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DIELECTRIC CONSTANTS OF SOME SOLID INSULATING
MATERIALS AT ULTRA SHORT WAVES

By S. K. CHATTERJEL anp MISS RAJESWARI
(Recareed for publication, Sept 22, 197)

ABSTRACT Diclectiic constants of scvaral insnlating materials in the form of thm
slabs Lave been measnred Dy the Lecher wire method over a w avelength range of 130 cms
to 57 7 ems Ihiddcctiie constants :n the case of materials under investigation have been
found to vary with wavelengths, In the case of <olid paraflin, dielectric constants have
been found to increase with wavelengths hecoming shorter  In other cases dielectric
constants show a decreasing tendency with wavelength decreasing

INTRODUCTION

The behaviour ot insulating materials undar eleetiic sticss is a matter of
fundamentai importance to communication enginers. 'I'he nncertaintics of
dielectric behaviour of solids atise fiom the fact that under high frequency
excitation various [factors become opcrative within the body of the material
depending on s physical and chemical constitution. Ifartshorn (1926)
stressed on the need of a thorough mvestigation of various causes tesponsible
for the uncertain dielectric behaviour.  The use of any material as a diclectric
in the region of cm. waves presupposes a knowledge of the diclectric constant
and loss factor of the material in the particular hand ol frequencies.  Various
methods have heen evolved for the study of the diclectrie bebaviom of different
materials.  The frequency variation of an oscillator, duc to the insertion of
the matcrial in the tank condenser, has been utilised by Niven (ra11), Hyslop
and Carman (1020}, Kar (1020) and in a modificd form by Wyman (rg3o0
ete. to determine the dielectric constants of wvarious muaterials.  Capacitance
varjation method has been cmployed by Hartshorn and Waird 1936) to
determine the dielectric constant of various ceramic materials. The difference
in the wavelength of standing waves produced by i1csonance on parallel wires
with the wires being first wholly immersed iu air and thesn in the dielectric
has been utilised first by Cohen (1801) and later on more extensively by
Drude 1805, Rudop (1913 cte.  Instead of parallel wires, concentric tubes
have been used by Drake, Pierce and Dow (1930'.  ‘I'he standing wave method
has been suitably modified by King (1937) to measure dicieetric constants of
a thin slab of materials. ‘Theoretical and cxperimental development of
resonator systems suitable for the determination of dielectric constant has been
achieved by Horner and ofhers (1046). The measurement of ‘Q° of a
resonator has heen utillised by Dakin and Boggs (1944) and England (1944).
Wave-guide properties have heen used by Lamont (1040) for such measure-
ments. A new technique has been developed by MacLean (1946 for dielectric
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loss measurements. ‘I'he object of the present investigation is to measuie
dielectric constants of thin slabs of insulating materials over a wide band of
ultra short waves by employing a weck source of oscillation and following the
method outlined by King.

TITEORETICAL

T'he velocity © of a sinusoidal curient in the steady state on two parallel
wires, immersed wholly in air, ist=w/f where, f is the ictardation angle
per unit length of the line and o is the angular velocity of the impressed
e, m. f. in radians per sccond. If the parallel wires arc immersed in medium
of dielectric constant ¢, the velocity ve, is given by ve = v/ #¢, tlie liequency
w/27 of the wave being constant. Or, we can write Ae =A v ¢. 'This amounts
to, as if, the length of the wiic has been shortened from A to A.e duc to
the insertion of the diclectric. If instead of immersing the parallel wire
wholly in the dielectiic, a thin slab of the dielectric is interposed, then
calculating the input admittance (King, 1937) of the whole system from the
telegraphist’s line equation at ultia high frequencies, it can be shown that

tan § B sV —g)=n tan § nfBs;
or, tan % 3 (mmax. shiflt +s)=n tan 4 nf0s, .. ()
wheie, s' = s;=maximum shift due to the introduction of the slab,
s, =thickness of the slab,
n=refractive index of the material.

