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ABSTRACT

An X-band microwave bridge-interferometer is constructed for measuring
the permittivity of soiids. Using‘simple theory, the system is first tested
with several materials of known permittivity (e.g. ertalon, plexiglas and
teflon). It is found that the results agreed well with published data for
lossy materials only. Loss factors of very low-loss materials are irregular
rather than linear with the sample lengths as is expected. This is due
to the fact that the usual'simple theory neglects internal mu1£ip1e
reflections whfch.are prédominant“inside Tow-Toss materials. The problem
does not exist in lossy materials because the transmitted signal is
sufficiently dissipated through one traverse of the sample. Theoretical
correction for lTow-loss materials is made but is found too tedious to be
used. On the other hand, multiple-reflection effects could be eliminated
if the samples are cut exactly to multiples of half-wavelengths. Samples of
arbitrary lengths have to be used first to obtain a preliminary measurement
of the real part of the permittivity which is related to the wavelength
of the Sampie'by a simple equation. Fine adjustment of the klystron frequency
is also made to ensure minimum reflections by the samples.

The precision method is then employed to study the dielectric properties
of pure polystyrene and polystyrene doped with diluted amounts (0.1~ 2.0%)
of polar molecules (viz. 8-Quinolinol) at various temperatures (20°-80°C).

It is anticipated that the new data obtained here will provide useful
information for the study of dielectric relaxation mechanisms in these

substances.



1. Introduction

For weak fields in most materials, the electromagnetic
field equations are ]inear. and the properties of the substance
relevant to the study of these equations are completely specified
by ¢ and u for the given material as shown by Montgomery (1966).
These constants are uSua]]y separated into real and imaginary
parts:

e' + ie"

€ e'(1 + Ztan 68) = eo§;(1 + itan §)

u "".‘-7:11" ‘

]
=
=

U

where u; ¥ 1 in most non-magnetic materials. The quantity tan 6
is cai]ed the']oss tangent; It éﬁua]s the ratio of the power
dissfpatéd td thg powerlstored'perHcycie and 1is thus_a measure
of the energy 1ost.in the form of heét_when ah electromagnetic
Wave is-propégate& fhrdhgh the_material; “fhe dimensionless
quantity €00 is simply the dielectric constant relative to free
space. Since:.

€, = 8.854185 x 10“12 F/m = dielectric constant of free space
and

ME 4r x 10~/ henry/m = permeability of free space

it is clear that the quantities ¢/ and tan G»May be used to

specify the properties of host linear, non-magnetic materials.
The micorwave interferometer has‘long'been used to

measure dielectric broperfies of materials, especially in the

1iqu1d'state as given by Harvey (1963). However, techniques



involved in using this method vary according to the specimens
to be measured. Generally the interferometer method is satis-
factory due to its simb]icity both in theory and experiment.
It is especially suitable for measuring medium- to highéloss
dielectric materials because the signal transmitted by the first
surface of the dielectric is sufficiently dissipated in one
traverse of the sample rather than being multiply reflected.
In very low-loss dielectrics the opposite situation occurs,
much of the signal is unattenuated, resulting in multiple
reflections in fhe dielectric. By using-simple theory the
resultant dissipation factor, tan-6~is thus higher than
expected, and it is necessary to provide either an elaborate
theoretical correction to the simple formula usually employed
in'interpreting'meaSUremehts made with the interferometer

or seek an extension of the experiméntal'method to achieve
accurate results for the dissipation in low-loss media.

In Part‘I of'this'thesfs an X -'band interferometer is
constructed for measuring the pérmittiﬁify of solids. The usual
theory neglects internal, mu1tip1e re?]ecfions and for plane
samples leads to a transmission coefficient:

7= ei(k' -Akg)d . e-k"d (i)

where k = k' + ik" is the propagation constant in the dielectric
filled guide, kg that in the empty guide and 4 the length of
(4

the sample. Since k is related to'the permittivity, ep = ¢," + ier'

through:



' 27,2 Aoy 2 .
2 - — - —
k (7\0 € (A ) (11)

where 1o and A, are the free space and cut-off wavelengths,
respectively, €,' and e,” are given in terms of the measured

phase shift, & (radians) and attentuation, o (db) by:

J Aoy2 |, Ag (8 2 ado 12 . (A0y?
1- G+ Gren) - Grgmmg ) * )

’

Er, = Ac
(iii)
ne _0lo 'J _ (Aoy? L Ao (8 .
e “aetena| V- 5) tg (HZEn) (iv)

where n = integer. Using materials of knowﬁ permittivity, the
measured values agreed wei] with published data only for Tossy
dielectrics (gg., érfalqn); but for véky Tow-1oss materials
(eg.,Ateflon,‘plekiglaﬁ) measured losses were two or three
orders of magnitude’higher than the accepted values. There
were two reasons for this discrepancy:

(a) Formula (i) neglects multiple reflections. This

approximation is acceptabTe for IQSéy materials , |

but for low-loss dielectrics mu]tipie reflections

must be taken into account leading to the exact

formula (see § 3):

2ikd (v)

where Rg is the reflection coefficient at normal
incidence of an unbounded semi-infinite slab of

the_d1e1ectric.



(b) The theory also assumes there is a single
incident and refiected wave from the first face
of the sample, and a single transmitted wave from
the second. Although every effort was made to
establish these conditions (see s 2), reflections
(V'S'W-R-=~1-1) from bofh the generator-end and
the detector end of the sample arm were always

present.

To overcome both difficulties (a) and (b), the reflection
"coefficient of the sample was reduced to as low a value as
possible by’first making a preliminary measurement of

€, usihg érbitr&ry sample Iengtﬁsfand emp1o&1hg (i) and (iii).
Next the samples were cut to an‘%htegkaT‘ndmber of half-
wavelengths (in the dielectric filléd guide). With d = mA/2
(m = integer), (G) reduces to (i); and (11{)'and (iv) apply
exactly. Employing fine tuning of the klystron, new measure-
ment on“ha]f—wavelength samples lead to ¢} and ¢, for teflon
and-plexiglas in good agreement with published data. As
app11ed’to erta1on;»half-wavélength measurements lead to no
significant fmbrovements over those for samp1e$ of arbitrary
length.

