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DEFINITORY NOTE

The term "Dissiv:stion Factor" hes been here used

thron hovt to denote that quantity which, »hen multiplied
by the current drzvm by &z given ssmple capacity zives the

in-ph=s=s, or loss, componesnt of the tofsl cvrrent. Tt is

thus the tenzent of the "loss angle" and for small losses

is therefors equzl to the gower factor of the dielectric.

4]

I+ has been c:21led to the asuthor's attention

that fthis definiftion is not in accord with genersl usasze,

To obt=in the guentity which is usvelly c=lled the "iissip-

i

z+ion Factor", the guanti ty here used should, in each case,

he m3ltiplied by the dizlectric constont of the miterisl
- R S o S -

te which the oiven diszs=i- “dion facotor vpertairs.,



‘1., INTRODUCTION

The growth of the radio art today is prineipally
in the diréction of the utilization of higher and higher
frequencies, The cry of "Lebensraum!" long familiar in
the_éommunication world is heard as often today as ever be-
fore, Room for more communication channels! Room for
higher fidelity transmission by wide band fregquency modu=~
lation! Room for high definition television - the monster
whose frequency spectrum extends from zero to many mega=
cycles per second! Room for these, and for many other
radio uses: room to be found only in the ultra high fre-
quencies, for above 100 megacycles the air is literally
free,

This expansion into the shorter wavelengths has
already gone far, Limited to frequencies below the highw=
est then in common use, radio of 1925 could have found
room on the alr for but one modern television channel, and
ir thaﬁ, then nothing else, By 1930 this number would have
risento three, Today four regular channels (each six megae
cycles wide} and many more experimental channels have been
set aside for television and the "space" they take is not
seriously missed,

However, the end is by no means yet in sight.



Today's dreasms are of thousands of megacycles: centimeter
Waves guided like fluid in pipes, or rediated into space
with optical directivity, as desired.

At the high frequencies even now in use, effects
negligible at low frequencies may dominate design. One
such effect which becomes of engineering importance is the
#loss" present in all dielectrics, At very low frequen=-
cies a dielectric may be deseribed in terms of its break=
down strength, dielectric constant, and leakage resistive
ity. At high frequencies the apparent resistivity may be
much less than at low frequencies. The difference is not
due to increased conductivity, but arises from the energy
lost by the rapid rotations of the dlelectric molecules in
the polarizing field. The measurement of this dielectrie
loss at a very high frequency and in many dielectrics has
been the objeect of the investigation to be here described.

This investigation of dielectric losses at a
frequency of one hundred megacycles per second was begun
by McEael)-in 1935«36, at which time the author assisted
with some of the work and became familiar with the problems
Mc Rae was successful in establishing the feasibility of
the basic method employed here, but very few actual re=-
sults were obtained, The project was then abandoned, and

when the author returned to the California Institute of



Technology in 1937, it was his intention to investigate
as a research sﬁbJect the propagation of 41 megacycle
radiation over the Mount Palomar =~ Pasadena path and to
correlate these observations with atmospheric conditions.,
This work was carried on with Doll in 1937~38, and the
results have been described by him?). However, by the end
of 1938, it was appareht that no significant developments
could be expected from & continuation of the measurements,
and it was decided to return to the original problem of
dielectric loss measurement: t0 bring this project to

some degree of completion., This was done during the
spring and summer of 1939,

Meny refinements of the original method emw
ployed by Mc Ree were introduced, and the mechanical ac=
curacy of the apparatus used was brought to a point where
accurate determinations of the losses in the newer ultra-

low=loss dielectrics were possible,



2¢ _THE METHOD

2.1 Fundamental Principles of all Methods

In all the many ways by which dielectric losses
cén be measured, but two fundamental principles are em-
ployed: either the energy lost in the dielectric is mea-
sured direectly, or elée the effect of this energy drain
on some assoclated electrical circuit is determined,

Methods by which the emergy loss is measured di~
rectly usually involve calorimetric determinations of the
rate of production of heat in the sample, and have been

employed successfully by Debye, and othersz)

, using liquid
samples, Because the liquid in this case may serve as its
own thermometer, the method is particularly applicable,
However, since in all dielectrics, the losses incregse very
nearly as the square of the polarizing field, it is ap=-
parent that if anything more than mere relative values of
loss are desired, it is necessary to know accurately the
polarizing field present with this method. This fact, plus
the difficulty of making asccurate calorimetric measurements
in the case of solid dielectrics and particularly those for
which the loss is small, make the method impractical for

meaguring just those materials which are of engineering ime

portance.



In the second class of methods: those in which
the effect of the loss on an associated electric circuit
is measufed, the fact that the loss in the dielectric ine
creases #ith the square of the polarizing field merely
means that at any given frequency this loss may be repre-
sented as a resistance independent of the applied voltage,
and either in shunt or in series with the capacitance of
the dielectric, depending upon which is more convenient,
The loss thus simply introduces another circuit element in
the form of a resis?ance.

At audio and low radio frequencies this equiva-
lent loss resistance associated with the dielectric may be
rather accurately measured by bridge methods., With ine
creasing frequency, however, the difficulties of making ace
curete dridge measurements become greater and greater until
at frequencies well below 100 megacycles the method becomes
hopeless.

Another method which suggests itself of measure
ing the equivalent resistance is to let this resistance be
as nearly as possible the only losg present in a resonant
eircuit of some form. Since the sharpness of the resonance
curve of any form of singly resonant circuit igs determined
golely and uniquely by the ratio of the resistance to ree
actance in the eircuit, it is evident that by measuring the

shape of the reéonance curve of a given circult with and



without the semple present, a very direct indication of
the loss in the sample may be obtained, This is essen=
tlally the method which has been used in the present work,
It avolds the serious drawbacks of the heating method with
its heat losses and the necessity for accurate voltage de-
termination, and of the bridge methods with their uncon=~
trollable effects of stray cepacity and shlelding defects,
without having, as far as the author has been able to de=

termine, any serlious fundamental limltations of its own.

2.2 The Present Method

Briefly the method may be described as follows.
A transmission line consisting of two coaxial conductors
is short circuited at both ends, one of the shorting rings
being movable and the other fixed. The line 1s supplied
with a constant voltage at the desired high frequency by
a very slight electromagnetic coupling at the fixed end.
At a point one quarter wavelength down the line from this
fixed end, the sample is introduced in such a fashion that
it bridges the gap between the inner and outer conductors
eand thus has applied to it the entire line voltage, which
is a maximum at that point.

The length of the remaining section of line is
then adjusted by means of the moveble short circuiting ring
until the line is brought into resonance, as indicated by



some détector designed to read either the voltage appear-
ing at the center of the line or the current at the movable
end. |

The short circuited transmission line is thus the
- resonant clircuit of this method and has the advantages of
having very low losses, and of being self shielding., Fure-
thermore, except for the sample and sample holder capacity
and loss it is entirely a distributed constant system and
is treated as such in the analysis, whereas any coil~con-
denser system would, although treated as a lumped constant
circulit, actually have distributed constants of indeter=-
minable magnitude as well,

Since variation of the frequency in order to
cover the resonance range would require a calibrated oscil-
lator of fantastic precision, the oscillator was allowed to
stabilize itself at some fixed frequency and the line
length was varied to pass through resonasnce., In the pre-
sent arrangement the detector device was arranged to read
the voltage at the center of the line, and this quantity
was recorded as a function of the line length. This repre-
sents a departure from Mc Rae‘'s method in whieh a thermo=
couple loop and galvanometer was used to measure the cure
rent at the movable end of the line, These two methods
both have their respective advantages and disadvantages to

be discussed later, The theory for the case in which the
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current at the movable end 1s the quantity read has al-

ready been given by Me Rael). The theory for the case in

which the

voltage at the quarter wavelength point is the

quantity read is given in the Appendices and will only be

summarized here.

- The assumptions upon which the thecry has been

developed

a)e

bl..

Cle

are few, but important, It has been assumed:
That nolhigher order modes of propagation exist
in the line. In spite of the fact that the pre-
sent line has a ratio of diameter to wavelength
about three times that used by Mc Rae, the pre=
sent ratio of about 1:40 is well under that re=-
quired for the higher modes to become rea14)a
The‘assumption is therefore justified,

That the sample and sample holder and detector
may be treated as lumped constants placed across
the line at the point indicated, This assump=-
tion is justifiable on the grounds that the
dimensions of these objects are very short come
pared with & wavelength, and that therefore the
only effect of the field modifications they pro=

‘duce is the introduction of some additional ade

‘mittance and susceptance across the line,

That certain higher order terms which arise in

expansions in the analysis may be neglected.



These cases are treated as they arise and

proved negligible in every case. (See Ap-
pendix 1),

Assumptions a) and b) are important because they
permit of a simple analysis based on four terminal ﬁetwork
theoryrrather than a much more complicated solution using
field theory. ‘Assumption ¢) is important because it per-
nits the solutioh to be reduced to a very much simpler

form than could otherwise be obtained.

