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INTRODUCTION

; In the previous paper,” we have ‘proposed new methods of  dielectric measure-
ment using wave guide in the centimeter wave region. We have started from
Mazxwell’s equations and obtained the exact explicit expressions of ¢*=¢ —j:'! under
the conditions that the tangential components of the electric and the-magnetic vectors
are continuous at two boundary surfaces of the sample and the air columns, that
is, the field impedances which are the ratios of these vectors are continuous.

Roberts and von Hippel? utilized the graphical solutions of a transcendental
function which contains ¢* implicitly, but our theory includes as a special case the
method of Surber and Crouch® which was obtained circuit-theoretically, and possesses
the merits that both the sample deformation and the frequency variation which are
often used in approximate measurements are unnecessary.

In our theory, the end of the sample is not necessarily open or short, so several
methods are produced by adequate combinations of two positions of the terminating
plate. In the present paper, concerning especially three methods among those which
are in principle proposed in the previous paper the explicit expressions of ¢* are
transformed to the more convenient forms which are expressed in terms of measured
quantities alone, and the experiments performed on cetyl alcohol (C,;H,,CH,OH)
which have shown the coincidence with the theory are described.

These methods can in principle be applied to measure any ¢*, no matter whether
the loss be large or small, but in case of the sample of too small loss, the effect of
the losses of the guide wall, the terminating plate and others must be considered.
Accordingly in the present paper, the fundamental equation including these losses is
derived, and by use of this equation, the effect of the loss of the terminating plate
on the sample length and the electrical position of the terminating plate is discussed.

1. THE FUNDAMENTAL EQUATION INCLUDING THE LOSSES OF THE GUIDE
WALL, THE TERMINATING PLATE AND OTHERS

As shown in Fig. 1 when there are two air columns 1 and 3 on both sides of
the sample column and the end of the colurmn 3 is short-circuited, the electric and

*Read at the meeting of the Physical Society of Japan, May 2, 1953.
RS T AL - HEEEME « R R

(8>



New Methods of Dielectric Measurement in the Centimeter Wave Region

the magnetic fields in each column are expressed with the superposition of the incident
wave and the multiply-reflected waves, and concerning one mode, they are expressed
by the real part of Ae/*+7*(A is the complex amplitude® ).
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The transversal components of the field of H,; mode which we now use are ex-
pressed as follows:

Ez(x)c A,ieY F(147)esot
H(x)e==5" 875‘(1 ri)et } €))
where Z,= L‘;ﬁ
5 @

N At;OC——bw sin 72”
ri(x) =R~ ©))

and z =1,2,3 shows the field in each corresponding column, Z; is the field impedance
in the x-direction, 7; the complex reflection coefficient (R;is the reflection coefficient
at x=0) and , the propagation constant. As y,= s, and Z.:=Z;, we let those be
represented y, and Z, respectively, and those in the column 2 by 7, and Z, respectively.
In the previous paper, 7y, 7e, 2y and Z; are not used, but y,, 1., Z: and Z. are
preserved. The suffix ““¢” showing the transversal component is omitted in the
following.

Now, if we consider the loss of the terminating plate, at x = — [ the field impedance,
E3(~l)/H3(—l) (=X) is not zero, and from (1) we obtain:

14+7s(—1) L4 Rye?vet

X =gy TR 4
Combining this with (1), at x=0 the following equations are derived:
M‘;@{(Q)___ 1+R3 - '
#0y = LRy =4X
_Ei(0) _ Z 1+R,
H(0) SR,
where , 14R(0)  X-+tanh gl
XD=1"R(y = Xtanh i+ G
From (2) and the condition of continuity at x=0, we obtain
de 1
L=
Taxiq1,
To
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Substituting’ this R, into the following formula of 7" defined in the - previous
paper:.

——-_I_Z___ezyiidikﬁ;‘ P .
T= Ta el — R, ’ (6)

we can derive the “follo"v"?ing ‘equation:

ﬁﬂX/_l“‘
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If we let 7, and T be the values of T corresponding to the pbsitions of the
plunger (the terminating plate) at /=1, and /=Is, and also X' and X' be the corres—"’
ponding values of X, we have

vali—71 raXi -7
rality,  raXi 4w
_lngTQ —1g D S
al 2t 1y - TaXs g
X+ T. _ X +T
rd T X+ X rd DX e

and then we obtain the géneral ‘expreséion:
( Ta;)ﬁ (T TH+(X - X))

) T XX TS T+ T TR X — X S

where 7-g=ag+ng, ‘d},=\acg+asg+a@\+a1, and bcg, ésg, Cag and ay dehote the attenuations
by the wall loss, the slot, the air loss and the 'ju‘nctio‘n ‘loss J'éspectively’.