Part II of this thesis émpIdys the precision method
developed in Part I to study solid, low-loss materials of
unknown permittivity. Here we are interested in polystyrene
containing dilute amounts (0.1 ~ 2.0 %) of polar molecules;
viz, 8 - Quinolinol. The technique for fabricating samples
is discussed in § 9 and the results of measurement of e  and

en at various temperatures (20° - 80°) are given in s 11.



It is anticipated that the new information obtained here at X -

band frequencies will eventually be correlated with measurements

from other microwave bands and with existing r.f. and low-frequency
data to obtain complete, temperaturé - dependent dispersion curves for

these substances.



PART 1

The Microwave Interferometer for Measuring Dielectric Properties of

Solids



2.  Apparatus

(a) The‘Interferometer

The microwave éystem used here is called a bridge-inter-
ferometer in that the output from a signal generator is divided
equally into the two arms of a waveguide bkidge. One arm
contains the sample under test, the other (the‘reference arm)'
a precision phase shifter and an attenuator. These instruments
are adjusted to givg balance and the difference in readings due
“to the;presence of,fhe sample are measured directly. Hence

e, = ei' + iei" may be calculated.

A block diagram of the interferometer is shown in Figure 1.
Electromagnetic radiation is geherated by a klystron which is
energized by the Klystron Power Supply. This power source
provides a regulated, d-c, adjustable voltage for operation of
the beam electrode of the kiystron. It also provides VOItage
for the operation of the reflector electrode. A fan ié
necessary here to cool and stablize the temperature of the
klystron. The reflector output is modulated by an internally-
generated 1000-cycle square wave. The signal propagates along

‘a rectangular waveguide in the TEO’1 mode. An isolator is
placed next to the klystron to prevent reflections from reaching
the klystron and thereby affecting the output frequency. The
variable attenuator which follows adjusts the level of energy
flowing to the rest of the system. The directional coupler is

connected to the fréquency meter as shown. The latter, in
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connection with a crystal detector and a microammeter, measures
the frequency of the wave signal. This is done by tuning the
wavemeter until the microammeter shows a sudden drop 6f curreﬁt--r
indicating the cavity to be in resonance. Next a magic-tee splits
the output of the maih signal into two arms. One arm passes
through a variable attenuator followed by the Standing Wave
Ratio Indicator and then the samp]e;.the reference arm incorporates
a calibrated rotatory vane attenuator and a précision phase
shifter. Isolators are placed at the two ends of both arms to
prevent reflections. The signals from the two arms are recombined
by another magic-tee and pass to a crystal detector and an
osci]]oscope 6n‘which a square wave could be observed. By ad-
justing the preciSibn phase shifter and attenuator the square
wave could bé reduced to a straight line indicating the bridge
to be balanced. A matched load is attached to the third arm
of each magic-tee to absorb the power passing into that arm.
Because of the low power of the source (25 m.w.), the
oscilloscope had insufficient sensitivity, and a lock-in
amplifier was used ‘here as a null detector in parallel with
the oscilloscope. The main feature of this instrument is that
it can measure very weak signals (sensiti?ity 1 uV) which are
"buried in noise". The reference signal required by the
amplifier is obtained from the synchronized output of the
Klystron Power Supply.
"Finally, the sample holder is temperature controlled by

a heat bath which encloses it.
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(b) The Sample Holder and Heat Bath

The sample holder was constructed as follows: Two pieces
of brass were soldered to the side walls of the waveguide as
shown in Figure 2. The‘top of the soldered piece was then milled
off (Figure 2b) and replaced by a rectangular piece of brass.
Holes weré,then drilled through the cover to each of the soldered
and tapped.bkass side bars. The alignment of the holes is
such that the screwﬁ could be inserted only if the hole positions
between the cover and the guide are matched (Figure 2e). In
order that~the pressure between the two pieces be consistent
every time the holder is reassembled, the éover'and the washers
were marked--the washers being soldered to the bolt heads.

The heat bath is constructed of a 4"-diameter brass cylinder
wrapped with layers of asbestos. Between the layers, a length
of nichrome wire was coiled and the two ends of the wire were
connected to a variable'transfdrmer {variac). The ends of the
cylinder were closed by asbestos windows through which a thermo-

meter could be inserted (Figure 3).



brass bars .

(a)

brass cover

v

Vo) ’T

(c)

dotted portion milled

(b)

vi Voo v

(d)

Y

(e)

Figure 2. Procedures of making the sample holder.
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3. Theory of the Interferometer for Plane Samples

E

. A '
0s Mys 2 Z €s Y, Z €05 Hos Zg
A Z A
R, —temf S —%o o
: B / B
y 4 , 2
' 0. d
Figure 4.

Assuming that the guide is operated in the TE, ; mode,

the electric field has a sinusoidal distribution in the y -

direction, thus according to Fuller (1947),

X

B, = B (0t * hgr) i 1

where a is‘the width of the guide and kg is the propagation

constant in the waveguide in vacuum.

Referring to Figure 4, the electric and magnetic fields

of the wave incident on a plane sample of dielectric of length

d are: :
- i(wt + k z) s MY
Ei Aoe g S‘n a
A . ,
H. = =2 et(wt * kgz) sin T
1 a
Zo

For the reflected wave, the fields at z

) - B i(wt - kypz) Yy
Lr(o) Boe 9”7 sin pe

. oo ilwt - k 2) (i Ty
Hr(o) = — g g~ sin %

Z
0

o are:



and from the second face (z = 4) the fields of the transmitted

wave are:

Et(d) c, e(wt + kgz) sin gg

c_ .
#,(d) = Zo 2wt * kga) gy, b

Z
)

‘Inside the dielectric slab, the transmitted wave from the
first plane and the reflected wave from the second plane are

respectively:

Et(o) = Ae t(wt + k3) sin gy_

A ilwt+ kz) _. STy
Ht(o) 5 € sin %,

: - -i(wt.-kz) . TY
Er(d) Be sin

N =B t(wt - kz) _: Wy
Hp(d) 5 € sin °& .

The constants Ao, Bo§,A, B, and C, in the above equations are
the amp1itudes of the waves; zé and Z are the characteristic
impedences of the empty guide and the dielectric filled guide
respectively, and kg and k ‘are the propagation constants of
the corresponding waves.