2.3 Summary of Theory of Method

The first step in the analysis is the derivation
of the relation between the voltage measured at the sample
by the detector and the driving voltage, the line length

and the sample loss,

If we define KT such that

62 = KT 35

where e, = voltage across line at sample
ez = driving voltage supplied by coupling
eircuit,
Kp, the "transfer constant”, can be shown (See Appendix I)

to be very closely given by

1
BAL + §(A + 52)
S

Kp = (20)



@ 10 =

in which |
A = a term representing all losses present

in the line without a sample

sin® pl
e}
B = phase constant of line in radians per
unit length.
{4 = length at resonance of section of line
between sample and movable shorted end,

actual line length minus resonant length.

o &

= characteristic impedance of line,

2+
0
0

desired equivalent shunting resistance of
sample,

operator vwl

Code
]

Now it would be possible to determine directly the value of
M which makes

Fe

B
BM = (4 + ﬁg)
8
and hence reduces Ky to féz times its maximum value. Thus,
v 2 :
if the value of A which reduced the voltage at the center

to 70,71% of its meximum value were determined both with

the samplé in place and removed, R, could be calculated

s
~ from these data very simply. However, such a determination

rests upon the accuracy of only three readings of length
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and since these may be subject to slight statistical
variations, the method is not very accurate. This fact
was poiﬂted‘out by Mc_Rae;

| Another method of obtaining R, which involves as
- many points as desired is given in Appendix II., There it

is shown that

/ (Eg)-al = “*Eé%; = (constant) x A

A+q
RS

where ep = voltage at sample at resonance

e = voltage at sample in general,

Thus if / (=F) = 1 be plotted as a function of & (or of

4 itgelf) for all the observed values of e, the points
should lie on a straight line, which can therefore be
drawn in by visual least-sguare weighting. The slope of

this line, m, is then given by

ms=———-—§€—>
A+ gT
S

if a sample is present, and by
B
My =&

if no sample is present. From these two equations it is

eaSy‘to show that



"'12"

g = 2o _Tofs

2 . ’ (24)

This method of determining Ry, while more
labarious than the simple method first mentioned, has two
im@brtant advantages.' The fact that a great number of
points are used in the determination minimizes the chance
of error in the result due to the slight random error
which may be present in any single observation, Further-
more, the fact that over the range of variation of line
length used in measuring any sample, these points should
lie on a straight line when plotted as deseribed, permits
of an immediate check on the operation of the entire ap=
paratus, In other words, if all the observed points,
when plotted, obey the required straight line relationshimh
an entire class of errors: namely all those which would
cause departure of the points from linearity, and which
otherwise might be considered important, are automatically
proved negligible by the experiment itself. These sources
of error and many others will be discussed at some length
in a later section.

Having determined the magnitude of Ry for any
given sample, this may be translated into the effective
resistivity and/or dissipation factor of the dielectric



material itself provided the dimensions and/or capacity

.of the sample are/is known. This may be done by the re=

lations:
Ag
P =R
=3,
and
D.Fo -aa_l-R-
‘sttg
in which

Ay = area of sample (perpendicular to field)*

d; = thickness of sample (in direction of
field)*

@ = angular frequenéy of applied fielad

G, = sample capacity,

Both the effective resistivity and the dissipa=
tion factor have been calculated for all the dielectrics
which have been tested. The value of the sample capacity
C was in each case determined by two methods, the mechan-
ism of which will be more apparent when the procedure of
taking readings is discussed but which should be described
here.

The first method, which was always used merely

for a check or the results of the second, conslisted of

G e ax WS TGP WS G A W e G me W S as A AR AR A e W s We am B S W@ W e

*4 thin sample with two parallel, or nearly parallel plane
faces is assumed, ‘ _
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varying the spacing of the sample=holding condenser till,

without the sample present, resonance in the line was ob~-
| tained at the same line léngth as with the sample preéent.
From the two spacings of the sample condenser plates with
and without the sample present it is possible to calculate
an approximate value of the capacity of the sample., In
Appehdix:aII) this capacity~1s shown to be given ap~
proximately by:

=40 [1 (. %) 1] A
Cgq = [%; (l, i) E;: Clis , (292a)
where Ay = area of sample condenser plates

Ay = area of sample
d, = plate separation without sample
ds = plate separation with sample.
This, for the constants of the actual apparatus, reduces

to the convenient expression:
~ 11 | As) 1 |

In the second method the spacing of the sample
condenser plates is left equal to the thickness of the
sample and the line length required to again estahlish
resonancevwithout the sample present is then, as shown in

Appendix (IXIX), gliven by



w 15 =

L 1022 1 As.| uprd
Cs = |Zm (cot Bty - cot ﬁ%&) + E;.(Es) Hlads
(32a)

in which
- 4o = length of line from sample to movable
end with sample present
44 = length of line from sample to movable
end with sample absent.
This second method has been taken to be the more
accurate of the two for reasons to be discussed later. The

two methods gave in every case results in close agreement.

2.4 Sensitivity of Method

Obviously,,there will be & maximum value of the
equivalent sample resistivity, Ry, which can be measured
to some specified degree of accuracy. Neglecting all
other sources of error, it may be shown (See Appendix Iv)
that this limit is rather sharply estasblished by the losses
in the line itself and the accuracy with which the slopes
My, and mg, of the plots of the observed data can be de-

termined, This relationship is given by the expression:

( . )
Zax ) onms, (38b)

£l &

)
)
max )
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In which
#_ = characteristic impedance of line

AA = a term proportion to the line losses,

max X 100 = maximum permissible percentage error in
Rg
Bmo ‘
‘E;' ¥ 100 = meximum possible percentage error in
max

determining m  (and mg).

From this equation it is apparent that the sen-
sitivity of the method, i.e., its ability to measure sc-
curately very low loss samples is directly proportional
to the guantity

&

——

A L

Now as given in Appendix I,

olo B0
AP T TR ()

where:
a = attenuation constant of line
B = phase constant.
4o, 4z = line section lengths.
R{ = equivalent resistance present at center
of 1line by all other losses besides the

sample and those represented by a.

Therefore
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]
and we see that in order to make gf as large as possible,
%2 must be nmaximized and all "extraneous" losses due to
a
support insulation and measuring apparatus (proportional
EE) must be minimized, Termans) has shown that 2 g O is
a maximum when
b
‘5:"91.8
where
a = outer radius of inner conductor.

b = inner radius of outer conductor,

The conductor radius ratio of 9.2:1 is inconvenient for
ﬁachanical reasons. Fortunately, the maximum of %? at
this ratio of b to a is a very broad one, and the ratio
of §-= 4.8 which was actually used gives a value of %g
only 12% below the maximum value, In view of the fact
that the line losses were only about one half of the
total loss without a sample, hardly more than a 6% gain
could havé been expected, had the optimum ratio of radii

been used.

It is interesting to rewrite the sensitivity
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equatién by redefining our terms slightly. Thus we have

ﬁmoi
&R —_—
el £ ® | mOlmax
| &

A

(38¢c)

in which
| | Rg = equivalent resistance of loss in any
_sampie.
€ x 100 = maximum probable error of method {due to

inaccuracies in measuring mo, mg, only),

Substituting the values in this eqﬁation per-
taining to the apparatus used one finds that the maximum
probable error is approximately given by

lel <€ Rs
4 x 108

Thus an Ry of 40,0000 could be measured with a
probable error under 1%, an Ry of 400,0000 with an error
under 10% etc.,, the maximum probable error being propor=
tional to Rg.

At low values of Rg, such as presented by sam=
ples with bigh losses, this error due to the fundamental
sensitivity limitation of the method becomes negligible
and is masked by other stray errors such as are inherent

in\any’experimantal procedure, Variqus sources of these
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stray errors will}he discussed in the succeeding section
-but it should be mentioned here that the values in the
eolumns‘headed "Maximum Probable Error" in the tabulation
‘of resuits were computed by allowing 5% in addition to
100 x ¢, for the probable maximum error due to all these
other'sources. (The Maximum Probable Errors listed for
different samples of equal loss may not be the same, be~-
cause different Sized samples were used)s In view of the
consistency of the results obtained, this value of 5% is
believed to be conservative, but since in engineering ap-
plications, it is seldom necessary to know the dielectriec
loss to any greater degree of accuracy, the great amount
of analysis necessary in order to be certain of a closer

tolerance was felt to be unwarranted.

209 SoﬁrcesAof Error

As has been mentioned previously, all sources of
error present in the apparatus can be divided into two
classes: those which produce errors detectable in the data,
and thdse which produce errors for which no check exists,
The latter class we must prove negligible, The former
claess is shown to be ﬁegligible by the deta, but must be
considered, since as potential sources of error, the efe
fects involved impose certain requirements on the design

and mechanical accuracy of the equipment,



2,51 Sou;¢esfdf Detectable Errors

To be detectable, the error from any source nust
cause the experimental points taken to depart from a
straightlline relation when plotted as described in Section
2.3 and Appendix II, or the error must be such that it may
be féﬁnd by repeating the run. The principal sources of
_error for which this is true are discussed below, one by
one, |

a) Inaccuracies in measuring the small changes in

line length required to pass through resonance

could result in almost any kind of a non-linear
plot, from a random scattering of the points
above and below their proper positions, to a oy~
clic shift resulting in a wavy line instead of a
- straight one., Since in some of the runs the
variation in line length from one point to the
next was only O,1 mm, it was imperative that the
mechanism used be able to establish this interval
with an accuracy of at least 10% or 0,01 mm,
This is the same order of magnitude as the
expansion which can take place in the copper of
the line with large changes in room temperature
but this effect is largely balanced out as will
' pe explained later.
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b) Non~linearity in the response of the device used

c)

ay

as a detector (bere a vacuum tube voltmeter)

wonld cause the line passing through the observed
points when plotted, to have a different slope for

points near resonance than for points far from

- resonance. A marked Swcurvature would therefore

result in place of a straight line. The linearity
of the detector was checked by independent means,
thereby eliminating the poséibility of this error

compensating some other.

Extraneous coupling to the detector, would pro=-

duce a curvature in the plot of the data because
of the change of phase of the voltage at the cen-
ter of the line with respect to the stray coupled

- voltage as resonance is crogsed. That no such

coupling was present is evidenced by the fact that
the meter gave no deflection with the line de-

coupled from the feeding circuit and detuned.

Any changes in the losgses presgent in the line

which might occur during a run would of course

distort the data and be evident in the plotted re-

sults, Such changes could only occur due to

changes in the line temperature or variation in

the contact résistance of the sliding end short



e)

f)

ag‘ -

circuiting anﬁulus. Care was taken to eliminate
both of these sources, using methods to be de~-
scribed.

