgsonant at 10
s, megacycles per

second

2 - 10 Megacycle per second freguency doubler lower view
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The frequency doubler is a class C operated 6ACT with the tuned circuit
of the plate, tuned to twice the input frequency. This output is
transformer coupled to the grid circuit of a 616G 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 regulators.
The 10 - 30 megacycle per second tripler uses a 6AC7 pentode and the
30 = 90 megacycle per second tripler uses a minature 6AG5. These
frequency multipliers are similar in principle to the one already

described,

6AC7 10 - 30
megacycle per sec.
tripler

6AG5 30 - 90
megacycle per sec.
tripler

6L6G cathode
ﬁollower

10 = 30 = 90 Megacycle stages Upper View
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Tuned circuit

resonant at 30
megacycles per
' second,

Tuned ecircuit
resonant at 90
megacycles per
second

0 - 30 - 90 Negacycle stages _ Lower View

At this stage the signal level is quite low (less than one volt
from the cathode follower). Since it is desirable to have
considerable output power at 270 megacpeles per second both for
measurement at that frequency and for the input signal to a 2K47
klystron, it was found desirable to raise the power level of the
90 megacycle 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. GED
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——— 6AGT7 power
amplifier

90 Megacycle amplifiers upper view

90 lMegacycle amplifiers Jlower view

This eircuit has been modified since the above
photographs were taken and the circuit diagram was drawn up. The
change consists in the removal of the second 6AG7 since it was found
to be overdriven by the previous stage. The output from this circuit

is taken via coaxial line to the 829 stage.
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829 Stage

This apparatus 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 of the chassis containing the 6AG7 90 megacycle
per second power amplifier is very greatly changed from the
original model. 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 1ight a 30 watt bulb
when placed across its output terminals.

The output from the 829 stage is taken via balanced lines

to the 90 - 270 megacycle per second frequency tripler. This
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circuit employs two 2039 lighthouse triodes in p;J.sh pull. These
tubes have their grids grounded and the cathode circuit consists

of a tuned line. There is no cathode connection on these tubes
which is separate from the heater. Therefore the heater power

is brought to the tube terminals by means of wires fed down the centre
of the hollow brass tubes making up the cathode line, The brass
tubes themselves forming one side of the sixty cycle heater
circuit. The 2039 needs special connectors to provide contact at
many points eround the various tube structures. These small con-
nectors are not too readily constructed but after discarding a few
attempts the contacts finally devised proved quite satisfactory.
Tuning the cathode line is accomplished by calculating the linput
impedance to the tubes at 90 megacycles per second as seen between
the two cathodes. The length of line required is then such as to
produce at the cathédes 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 lines drive a coupling loop
which excites the tuned line between the cathodes. The tuned

plate line excites an output loop which feeds a coaxial line
connected to the 2K47 frequeney multiplying klystrom,
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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 20391s
since the output showed a small dependence on line voltage until
this was donee

A temperature regulated oil bath was built for 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 60°9C by means of thermostatically
controlled heaters. The thermostat is the mercury in glass type

which controls the bias of a 2051 gas filled thyratton.
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Klystron oil bath

The operating coil of a relay forms the plate load of
this tube. The relay contacts‘open and cloge the heater circuit.
To ensure good temperature control a motor driven stirrer is used.

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 milliwetts
of output power when the input power ranges from a fraction of a
watt to several watts. The lower cavity may be tuned over the
fange 250 - 280 megacycles per second by means of three 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 harmonics of the input frequency.

The high harmonic content of the election bunches makes
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this order of frequenéy multiplication possible. The particular
harmonic used is the eleventh giving the output a frequency of

2970 megacycles per second. Putting this tube into operation
involves tuning the input resonator to resonance with the input
signel using a crystal and galvanometer to indicate resonance.