The total fields in the different regions are therefore

as follows:

14



For z < o

ik, 2 -tkgz Twt . ™
| g ' Yy
Aoe g” + Boe e sin (a )

E’ =
©
=1 ik z _ -ik 2 Tt (s Ty
Hy 7 [Aoe g Bee 9 ] e sin (a )
For o £ 25 ¢4
E = Aezkz + Be-tkg ] ezmt'sin(EyJ
x : a
=1 1kz -tkz | Zwt_ s (Y
Hy 7 [%e - Be ]a S1n(a )

and for z > 4

_ ikgz | twt . m
E, = [Coe g ]e sin (la )
21 ik z| twt _. Ty
HQ 2;-[?°e g.]e sin (a )

The reflectibn coefficient, R and transmission coefficient,

T, of the dielectric slab are defined as follows:
A, A,

The electromagnetic fields satisfy certain boundary conditions
as shown by Bronwell (1947). One of these requires that the
tangential components of electric intensity are continuous across
the boundary. ‘Another states that the tangential component of
the magnetic intensity is equal to the surface current density.

In all cases, except that of a perfect conductor, the surface
density is zéro, and the tangential magnetic intensities are

continuous. Applying these conditions at the boundaries, we

15



have for z = o,

A +B =A+B (1)
o] o]
ZO
4, - B, =5 (4-5) (2)
and for z = 4,
aetkd 4 pomtkd o coeikgd (3)
actkd _ ptkd -g—- coe"kgd (4)
(o]
Eliminating c, from (3) and (4) gives
cr g mrra T . Y
Ae"’kd+ ‘Be ikd _ -Z-()-(Aetkd - Be 'Lkd)
and by rearranging terms,
Z ' . . Z -
(1- 72 4+ (1429 575 < o
so that
A Z + 2Z .
— = o (—2 ) (5)
B 2 -2
(o]
The quantity
z - Zo
R, = (6)
Z+ 2z

is the reflection coefficient of a semi-infinite dielectric
slab inside the waveguide as defined by Wheeler (1963).

Therefore (5) becomes using (6)

22kd
— = -Re
p w ) (7)

16



Adding and substracting (1) and (2) gives

2o 2oy
28, = 4(1 - 32) + B(1 + 32)

A

ZO ZO

2‘40 =A(1+-—Z—-) +B(1"Z_)
Therefore;

fg._ AlZ - zo) + B(Z + zo)

A A(z + zo) + B(Z - zo)

R_ +
1+ =R - (8)

oo

T PR

Substituting (7) into (8) gives the reflection coefficient of

the sample:

R=—=p - 9
a, 71 - B

Note in (9) that as d ~ », R + R,.
To obtain the transmission coefficient, add and subtract

(3) and (4) to give:

c Z . :
4= 52 (14 )t kg - k)
(o]
% z .
B =52 (1 - —)etlkg * KM

o

and since from (1),

17



A+B=A°+Bo

Ao(l + R)

it follows that :

c Z z . P
A(1+R)-= 53- (1+—) + (1 - —)e2kd otlkg - K)d
© Z
o -0
that is
Co . 201 + )oK = Kg)d

4, (1 - Re?*)(1 + 2
ZO

But from (9), the definition of R, it is seen that:

R - Rwezikd
5, 1+ .

1+R __ _ 1 - R3 2%Kd
i- Rmezikd : 1 - RweZ‘l:kd

(1 +R,) - R (1+ Rm)e’*ikd

(1 - RmeZikd)(l -'R£62ikd)

1+R_
1 - RzeZikd"

Therefore (10) becomes

14



2(1 + Ra)et (K = Kg)d

4, (1+Z9(1 - B2
0

but:
2(1 +r :
_f___7r32.= 1 - (A= Z0y% - g . g2
1+ 35— Z + 2, |

o]

so (11) becomes,

c 1 - R2
T=—0= < )
4 1 - R22tkd

ei(k - kg)d

o}

For R2 << 1, (as usually the case for most dielectrics),

(12) becomes:

T ez(k - kg)d
(1! A
r s G- K o

where k, a complex quantity, is defined as k = k' + ik".
Since (13) is a good approximation for the case of small
reflection coefficient R,, it will be used here initially
instead of (12). The result (13) is the usual formula

employed in interpreting interferometer measurements. It

(11)

(12)

(13)

19



can be understood by saying that the wave is shifted through
a phase (k' - kg) + 2nm where n is any integer, and attenuated

: N /]
by an amount e k d.

Essentially, (13) is the result that
would be obtained had multiple reflections inside the dielectric
been ignored. The phase shift is expressed in radians and
the attenuation in nepers. The more common unit of attenuation,

however, is the decibel. 1 neper = 8.686 decibels. Hence,

o = (k' - kg)d + 2nm  (radian)
a = f20'10910|T| (db)

8.686 k"d (@) . (14)

We are now in-a position to relate 6 and o to the
dielectric constant €, =-s; + ie;‘.» Usihg the -wave equation,

eg., Barnes (1965):

where k,, the propagation constant in unbounded dielectric is
given by kX, = w/ue, we substitute the definition for Z, inside

the dielectric slab into the wave equation, resulting in:

o,
k2 = k2 - ()

wue - (3 (15)

20



2l

2
Notice that k = o if w2ue = (g) or:

. 2ty _ 27 _ w
w/ue = 3 p

"where v = is the phase velocity in the dielectric. That

__1__
Ve
is, cutoff occurs at a wave]ength Ao = 2a. MWavelengths greater

than Aa are evanescent. Since,

2 = 2, - 2 = (=
ko wépe W HGEQE,, (
Ao

(15) becomes

2 = (% 2[6,. -"(%'2')2]

Separating this last result into real and imaginary parts,

k'2 = k"2 4+ 24k'K" = ( ) (e + Zegt)- ( ) (—Q)

we find e, and e;-exp1icitly as:

™
L

w2 - e (32 + (gy° (16)

-
-~
|

. \
= 2k'k"(32) . (17)

Solving (14) for k' and k" we obtain:

k' = 6 + 2nmw + %
d
o

k" = 576884



and substituting these into (16) and (17) give:

cc

- | Ao 9 2nn " Ao alo 2042
o T [ 1- ]2 (358 686na 6861rd) )
(18)
- ro(0 % 2nw) _ (hoy? alo
2 [ zma ¢ WG ] 8.6861d (19)
where
2n Ao
Ag =7 = e T (20)
g
kg A1 -,(fﬁ)

is the wavelength in the empty waveguide.