Since, particularly with low loss samples, the
readings are very violently dependent upon fre-
quency, it is essential that the frequency of
the source oscillator remain constant. With a
line length variation of only 0.007% between
successive points with certain samples, the fre-
quency variations should be held below 0.0005%.
This represents a stability in the oseillator
such that the drift not exceed two parts in ten
million, After a sufficient warm-up period, the
oscillator used was found to possess the required
stability, not with respect to an absolute fre-
quency value but with respect to the resonant
frequency of the line at any instant. What is
meant by this is explained in the section de~
seribing the oscillator. Fortunately frequency
drift is particularly easy to check, simply by
repeating the run. This was done in all cases
when believed warranted,

Two other sources of error involve the voltage

supplied to the line and have been analyzed by
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Mc Rael)., One is the reaction on the‘eoupling
circuit produced as the line is tuned through

" resonance, This effect is proved negligible if
thé current in the feeding circuit remains con-
stant throughout the run, The reaction of the
line on the coupling circuit might in turn pro=
duce a reaction on the oscillator and thus a fre-
guency shift as a function of line length about
resonance, even though no change be noticeable in
the magnitude of the current in the coupling cir-
cuit, This is especially likely inrview of the
high frequency stability required., However, in
the set-up actually used, both the coupling to
the oscillator and the coupling between the feed-

ing cirouit and line were so slight that no ef-
fect from this source was noticed.

As a matter of fact, no trouble was experienced
from any of the above mentioned sources - nor any others,
such as stray fields from the oscillator. Provided the
proper precautions were observed in taking the readings, the
points all were found to line on a straight line within the
limits of observetional error.

One effect 4id make itself manifest, an effect
which was very confusing. It was found that if a run were

teken with the feeding~circuit~to-line coupling reduced so



that thé voltage-at’feaonance at the centef of the line
was only about 5 volts peak value, it was impossible to
teke data which would plot up to be a straight line., In=
stead, a chafacteristie, broken about the resonant point,
would be obtained such that the slope was greater for line
lengths longer than the resonant length, than it was for
shorter line lengths., Tests were made whlich showed that
this effect was a function only of the voltage at the cen~
ter of the line at resonance and not of the degree of
coupling to the line (ordinarily less for low #oltages} or
of the load resistance in the detector ceircuit., Such a
test run is given in Section 4.2. While not definitely
proved, it may be that this effect was due to the electron
translit time in the diode detector tube causing the device
to present a réactanee dependent upon the applied voltage.
The effect was avoided by operating the line so that the

voltage at resonence was about 50 volts peak yvalue.

2,52 Sources éf Non=Detectable Errors
Most of the possible errors in the equipment used
belong in the previous or detectable class, There are &
few, however, for which no check exists. These are listed
below, |
a) Any change in the losses present in the line which

6ccurs between the time the sample run is taken



b)

¢,and the time ths no sample run is taken would not

show up in the results. Furthermore if this same
change in losses occurred each time the experiment
wasArepeated no indication of this error could
ever be obtained, Temperature changes ocould of
course bring about such a change in the line
losses, but this same change could not be expected
to ooccur each time. OCnly one alteration was made
in the line between each run with a sample and

the succeeding run without a sample., This was to

" adjust the spacing of the sample holding conden-

gser till its capacity was returned to the sane
value as with the sample present. By so doing,

the current distribution in the line was made very

Very nearly the same as with the sample present,

and as a direct result of this the line losses

should remain the same, The only place where any

change in the current distribution might occur is

~on the surface of the condenser plates themselves,

and this should represent a completely negligible
change in loss,

If the contact of the sample with the plates of
the sample holding condenser is not complete the
apparent equivalent resistance and the apparent

capacity (as measured) will be greater and less



than their true values respectively, due to the
effect of the air capacity thereby placed in
series with the sample., The observed resistivity
and.dielectric constant will therefore be in
error, The errors in the two are reciprocal,
however, and no error is introduced in the obe
served dissipation factor,
This source of error was eliminated as far as
possible by a specially designed sample holder.
¢} Conversely anything which causes an error in the
capacity determination alone will cause a similar
error in the dielectric constant and dissipation
factor, but no error in the resistivity. The me-
thod of capacity measurement has been deseribed
and 15 gquite accurate, except for possible changes
in the resonant length of the line and in the ap-
parent spacing of sample condenser plates due to
mechanical forces arising from the compression of
~the sample. The rigidity of the apparatus used
was great enough so that not more than a 2% error
should have been thus introduced.
We see that the undetectable sources of error are
comparatively few and small, and the method can be expected

to be quite accurate within the limits previously given.
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Let us now consider some of the salient features

of the apparatus actually used.



3, DESCRIPTION OF THE APPARATUS

The following section is a description of the ap-
paratus actually used in carrying out the method desceribed in
the previous section.

Before considgring the special details of each
component let us look at the arrangement of the assembly as
a whole in order that the function end location of each part
may be more essily remembered. Figure 1 is a block diagram
- of the entire apparatus which, as well as showing the func-
tional relationships of the various parts, is a fairly ac-
curate plan view of the room arrangement actually used. It
should be noted that all high frequency sources and leads
are completely shielded, and at all points where leads cross
the boundary between these shielded regions.and the outside
world, filters have been used. Because of the very high
frequencies involved this shielding and filtering presented
no special problems. Almost any conductor looks opaque to

a hundred'meg&eyeles.

3.1 The Resonant Line

The coaxial line used consisted of two copper
pipes about 6'6" long, the inner having an outer diameter
of 5/8" and the outer an inner diameter of 3". Both had a

wall thickness of 1/16". They were held in a coaxial
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position; at each énd byvthé short circuiting annuli, and
, in the center of the line by & Victron bridge (The tests
show polystyrene would be better).

The short-circuiting rings were made from annu=-
lar discs of brass 1/4" thick, At the inner and outer
cylindrical boundaries, short spring brass cylinders were
soldered. These cyiinders were turned thin except at the
free ends, and then slotted to form a number of spring
fingers lying on circles of nearly the same diameters as
those of the line conductors. (See Fig. 2)_ Finally the
entire piece was silver plated to increase the surface
conductivity.

Both of the short circuiting rings were movable
although one (at the inbut end) was adjusted till the sam-
ple and ?eak voltmeter were at a point truly one quarter
wévelength from the sending end, and then left fixed at
that adjustment.

The length of the line was adjusted by sliding
in and Gﬁt the short-circuiting ring forming the "receiving®
end of the line. To do this accurately, the ring was
mounted on one end of a brass tube with flanges on each end
(See Fig. 5). The other end of this tube was bolted to
the nut of a special lead screw mounted in a cradle which

. was securely clamped to the end of the outer line conductor.



FIGURE 3

SHORT CIRCUITING RING
MOUNTED ON DRAW TUBE
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(See Figﬁres 4a éndi4b)Q_ The pitech of this lesd screw was
1 millimeter, so that a dial on the end marked off in
twenty divisions permitted the adjustment of the line length
in steps‘cf 0.05 mm. By careful turning of the screw on an
aceurate‘lathe,vfollowed by long and tedious lapping of the
sereﬁ wiﬁh carborundum dust, then white lead, an accuracy
of 0.005 mm over tha required range of about 10 mm was ex-
ceeded at all points along the screw. In order to cover
the required range of line lengths used, two flanged tubes
were made having lengths differing by twenty centimeters.
This arrangement shortened the lead screw length necessary,
and thereby considerably facilitated its construction.
The change from one driving tube to the other could be
brought about in a few minutes and was seldom necessary.
The thrust of the lead screw was transmitted directly to
the eradle by & e¢ollar near one end. This collar was
turned at the same time as the screw itself so that the two
would be aceur&tely'eoaxial_in order to avoid cyelic error
which woﬁld be otherwise introduced if the plate ageinst
which this collar bore were not exactly plane and perpendi-
cular to the axis of the saraw.

‘As one of the first steps in the econstruction of
the line,‘the copper pipe which was to form the outer con-

ductor was cut intc two pleces one about 3' long, and to
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the two new endsfthus formed were soldered brass rings

- which were then turned so that their exposed faces were
plane, and perpendicular to axis of the tube. This
formed a very accurate flange joint separable at any
time by removing six serews. Access to the sample holder
and peak.voltmeter assembly inside the line was thereby
facilitated. The.joinﬁ was placed close to the sample
holder on the input end side so that the currents aecross
it were very small. The entire line was clamped firmly
in three wooden yokes mounted on a heavy board. Figure 5

shows the complete line and its mounting.

3.2 The Sampleyﬁolding Condenser

Because of the increased diameter of outer con-
ductor used in.the present line over that used by McRae,
it became féasible to employ a sample holding condenser
s0 constructed that the plates of the condenser and the
flat disc samples used were all contained inside the line
itself. This bas several advantages, among which are a
decreased loss due to the elimination of side connections,
and increased aceuracy due to the fact that the voltage
actually impressed upon the sample is definitely the po-
tential difference between the inside surface of the outer

conductor and the outside surface of the inner conductor.



FIGURE 5

COHNE
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Figure‘ﬁvis alseetion through the sample conden-
ser assembly as mounted in the line. The upper plate of
the esndénser is formed bf the ceapped end of a hollow
eylinder threaded and recessed to serew snugly into a
brass sleeve soldered in a hole in the line. This brass
sleeve was undercut in back of the internal threads and
then»slotted in the seme fashion as the short circuiting
ring eylinders. After silver plating both parts, the
fingers thus provided a tight, elastic, fit of the threads.
The lower plate is a disk shaped electrode mounted on &
boss on the inner conductor. A special feature of this
electrode was the flexible construction whiech permitted
it to align itself so as to lie flat against the lower
face of the sample when the upper face was flat against
the upper plate and the two faces were not parallel. This
was accomplished by recessing the back of the plate én&
soldering to the rim thus formed a tightly stretched sheet
of copper foil. To the center of this disc of foil was
also attached the small dise with a threaded hole which
screwed on the stud on the boss. This stud was allowed
t0 penetrate and contact the back of the plate itself so
that a firm point of support was established, about which
the plate could be rocked by distorting the foil backing.
High frequency currents to the plate must flow along the

cutside surface which accordingly was silver plated. Fig.7
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shows the components of the sample condenser before assem=-

bly and Figure 8, the complete condenser in place.