I'he retardation angle /) is «iven by (Drake and Pietce, 10930)

1
B = (u_\/(, (r =200

1
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where, as shown by Pierce (1922),
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where, 7, ¢ and I=resistance, capacity, and inductance respectively per loop
unit length of a smooth ling,
¢V =velocity of clectromagnetic waves in vacutin,
g=leakagc conductance per unit loop length of the line.
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But the ratio of wavcelength in vacuum to that in the dielectric is the index
of refraction n. ‘Therefore

n= v ¢ (1=t h)

For a short and well insulated line, g may bc considered to be negligibly small.
Moreover, at cm. waves w is very high. So,

lcw® >>1g and rew > glo

Therefore,

p= T + gl . K
lcw?’—rg o

and
1
fx-—qq)":-(l— 75,'_)%;..'-
K

The expression for the index of 1efraction, therefore, at ultra short waves for
a short well insulated line, reduces to

So by finding out the maximum bridge shift for a certain material, the
refractive index and hence the dielectric constant of the material can be
calculated with the help of the equations (1) and (2.

EXPERIMENTAL

The experimental technique mainly consists of the following :

1. 'The wavelength of the oscillator along the Iecher wire, when the
latter is wholly immersed in air is determined by finding bridge positions
for three consecutive maxima of the indicator reading. The bridge then being
placed in its first position of maxima, the oscillator is moved in its truck
parallel to thc Lecher wire till the indicator shows its maximum. The
oscillator is kept fixed in this position throughout the experiment.

2. 'The optimum position of the slab is determined so that the bridge
shift (s'—s,) may be a maximum. This procedure minimises the error
in the determination of e. 'The slab is provided with two holes at the centre,
the diameters of the two holes being almost of the same size as that of the
wires, so that the contact between slab and wires is properly ensured, while
at the same time the slab can be moved smoothly and snugly along the wires.
The slab is placed between the indicator and the bridge. The bridge is moved
till the indicator reads maximum. Then moving the slab towards the bridge,
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step by step, the bridge shift at each step is measured. Fig. 1 shows the
relation between bridge shift and the slab position for one of the materials.

Bridge Shift
N
L

-
1 v 1
30 50 70 950 110
Position of Dielectric Slab.
Fic. 1

3. 'The wavelength of excitation being varied fiom 140 cms to 57.7 cms
maximum bridge shift (s'—s,! at ecach step corresponding to the optimum
position of the slab is noted. 'I'he wavelength of excitation is checked before

and after each observation.

4. 'The thickness of the material is measured.

Dalecton é }
1
]
!
Dielectnic slad ] Sheft l

§ )| (]

=
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'I'he above procedure is repeated for ten different materials, in the form of
thin slabs. The experimental arrangement is shown in figure 2.

The oscillator used is of the resonant type with two g55 tubes in
parallel. Two oscillators have been used,  One of them covers a range of
142 cms to 96 cms. The other covers a range of g8 to 56 cms. ‘The resonant
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lines of the first oscillator arc ¢ cms in length and 0.3 cms in diameter and
spacing between lines is 0.43 cms.  The filament chokes for the oscillator
consists of air cored coils of soturns and diameter 0.4 cms made from

/008 +
955 - H.T.
0-30upufF
d
o
39 /:,L'!' ;
N -
J,l[ @ H.T.
Y
+ L.T.-

116, 3

26 SSW.G. cnamelled copper wire, Ior the second oscillator, the resonant
lines are of length 3.6 cms., diameter 0.3 cm. and spacing o.5 em. The
filamuent chokes of diameter 0.3 cm. consists of 4o tuins made from the same
gauge of wire as above.  The frequency of the oscillators is varied by changing
the spacing between resonant lines and also by adjustiog the trimmer shunting
tle end of the resonaut lines. The oscillator circuit diagram is shown in
Fig. 3.

The indicator used consists of a crystal detector-micro-ammeter combina-
tion fixed at one end of thie Lecher wire line 1.

The diameter ot the Lecher wires 0.326 cm. and the spacing 5 cims. from
centre to centre have been chosen to satisfy the requirements of the parallel
wire theory with regard to the ratio of the wire diameter to the wire scpara-
tion viz, (d/a)*<<<Z1.

The experimental results for the different materials are tabulated as
follows. In order to calculate the refractive index from the equation 1
Newtonian approximation Sanden and Jahukes tables have been used.