As a check of (18) and (19), let Ag = o in (20) -- which

implies that A, goes to infinity as would be the case were

the dielectric unbounded. (18) and (19) become:

a2
'"Z-Ein)‘*‘l
e J

[
n
L
>
o
—
<D

- ‘ oAO )2
2x8.686nd

e" . [2000 1. a0
g ortn) + 1) 560Ea

(21)

(22)

and (21) and (22) are identical to those for an unbounded

dielectric slab derived by Frood (1964).
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4. Preliminary Measurements and Results on Samples with Known
Dielectric Properties

The behaviour of the apparatus discussed in § 2 was tested
by using plane samples of known dielectric:properties; viz.,
teflon, plexiglas and ertalon.

Samples of a'given material are cut into different lengths
and fitted into the waveguidé in different combinations. Different
readings of phase shift and attenuation are noted. The "zero
point" readings are also noted with the waveguide empty. The
difference between the former and the latter gives the phése
shift and attenuation of the sample.

The free space wavé1ength, Ao, used in (18) and (19) was
found by the relation Ao‘=7c°/f where ¢ is the speed of light
in vacuum and f the frequency shown by using the slotted line
which gives the wavelength of the signal in the waveguide, xg.
These two wavelengths, 1, and Ag fit're]étion (20).

In the present measurements, the distance between the sample
and the source must remain constant as the sample length is
increased. A linear plot of attenuation and phase shift
against sample length is required for satisfactory and
sensible ‘interpretation of the results of the measurements.

Using the approximate formula (13), ertalon was found to

have a room temperature dielectric constant of 3.40 + 0.6% and

a loss tangent of 0.0217 + 2.7% at 8.64 GHz. Although we have



no exact reference as to its dielectric properties, these results
are comparéble with those found in the Johnston Industrial Plastics
(1970). Furthermore, a plot of ¢ and o versus sample length (see
Figure 5) are staight lines within experimental errors.

Again using (13) the dielectric constants of teflon and
plexiglas were found to be 1.97 + 1.5% and 2.54 + 1.8% respectively
at 9.547 GHz. These result§ are extremely close to the published
results as shown by Von Hippe] (1954). The phase shifts due to
the samples are also found to be linear with length as shown
in Figure 6. However, the calculated loss'tangents for both
samples are very much higher than expected. These values are
not accurate since, as shown in Table 1, the losses appear to
be highTy non-Tinear with the sample Tength. "In fact, the
attentuations were found to be fluctuating with mfnima occurred
at approximatéTy regular intervals of length (Figure 7).

The reason for the unsatisfactorily results with respect
to loss measurements is beIieved to be due to the fact that
both teflon ahd plexiglas are very low-loss materials; much of
the signal traﬁsmitted by the first face of the dielectric
was unattenuated rather than being dissipated as heat, resulting
in multiple reflections in the dielectric and the inapplicability
of equation (13). This being the case, some correction has to
be made for low-loss materiais--either theoretically or experi-

mentally.



PHASE SHIFT IN DEGREES
ATTENUATION IN DB.

LENGTH OF ERTALON IN CM,

Figure 5. Phase shift and attenuation of ertalon as a function
of sample length.

PHASE SHIFT ‘IN DEGREES

LENGTH OF SAMPLE IN CM.

Figure 6. Phase shifts of teflon and plexig]as as a function
of sample length.
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5. Correction for Low-Loss Materials

(a) Theoretical Improvements

In 5 3, The equations for e; and e; were derived by ignoring
R2 compared to unity, so that (11) would be written in the simple
form (13). However, if multiple reflections are to be taken
into account, corrections to equations (18) and (19) may be required.
For simplicity, consider very small losses so0 that R, is
practically real, and also R2 << 1. The objective here is to
put (12) into the form
r = |7|e*® (23)
to get the phase shift and attenuation. (12) could be written

in the following form,

.— 2 . . | " » . _ - )
1 R& e?z(k' kg)d k"d (24)
- R%eZik'de-Zk"d

1

Since B2 << 1, the first factor may be written as

1 - RE s - B2 2,24k 'd - 2k"d)
T tkia - %+ (1 A1y Rde

ok

(1 - &2) '[1 + R2(cos2k'd + © sin2k 'd)e'Zk"d]

ol

_oLn
[1 - R2(1 - o 2K"deosor1q) ]

-2k'"d

+[? R2e sin2k'd]

ca



where terms containing R were dropped. Letting now

1 - BR2(1 - & 2" cosord)

Q
I

-2k"d

b = B2 o 2K"d ginokrg

the first factor may then be written as

L a b
a+ ib = (a? + b2)* Tt T —1
(a? + b2)% (a2 + b2)*
= (a2 + p2)% - OB
b b

where tan g Pl Since in general is small (because RZ << 1),

the following approximations can be made: 8 = g-%'b, also

a

(a2 + b2)15 $ q since a2 >> b2, and the first factor of (23)

becomes
ac®? = |1 - RZ (1 - ¢ 2" cosorrq) ei(Rz;’e—Zk"d sin2k'd)
so that (23) becomes
7| = b.- A2 (1 - o2k"d cosZk'd)] ek (25)
6. = (k' - kg)d + Rge'Zk"d sin2k'd + 2nm . (26)

The attenuation in db is thus

Q
f

-20. V4
20_1oglo| |

8.686k"d - 8.686 in [1 - B2 (1 - 2k Coszk,d)]



" %.s.sse[k"d + R2(1 - o 2K"d

cos2k'd )] . (27)

The results (26) and (27) should replace (14) as a better approxi-
mation when R2 is taken into account. However, it is now difficult
to solve for k' and k" explicitly in order to.find e; and e;.