3.3 The Diode Detector

Also visible in Figure 8 is the diode detector
used to measure the voltage at the sample. This detector
consists of a special small diode with its plate connected
to the inner conductor just below the sample condenser,
and its cathode connected through a small capacity to the
inner surface of the outer conductor. Special features of
this diode were the absence of internal support insulation
and an extremely small element size and spacinge. The
cathode and heater leads were brought out through filter
sections to the supply treansformer, and a high resistance
voltmeter was éonnecteé between the external cathode lead
and the line. With a time constant in the load circuit
long compared with the period of the frequency being
measured, and with a voltmeter resistence high compared
with the internal resistance of the diode, the voltage
measured by the device is very mearly the peak impressed
voltage. As a result of this, the effective shunting ad-
mittance across the line due to the voltmeter is twice the
actual D.C. admittance of the meter. In parallel with
this, of course, are the admittance due to the capacity

and dielectric loss of the diode itself.
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A complete'échematic diagram of the detector is
given in Figure 9. The meter actually used was so sensi-
tive that the shunting.efféct of the admittance of its
multiplier resistances was negligible. The whole device
‘was checked for linearity by varying the current in the
feeding circuit, and for megnitude of reading (relatively
unimportant) at low frequencies, and found to be entirely

gsatisfactory.

3.4 The Input Coupling Circuit

Input voltagevto the line was secured by means
of a very slight magnetic coupling to & tuned circuit
driven by the oscillator. To achieve this coupling a slot
was cut in the outer conductor of the line right at the
short circuited input end, a slot 1/4" wide and about 2"
long to allow for length adjustment. One finger of the
short circuiting ring at that end was removed and the gap
thus formed was rotated so as to coincide with the slot.
A seecnd.slot in a long metal box was placed opposite
the slbﬁ in the line. Inside this box, which served as a
shield, was mounted a resonant circuit consisting of a pair
of parallel copper tubes terminated in a varieble tuning
- capacity at one end and a loop of heavy wire at the other.
See Figures 10 and 11l. A shielded twisted pair from a one

turn pickup coil, loosely coupled to the oscillator, was
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FIGURE 11

FEEDING CIRCUIT WITH LID REMOVED
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conneéted to this loop at two points so chosen that the

4 twisted pair was properly terminated. By tuning the cir-
cuit to resonance, a large current could be obtained in
the loop end. By introducing this loop into the slot in

' the line, a small part of the flux due to the circulating
current was allowed to link the inner conductor and thus
induce a voltage.effecﬁively in series with the short cir-
cuited end of the line. As a result of the low losses in
the line, a surprisingly small amount of coupling was suf-
ficient. With no sample present,'it was found that a volt-
age in excess of 100 volts could be obtained at the center
of the line at resonsnce, with the end of the loop not
even fully inside the slot.

Resonance in this tuned feeding circuit was in-
dicated by a thermocouple meter mounted in the 1lid of the
shield box and inductively coupled to the tuned circuit
(See FPigures 10 and 1l). This meter alsc served as a
check on the constancy of input to the line and on the re-
action of the line on the feeding cireuits. It was found
that this reaction was just noticeable with very high loss
semples requiring close coupling to the line to secure
enough input, but this reaction was not apperent in the re-

corded dates.
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3.5 The Frequency Source

. The frequency source used in the present work,
i.e., the oscillator and its associated power supply and
regulator did not differ materially from that used and
described by McRael). The same pieces of equipment were
used'énd only minor modifications in the wiring and ar-

rangement of parts were made. As a result, only a brief

description will be given here as a convenient reference.

351 The Oscillator

A schematic diagram of the oscillator is given
in Figure 12. The ecircuit consists of two Western Electric
Type 304A triodes in a conventional self biasing push-pull
connection. The resonant circuit to which the plates are
connected is tuned to present a slightly inductive react~
ence to the tubes, at the frequency of oscillation. 'Energy
is thus transferred into the grid circuit by the grid to
plate capacity of the tubes and drives the quarter wave=-
length resomnant line to whieh the grids are comnected.
This resonant line is the primary frequency controlling
element of the system and accounts for the freedom from
trouble due to frequency drifts arising from.temperature
changes. The required frequency stability of the oscillator
was seen in Section 2.51 (e) to be on the order of 0.0005%.

It may have oceurred to the reader that since copper expands
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0.0016% ber degrée'centigrade, it ;ould be necessary with
4 a constant oscillator frequency to hold the ambient tem~
perature variation to within 0.3° C. in order to avoid
errors due to change‘in the line length with temperature.
However, the stabllity requirement of 0.0005% is fixed
solely b& the sharpness of the line resonsnce, and it is
therefore only the frequency of the oscillator relative

to the resonant frequency of the line which must be held
this closely. The absolute frequency of the oscillator
can vary much more than 0.0005% provided the resonant fre-
quency of the line vary isochronously. By making the fre-
gueney controlling resonant line of the oscillator also
out of copper, this compensatory action was achieved.

Such compensation is only exact if the time constants as
well as the magnitude of the two counter-acting effects are
egual. Actually the time constants were not the same and
it was therefore necessary to avoid sudden temperature
changes. Figure 13 shows the complete oscillator with the

shielding case removed.

3.52 The Power Supply and Regulator
The plates of the oscillator tubes were supplied
with 750 volts from the output of a voltage regulator. The
input of this regulator in turn was supplied by a conven-

tional design full wave mercury vapor type rectifier and
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filter. This voltage of this supply was adjustable and
wag nommally set to deliver 850 volts at full load to the
regulator.

The voltage regulator was absolutely essential
to prevent changes in the oscillator frequency with
changes in the A.C. line voltage. The regulator alsoc
ser#ed as an additional filter on the power supply so
that the bum present in the output was less then 0.01 volt.
The reguletion when properly adjusted was within 1 volt
over long periods of time.

A circuit diesgram of the power supply and regu-

lator is given in Figure 14.
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4. PRELININARY TESTS AND ADJUSTMENTS

4.1 Tests of Components

Before any attempt was mede to use the apparatus
as a whole, many preliminary measurements and adjustments
were made on the individual components to insure their
proper working. The line length controlling mechanism
and its lead screw were checked in place by means of a
mierometer indicetor. The diode detector circuit and
associated meter were checked as to magnitude of readings,
and more especially as to the linearity of deflection,
by means of the laboratory standard equipment. With the
oscillator frequency roughly adjusted, end the device
drawing its normal plate current, the voltage regulator
was adjusted to operate in the middle portion of its con-
trol range with the line voltage at its average value.

The oscillator frequency was then adjusted by varying the
length of the resonant line in the grid circuit, until

the proper frequency was obtained with the shielding cover
in place. The frequency was measured with a Lecher Wire
system and the result pbtained was in close agreement with
the line length required (after allowing for the diode,
and Vietron bridge, and other stray capacity at the line

center).



With the oscillator in operation but with no
ecoupling to the line (which was detuned), a deflection was
first noticeable on the diode voltmeter meter. A slight
revision of the cireuit, to the final form given, and the
inclusion of more filtering in certain leads than was

ariginally used succeeded in eliminatiﬁg this effect.

4.2 Resonance Tests

After all these adjustments had been made, the
feeding circuit loop was brought near enough to the coup-
ling slot to give the desired rectified voltage at reson~
ance, and a series of runs was made to test the symmetry
of the line resonance under various operating conditioms.
The results of these test runs were extremely gratifying:
for with the éxception of those runs taken with an input
to the line so slight that the voltage at resonance was on

the order of only 5 volts, the plots of the rectified data

{#Qe/er)z -1 as a function of AL) showed no visible con-
sistent departure from strict linearity. A sample reson=-
anee run "curve" is shown in Fig. 15.

In Fig. 16, are given three curves representing
a controlled test of the effect at low resonance voltages
rentioned in Section 2.51. All three curves were taken
using the 5 volt multiplier resistance (Rg Fig. 9) in the

diode voltmeter circuit. As a result, the apparent line

e
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loss is higher than in Fig. 15. Curve A was taken with
the meter shunted so that full scale deflection occurred
with 50 volt peak voltage in the line instead of 5 volts.
The couplings between oscillator and pickup coil and be-
tween feeding circuit and line were those normally used
to obtain a 50 volt resonance in the line. Curve B was
takén by unshunting the neter and decreasing the oscilla-
tor to pickup coil coupling till the voltage at resonance
in the line was 5 volts. In Curve C, the oscillator to
pickup coil coupling was restored to its original value
and the feeding circuit to line coupling was reduced to
lower the resonance voltage again to 5 volts.

It will be noticed that both curves representing
5 volts at resonance in the line are substantially coin-
cident and show the same departure from the linear 50 volt
run, and that this departure is greater on one side of re-
sonance than on the other, namely for line lengths shorter
than the resonant length. (The slight separation of the
surves laterally was intentional, to avoid confusion). It
is this dissymmetry of the error which makes it so d4diffi-
cult to explain, and which makes even the transit time ex-
planation seem doubtful. With voltages at resonance of
25 volts or more the effect is no longer evident, and as a
result all sample measurements were made with a volt age at

resonance of between 40 and 50 volts peak in the line.
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5. OBSHERVATION, RECORDING, AND CONVERSION OF DATA

Ssl Method of Taking Readings

At the beginning of each series of tests on a
group of samples, a considerable warm up period was
'allowed.' The first sample was placed in the line, the
equipment turned on, and the line adjusted to resonance.
An interval of about twenty minutes was normally required
for thermal equilibrium to be established in the oscilla-
tor and the frequency to become stable. The line was
kept in resonance during this period as a check on the
frequency drift. When drift no longer became aspparent,
the feeding circult was agein adjusted to resonance.
Another ten minute period was then allowed to elapse during
which any further frequency drift was observed. If none
was found, the resonance curve was taken.

Readings were normally taken from a half maximum
value reading on one side of resonance, through resonance
t0 a half maximum value reading on the other side, with a
spacing éuch that a total of about twenty-five points was
read. To eliminate effects due to backlash of the short-
ing ring, the motion employed was always in the same direc-
tion. The deflection of the thermocouple meter indicating
the current in the feeding loop was observed at intervals

during the run to make sure no change or reaction occurred.

At the end of a run, the first few readings were rechecked
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to insure that no fréqueney drift, or other change, had
taken place during the run.

- The line was then resget at the resonant length,
and after recording the thickness as given by the micro-
meter scale on the sample condenser tube, the sample was
removed. The sample condenser cylinder was then replaced
andvscrewed in until resonance was reestablished with no
sample present, and the plate spacing required to do this
was also read from the micrometer scale. As this reson-
ance was approached it wes usually necessary to reduce
the feeding e¢ircuit to line coupling to keep the diode
voltmeter on scale. After making the resonance run with
no sample, the sample condenser plates were reset to the
thickness of the sample (but with no sample present) and
the line length required to reestablish resonance was re-
corded. With the recording of the sample dimensions and
other charscteristies, the run was completed.