Now, if there is no loss in the terminating plate, ,,_and the waves are perfectly
reflected by the plate, X=0 (i.e. Ry=—e-,!)in (5), and so ‘

X' =tanh 7,4, (=K})
X' =tanh rl, (=K,)
Accordingly (8) is reduced to

(et (T~ THH(E-K) (9)
"y / RE(T.- T+ T T (K- K)
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Furthermore, when g, is neglected, and X," and X, are ‘replaged by K, and Kg, we
obtain: -

Ey=jtan Bl

K,=jtan fl.

and these agree with (12) shown in the previous paper.
The expression in which g, is considered, corresponding ‘to (28) in the previous

paper is as follows:

(__Igi_)z ¥ \ Ae .
Ty . A\

where

! ,J?__g‘ Cogatt i ceas . ISR SO
€ f( A ) Je o (Ty-TH+HX' XD (10)
';. _)‘_, 2_ o 7 e ‘XL'AXL"(TT‘ T1)+ TiTz (Xil'*Xz")'

This is the fundamental equation of measurement in which the Iosses of the guide wall,
the terminating plate and others are considered. The value of X' in (10) can be
calculated from (5) and 7 is given independently of o, as follows:

- jeot --';f-xo .
T= ""—”_“‘g:l an
1+ ji’cotmx-i—- %o ~
[

and this is (23) in the previous paper. In (11), x, is the position of the minimum -
of the electric field intensity and /™ the VEWR. . For, practice of measurement,  we
choose two adequate lengths. of the column 3, /=7, and /=/, by adjusting the plunger
and for respective lengths we measure /™ and x, in the column 1. Then ¢ and ‘e"'»
of the sample can be determined by (10). |

2. FORMULAE OF & IN TERMS OF MEASURED QUANTITIES WHEN THE
LOSSES OF THE GUIDE WALL, THE TERMINATING PLATE AND OTHERS
CAN BE NEGLECTED ‘ ‘ ' -

In the following, we present only the measurement  methods. referring to- the
position x, of minimum £ and those referring to the position &, of maximum FEi-.
are to be reported in the next paper> Then, when, the losses of the guide wall, the
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terminating plate and others are neglected, we put a,=0 and X=0, then the expres—
sions of ¢’ and ¢! are reduced from (10) to

;o / AN PR+@QS 2\
e “Ll—n;‘) e + ()
#1_PS_QR ’ (12)
¢ ( C) RS ‘
with
P= (T )00 +1)— (k= kYT 0+T:6:)
Qa(02"01X'[71F2~1>+(kr‘ke)(axﬁzwrzre) (13)
REklke(rl—r:)(ﬂxﬁz'f“l)*(ki—kz)(rﬂ?l’f‘r’zﬁ‘.’)
SEkxkz(ﬂx"‘ﬁz)(rlrz—1)+(k1—k2)(r1r201492~1) »
where
#; = tan —I{* Xor
g
27
ki == tan == [,
;1 an )\g

and suffix = 1, 2 show numbers of order of the measurement.
Calculation with (12) and (13) for arbitrary lengths /; of the column 3 is gener-
ally very complicated, but it is comparatively simplified by the following values of /:

1= @arD) A

i =l

iii) ! such that x,= (2n+1)_fig,
iv) [ such that x,= n%ﬁ.. ,

“where #=1,2,3, « = + + + « .

By an adequate combination of two pairs of / and x, (of which one pair or two
may be selected from the above mentioned four pairs) the convenient method is pro-
duced. ' ‘

In this paper, we select two pairs from the above four. Thus we obtain convenient
methods as follows:
1 method of combining i) with iii) (letting 7=1,2 be in this order)

2) method of combining 1) with iv) ( 7 D
3) method of combining 1) with ii) ( s )
4) method of combining 1ii) with ii) ( - e )
5) method of combining iv) with ii) ( & )
6) method of ‘combining .iii) with iv) ( z D

(12)
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Among the above methods, method 3 when #=0 is the so called open-short method
by W. H. Surber and G. E. Crouch and the explicit expressions of ¢/ and ¢ in
methods 2, 4 and 6 which we have used in our experiment reported in this paper,
are reduced respectively to:
in the case of Method 2,