(Each resonator of this tube has two coaxial terminals = therefore
the detector system is connected to one and the input to the other).
The second cavity is then carefully adjusted over a small range of
the tuning screws, varying the beam voltage and control elecirede
volyage until the desired harmonic is detected. This procedure

may be shortened somewhat by pretuning the output cavity if =
suitable signal generator is availeble. The 2K35 klystron was

next put into operation by pretuning each of its three eavities

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 connector so

that the cavities are tuned as absorption wavemeters, that is the
detector is attached to the apare terminal on the high frequency
cavity of the 2K47. The 2K35 is operated from a voltege regulated
power supply very similar to the type 801A Universal Klystron

Power Supply mamufactured by the Polytechnic Research and Development
Company of Brooklyn N.Y. The"author wishes to express his thanks
 to Mr, Noel Montagnon for the construction of this power supply

which was rather a large project in itself.



Klystron Power Supply used with 2K35

The power output from the 2K35 is taken by coaxial
line to the high frequenecy cavity via. coaxial line. The power
ocutput was found to be sufficient for the purposes of exelting
the high frequenecy cavity, that is at resonance full secale
indicator deflections could be obtained with a high degree of

decoupling of the probes in the cavity.

(48)
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CHAPTER _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 megacyclese.

The resulting audio beat frequency is compared to standard audio

Oseillograph.

frequencies by means of Lissajou figures on a Cathode Ray

400

c7c/e

pork
1 Ii-

s )= i
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- J '°°
! cle
ek
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400 nfSec 5§50 n/sec IS0 w/sec. zo0 w/sec,

Typical Lissajou Patterns

Tt was thought that the standard frequency broadcsst at
10 mc./sec. by 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 locsl signal. Measuremenits were made using this system
but reception of the signal was very sporedic also the signal was
very noisy and of very low level. The greatest drawback however was
that measu?ements 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 minmute of this five mimite interval is the modulation
removed, even then code signals and nolse announcements are made.
In the presence of modulstion many beat frequencies are obtained
and it was possible to obtain several different values for the
beat frequency during the pericd of modulation. Before discarding
this plan a special antenna was erected between the roofs of two
buildings on the university campus. It was directed so as to have
its greatest sensitivity in the general direction of Washington.
This is an untuned antenna whose performance was very much better
than the antenna previously usede.

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 drifé‘
is less than five parts in 103 per day - this decreases to about
0.5 parts in l(38 after a year's operation. Ordinary changes
in air pressure, ambient temperature and line voltage have
practicaelly no effect on its frequency. The temperature coefficient
of frequency of the quartz bar is less than one part in 107 per
degree C and the temperature is controlled to within + 0,01°C,

Over short periods of time the frequency fluctuations are less than
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one pert in IC&, The overall accuracy.of the standard is more

than sufficient for the purposes of measurement.

1100 - AG Secondary Freguency Stendard

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

tuning fork made by the General Radio Company.

815C Genersl Radio Precision tuning fork
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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
106 per degree Fahrenheit, negative. For steady Lissajou figures any
error due to variations in the frequency of this fork are quite
negligible, This fork is battery operated.

A second tuning fork, a type 723 Vacuum tube Fork -
frequency 400 cycles per second - made by the General Radic Company

was used in conjunction with the one mentioned above,

Type 723 General Radio Vacuum Tube Fork.

The two forks are connected to a D,P,D.T. switch so that
either could be connected to the cathode ray oscillograph. This is not
a precision instrument but it is very valusble as an aid in identifi-
cation of the more complicated Lissajou figures obtained with the
lower frequency fork.

The measurement of amplitude was accomplished as follows:

a Speedomax type G Recording Semi Automatic Potentiometer manufactured

by the Leeds and Northrup Company of Philadelphia Pennsylvannis was
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used to measure and record the output of a type 93L insulated vacuum

thermocouple. This thermocouple is made by the American Thermo Electric

Company.