During all tests the temperature of the room was
held to as nearly a constant value as possible. This made
it conveniént to make critical runs (on low loss samples)
at night when the temperature was fairly stable, with no
rapid fluctuations and therefore could be more easily con~
trolled.

' In addition té the initial warm-up periods at the

start of a series of tests, & ten or fifteen minute interval
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was allowed to elapse between successive runs, after
having introduced the next sample and having made all
necessary adjustments. This was done to allow the sample

itself to come to thermal equilibrium with its surroundings.

5.2 Sample Data Sheet

7 On the following page is reproduced as a typical
case, the data as recorded for the test of a sample of
cast Lucite. In the next sectioﬁ, this data will bé
treated, as an example, by the methods actually used to
determine the losses.

MATERJAL: Cast Lucite

AREA: Disc 3/4" ip Diameter
dg: 3.85 mm (Sample thickness)
gt 2.78 mm (Plate spacing for same capacity)
4ot 63.15 am (Resonant length with 4 = dg, no sample)
4 ey (with sample) &l e, (no sample)
.8 T 2l.l g T 22.6
603.0 22.7 604.0 24.5
2 24.6 ol 26.6
o4 26.6 2 29.0
N ] 28,9 B 31.9
8 3l.4 o4 34.8
604.0 34.1 «5 38.2
2 37.4 6 41.6
04 ‘ 3g05 9? 45.0
B 43.0 8 47.7
.8 45,0 9 48.9
605,.0 46.2 605.0 48.6
o2 46.1 ol 47.0
ok 44,7 2 44.0
& 4Z.2 D 40.1
«8 39.1 ok 3763
606.0 : 365 5 33.8
& 33.5 -6 307
o4 : 30.7 o7 28.3
B 285 8 25.7
«8 26.0 3 23.6
607.0 24.0 606.0 21.9

2 223 o1 20.5
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O.3 Conversion of Data - Example

5.31 Estimation of Resonance Reading

As a first step in the conversion of the ob-
served deta, it is necessary to estimate the diode volt-
meter reading at exact resonance with and withaut the
samplé pfesent, since ordinarily no observed points cor-
respond exactly to thié condition. This is best done by
Plotting on an enlarged scale the points near resonance.
By drawing a smooth curve through these points the mexi-
mum can be accurately estimated. Thus for the case of
cast Lucite one obtains:

Reading at resonance with sample = 46.3

Reading at resonance without sample = 49.0

Failure to estimate the reading at resonance
with sufficient accuracy produces & detectable error in
the plotted computed data whereby points which would other~
wise lie on a straight line, lie instead on two rectangular

half-hyperbolae as shown in Figure 17.

5.32 Computation of Equivalent Resistance of Sample
Using the resonance readings obtained by the
method described, the quantities cot és, and cot @o are

obtained by means of the relations:

cot b 4/?3
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Thus for the castancite, we obtain:

o 'f/ (46.3)2. 1
cot ¢S= (es)

J/ff49.0)2_ 1
cot Oy = v ( ey )

The results of these computations are tabulated below:

&; cot ®§A 4L cot ¢,
08 ”1095 9 '1093
60300 ‘1078 60400 -l.?S
02 '1060 cl ‘1055
4 "1042 2 "‘1036
06 ’1085 05 "1017
8 -1008 04 "’0099
60400 "009'2 05 ‘0080
2 "0073 06 "'0062
04: "0060 07 "0043
06 - "0.40 .8 "0025
08' "0024 09 “00 06
605.0 - .05 605.0 0.12
2 «10 1 0.30
Y 0.26 2 0.49
N 0.45 3 0.70
-8 0.63 o4 0.85
606.0 0.78 S 1.05
3 0.93 N l1.24
o4 1.13 7 l.41
) 1.28 .8 1.62
.8 1.47 o9 1.82
607.0 1.65 606.0 2.00
2 1.82 ol 2.17
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The above computed deata is then plotted as shown
in Figure 18, and the slopes of the "eurves" obtained
graphlically. We have, by this means:

My (slope without sample) = 18.55/cm

mgy (slope with sample) = 8,5%/cm
from which

ToMg

e = 15.8/cm

o - 15,/

Now for the present line, at the frequency used,

g = 1%3' radisns/em = 1.2 degrees/cm.

Therefore B4, = 1.2 x 60.5 = 72,.6°

This gives 5
sin® gdy = 0.910

and ‘
B = g = * = 2.30}(10-2 I‘ad./cm.
sin“gd, 150 x 0,910

Ry, the equivalent sample resistance is now determined

from the relation

Rg = %9 o ohms.

o, -
to be
g = 24 ohmx = x 15.8/cm
S 2.30 x 10 ® rad
R, = 64,500 ohms
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5.33 Computation of Sample Capacity
(a) The recorded sample thickness, and plate
spacing required to produce with no sample present the
same total sample condenser capacity are, respectively,

ds = 3,85 mm.
and dg = 2.80 mm.

The sample diameter is 3/4", while the sample platés are
1-1/2" in diemeter. Therefore the ratioc of sample area

A
to plate area Kf. = 1/4, and from the relation

(]
1 fl S% 1 wpfds
c% |4 { Ay T
S
c = 1 - -1 1
0.280 (1 ‘Z’ 0.385

114

1.65 pufds.

(b) The line length at resonance with the sample
present at the line center was 4y, = 60.51 cm. With the
sample plates at the same spacing but the sample absent,

the line length required for resonence was ig = 63.15 cme
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From the relation

1 12 A )
c, = ( 2 t BL, - cot BL' ) + == (:2) .
s 7 { oty (cot BL, - cot BL ) T () %unfds
we get
c. = { _10% )
8 | B xod (0.3135 = 0.2515) + 0.65 gpnfds.

Cqg = 1.70 pnpfds.

The two methods {(a) and (b) just illustrated for
finding the sample capacity were always in roughly the
agreement indicated here. The discrepancy was never more
than a few per cent, and was always greatest and in the
same direction for large thick samples of high dielectric
constants, since for these the edge effects in method
(a) were large. Since method (b) involves no edge effects
nor other serious approximations the result by this method

was always used.

5.34 Results for Cast Lucite

From the above calculations we have for casgt

Lucite:

1.
Dissipation Factor = D.F. = =5

D.Fo = 1
2¢ x10% x1.70 x10™

l%x@%ﬁﬁo

DeFe = (0,0145
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and
2
| A (3x(2.54))
Resistivity p = 35 R= (T8 ) 64.500
s 0.385 ’

p = 0.48 megohm - em.

The dielectric constant can also be calculeted by the

relation

A’O =
g = CS I; ds 1.70 x 4 x 0.385

L = 2.62

The values of the dielectric constant for the
various samples tested and as calculasted by this means

have been tabulated along with the loss results.
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6.2 Classification of Dielectrics as to Their Dissipation
Factors at 100 Megacycles

(a) Very High Loss D.F. > 0.1)

Material D.F,
Cast Bakelite 0.16
Catalan 0.15
Cellulose Nitrate 0,12
Koroseal 0.11

Ponderosa Pine
{along grain) 0,125

(b) High Loss (0.1 > D.F. > 0.01)

Material D.F.
Ordinary Bakelite 0.08
Beeswax 0.012
Cellulose Acetate 0.065
Lucite 0.0145
Pyranol Soaked Paper 0.080
Plexl ~Glass 0.0125
Redmenol 0.084

Ponderosa Pine
(across grain) 0.094

{c} Low Loss (0.0l > D.,F. > 0.001)

Material D.F,
Amber (natural) 0.0084

Low Loss Bakelite
(BM262) 0.0083

Pyrex Glass 0.00485
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Material | D.F.

Igolantite , 0.0037
Mica , 0,0027
Micalex 0.0025
Condenser Paper

' (dry) 0.0033
Rubber  (hard) ©.0090

(d) Ultra Low Loss (0.001 > D,F.)

Material D.F.
Ceresin Wax 0.00047
Paraffin 0.00013
Polystyrene

(XMS10023) 0.00040
Quartz {(fused, clear) 0,00005
Sulphur {yellow) 0.00035

{emorphous) 0.00049

Victron 0.00086
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7. DISCUSSION OF RESULTS

7.1 'Low'Loss Materials

One of the primary objectives of any investiga-
tion such as this is the discovery of those substances most
ideal'according to some definite criterion. Low loss is of
course the goal usually sought for in a dielectric for high
frequency application., (There are cases for which this
might not be true: cases in which it might be desirable to
introduce a loss proportionsl to frequency,'aﬁd thus, for
example, evade the loss-phase laws of ™minimum phase™ net-
works)., Exemination of the results shows that among the
samples tested, those having really low losses are few in
number, 'Quartz in its usual role as an exceptionai sub-
stance has the lowest loss of all though there appears at
present little reason to suppose that the loss it has is a
theoretical minimum, Paraffin, too, 1s seen to have very
little loss: roughly twice that of guartz. Next, and in
a group, come Ceresin wax, Polystyrene plastic, and sulphur,
all having Dissipation_Factors about 8 times that of quartz.
Last in this group of substances arbitrarily designated
"Ultrae Low Loss", is Victron, an earlier plaétic than

Polystyrene, and with a Dissipation Factor roughly twice

as great or about 8 x 1074,
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All of the above substances have Dissipation
Factors so low as normally to be negligible (with proper
mechanical design of parts) even at frequencies of 100
megacycles per sscond., However the sad fact remesins that
with the exception of quartz, none of the substances in
this groﬁp are capable’of withstanding high temperatures,
such as are involved in the construction and operation of
a vacuum tube. It 1s not until we drop to Dissipation
Factors ranging from 0.0025 to 0.005 that we begin to find
substances, refractory, yet capable of being worked. Prin-
cipal members of this group are Mica, and substances of
high mice content, the high grade porcelains such as
Isolantite, and the hard, high silica glasses such as
Pyrex and Nonex.