1’1 ‘na
g _—“(1+01‘)+k201(1"r12) YIRS
o= (L Zg k\2+f~l—+k0(—1——rﬂ’+<7°>
L"f;(ﬁx—* )+ 2J LT, 01\ 7, 1 a0
1 3
o[- (2] (e r)lri e ton,
—'\ - * /28 l fL H [ e
S Lk ]+ +kzol( fry)]
in the case of Method 4,
el g hERQEenteA-IH y
e=11- < 2 ) J EL1+(0T 7 +(7{ (15
. I ~ 1
PRIWER G T 032 )= ll's [+ Jr (b +1)- T |
i ky[14-(0.I )' ’
and in the case of Method 6,
1
- : oy (R "‘k")z—“‘* = ') kik,
s!:tl—(%) 7 . kk:’(:(k_) = .+<—§T;)z
L(”f;“—~ 1‘ 1 2J (=) 6

(Fy— k) (’l}w’g“*‘rl) ((klkz*}“—;‘i—)

(- (41

(G=Tu) bk |

r,
For the lengths of the sample used in our experiments by methods 1 and 5, the

3

|
P

k)L

differences of measured values of x, have had major influences on the calculations,
so the required mechanical accuracy of the apparatus is large.

Accordingly, we omit the reports of methods 1 and 5 here, but we are planning
to examine methods 1 and 5 with adequate lengths of sample and to report about the
results in the near future. In method 3 the situation is similar to that stated above
concerning methods 1 and 5.

In fact, for #=0 7.e., by Surber’s method, in our experiments the measurements
have been often accompanied with errors, but by adjusting the length /, we have been
able to attain the practical measurement by method 3, as shown later in the present
paper.

We have experienced that method 6 is particularly practical and simple both in
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operation and in calculation. '
3. EXPERIMENT

The block diagram of the apparatus used in our measuréments is shown in Fig. 2.
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AUDIO - -
AYDLIFIER

WAVE METER}

Flg 2

“Shlmadzu Seisakusho has kindly made thiS apparatus by our request. The wave
guide is of inside dimensmns. 22.86 + 0.04 mm x 10.16 + O 04 mm and of outside
dimensions: 25.4 mm x 12.7 mm and made of brass. Its inner wall is gold- p;ai:ed
and the standing wave de‘tﬁf‘tor has a slotted line of width 2.5 mm. The scale of
slotted line and thp Iength of dlel ctric C@ll have bmn dﬂt@r‘nmed by ‘means of a. tra-
Vellmor / microscope. ’

The frequency aused is: 9450 Mc/sec (2=3.172cm).  The fWavb length within the
guide, A, is 4.412 cin which was obtained as an average value from me sasurements off
maximum and minimum points of the tandmg wava in thf* air colume 1 The cut- off
wave length, 1, is 4.572 cm which has been determined’ by the gbometry of the gulde
and agrees in 4 szgmflcant figures "with the value’ calculdted by formula 1 /,2c =1/2*
—1/2,%, using the above measured valueo of 2 and Ag- ‘

The sample used for the exammatlon of these methods is commercial cetyl alcohol
(C.sH;,CH,OH) which has been broken to pieces and mel‘ced and then gradually solid-

i‘able 1

Sample A d=3.295'cm, cross section: 2.22x1.00 cm?

Method 2 Method 4 Method 6  Method 3
I 3.20 548 2.2 5.48
w575 2.23 5.75 , 3.20
e . -1.03540 (o= -0.19765)
o -0.19765 o (e= 1.03540)
3 -1.00938 -1.09938.
Ry e 20115026 : < 0.15026
g 2317 2319 - 2310 2.301
2 o503 a0 o 0356

tans 225102 18%102  24%10- 15510~
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‘ified into the shape of the guide. The signs A and B in the following tables dis-
tinguish the samples which correspond to different manufactures and different heat—
treatments. ‘

The results of experiments performed by different methods and with different
sample lengths are shown in Tables 1, 2 and 3. It must be noticed that in Table 3 the
calculatlons have not been so precise as in Tables 1 and 2.

d-+ nn’z“’«
The values of 4," and 0.’ are calculated by §;'=tan -7 which is Surber’s

expression.
One can see directly the coincidence especially among the values of &'

Table 2.

Sample B d=4.351 cm, cross section: 2.22x1.00 cm?

1&) T2 ky ko & el tan §

3.21 10.82 —0.38106 0.73722 2.315 0.324 14102

by method 6.