The _type G Speedom@x Recording Potentiometer

The output probe or loop in the eavity drives the heater of this
thermocouple to which it is connected by coaxial line. A monitor
thermocouple and galvonometer is employed as a check in the input power
to the cavity. The monitor indicated a very high degree of amplitude
stability and it was found that the more sensitive test of stabllity
was to see whether the amplitude as indicated by the Recording
Potentiometer was accurately repeated over successive resonance curvese

Deviations of not more than one mm., in about 170 mm, are found to be




(54)

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 meter itself and not to actual alterations of the
detected signale

The experimental points whose coordinates are amplitude
squered and frequency do not follow one another in systematic order
due to the fact thet the padding condemsers in the five megacycie per
second oscillator circuit are not set up in a perfectly graduated
succession, so that as one padding condenser follows another the corres-
ponding frequencies while tending to go from higher to lower frequencies
are actually out of order at places. This needs mentioning only to
explain the somewhat irregular appearance of the array of points as
displayed on the record of the Speedomex recording potentiometers

The procedure followed is to replot the points on a linear
frequency scale = the resonance curve is then found to have a truly
symetricel inverse parabolic shape asbout a centre line. The 1oéation
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 done for
a succession of different pairs of points and the centre frequency is
easily found by connecting the mid points with a straight line and
projecting this to cut 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 mateh. It is estimated that the resonant
frequency can thus be found accurately to about 4 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 thié‘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 sides of resonance. Thus high
(SP factors sre very desirable, but are difficult to obtain practically
especlally at frequencies of the order of three hundred megacycles per
second where the wavelength is about one meter. The reason for this is
that the cavities having high (Q factors in the frequeney range are
go very large. Skin effect resistance is actually lower at these wave~
lengths than it is at the shorter wavelengths, so that higher(f?factors
are pogsible at longer wavelengths. 4 simple calculation shows that
for a cubical cavity resomator in the TEpj) made at 270 megacycles
per second the (%? factor amounts to 67,500 when the walls are silver
plated.(ﬁb 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 therefore, to reduce size since the cavity must be
placed in a vacuum chamber and to obtain a reasonable GP factor with
very much greater practical ease.

The determination of the loss 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 Q
factor used the larger will the dielectric losses be in relation to

the metal logses. Thus the losg™ tangent becomes the difference between
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two quantities which do not differ too greatly from the loss tangent
itself. The determination is thus much more accurste.

Several writers have published articles in the literature
describing microwave gas dielectric measurements using Pound stabilized
klystrons as their signal sourcesi? @Th@?s system is limited to microwave
frequencies for which klystrons are available and the use of the Pound
stabilizer does not provide for the evaluation of the loss tangent
of the dielectric under test.

It is true that the Pound stabilized generator does enable
a very accurate determination of resonant frequency (about Z 100
cycles per second in 9000 mc./sec. - under the best conditions @9 ).
However these signal sources are not entirely free of frequency
modulation - since their operation depends upon such action.

In this project very little was done 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 multipliers appeears to be
the most Satisfactory gystem available.~ At frequencies for which the
two systems can be comparedy the system used appears to be superior
to the Pound stabilized generator in that it may be used for measure-
ments of logsy dielectrics which cannot be done with the Pound system.
The author claims that the method of measurement used in this project
is original in that no references in the literature have been found
of its use for measurements at frequencies of the order of 300
megacycles per second. Dielectric measurements at these frequencies
are difficult because of the large sizes of the required components
and the difficulty of obtaining high § factors as pointed out else=-

where in this thesis.
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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 () factor may be determined in the
absence of 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 2520), 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 photographe The pump has an ultimate wvacuum of
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0.0001 mm. Hg. as measured with a Mcleod Gauge. The lower pressures
were measured by means of a type 710 thermocouple gauge manufactured
by the National Research Corporation of Cembridge, Mass. This
inétrmnent indicated ultimate pressures of one micron in the -glass
system itself and of about 30 microns for the coaxial cavity and
glass system combined. This order of vacuum is sufficiently high
so that the residual gas'pre“ssure can introduce only about 0.01% error
in the measurement of |Ke — I | and is therefore negligible when
compared with the 1% accuracy in ll(p_ -1 l actually obtained,
Water vapour is very undesirable in the vacuum system
due to its relatively large dielectric constant as compared to dry
air @ (1.02705 as compared to 1.000572 for dry air). Therefore in
addition to the F;.,OS— moisture trap on the pump a drying tube was
éonstructed from pyrex glass tubing of about 2 inches dismeter about
five feet long. This was made in two sections and was constructed
in such a way that it can easlly be detached and cleaned. It is
packed with phosphorus pentoxide and pyrex glass wool. The gas being
measured is élowly admitted to the system through the drying tube
taeking up to an hour to ralse the gas pressure from 30 microns to
25 cms. Hg. At first the drying tube was only 2% feet long and it
was decided to see what difference if any resulted from doubling
its length. There was no aspparent effect in the measured results.
Thus it is assumed that the gases admitted to the system are
sufficiently dry that any remaining water wvapour is completely
negligible. Mr. Paul Lorimer of the Radiation Laboratory of McGill

University mede the drying tubes.