Tanre I
. ) ) | |

Material A (curs ) Mas. Shitt (cs,) ' ¢ Muatertal A lems) ' Max. Shift fc1ns) ¢

| T ]
L 1400 57 153 oo | 1.5 57
120 0 57 bas l 12000 ! 14 5.6
| 111 55 l's2 111.1 13 5.5
Celeron | 1000 3.6 [ 17 Bakelite ! 100 4.3 5.5
(Thickness | 88.2 5.3 | 45 (Thickness | 88.2 33 1.5
S;=133em | 789 33 115 Sy=oobem| 7870 33 1.5
71 ba ;30 o 27 3.8
65,2 4o 30 64 2 26 38
6o 0 40 | 3.0 60,0 24 35
| 577 40 3.6 577 20 3

|
!




Dielectric Constants of some Solid Insulating Materials etc. 185

TasrLy I—I(contd.)

Material A {ems) | Max. SInft (cms) € Materiai A cms) L Mas. SInlt ((ms) ¢
]
i | '

140.0 11 52 140.0 2.0 " 5.0
1200 | 39 1.9 120.0 R 4.3
PSR S I 3.0 51 Mica 1111 2.5 | 19
My calex 100,0 4.0 45 Brown) 1000 2.4 4.9
(Thickness 88.2 43 5.5 88.2 2 \ 1.8
Sy=0.97 cm) 789 144 5.6 (Thichness 789 2.4 L
o7 45 F's7 Sp=003cm 71 2.4 ! 4.8
65.2 ! 4.5 5.7 hg 2 2.5 [ 4.9
| 60 O 4.0 5.2 00.0 2,2 115
| 57.7 4.3 RIN 5747 22 , 4S

Material A (cms) | Max SInft (cimsy € Material | A (cus) | Max. Shift (cms) l €

| ‘ | ]

140.0 3.7 4.9 140.0 & 3.6 3.8
1200 37 50 i 1200 3.5 I 3.8
1111 37 | S0 . 1111 i 3.5 "3 8
Micanmnte 100 O 3.7 fo IKhonite 100 O 30 \ 3.4
I'hick ness 88 2 35 48 Thickness 88 2 29 33
0.02 (I 78.9 32 1-5 125vIn 78.9 | 3o 34
711 3 41 71 30 3.4
05.2 34 4.7 05 2 3o 134
60,0 32 453 60 0 3.0 34
7.7 32 45 577 20 24

Material I\A (cms)  Max. Shift tems) e Matertal A (emsy Max Shnift «cms) €
140.0 21 42 140.0 206 20
I 120.0 20 4.0 120.0 2.5 . 2.2
1111 20 4.0 111 1 23 2.1

IMbre ‘ 100 0 18 38 Bees Wan 100.0 23 21
Thickncss | 88.2 22 4} Thickness 85.2 2 5 22
obgem | 789 2.0 41 202ms | 980 23 23
71 4 18 3.7 71.4 26 2.3
65 2 2.0 41 05 2 2.1 2.0
I 60.c 18 35 I bovo 18 1.9
| 577 ER 43 i 57 7 1.8 1.9

Material [ A wms)  Max shuft ‘cms) e Matcrial ’A (cms) Max. Shift tems) €

|

140 O 21 20 110.0 | 138 3.0
120.0 20 2.0 1200 1.20 2.8
111.1 22 2.0 Plexiglass | 1111 | 1.30 2.9
Paraffin Wax! 1000 20 21 (Methyl-merha; 100 0 110 2.9
Thickness 88 2 21 23 Crvlate) 882 1.10 2.7
2,13 cms 78.9 2.1 20 ) 789 130 29
714 | 2.3 21 Thickness 714 100 2.9
65.2 ! 2.4 21 064 cm 652 | 1.00 2.5
60.0 ' 5 2.2 60 0 | 100 2.5
57.7 25 22 577 1.00 25
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DISCUSSION

The nature of variation of bridge shift with diffcrent position of dielectric
siab, as shown in Fig. 1, can be shown to agrce with that obtained theoretically
from the equation (Lamont, 1940’

n cot B,;s,(cot Bst —cot Bs,) +cot Bs' cot Bs,+n*=0
whete, s;=s' = (5,+8), 8=shift

This shows that the shift is a function of the absolute position of the slabh.
From the stand point of optical analogy, this result secms to be unexpected.
In optical problems, such results are encountered due to the interference of
two separate travelling waves. In the present case, interference occurs at
the boundaries of the dielectric between the incident wave and a portion of it
reflected. It has been pointed out by Lamont, that wunder resonant
conditions reflections take place at the dielectric boundaries and at the bridge
in such a manner that the resulatant stationary waves show little change of
intensity at the boundaries but exhibit a definite phase change, depending on
the position of the dielectric slab. This variation of phase change is con-
sidered to be respousible for different amounts of bridge shifts with different
dielectric slab positions with respect to the original standing wave system.