In view of the extremely low loss in quartz, it
would seem that the hard glasses should be a likely group
of substances with whieh to expesriment in an effort to de-
velop new, refractory, low loss dielectrics. OCne such
glass récently developed for other purposes is the new so-
called "shrunk-glass" in which the softer constituents of
an original cast glass piece are leached out by an etching
bath and ﬁhe remaining mass (nearly pure silica) is refired,
whereupon it shrinks to close up the interstices left after

etching and leave a final article of substantially pure



- 58 -

quartz. ‘This product should therefore have the low loss of
quartz in addition to a workability approaching that of the
ceramics. It was the éuthor's hope to be able to obtain a
sample of this "shrunk glass" for test, but at the time,

none was available from the manufacturer.*

7.2 Anomalies and Interesting Features in the Results

The reader may have noticed that the crystal
quartz showed a much higher loss and dielectric constant
than the fused quartz sample. In the author's opinion this
was due to the piezo-slectric effect in the erystal quartz
causing a reflected reactance and resistance to appear in
the eledtrical circuit gs a result of mechanical motion.
True, the frequency used was far from the frequency for
which the crystal was ground, but there are more modes of
vibration in crystals than there are styles in women's hats
and it is possible that one of these higher modes lay near
100 megacycles. This is not necessary, however, for even
without a nearby resonance an energy loss of the amount re-
quired can be accounted for,
| The anisotropic nature of wood was also apparent
from the results for Ponderosa Pine (Normal Bridge Physics

Laboratory Shop grade) which showed a higher loss when the

*Corning Glass Co,
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field acted along the grain than when it was applied across
the grain. This anisotropism in wood has been mentioned by
others in connection with conductivity measurements.6)
Incidentally, the absence of any definite correla-
tion between conductivity at low frequencies and loss at
high freQuencies is evidenced by the fact that while paraffin
is both a good insulatdr and a low loss dielectric, both
natural amber and Lucite which are better insulators have
rather high losses.,
While the measurement of dielectric properties is
hardly a suitable or adequate method of chemical analysis,
it is interesting to look at a few of the results in this
light. Thus the final properties of Lucite are seen to be
remarkably independent of its method of formation, while
the two samples of Victron, though visibly very different
were slectrically identical, While the loss in Vietron is
over twice as great as the loss in Polystyrene, the di-
electric constants as measured are seen to differ by less
than 1%. This confirms other evidence {elasticity, brittle-
ness, melting point, smell when hot etc.} of the molecular
gimilarity of the two substances, In fact it seems probable

that Viectron is merely impure Polystyrene.

7.3 Comparison of Results

The results obtained admit of very little com-

parison, as there is little other data available. Also the
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large amount of variatibn between samples of substances of
indefinite composition (as are porcelains, glasses etc.)
make such dsta as is avallable hard to compare directly.
Miller and SalzbergV) have published loss figures for a
number of substances among them Polystyrene, and quartz.

The Tfigures they quote are

D.F. €
Polystyrene 0,0006 245
Quartz 0.0004 3.5

The agreement with the present work is fair in
the case of Polystyrene but very poor in the case of
quartz, for which the loss quoted is 8 times as great as
that found by the author., This disagreement is in excess
of the maximum probable error by the present method for
the quartz semple, It is possible that there might be
this much variation in fused quartz as a result of in-
cluded impurities. (The sample used by the author was ex-
ceptionally pure and optically perfect.) A discussion of
the method used by Miller and Salzberg is given in Appendix
VI and some possible sources of error in their method are
mentioned., |

Among the other substances for which data up to
10 megacycles are given elsewhere, the agreement obtained

by extrapolaticn is as good as can be expected,
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8. SUGGESTED MODIFICATIONS, IMPROVEMENTS, AND
FULURE REOSEARCH USES.

It seldom happens that an investigator, having
concluded some research project, is completely satisfied
with the adequacy of his results, and with every detail
of the method and equipment used, It is always possible,
in retrospect, to find faults (secretly, or openly) with
the work, as it was done, and to suggest improvements
and further applications. This is not necessarily an un~
healthy symptom., Far from it. It may in fadt be argued
that it is out of just such unrest that the state of any
art advances, In this section, a comparison is first
made of the theoretical capabilities of the method with
actual capabiiities of the apparatus used, Two ways of
improving the sensitivity are suggested, and some sug-

gestions made for the use of the revised apparatus,

8.1 Comparison of Theoretical and Actual Sensitivity

AS has been pointed out, the sensitivity limit of
the present method of loss measurement is fixed by the
losses inherent in the line itself: were these halved, the
sensitivity would be doubled., The theoretical lower limit
for the losses in the line is the loss arising from the re-
sistance of the line conductors themselves, The loss to

be expected, were this the sole source, is calculated in



Appendix V, where it is shown that

ot =5 x 107% .

The actual loss is also readily calculable, for
example from Resonance Test #2, and was:
A = 12,6 x 10~%

Thus the liné losses can account for only about
40% of the total loss and the theoretical sensitivity of
the method with the line size used is roughly 2-1/2 times
the realized sensitivity.

8.2 Localization of Other Losses

Perhaps 10%, but hardly more, of the total loss
may have been due to increased resistance at the movable
end connections. Accordingly, about half of the total loss
with no sample present must be attributed to the diode de=-
tector and the Viectron support bridge at the center of the
line. Since, however, the Vietron bridge was so constructed
that the capacity it introduced was much less than 1 pp fd,
and since the Dissipation Factor of Victron is given by the
measurements as 0,00086, the loss introduced by this bridge
could not present an equivalent resistance across the line

6

of less than 2 x 10~ ohms, which corresponds to an "A" of

0.5 x 10~% or roughly 4% of the total loss, Apparently,

therefore, the diode detector is responsible for at least



45% of this total loss; The effective load placed across
the line by the meter multiplier resistance is equivalent
t0 a resistance one half as large or 5 x 106 ohms for the
50 volt scale, This and the presence of the by pass
condensers and insuleting sleeves inside the line (see
Figure 8) and the associated filter chokes outside the
line can perhaps claim another 5% of the total loss.
Around 35% then, must be due to the tube itself, This

is not surprising, although it is rather disheartening,

for the tube used was the best available at the time.

8.3 Origin, Msgnitude and Reduction of loss in the Diode

Since the diods was operated as a peak wltmeter,
with a load resistance very high compared with its plate
resistance (Rp:Rp > 1000:1), and since the spacing of the
tiny plate and cathode was only about 1 mm, the electronic
losses (including transit time effects) must have been but
a small portion of the tube's loss. The major portion is
easily accounted for by dielectric end resistance losses
in the glass bulb {on the inside surface of which was a
considerable film of magnesium “getter"), and by resistance
losses in the lead wires which had to carry the currents
due to the stray capacity of bulb and elements. A likely
equivalent circuit of the losses in the diode is therefore

that given in Figure 19(b) which at any particular frequency
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can be converted.to the equivalent circuit 19(c¢). It is to
be remembered in computing these losses that the tube had
epplied to it at all times the total radio frequency voltage
at the center of the line,

In the tube used, the capaclity was about 2.5 uu
fds, of which approximately 1.5 pu fds, was due to the glass
enveiope. Taking C = 1.5 up fds, and the Dissipation Factor
of the glass to be that found for Pyrex, we get

Ry = 215,000 ohms

With the leads to the tube 0,02 em in diameter and a total

of 2 cm long,
Ry, = 0.1 ohm
This proves negligible, and hence

R = 215,000 ohms

which is equivalent to an "A" of 4.4 x 10‘4, or roughly 35%
of the total loss, as expected. It is therefore possible
with entirely reasonable values 10 account for all the
"excess™ loss present in the actual line as constructed,
Since there was no internal support insulation
present in the diode used, and since the loss in the leads
was negligible, it seems that practically the only way to
reduce the tube's loss would be to redesign the glass en-

velope and construct it out of a lower loss glass, As to
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this redesign of the envelope, some benefit could be ex-
pected from a reduction in the wall thickness and in the
lead in wire size as both of these changes would reduce
the end to end bulb capacity. It is doubtful if the tube
loss could be reduced by more than 30% by this means. 4
greater.improvement could be obtained with a markedly
lowér—loss glass, and‘by the elimination of the getter
Tilm on the inside surface. By using all these means, it
should be possible to reduce the tube loss till it be less
than 10% of the total loss, in which case further improvew-
ment would be unwarranted,

There are of course other methods for measuring

the resonance in the line. McRael)

used a thermocouple
loop and galvanometer to read the current at the movable
end of the line. It should be equally feasible to use a
pilckup loop and amplifier, followed by a detector to do
this., However, while these schemes may have somewhat less
inherent loss than the simple method used by the author;
the addéd_complexity, and instability, and inconvenience
involved are potential sources of error which completely
negate any advantages they may have,

Assuming success in reducing the diode loss, it
would then be worthwhile to reduce some of the other losses
by such ﬁeané as silverplating the entire inside of the

line, and then lacquering all current carrying surface to
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which no contact need be made., By bending every effort to
loss reduction it should be possible to very nearly double
the sensitivity of the method over its present value,

It should be mentioned that since the losses in
- the present type of transmission line at the frequencies
used, or higher, are proportional to the square root of
freqﬁency (being contrblled by skin effect) and since the
loss in dielsctrics is proportional to nearly the first
power of frequency, the potentialities of the method are

the greater the higher the frequency used,

B.4 BSuggestions for Further Investigations

As well as for making continued measurements on
many other deserving dielectries, there are other applica=-
tions for which the apparatus is equally well suited. By
constructing an additional, and very simple lower sample
condenser plate in the form of a shallow cup, it would be
possible to make loss measurements equally easily on liquid
samples such as oils.

Series of runs could also be made to determine
the variation of the dielectric loss with temperature in
various substances,

The measurement of the dielectric constants of

other solids, liquids, and even gases is a possibility.
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By bridging the line at the semple condenser lo-
cation with the proper elements of a vacuum tube, it should
be possible to determine the admittance looking into these
elements and thus provide an experimental check on transit
time theorys).