Having regard to the assumption of small losses, however,

one may replace o"2k"d by 1 in (26) and (27) to give

-
1l

: (k' - kg)d + R2 sin2k'd + 2nw (28)

8.686k"d + 17.372 RZ sin?k'd (29)

ol

Now if (18) is regarded as a first épproximation to e/, it is
clear that in low-loss dié]ectrics the middle term is negligible

cOmparéd to the other two terms, in which case

= [2o(6 % 2nm) . 2072 2042
€p ¥ [ Znd T xg] S Cw (30)

Sincev
s Ao
2 31
A T (31)
1V r Ao

is the waveléngth‘ihSide:the dielectric, this and (30) give

_ 9 *2nn | 2n
k' = '-———'-*-v 3 + g (32)
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Substituting (32) into (28) and (29) gives

2nd

===) * 2nn
Ag

<
i

# (k' - kg)d + RZ sin2(e +

Q
ol

: 8.686k"d + 17.372 R2 [sin2(6 + ;‘:1@-)] . (33)
g

From these we have

%' 8 + 2nm - R2 sin2(o + %’-ﬁl)- kg

—_= & + (34)
ko, | kod - ko

k" o - 17.372 R2 sin(e + 2—;@)
- g. - (35)

ko 8.686%od

The equation of é; and e/ in § 3 could be rewritten as

el = (l,j—o'—)_2 - (-’,j—;' ‘4 (%2’;)2- (36)
w - o(k'y (K"
en = 20 & (37)

By substituting (34) and (35) into (36) and (37), the second

approximation to the dielectric constant and loss is thus



ac

' 2
6 + 2nm - R2 sin2(e + gi;i kg :
C;, = — AN —
kod ko
. 2
o - 17.372R2 sin2(e +4-2%‘1) N
i I+ (=" | (38)
)\0
8.686 kod
-e + 2nm - R2 sin2(e + Z%i kg
g; = 2 g + —
k. d k,
_
a - 17.37282 sin?(o + 219)
x| — g (39)
8.686 k_d

1t is now interesting to note that (38) and (39) differ from
(18) and (19) only by R2 terms, and that the effect of R2

in (39) is to lower the dielectric loss from the value obtained
by ignoring this correction. However, although (38) and (39)

are helpful, they are tedious to use in calculations.
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Furthermore, some approximations have already been made in
their derivation. Fortunately an experimental correction,
discussed below, can be made which precludes the necessity

of using them.

(b) Experimental Improvements

The propagation constant k inside the die]éctric contains
an attenuation constant k" and a phase constant k’. The phase
constant represents the number of radians of phase shift per
unit length of line, while the wavelength X is the distance
required for'a phase shift of 2n radians,-hence k' =_2n/A.
For very Tow ]osses tﬁis term dominates and thus can be sub-
stituted for k in the deﬁominator of (23). Therefore, for
very low losses;

1-RZ

T = 2n e

1 - R2 % d

i(k' - kg)d - k"d

and it can be seen that if we selecf d = %A,Vthen

7 o= ei(k'.g kg)d - k"d (40)
But (40) has the same form as (13) which was obtained by
ignoring the B2 terms of (12). In other words, (18) and (19)
could still be used again for low-loss dielectric provided

that the sample is cut to multiples of half-wavelength inside



the dielectric. This result simply means a sample length of
exactly multiple-halfwavelengths would eliminate the multiple
reflections inside the dielectric which were formerly ignored

by using the approximate formula (13).
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6. Additional Measurements and Results

To find the wavelengths inside the dielectrics, the results
obtained by our preliminary measurements, § 4, for the dielectric
constant e; was used in (31). Samples of ertalon, teflon and
plexiglas were then cut into different multiples of half-wave-
lengths, respectively to an accuracy -of + 0.001".

Before repeating the measurements, it was noticed that
the lengths of the samples may not be precise enought for this
experiment due to the féct that when R is close to zero (at
the half-wave points) there is a cusp and thus a very minute
change of 4. may'cause’abpreciable reflection. For this reason
a fine adjustment to give minimum reflection was thus made
by tuning the klystron cérefully to obtain a minimum reading
of the‘VﬂS;w.R.-indicator'USed in conjunction with the slotted
line (see Fig. 1).- It may be argued that this change of
frequency would effect the value of dielectric constant. Never-
theless, the change would be very small. As a matter of fact,

the Kramers-Kronig Dispersion Relation:

2 oow'e"(w')dw-'
’ - = e -
€. (w) 1 '"fo wfz _ (.U2 (41)
predicts that the lower the loss of the dielectric, the less
is the sensitivity of ¢’ to frequency. The new working frequency
was noted and.the measurements were made again by following

the same procedure as in § 4.
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7. Conc]usiOns and Discussion

A comparison of the first set of data (Table 1) with the
new set (Tab]é 2) for ertalon shows that the results are very
élose to each other. The small decrease in o in the second
set of results indicates the effect of small multiple-reflection
of the signal due to the sample. Nevertheless, the reflection
coefficient Re is small enough and the loss high enough to
ensure the simp1e formula, (13) will apply in good
approximationt

It has been mentioned in Section 4, in the case of teflon
and plexiglas; the attenuation fluctuated with minima occurring
at regular intervals of length. ' Careful inspection of these
graphs showed that, to a close approximation, the regular '
intervals equal half the wavelength calculated by using (31).
Furthermore, for samples which are multip1e§ of half-wavelengths,
plots of o versus sample length are not'on1y-11near (Fig. 8),
but found to touch the minima of the former graphé (Fig. 7)
in each case. This observation substantiates the use of
half-wavelength samples.

One may well wonder if the simpliest way to do the experiment
is to adjust the klystron frequency to get a minimum reading of
V.S.W.R. for arbitrary lengths of samples. It should be noticed,
however, that the klystron‘is adjusted for optimum output for

the desired mode of_operatiqn and extensive de-tuning is thus

J&
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Figure 8. Attenuations of integral half-wavelength samples as -
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not advisable. Furthermore, the frequency range of the k]ystron
m&y not be wide enough to cover the minimum V.S.W.R. necessary
to give a half-wavelength in a given sample. The following
table gives a range of frequencies to insure half-wavelengths

in tef1on'samp1es with lengths between 2 and 3 cm.

LENGTH _
IN CM. 2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0
OPTIMUM _
FR%QUE?CY 11.577 (11.161. [{10.701 }10.324 19.983 [9.671 |9.386 |9.125 |8.88L4 |8.662 |8.U57
GH . - :
2 . . . ,

Table 3.

“As a finalvremark, 1t‘may be mentioned that the present
system, cou]d be improved.both electrically and mechanically.
Suggestions include the used of a more powerful klystron, a
more precise‘attenuator and phase shifter;‘ The system could
also be extended to other frequency bands of the microwavé

region.



PART 2

Application of the System: Dielectric Constants and Losses of

Polystyfene and Dilute Solutions of Polar Molecules in Polystyrene.