(59)

The higher gas pressures were measured with-;n "Absolute and
Differential Mercury Manometer® connected to the vacuum system.

This manometer is manufactured by the Emil Grenier Company of New
York. It has a vernier which makes it possible to read the pressure
to 0.1 mm, Hge. The two vacuum chambers which complete the vacuum
equipment will be separately described in the following ehapters.
Pyrex glass was used throughout in the vacuum system. The pump is
connected to the glaess by means of a ground glass to metal joint which
is treated with stop cock grease. The cavity is connected to the

glass by means of a glass to metal joint sealed with 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(@bout 6% inches outside diasmeter and about 28 inches
overall length including coaxiel connectors and probe adjustorsﬂ
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 cut off and machined by Mr. F. Corrick of the
Mechanical Engineering Department. He welded a cover plate to one
end and machined a removeable cover plete for the other end, both
from 3/8 inch steel plate. It was not new pipe due to difficulty 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 liberzlly with Glyptal paint. The cover plate
seal is rendered vacuum tight by means of sealing wax, All of the

leads passing through the cover platé are similarly sealed.

The vacuum chamber for the coaxial cavity = (Pyrex wool) lagging
removed,
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The vacuum chember for the coaxial cavity with lagging,

The vacuum chamber is thoroughly lagged on the outside
with Pyrex glass wool for thermal insulation. This insulation was
increased until it 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 Centigraede. This factor is
very important because the linear coefficient of expansion of brass
is about 16 parts in lOé per degree Centigrade. The change in
resonant frequency brought about by thermal effects can be very
objectionable unless precautions are taken to render such changes
negligible,

The thermal detuning of a coaxial cavity is easily
illustrated as follows F = "%\ where ) = 2,[ for a half

wave length cavity : S‘lﬁ by, _d_/ﬂ_ Y A't

f

where F— is the resonant frequency of the cavity

X\ is the resonant wavelength
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,44 is the length ofwthe resonating cavity

A is the linear thermal coefficient for the metal walls

AT& is the increase of temperature.
But |Ke-t] = 24F  already proved in Chapter I. Therefore o/AC
mist be kept smell compered to | Ke—i| o Thus temperature changes
kept smaller than one tenth of a degree Centigrade cannot prove serious
since this can effect only the sixth place of decimals and is therefore
well under one percent of (ki-ﬁ ( for all gases measured,

The effect of temperature drift was minimized by the
following procedure. After filling the cavity with air (or gas)
the temperature was periodically checked until the thermocouple
showed no change in successive readings. Severel resonance curves
were then taken. When it was observed that the curves were accurately
repeated it was assumed that any small temperature change due to the
air or gas which had just been admitted had ceased. The chamber was
then evacuated and resonated agaln = there is much less cause for
temperature drift here - but the same procedure was used to obtain
the best possible results.
A summary of experimental results follows which gives

the dielectric constant for dry air and several dry gases. The
thermocouple used to measure the cavity temperature was made from
iron and manganin. The cold junction was held at 0° C using crushed
ice., The thermal e.m.f. of this couple was measured with a No. 55
Potentiometer (D.C.) made by Elliott Bros. of London, England. 4

Weston standard cell was used for calibration purposes.
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The indicetor used was & sensitive galvanometér. The calibration
of this thermocouple showed that it was linear over the range 0° C
to 50°C and temperaturé changes as small as 0.1°C were easily read
on the potentiometer secale.