These are a few of the uses which suggest them-
selvés, uses for which‘the present apparatus could well be

used now that it has been constructed.
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9., CONCLUSION AND SUMMARY

_ A method, based upon an earlier one used by
McRael), has been developed for the measurement of di-
eleotric losses and constants at ultra high frequencies.
A large number of samples have been successfully tested
by ﬁhe method at a fréquency of one hundred megacycles
per second, and the results of these measurements are
given, The theory of the method is presented and the
theoretical limitations considered. Means for attaining

very nearly the maximum sensitivity set by these limita-

tions are suggested.
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APPENDIX I

SENDING END~TO«MIDPOINT TRANSFER CONSTANT

Under the assumptions mentioned in Section 2.2,
the resonant coaxial line used may be treated by the ordin-
ary transmigsion line theory., We shall find it convenient,
in the analysis, to break the line up into three sections
each of which can be considered as a four terminal network,

These sections are shown in the schematic diagram below:

Section
Fﬁ——~ Section three ————b4~e—-tw0 -’4-?——~ Section one — 3=

O O
1g—= g~ h—
. . B3 |cC .
ag o b 1 10;

T v

AzsBz,Cz,Dz BosBo,Co,Dp Ay5F1501,Dq

Fig. 20

Section 1 is that part of the line lying between
the sample condenser and the movable short circuited end

of the line. Section 2 1s simply the shunt admittances of

% and joC representing the sample and holder and detector,
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Section 3 is the‘quarter wavelength long section from the
 semple condenser to the short circuited input end. The
voltage and current and impedance looking into each section
as well as the constants thereof (with the exception of the
uhdenoted R, and C) are denoted by a subseript which is
thah'of the section in which they liee

We desire to know the voltage at the center of
the line, ep, as a function of the line parameters &l, R,
and C, with ez, the input voltage, held constant.

By four~terminel network theory, we have:
o1 = 4180 - Bylg g

(1)

By
e, = 0, 80 By = 5; (1a)
e, = (A3jAp+C1Bp) eg + (BjAp+DiBpli, g (2)
BjAs+D1B
e, = 0, 50 By = P2 12 (2a)
B1C2+D;Dp
o5 = [Az(A145+01Bg) + Bz(a)Cp*C1Dy)]eg

+ [Ag(Byag*D1By) + By(B1Cp*D1Dp) 1,

(3)

)
)
)
)
)
13 = [0.3(&1324‘0132) + 95(5102*01])2)]30 ;
)
)

+ [C3(B1Ao*D3Bg) + Dz(B3Ca%D3Dg) i,
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e =0 80 % ; A5(31A2¥D132)*‘Bs(Blcl*DIDZ)
o B ©3(B1ag*D1By) + D3(B101#D1D3)

(3a)

e
Let us now define Kp = ;E « Then we have from equations
3

" (2), (2a) and (3):

ez BiAgtDiBy
ez  Ag(BjAp*D1Bp) + By(B)0p#DDz)

'KT='

Kp = 1
B1Co+D1Dg
1B 2

S BiAy+D, B,

Kp = e (4)

Referring back to Figure 20, we see that:

Ay = cosh €, Ay = 1 Ag = cosh O3

By = B, sinh 0 Bg = 0 Bz = 3, sinh 83
N s-é-‘;_sinh &) Cp =2+ JuC Css-é';sinh 03

Dy = cosh @, D2 = 1 Dy = cosh €z

where 3, = characteristic impedance of line.
© = hyperbolic propagation angle.
Substituting the appropriate quantities in equation

(2a), we get
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B, = B, sinh 63

B, sinh 6q (% + JwC) + cosh 6y

L.l,y 1
- "F*t JuC + (5)
Z, R 2, tanh 0,
By
Equation (5) is obvious directly since %, = 5= = B, tanh 67
1
Equation (5) now becomes:
Kp = S— (6)

"1 sinh 63
osh Oz +.-2 sinh O4 + + Cc
cosh 63 *= 3%3 oy JwC B, sinh Oy

Now .
o1 7 ety jB&l% (7)
6p = aty + Jplp)

where : a = attenuation constant of line

p = phase constant of line,

and so, by trigonometric reduction, we may write:

1 n o 1= j coth afjy cot Biy
= O = - n
tenh 6, ° 1" {coth alq = § cot Bly)

1~ J coth aly cot iy

coth &) =
1 cotn aly (1= J tanh aly cot pl4)

tanh ol [1+ cot®ply « j{coth oly = tanh aly) cot pi;]

goth &= .
1 + tanh@ad; cotlply
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But since a%l-<< 10"2 %
) (8)
)
)

we may safely neglect tanhawﬁl cotzﬁ%l with respect to unity.
We then have (remembering that 1 + cot®x = csc®x and that

1 « tanh®y = sech®y) the relation

tanh oty cot By

coth @, = J
1 sin? B,y cosh® alq

Again because of relations (8), we may safely reduce this to

G‘?/l
coth 07 =

- § cot pL (9)
sin® [34’/1 .

Also

%
cosh 3 =cosh alg cos(f +8) + J sinh ol sin(z + 8)

sinh 6z = sinh olg cos(-g-rﬁ-) + J cosh oly sin(-% + 3) (10)

where 5 1s a small angle v}hich may arise as a result of the
section of line, &5, not being an exact quarter wavelength
long. Silnce
alg << 1072 )
b<l )

equations (10) reduce to:

cosh 83 = jloly + J sin s);

(11)
sinh 05 = J )
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Substituting the‘quantities given by equations (9) and (11)

into our expression for Kq, we get:

1
Ky =
2 L
a)z,3+.§°. + - “21 +J(sin 8+ wC Bg =~ o0t %1ﬂ
sin B&]_
- 1 (12)
Rp+ JQp

Because of the relative magnitudes of the quasntie-
ties involved in the above expression can be still further
simplified. Let us compute these quantities for the present
line and at both extremes of the expected range of sample
resistance.

For the line used

B, = 94 ohms
@ = 3.3 x 10°6/om

R 3
B 15 rad/om

as shown in appendix V. Since plg = %, 45 = 75 cm, and
therefore

obg = 2.5 x 107 .
Iet us assume a 1" diameter sample, 1/8" thick, and for

which € = 6. In this case,

Cg = 865 ppFd.
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allowing 2.5 ppFd for the tube capacity, and about 5 ppFd
for stray capacity we find

C = 16 ppfds.
This higher than average value is accurate enough for the
" present purpose, since variations in it will not affect the
validity of our approximations, as we shall see. Neglecte

ing'sin 5 for the moment, we see that in order to make Kq

real,
cot By = b B, = 1,0
~ 5
B’E’l ‘ 45° = z
Therefore sin®ply = 0.5
and Ll = 37,5 cme

Depending on the sample R may be expected to lie anywhere
between about 5000 ohms and 200,000 ohms (the upper limit
being fixed by the voltmeter and support assembly). Hence
we find by addition

oy = 2.5 x 1074

&
5x 1074 < §-°- < 200 x 10™4
that
0/?11

= 245 x 1074
sin®gdy -

1073 & Rp <2 x 102
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Thus (since JKq = ) anywhere from a 50 to a 1000

O S—
Rp ¥ Jar
fold rise in voltage can be expected with ¢p = 0. "Reson=~
ance" will be indicated when jKp is a maximum., Inasmuch as
Rp = £(41), the condition for resonance is not exactly
that for which &p = 0; but, as we shall ses, the difference
is negligible-'

Let 4, be defined such that

cot B, = wC By + sin & (13)

Then in general, we may write 4; = &, + Al and therefore,

by taylor's series:

cot Bllgral) = cot Blg - sﬁfﬁg& . :::;230 (B2L)Z+ o o » (14)
(o) (o

thisglves for JKgp

anIo” l
alboral) | 4 . Bof Ly BAb oot Plo (nua, ..
sin23(£°+&%) R sin®pl, sin2pl,

taking the lower extreme of 0,02 for Ry, we see that JKo
is reduced to the 70.71% value when

‘ aooogs._gé'?’ ..‘00133/?10(&&)21_...
or sin®pl,  sin?pl, P

which, for the case assumed (C = 16 ppfds) gives
gal = 0,01
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The omission of all terms in the expansion of a
power of (BAL) greater than the first can introduce an error

of 1% at most, and is therefore permissible., We then have

1

JKp (15)

(a(tgrad)

pad
fsmzswomu

sinzﬁ«f,o

Zo)
+a&3+-§2%~j

Again, by Taylor's series:

a{d +al) alo , 1= Blo cot Blo
sin®p(Lgral) sin®pl, sin®pl

(QM)'P ¢ o o (16)

& r, + BT,

Ir we let BAL = 0,02 to get the maximum variation in Ry
from one 70,71% point to the other, we get:

1e2 (%)

—— 2. (3.2 x 1076)(0,02) = - 7.3 x 107

by = =575

Phis is less than 0.001% of Rp. The varietion is, as a

matter of fact, even less for fly > £, and zero when

Z'
ply oot Bl = % e As s result we can neglect all changes
in Ry over the resonance range, ag predicted, and write

simply

Y S - N abg + 20)
sin®pl {8in?pl )
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In the actual arrangement

ol

-1 .1
L
wherse

Ry = effective resistance of sample

Ro = gffective resistance of all loss at line

center with no sample

Therefore, 1f we let

o ad -3

AS 0 by v 2 (18)
sin®plg Ry

B & —b (19)
sin2$&°

We may write

’KT = l (20)

B + jgﬂ + ?-9; |
Rg

The quantity "A" is seen to be a quantity which includes
all the loss present in the line without a sample and with
&l‘LO' and ocan be determined experimentally by taking such
a rune.

The method used to determine A and Rg from the
experimental data is given in Appendix 1Il.



APPENDIX II
CONVERSION OF DATA

In Appendix I we saw that

Kp = —— (20)
BAL + J(A + £2)
8

Writing this in polar form, we have:

Kp = 1Kl [b = L —_— 14 (21)
/32Mz+ (4 + 202
RS

where ¢ = cot™t <BAL
' Bo

A+ ==
Rg
Thus if cot ¢ be plotted as a function of M., the result

should be a straight line having a slope, m, given by

m= - cot § . B
& 2o

A+
S

(22)

o

It

H
]

®= slope without sample present

s
H

2 slope with sample present



. ' : B
we see that my, = I
B
and ‘mg = _—_TE;
A + 5
Rg
from which A= g%- (23)
By 2o Mmomg
and R, ® s T e e (24)

in which B® __ B

In order to determine Rg by this method there~
fore, it is necessary to know the slopes m,, and mg, found
by plotting cot ® as a function of M (or 44).