8. Introduction
(a) 'Str0cture of Pure Polystyrene

As an application of the 8ystem to media of unknown e , the

r
dielectric properties of polystyrene was inVeStigated. Polystyrene is

one of the oldest synthetic materi$1s known. Because of its many
desirable properties, it is now one of the most impoktant thermoplastic
materials. Although it has been studied for a great many years, much
concerning its detailed behavior is yet to be discovered.

The object of this part of the thesis is to study the temperature
1dependence of the dielectric constant and dissipation féctor of pure
po]ysiyrenékand polystyrene doped with dilute amount of polar impurities.
The polystyrene’mo1ecu1e(CHchC6H5)n has the repeating structure shown
in Figure 9.  The four bonds of‘tﬁé C-atom in the CH, or CH group form
the vertices of a regular tetrahedron. In view of the interaction between
the atoms, the distribUtidn of electrons in the molecule should be axially
symmetrical around the line joining the nuclei of the two atoms. In this
case, the C-H bonds will have a dipole momeht while the C-C bond should
have no moment for reasons of symmetry.

The direction of dipole moment would be discussed based on the
assumption that all four bonds of a C-atom make tetrahedral angles of
e=2cos~1(1//3)=109° with each other . “The resultant diople moment is then
always in the C-C-C plane(Figure 10) besecting the C-C-C angle as shown
by Fréhlich(1958). - The dipole moments of the C-H groups in the benzene
ring cancel one another due‘td the hexagonal symmetry, except the one

which is in the direction of the adjoining C-C bonds. A resultant moment

40
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is thus formed by the C-benzene group in exactly opposite direction
to the former one as shown. Assuming all the C-H dipoles are equal,
the dipole moment of each subgroup and hence ofrthe'whole molecule
vanished exactly.

To be more’complete,vthe étructuré at the end of the polymer
chain is also considered. When the polymer chain ends there'wi11 be a
remaining bond from the C-atom which forms an end grdup with some other
molecule or atom. This end group varies with different kinds of
polymerization and initiators used. In the simpliest case, a C-H bond
will be formed at each end by acquiring an additional H atom. The
contribution of'dipole.mpment of the end groups depends on their con-
centration in the polymer. Since polystyrene has a high molecular
}weight(of about 230,000) the concentration of the end groups is so small
that their contribution io the dipole moment of the whole molecule is
negiigib]e. The molecule is therefore regarded as essentially non-polar.

At room temperature pure polystyrene is a hard, amorphous, glassy
solid; above 85°--100°C it becomes more flexible. The temperature at
which it softens is known as the g]ass-transition point. In this experi-'
ment, due to technical limitations, only the dielectric behavior of

polystyrene below the ‘glass-transition temperature was studied .

(b) Polar Impurities in Polystyrene
The study of polar impurities in polystyrene is also the subject.
of interest. AHere a dilute solution of a polar material called

8-Quinolinol or 8-Hydroxyquin011né(CgCeNOH5 was used in polystyrene in



Figure 9. Molecular Structure of Polystyrene. Solid’and dotted -
arrows respresent dipole moments and resultant diople

moments respectively.
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several proportions by weight; viz, 0.1%, 0.4%, 0.8%, 1%, 1.4%, 1.8%
and 2%. 8-Quino1inol is interstitial in solid polystyrene and has

the stable moTecular structure shown in Figure 10. Here the 0-H bond
forms a dipole moment in the direction shown while the 0-Benzene bond
forms another dipole in the vertical direction. The resultant dipole
is represented by the dashed arrow. The dashed line in the figure is
the weak bond joining the hydrogen atom of the O4H group and the Tone

pair of electrons from the nitrogen atom.

Figqure 10. Stable molecular structure of 8;hydroxyquino]ine.
Solid arrows are the dipole moments of the individual
groups,while the dashed>arrow is the net dipole of the

molecule.



44

Since the potential barrier of this weak bond is very low
(about 4kcl/mole), it can easily be broken upon thermal agitation.
A new configuration is thus formed as the 0-H bond rotates around
the 0-C axis. This intramolecular process(i.e., the rotation of the
0-H bond) changeé the direction of the 0-H dipole. As a result, the
direction of the resultant dipole also changes as shown in Figure 11,
This configuration, however, is very unstable because of the interaction
between the H atom of the 0-H group and the nearest H atom. The net
dipole moment of 8-Quinolinol is 1.68-2.68 Debye units at 25°C, accord-
ing to the Tables of Experimental Dipole Moments by McClellan(1963).

Figure 11. Unstable molecular stru¢ture of 8-Quinolinol.
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As previously explained, pure polystyrene‘behaves like a non-
po1ar.solvént in the 1iquid‘state,but when a dilute amount of polar
substance(8-Quinolinol,in this case) is added, the effect of the
orientational polafization of the polar solute is observed.

Dichloroethylene(CICH:CHCH), a flammable organic solvent was
used here to dissolve polystyrene fragments and 8-Quinolinol powders
during the preparation of samples. The former substance is a non-
polar solution, so that the very small residual amount remaining in
the sample could not contribute appreciably to the measured dielectric

properties.



9. Preparation of Polystyrene Samples
The polystyrene in this experiment was initially in fragment form.
In order to make suitable'samples, the fo]1owihg procedure was used:

(1) Pure Polystyrene

Twenty-five gm. of po]ystyrene were weighed.in a precision balance
(accurate to one-thousands of a gram), and then poured into a 2-inch |
diameter die which was surrounded by abﬁeated coil. The temperature
of the coil was controlled by a thermocouple to maintain it at about
115°C. The content was heated until soft'enough(about 20 minutes) to
be‘Compressed-by a hydraulic press. A pressure of about % ton was
first applied and then released. This was repeéted two or three times
to enable the air bubbles to escape from inside the material. Finally,
a pressure of about 8 tons was applied for about.15 seconds whfch gave
a disk of % inch thickness. A good sample should be free offair

bubbles ‘and transparent.
(2) Doped Polystyrene

Appropriate proportions of polystyrene fragments and 8-Quinolinol
powders were weighed, respectively, to give a total of 25 gm. They
were mixed and then dissolved in 1,2-Dichloroethylene solution. The
content was then heated in an oven to about 115°C. While in the oven,
the solute dissolves gfadua11y-as the solvent evaporates. About 25

minutes later, the content became a paste which dried out eventually.
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The mixture was then transferred to another oven which was equiped

with a vacuum pump. While the material was being heated and evacuated,
it foamed and became sponge 1like. This step took about 15 minutes to
ensure that all the air bubbles were evacuated and that more than 99%
of the solvent was dried out--as was latter checked by re-weighing

the material. This compound was then ready to be compressed as de-
scribed ih (1) above. The polystyrene was never heated to more than

1150135°C so that the sample did not oxidize.