A tuning arrangement was found to be essential siﬁce the
evacuated resonant frequency depends upon the temperature of the
cavity which for the low frequency cavity very slowly follows room
temperature es it rises and falls. Thus with no tuning arrangement
it is not possible to resonate the cavity when the temperature differs
by * 59C from the value which causes the cavity to resonate at the
centre of the band, The situation is somewhat worse than this however,
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 less than half of the
above quoted * 59C when no arrangement is made to offset the thermal
lengthening and shortening of the cavity.

The tuning mechanism consists of a brass plug which projects
slightly through the surface of the outer conductor, The amount of
penetration of the plug ean 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 summary of experimental results

giving original data in tebular instead of graphical forme
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Calculations of dielectric constant and loss tangent of dry air based on

information given on preceding graph. ’ K _|’ _ 2 AE
[+

where AF is the change in resonant frequency due to introduction of

the dielectric, and Fo is the resonant frequency evacuated

['4
[ Mz—:} x 16° = ‘11"_3_;’_2#2 = 17¢

for dry air at a pressure of
25.11 cms. Hg. and a temperature of 22.6°C,

The index of refraction 7] = 4 Ne  for lossless media

A &
! ‘, /07

25,11 ems. Hg and e temperature of 22.6°C.

= 88,0 for dry air at a pressure of

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. @

. _ 6 b '74,0.60(,(/—# 0.063646! t>
N 1) x10° = . —
<Y)O)7éb ) X (771’./; f> X10 x F[;_;P((_ot/?_o,a/s'?f)x/aﬂ

f) is the barometric pressure in mm.

‘Z’: is the temperature in °C.

(770,7“,—1>x 100 = 88,0 x 760:606 (1 £ 0,003661 X 22.6
25141 1 # 251.1(1.049 - 0.0157 X 22.6) X 10°°

= 88,0 X 760,606 X 1,08274
251.1 X 1.000174

- 2880 %7
neglecting the term 1,000174 in the denominator

.(770)760_/>x 106 = 288.61
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Since the experimental accuracy to which AF is known is
only to the third significant figure, this term may be dropped and air
to this degree of approximation follows the ideal gas law. The formule
required then to reduce the refractive index to standard conditions of

temperature and pressure is

Moreo - 1) x 1P = (1;{,},_, ) x 1% x 760,606 (1 £ 0,003%61T )
P

The velue of the index of refraction found in thlis experiment for dry
eir under standard conditions is 1 # 288 x 10°. The velue quoted by

Essen and Froome is 1 / (288.15 - 0.1) x 1076, for dry air at 24,000

Mc/Sec.
The loss tangent is calculated from the formule
land = 1 - 1 « 2x1410 -2 x1390
Q filled Q evacuated 107 107
= 2x20 = 4 x10%

107
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Res. Freq.
evac,
cy./sec.

107 # 520
107 # 635
107 £ 455

107 # 580

Mean value lKe -1l x ld6 . 5787

The values shown for [a.. S

velues were obtained and at times the values were even slightly negative.

Res. Freq.
filled
cy./sec.

107 - 360
107 - 245

107 - 436

107 - 460

Summary of Experimental Results Dry Air.

(Ke - 1)
x1l

176.0
176.0
178.2

17740

(&
88.0

88.0

8%.1

8845

1 A
Q evsac, Q filled
2 x 3390 2 x 1410
107 107
2 x 1405 2 x 1420
107 107
2 x 1400 2 x 0
107 107
&X 1400 2 x 1420
107 107

G d

4 x 106
3 x 1076

4L X 10"6

L x 10"6

Pressure

mm, Hg

25101

250,0

25440

24840

temp,
09¢.

22,61

22,02

24e25

24475

Maximum Devistion = 2,7 x 100 = 0.4%
57847

28944

290,0

290,0

cannot be taken to indicate its actual value since occasionally much smaller

Ke - 1
(x°106 )

N.T.P,
57640

578.8

5800

58040

However it may be concluded that for

dry air at a pressure of 25 cms. of Mercury and a temperature of 22°C, the less tangent is less than 5 x 10‘6.