If we let

KTR # value of Kp at resonance,

we see from equation (21) that
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= cot
By b
A+ —
But
. 2
a (r)
(=) -1 (25}
where e, ™ voltage read on diode detector at resonance
e = voltage read on diode detector at any point.
So that

2
cot § = ./%25% -1 (26)

and in order to fimd m,, Or mg, it is merely necessary to

convert the appropriate data by the above equation, plot

cot 0 as a function of M (or %l) and measure the slope.
The sample resistance is then given by equation

(24).
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APPENDIX ITT

DEVELOPMENT OF SAMPLE CAPACITY FORMULARE

Method a)

Consider the parallel plate sample condenser be-
tween the plates of which is a slab of dielectric, small
enough so that no portion extends to the edges of the

plates. By the parallel plate capacity equation, then:

(Ao -4y
( 4:3:&5

«Q
-t

+ Cg + Cog cm (27)

where c total capacity at line center

(@]
]

capacity of dielectric

excess stray capacity at line center

plate area in em?

Q
Q
]

-
L]

= dielectric area in cma

&

dS = dielectric thickness - plate spacing in cm

By removing the dielectric, the plate spacing may be de-

creased till the capacity is again the same., Then:

(_fo
(4xd°

. cog om (28)

d, = plate spacing for same capacity with no

sample present.



Therefore from equations (27) and (28)

. {a Ag = Ag)
s . §4xdo dxdg g - (29)
A A
| ~8 11 (%)
or Cq - w E;‘ (l ) & cm {29a)
A
~ (s 1 { Ag) 1
WL eeseat—- —— l - onn— .
Cg = (.60 130 ~ ¢ i) s wrfds {29p)
For the apparatus used:
A £{0.,75 x 2.54)2
Eos)ﬂ =5 rca n =1 cnm pllfds
and theiefore
~11 Ag) 1
Cg = |== = ,1 =~ ==, = [unfds {30)
S ldy A,) dg

The method 1s approximate because of the pres-

ence of edge effects around the parallel plate condenser,

Method b)

From equation (13) (Appendix I} we have (with
C in farads):



cot B4, = wC &, + sin B (13)

If we let C* = capacity (in farads) of sample condenser
without dielectric present but at plate
speeing of dg

&5 = resonant length (of 11) under these con-
- ditions.
Then cot 84 = w&y (C* + C,) + sin § (21)

Subtracting from equation (13):
cot 84, - cot BLY = wB, (C=Ct=s,)

But
Al A 1 )

C= (C_+C.+-2.8 ) fareds
§ 70 4ndg gxioll)

Ao 1

Ct =
4xdg g x 1011

farads

where
A; = effective area of sample condenser plates
including edge effects.

Hence

CmGY =G %c %5 L % farad
° 4xdg g y 1011




Substituting, we get:

( A )
Co = (=L {cot 84 wmoot B4') +—8 L ) fraraas (32)
[

(w2, ° e 4xdg g x1011)

 This expression is exact since there are no edge effects
around the boundary of Ag, provided this boundary is well
inside the boundary of A,, as specified. For the appara=-

tus used, equation (32) reduces to

(1012 v, . (#g) 1)
(Cizo {cot B‘ffo-cot ﬁ'f/o) + (Ki-) E'S-g ppfds {32a)

Cg =
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APPENDIX IV

- BASIC SENSITIVITY OF THE METHOD

We have seen (Appendix II) that the equivalent

resistance of the sample, R, is given by

m
B OmS

Dy = Mg

o
Rg ='§- {24)

In which

% . = characteristic impedance of line

f._B
2
sin®pl

B = phase constant of line
&o = length of section 1 of line at resonance
m_ = slope of plotted data without sample
m, = slope of plotted data with sample
In practice it is only possible to determine m, and‘ms
within a certaln maximum probable error, and a correspond-

ing error may thus be present in Rg. Quantitatively:

SRy dRg
SRS = é‘f“m'; 51!10 + -a-E; 51!13
_ 5 E(mo'ms)ms = ollg S + (mo-mg)my + momg 8 ;
%Ry = 3 E (mg=mg) 2 o (mg=12g) Mg g

which reduces to
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2 .
g, m,"dmg - mg28m,

5R, = = (33)
Dividing through by Ry, we get
2
SRy _ my~dmg = mg®m,
Rg mmg(mg - mg)
m (8ms) -m (5m0)
o(—g.) s{-g.)
8Rg _ 8 o
Ry (my ~ mg) (34)
8m8 Smo
This expression is largest when o~ and are of oppo-
8

site sign; in other words, if one slope is estimated too

large, and the other too small. Thus

pm Sm,
my |— + ng|—
BR, s’ max Tolmax
5 = (35)
8 Imax I, = Mg
: Bms Sm,,
where 100 |— and 100 |— are the maximum probable
8 |max Mo I max

percentage errors in estimating mg and m,. For given

Sm bm.
— - > equation (30) is the greater,
s

values of and

the nearer m approaches m,.



If we define:

L\msmo-ms

RS

£ =

max

we may rewrite equation (30) thus:

( , Sm
e = o (|S0s s (14 =2
fm (| Bglpax ~0 0
As mg »m,, -%-3-’0, and we have
an {| Bgimax mg{max )
and accordingly
PR i S L I
€ {| ®glmax Mo|max )

But from equation (24)

m‘_.,3 (1 - 1%)

N

. 0
Rs B Am

and again as m_ - m,, we have

-]

Zmz
R 3 =2 2.
8§ B /m

(36)

(37)
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Combining equations (31) and (32) we get

A )
R =.-9. £
S B % bmo dmg }
(| ®o|lmax | Ds|max %
but since from Appendix II,
B
A= =
I,
we may write
By | )
Rsalg% .2 ; (38)
120l 1

Now this expression has been developed for the case when the
loss is low and therefore for Dg Q'mo. In this case it 1s

reasonable to assume that

Bmo| | Bmg
o{max Mgimax
and hence that:
Ry = 20 2 (38a)
A &
0
2
Olmax

Thus we have a relation between the maximum

probable error in reading the slopes m, and m_, the sample

sf
resistance and the error in the result.,
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APPENDIX V

CALCULATION OF LINE CONSTANTS

a) Characteristic Impedance,

Since in the line used, the resistance and leak-
age were negligibly small compared with the inductive re-
actance and capacitive susceptance, we have for the char-

acteristic impedance of the line Zo,

B, =

)

where

A = inductance per unit length
I’ = capacitance per unit length

b _ -9 b henries
now A=Zulog-é- {2 x 10 )uloga o
€ farads

E
2 log% (18 x 10%1) log.‘al cm

Hence
. ; b
2o = 60 /% log g ohus.
v

For the present line, p = 1, ¢ = 1, -3- = 4,8 and we get

%o = 94 ohms

b) Phase constant of Line, B.
In a transnission line with negligible dissipa=-

tion, the velocity of propagation is given by
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where
e = velocity of light
p = permeability of medium

¢ = dieleetric constant of medium,

In our case therefore

vac = )\
where ) = wavelength
f = frequency
But g = %f, 80
=2t _w
BP=%" "%
Since w = 2x x 108 rad/sec

¢ = 3 x 1010 am/sec
rad
we get B = ——5 om °
¢) Attenuation constant of line, a.
The loop resistance of a copper coaxial line at

high frequencies is very nearlys):

-9 ohms
R, = 41.6 /F (2 + §) x 107° 222

where & = outer radius of inner conductor in am,

b = inner radius of outer conductor in cm,
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and the attenuation constant is given by

For the present line:

Ry, = 41.6 x 10° x 3227
Ry, = 62.1 x 10~° ohms/cm,

and thus

_ 62,1 x 107°
& x 94

= 5.3 x 10~%/em.
For the whole line therefore

ad = a (2,1 + 1,5) =g X150 = 5 x lO"4
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APPENDIX VI
METHOD USED BY'MILLER AND SALZBERG

_ A method of measuring admittances at ultra high
frequencies, and one which also makes use of a tuned trans-
mission line, has been described by Miller and Salzberél).
In their method a two wire transmission line considerably
less than a quarter wavelength long was used; one end of
the line being short circuited and the other loaded with
the sample condenser and sample., aAcross the "open"
(condenser) end was a vacuum tube voltmeter.

To measure a sample, a reading of the voltmeter
was first made with the sample in place and the line tuned
t0 resonance. The sample was then removed and the line was
again tuned to resonance by the terminal capacity, but with
a calibrated (?) resistor shunting the line at some point
such that the same reading was again obtained on the vacuum
tube voitmeter. From the position on the line of the re-
sistor felative to the short-circuited end, and from the
value of the resistance used, the equivalent resistance of
the sample was computéd by a simple relation,

This method, though convenient, has, in the
author's opinion, several notable disadvantages., First:

becausé of a fundamental sensitivity limitation imposed by
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the losses in the line itself (similar to that derived in
-Appendix IV) and the fact that these losses are higher on

& two-wire line {due to radiation), the method is inherent-
ly less sensitive than that used by the author., Second:
being unshielded, the apparatus used is more susceptidble to
errors due to stray capacities and couplings. Third: the
measurements rest upon the validity of but two observations,
and hence all the errors which may affect a single reading
are not eliminated. Fourth: Fiféh, and perhaps most ime
portent, the current distribution in the line 1ltself is not
the same with and without the sample as a result of the
stray capacity and loss present in the "standard” resistor
placed across the line at an intermediate point. The ef-
fect of this change in current distribution is in such a
direction as to alter the loss contributed by the line
itself, between the sample and no-sample runs, Thié, and
the other effects listed, could be expected to introduce

an error into the results obtained by thls method: an error
large for low loss samples.

In addition the method is not absolute, as it
depends upon the accuracy of the standard rgsistor with
respect to which all measurements are made, and e standard
resistance accurate at ultra high frequencies is difficult

to obtain.
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