(3) ‘Machining the samples into the waveguide dimensions was
mainly dbne using a mi1ling machine. Before proceeding, it was noticed
that the accuracy of the results of measurements depend to a large
extent on the smoothness of the sample, accurate fitting of the sample
in the waveguide, and the care which has been taken to ensure that its
surfaces are properly "square" with respect to each other. It was
noticed that the smaller the sample the more critically the experiment
will depend-upon ‘sample irregularity.: Thérefore,the samples were
machined carefully for smoothness, size and square surfaces.

Experiences by other éxperimentalists such;as Wind and Rapaport
(1955), show that a slide fit, at least, shou]d'be specified in design-
ing the dielectric sample for insertion into the wavegquide; however,

a force fit is preferable.. Also it was suggested that the only
correction needed for samples in rectangular waveguide are for those
‘with air space parallel to the "a" dimension(Figure 12). Similar air

space parallel to the "b" dimension would give rise to only negligible



measurement error in view of the vanishing electric field component
at the side walls of the waveguide. Because the samples have to be
interchanged from time to tfme during the experiment, they were all
made with thichness exactly equal to the "b" dimension, while slide

fits were given to the side walls; i.e., the "a" dimension.

Fiqure 12. Inner dimensions of waveguide; a=0.9" and b=0.4".
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10. Temperature Behavior of Sample Holder

Béfore praoceeding with the experiment, it was noted that the
effect of temperature on the waveguide should not be neglected. Hence
the change of phase shift and attenuation due to the rise of temperature
in the bare waveguide sample holder was first studied. It was found
that within the temperature range(20°-80°C) the phase shift due to the
empty waveguide decreases almost linearly with temperature while the
attenuation remains unchanged within expefimenta1‘error. A plot of the

respective characteristics is given in the following Figure.

39

8 -degrees.

ey 45 A _ e }5
TEMPERATURE IN °c

Figure 3. Temperature dependence of sample holder.
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Subsequent measurements of o and & for samples at different
temperatures were base on these two curves as "zero point" readings.

Since the temperature in the sample section of the waveguide
was not completely uniform, the readings at the same temperature varied
if the waveguide was heated for different lengths of time. In order to
minimize this deficiency, the same ‘procedure was carried out to maintain
consistancy as far as possible. The variable transformer was first set
to 60 division<which would give ah upper temperature of 75°C in about
an hour. After one hour‘tiMe the setting of the transformer was decreased
'by 10 divisions and was further decreased by 10 divisions at every half-.
hour until it was off. During this time, the temperature of the waveguide
dropped steadily and returned to room temperarure at about an hour after
the zero division was set. Readings could very well be taken even when
the temperaturé first showed signs of drobping'since the bridge could

always be balanced due to the long thermal time constant.
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11. Results of Dielectric Measurements

(a) Polystyrene

Samples of arbitrary lengths were first measured at room
temperature. As in Part 1, it was found that for arbitrary lengths
the phase shift and attenuation were non-iinear and fluctuating with
length. - When half-wavelength samples were used the attenuation
became Tinear again(see App. A and B). A similar relationship of
attenuations exists between the two measurements; i.e., the second

curve touches the minima of the first curve as shown in Figure 14.

ATTENUATION IN DB,

LENGTH IN CM,

Figure 14. Attunation of pure polystyrene as a function of length.

The solid curve 75 the result obtained by using half-

wavelength samples.



Previous research has shown that for non-polar materials(i.e.
molecules with no net permanent dipole moment) the dielectric constant
is due to the electronic polarization only. Since electronic polariza-
tion is nearly instantaneous the dielectric constant is independent
of frequency except in the optical region. Apart from thermal expan-
sion, it is also almost ihdependent of temperature. Losses are thus
small at sub-optical frequencies at all temperatures(Appendix C).

At room temperature, polystyrene was found to have a dielectric
constant of 2.53+2.8% and a loss tangent of (3.1i9%)x10'4, these figures
are extremely close to those published by Von Hippel(1954). As
temperature rises, there is a small change to the results, as can be
seen in‘ngures 15 and 16. The small decrease in“e; could be accounted
for by the decrease in density of the solid as it undergoes thermal
expansion. At the same time, the polymer chain segment has more
tendency to undergo rotation and bending by acquiring heat as activation
energy, thus indicating that é; should increase with temperature as
shown in Figure 16. Although very insignificant below the glass
transition point, these changes may cause slight dissipation as
temperature rises. Great care has been taken during preparation and
with the handling of samples, but there is no guarantee that the
sample is completely free of impurities. As stated by Von Hippel(1954),
the foreign, non-hydrocarbon group has been found in commerciai
polystyrene where a similar situation exists. Determination of the
oxygen content of various polymers showAvalues_that are quite high,
of the order of 0.5%. It has been shown that -when po]ystyrene is

heated to 100°C in vaccuo, the initial products of decomposition are



mostly water, carbon dioxide, various alcohols, and hydrogen. Such
products probably derive from the decomposition of oxygen-containing
groups in the polymer formed during polymerization or storage.

Consequently, it is believed that the weak losses are caused partly

by such foreign groups in the otherwise pure polystyrene.
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(b) Polystyrene weakly doped with 8-Quinolinol

Only one circular disk for each concentration of 8-Quinolinol
in polystyrene was made. Each disk could be cut, within geometfic
limitations, to give oné 1%-wavelength sample and two l-cm samples.
Assuming these to be homogeneous, the present system should give
valid results,and had a variety of lengths been available, the
attenuation'iS'expected to be linear with the length. In this case,
one 1%-wavelength sample for each concentration would be necessary;
and the two 1-cm samples could be used for' the preliminary measure-
ments. ‘

The dielectric behavior of polar plastics is determined largely
by dipole orientations, Symth(1955) states that, in general the
dielectric constants of polar polymers ihcrease as the concentration
of the polar groups increase. Figure 17 illustrates this point for
polystyrene. It can also be noticed from Figure 18 and 19 that the
polar materials are more likely to be affected by temperature. The
data from which Figures 17, 18 and 19 were drawn can be found in

Appendices D to J.
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12. Discussion and Summary

In Part 1 of this thesis a precision method of measuring
the permittivity of low-l1oss solids at microwave frequencies
has been described and tested at X - band using materials with
known dielectric properties. Although the literature on micro-
wave measurements is extensive, to the best of our knowledge our
technique of using the interferometer in the manner discussed hefe
(Part 1) may be new.