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

A
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II

Ii1

Summery of Measured Regults for n

The oxygen used for the measurements was of 99,98% purity as supplied by the Dominion Oxygen

Companye
Res. Freq. Res. Freg. (Ke = 1) (n - 3) 1 1 : Pressure temp. (n =1) (Ke - 1)
evace filled x 106 X 10% Q evace Q filled G5 mme Hge 0°c., x 10% x 106
cy./sec. cy./sec, NeTePe NoT+Pe
107 f 263 107 - 558  164.2 8241 2 x1390 2 x 2400 2.0 x 2076 260.0 274, 264 528
107 107
107 4 535 107 - 273 161.6 80.8  2x 1400 2 x 1410 2,0 x 1076 251.5 23.25 266 532
107 107
107 4773 107 =70 16846 8403 2x1380 2x1395 3.0 x 1076 262,5 23,00 2642 52845
107 107
107 £ 595 107 - 275 17, 87.0 2x1370 2x1380 2.0 x 107 272.1 25.71 266 531,5
107 107
Mean value 530 for [Ke-i] Meximum Deviation = 0,38%

The value obtained for /Z: 8 'here is also not sufficiently consistent to form a definite answer as
to its true value. It may be said however that /325 for dry oxygen is less than 5 x 10"6 when the pressure
is 25 cms. of Mercury and the temperature is 25°C. The values of (n = 1) and (Ke - 1) were reduced to stenderd

conditions using the ideal gas law.
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The carbon dioxide used was of 99¢5% or better purity as supplied by Liquid Carbonic Canadian.

Res. Freqe
evact,
cye/s6Ce

107 # 370
107 # 320
107 4 320

107 / 383

volume of the vacuum chamber F glass system must be known to use this equation.

Res. Freq.
filled
cy./sec.

107 - 625

107 - 645

107 - 324

107 - 518

Summary of Measured Results for Carbon Dioxide

(Ke =

x106

198

193
128,8

180,2

1)

- &S

(n=2) 1 __
xlO% Q evecs

995

9645

6led

90.1

Mean value (Ke ~ 1) 990.63

2 x 1370

107

Q filled mn. Hg.

2 x1380 2 x 1076 170,86

107

2 x 1§0 Zero
107

2x1395 3x10°
107

2x1385 1x106 155,78
7
10

160,01

113458

Pressure Temp,

o°c.

2375

2340

2340

23s5

Maximum deviation 0,44%

-1
(2 106)
NeTePe

4947

4975

49345

495¢5

Carbon dioxide deviates from the ideal gas law and Vn der Waal's equation must be used.

(Ke = 1)
x 106
NeToP,

98945

995
987

991

The

This was calculated to be

27.8 litres from the dimensions of the apparatus making allowances for the volume occupied by the cevity -

connection - tuning apparatus ete.

to convert (Ke - 1) is derived as followss=

Then using the constants given by Maas and Steacie the formula required
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(P £ 2o06)(V - 0.166) = ®  g.T,
R n

Where P is the pressure of CO, in atmosphere
VvV * ® yolume L ® litres = 27.8 litres
w % " mags t 0 " grams
m % " molecular weight of CO, in grams

R " % gag constant in litre = atmosphere

T temperature in degrees Absolute.

7.06 and 0,166 are the appropriate constants for Carbon Dioxide as given by
Maas and Steacie.c:239

Since (Ke = 1) depends on the number 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)
notogo = ﬂ - 1 - 0 ) x 223018 t t
o - 1) w2 P = 0,00914) 273.18

fe (Ke =1) =z (Ke -1) . 0,908 , (273.18 £ %
n.t. Pe measured 273.18 (P - 0000914

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

conducted and P is the pressure in atmospheres.
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Summary of

rimental Results for Arcon

The argon used was of 99.,92% purity as supplied by Dominion Oxygen Company.

Res. Freq.
2VaCe
cy./sec.

107 £ 438
107 £ 427
107 £ 327

107 # 327

Res. Freq.
£illed
cy./sece
107 - 438
107 - 418
107 - 605
107 - 495

(Ke = 1)
X 106

175.2

169.0

18644

16444

(n - 1) 1
x ld& Q evac.