From the experimental results, dielectric constants for all the above cases
of materials, except solid paraffin wax, have been found to decrease with
the wavelength. As reported by Hormell (1902), the dielectric constant
of paraffin of different densities varied from 2.13 to 2.22 and from 2.16 to
2.25 at wavelengths of 81.68 cms. and 61.32 cms. respectively. In the present
investigation dielectric constants of paraffin (solid) at 78.9 cms. and 60 cms.
have been found to be 2.0 and 2.19 respectively.

The frequency dependence of diclectric constants may be explained by
molecular process or by a mechanism of interstitial couduction which requires
the prescnce of adsorbed ions on the surface of structural umits as suggested
by Murphy and Lowry (1930). When an c.m.f. is applied to the dielectric,
a polarised distribution of these ions takes place, due to a surface mobility,
but after the source of excitation is iemoved thce ions return to their normal
distribution. The electrical effect of the adsorbed ions is, therefore, similar to
that of a dipol¢ and they produce a kind of diclectric polarisation. ‘The
structural unit with its adsorbed ions can be represented by an equivalent
electrical circuit, where each layer of adsorbed ions is represented by a capacity
in series with a resistance. Both the capacities and the resistances become
smaller, the greater the distance from the interface of the layers of ions to which
they refer. In figure the equivalent electrical circuit c, represents the
capacity due to the dielectric polarisation of molecules; c,, c,...... Ca=1y Ca
represent the capacities due to redistribution of adsorbed ions on the surface
of the micelles; R,, Rj.....Ra-;, Ra repiesent the series resistances
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equivalent to frictional resistances which hinder the process of formation of a
polarised distribution of adsorbed ions and Ry is the D.C. resistance, By an

i
)
Interface Wem

| Ca Ra
1
|
Ji A’n””‘
n-t "cn~‘ Rn"’
h T Y Y e ———
Heq Rn
AW
Rd

analysis of the circuit, 1t can be shown that the cquivalent parallel capacity
decreases with decreasing wavelength. At very high frequency, the capacity
term due to the adsorbed ions, or similar process involving long relaxation
time, becomes zero, the only capacity that remains is that due to the polarisa-
tion of the charges within the molecules.  In this connection, it is interesting
to note that Debye (1o12) suggested that if the system is compared with a
pure capacity C and a resistance R 1n series, the following relations hold
good.

g = /ey
TR ?
1+ R’

= € _Rec
o\ 1+ R0

where, ¢/, ¢, cte. have their usual significance.

Most of the solid diclectrics, for instance, ecbonite, fibre, mycalex etc.,
investigated above, may be classed as either amorphous or of a crystalline type
containing many lattice irregularities and impurities. Part of the dielectric
constant of these materials may be regarded as due to the presence of dipoles
and (or) ions in the dielectric. The clectrical dipoles arc ecither due to ihe
polar groups existing in the molecules building up the amorphous substance
or to the occluded or impurity molecules, which are more or less subjected
to restricted rotation. The ions may be considered o originate from or
belonging to the substance itself or formed by electrolytic impurities, which
can both travel over certain distances through the structure of the amorphous
solid, along crystal flaws or irregularities. ‘The positions of a dipole, which is
originally bound to certain position by the molecular field of the surroundings,
can only be altercd if a certain amount of energy is supplied. Similarly the
displacement of the ions also needs a certain amount of cnergy. ‘I'he amount
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of activation cnergy needed for reorientation or rotation will be different for
different dipoles or ions according as the solid is of amorphous or crystalline

type.

On the assumption of a statistical scattering of the activation energies
determining the progressive o1 rotational diffusion of ions or dipoles, Gevers
and Pre’ (1046) have worked out a theory which explains the diclectric
propertics of amorplious diclectrics. It has been concluded from this theory
that, as a first approximation, contribution to the diclectric constant is made
only by those ions and dipoles whose 1elaxation times (7) exceed the value
r=1/w, where w is the angular frequency of the alternating field or the part
of the dielectric constant which is dependent on the trequency is a function

of the activation cnergy corresponding to wr=1,
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