It may be remarked that once the preliminary measurement 
of e; has been made using samples of arbitrary length, the
slabs could be cut to the Brewster angle compliment, n/2 - 64,
(eB = tam"1 /EZ_'=JBrewster ang1e); so that the reflection
coefficient of samples with arbitrary lengths would be reduced
to small values thereby affording accurate secondary measurements
of € and e”. Since the linearity of o (and 6) with length
must be established whichever method is used; the. question is
one of convenience; viz.: Is it easier to mill samples of
arbitrary length to a given angle or to cut square samples to
a given length (n A/2)? With our facilities, the latter was
the simpler procedure.

A more serious ijection can be raised with respect to
temperature measurements. Since the heat bath lacked thermo-
static control and the temperature of the sample was probably
not entirely uniform; the absolute accuracy of the measured

dielectric properties at other than room temperatures is



questionable. For this reason we cannot accurately quote
percentage errors at other than room temperatures. Summarized
below (Table 4) are our results at 20° ¢ compared to measured

values by Von Hippel (1954) at comparable temperatures and

frequencies.
Table 4
MATERIAL | CHIU (1974) | VON HIPPEL (1954)
e’ tan § ! tan 6
r - r
ERTALON 3.38 | 196 x 10~
1 (f=9.16 GH_) | —
TEFLON 5.0l | 6.6 x 107" 2.08 | 3.7 x 107" t =22°¢C
. A —— : f= 10 C—'Hz
(f = 8.45 GH,) pp. 332
PLEXIGLAS | 2.54 | 71 x 107" 2.59 | 67 x 107" t=27°¢C
£ =10 ¢H,
(f = 8.61 GHz) pp. 334
POLYSTRENE| 2.53 | 3.1 X 107" 2.54 | 4.3 X 107" t=25°¢C
f =10 GH,
(f = 9.217 GH,) pp. 335

Part II of this thesis employs the methods of Part I to
materials of unknown permittivty. Table 4 already quotes the
results for pure polystyrene at room temperatures, and those
at higher temperatures are given in § 11, Fig.1l5.and 16. Also given
in 5 11, Figs.18 & 19 are the values of c! and &" for

polystyrene doped with 0.1 ~ 2% of the polar molecule,



8~Quinolinol. Without additional data at other frequencies,
it is not, of course, possfble to state any conclusions about
relaxation mechanisms for this molecule in the polystyrene matrix,
but it is hoped that the present work will stimulate interest
in carrying out similar measurements at other microwave bands.
In this connection, it may be mentioned (Sing-Ting-Pay, McLellan;
private communication) that measurements of e, and e for 10%,
8-Quinolinol 1in polystyrene at Tow frequencies (10 ~ 100 kAj)
and low temperatures (T = 77° K) indicate; that there may be
at least two relaxation mechanisms present: (i) the rotation
of the 8-Quinolinol molecule in. the highly viscous polystyrene
background. ThiS'intermolecular effect is expected to give
Toss peaks in the ki, region. (ii) internal rotation of the
8-Quinolinol dipole arising from <intramolecular forces gives
rise to losses which are expected to peak in the r.f. or
microwave region.

Taken at various temperatures between that of liquid
nitrogen (77° k) and the glass-transition temperatures (350° K).
it is the latter mechanism which additional microwave measurements

would help to illuminate.
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Appendix A. Preliminary Measurements and Results of Pure Polystyrene

at room temperature and f=9.547 GHz.

d 0 a . tan §
(cm) . (degree) . (db) . T . (x107%) .
1.00 77.7 0.523 2.44 346.1
1.27 109.1 0.465 2.65 234.8
2.54 213.5 1.470 2.60 373.8
3.00 243.0 1.420 2.53 309.3
3.81 309.0 1.570° 2.53 269.1
4.00 317.1 1.470 2.48 241.7
4.27 335.5 0.420 2.47 64.9
4.61 379.7 1.640 2.56 231.3
4.81 393.7 2.490 2.55 337.2
5.08 407.2 1.990 2.51 256.8
5.88 478.2 1.295 2.54 143.7
6.08 488.7 1.677 2.51 180.6
6.35 506.5 1.887 2.50 195.1
6.81 555.6 0.820 2.54 78.5
7.61 610.5 0.250 2.51 21.5
7.81 632.4 0.170 2.53 14.2
8.08 653.0 1.320 2.52 106.8
8.88 719.3 0.336 2.53 24.7
9.08 736.5 1.220 2.53 87.7
9.35 755.3 2.040 2.52 142.6



Appendix B. Additional Measurements of Pure Polystyrene at room
temperature, by using half-wavelength samples of

d=2.194 cm, and f=9.55 GHz.

d . 0 . o ' . tan §
(cm) (degree) (db) “r (x 10'“)
1.097 88.6 0.005 2.52 3.0
2.194 177.7 0.011 2.53 3.2
3.291 266.4 0.016 2.53 3.4
4.388 354.0 0.018 2.52 2.7
5.485 - 442.1 0.026 2.52 3.1

6.582 530.5 0.029 2.52 2.9



Appendix C. Dielectric Properties of Pure Polystyrene at
=9.217 GHz. and d=3 x 2/2 = 3.45 cm.

ToC . 0 . a o . tan §
(degree) (db) r (x 10-")
20.0 276.2 0020 2.535 3.9
23.0 276.6 0.020 2.535 3.9
30.0 275.8 0.021 3.533 3.9
32.5 275.8 0.021 2.532 4.0
35.0 275.7 0.023 2.532 4.1
37.0 275.9 0.023 2.532 4.2
38.0 275.8 0.023 2.531 5.7
43.0 275.1 0.024 2.530 5.8
46.5 275.6 0.025 2.530 5.8
54.5 275.0 0.026 2.526 5.8
56.0 275.0 0.026 2.526 5.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>