8746

8.5

9342

8242

1
Q filled
2 x1390 2 x 1400 A2 x 107
10 107
2 1380 2x1380 0.0
107 107
2 x1395 2 x 1405 A2 x 107®
107 107
2x135 2x1390 A x107°
107 107

6
Mean value (Ke = 1)xie558,25

Pressure
mme Hge

258.90

251.30

275.46

243400

Meximum deviation 0.58%

Temp.
0%

23.01
23423

24405

2411

(n -1
x1
NeToPo

279.0

R77.5

280

280

(Ko 6"

NeToPo

558

555

560
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The messured values of (Ke - 1) for dry air and the gases
considered are consistent to within 0,6% in all cases. The results
being better in some cases. The consistency of these results gives
a very good illustration of the stability of the apparatus both with
respect to frequency end amplitude. The values obtained for the loss
tangent are not sufficiently consistent to give an experimental
value for this quantity but it may be deduced that the loss tangents

for all of these gases are less than 5 x 10'6.

A better way to express the consistency of the results than
by quoting the per cent consistency is to express it as f 5 perts
in 106. Conaistency expressed as a percentage 1s dependent upon the

value of (Ke = 1) whereas the figure Z.‘ 5 parts in lO6

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 C; factors. The ability to determine
the resonant frequency is not wholly dependent upon the frequency
stability of the generator. It depends also upon the amplitude
stability but even more so upon the sharpness of the resonance

curve, The sharper the curve the more accurately can the resonant

frequency be determined.
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CHAPTER _VII .

The Right Cylindrical Cavity and Vacuum Chamber operating in the

IMp12 mode at 2970 megacycles per second.

This cavity was constructed by Mr, V. Avarlaid of the Eaton
Electrenics Laboratory of McGill University. The cavity diesmeter is
104419 cms. with a tolerance of less than sl of a mm. in the total
length. The end pletes have a tolerance in flatness of less than

—ooco Of an inch. The cavity length may be adjusted by means of a
worm pinion drive operated through a flexible shaft from outside the
vacuum chember well. The minimum length of the cavity is 14.950 cms.
long the shcrter'section being 3.740 ems. long and the longer 11,210
cmss in length. The coupling holes in the centre of the end plates
are 3/32 inches in diameter end very fine wire probes which project
not more than a fraction of a2 mm. beyond the surface of the end

plate form the input and output probese

The TMy, cavity resonant at 2970 megacycles per second




(73)

Tuning Mechanism

Jacket

The TMpyo cavity assembled

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 4% inch inside diemeter tubing also of 1/
inch wall thickness. The inside dismeter of the jacket was machined
to 4 5/8 inches to gllow 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. Corrick of the
Mechanical Engineering Department. It was machined from a piece
of brass tube 6 1/8 inches inside dismeter and 1/4 inch wall thick-
ness. The vacuum chamber itself is 12 inches long and is provided
with two cover pletes machined from 1/2" brass plate. Siz steel
bolts 1/4 inch diemeter equally spaced about the circumference hold
the cover pletes securely on the vecuum chamber, tightly compressing

two M"neoprene" gaskets to provide a vacuum tight seal between end
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plates and side wall of the wvacuum chamber,

The Vacuum chamber for the TMgyy, 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 eleetrical
connections to the vacuum chember. A water jacket is also provided
to keep the wax seal between the cavity and ground glass joint dry.
These jackets consist of brass tubing fitted with a flange which
may be bolted to the vacuum chamber wall in such a way as to compress

a neoprene gasket making the arrangement wgﬁer tight.



Temperature controlled water bath for the TMyio 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 vacuun chember - which made it impossible to reach a pressure
much lower than one millimeter of Mercury, and quite impossible to hold
the pressure at a fixed value for any length of tims. After 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 wes passing over from the oil bath to the water bath
through the coaxial line. This was quite a rapid process and time was
lacking: to modify the output coaxial line from the finel klystron,

The oil leak plus the fact that the brass 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. Several
resonance curves however were obtained with the chamber evacuated to
10 microns and filled with air to about 25 cms., pressure. These
curves may be taken only as an indication of how the cavity was
operating and do not represent an accurate determination of the
dielectric congtant due to the impossibility of knowing the cavity
temperature accuretely. These resonance curves are given in the

following set of platese
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