Table 3.
Sample A
Method 3 Method 6
4=3.18 cm d=3.23 cm d=3.18 cm d=3.23 cm
I 4.62 5.10 2.26 2.25
& 5.£0 4.20 5.¢8 5.€0
0’ -0.4214 -0. 3081
8’ 0.4955 0.6878
Ry ~0.5327 -0.6977
ko 0.4623 0.3225
&' 2.56 2.44 2.33 2.39
&l? 0.259 0.175 0.350 0.464
~tand 10x10-2 7 %10~ 15x10-2 1910-

In performing these experiments we have payed attention to the following points.
1) Stabilization of the power source and the frequency.
2) Characteristics of the detector, the amplifier and the multiplier.
3) Sensitivity of the probe.
4} To minimize the clearance crossing the electric field direction between the sample

(15)
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and the wall. ‘

5) To make the length of the column 3 sufficiently long, that is, in stead of the

~ lengths, I=2,/4 and =0 which Surber has used in his open-short method, we

have let I=(2n+1)2,/4 and I=#n2,/2(#>1) in method 3 in order to avoid the
inconvenient effect of the gap between the sample and the plunger in Surber’s
method. The reason is discussed in § 4.

6) To cheoose the adequate sample lengths to avoid the errors which attend the
measurement when %; and #; are large in absolute values.

4. DISCUSSION

1) Effects of the Loss of the Terminating Plate on the Sample Length
We have stated that method 3 when »n=0 agrees with the open-short method,
which W. H. Surber and G. E. Crouch have proposed as the measurement method
of the medium and high loss materials.
Accordingly they have not considered the effects of the loss of the guide wall,
but considered those of the terminating impedances behind the sample B; and R
which are effectively not 0 and oo hecause the wall loss may be neglected against
the sample loss, but R, and R,, may affect the measurement with certain lengths of
the sample even iIf the deviations of R, and R, from 0 and o are very small.
Concerning method 3, we can of course derive the correction factor corresponding
to the above consideration from (7). This factor agrees with that derived circuit-
theoretically by Surber. Namely, we transform (7) to the following form:
(2230 +1)+ (T2 X 1)
e 2 To / T
T (Tl <~T5—X ~1)e-a
\ To / To

ay

Distinguishing 7' and X;’ when the termination is short (/=#2,/2) and open (/=
(2m+1)2,/4) with the suffixes s and 0, we can derive the following equations:

tamhyd + (52 )

T =2y 17
’ L+ )Zfd,') tanh yod an
1

coth yed+ ( %—r)

To =2, 7 . ? (18)
1+(Xf’,)cothrdd,

) VLo
where Z;’ S/ (normalized impedance), ?
Zy Ta: -
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X+tanh "0 3,

2 . Ao ;
[ - (I
X Xtanh nagx 1 =X+ 3 Ag ‘(17)1
2 g
- XoothEmtlosy »
X' = = , 18y’

Xcoth%t—llggxg-}-l X+@z_ﬂﬁzzg

which are obtained from (5), and when #=0 and m=any integer, from (17)": and
(18Y the relation:

1 C@mEl) ' -
) Xo,—;Xs+( mr D ok o (19

holds. As X is sufficiently small, we have from (17);(18),(17)" and (18)
;\/ 2l 2 ‘X! Zd \" . ’
T:To == Zd’ L 1+ Sinh 2Tdd (Zd_' - Xoi /)J . I (20)

Eq. (36) in the previous paper is written here with the present notations :

TsTo = (—’-—”—)
\ Ta

Therefore the second term of (20) gives the correction; factor concerning imethod 3
which becomes very “large at minima of sinh 2y.d, which occurs for d=#nl;/4, when
the present notations Z,', T, T, X; and X, are replaced by Surber’s notations. Zj,
Zsoi Zos, R and R,. respectively. We choose - the sample. lengths, as shown in the
tables, with. respect of the effects mentioned above, but as 2y.d is not small .in the
medium loss, for instance cetyl alcohol and other high loss materials, the correction
factor is still small.
2) Effects of the Loss of the Terminating Plate on its Position

The expressions of ¢* we have presented here, have been derived under the condi-
tion that the terminating impedance X is zero, but when X is not zefo, how, small
it may he, it affects not only. the sarﬁple length but the electrical positi\onw of the
termination and becomes a cause of error Whén X%:O; the error 4 caused by putting
X=0 is considered, which is from (5) written -as follows:

X +tanhy,d

4 =l Xeanhy,l+1 ~ bl | 2D
which. is easily reduced to :
. 1
|~é~sinh27,,l+ C"Sﬁ‘(ﬂl_
(22)
~ o S N
cosh? (a,,l+a-’i )
g

(17)
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From this expression it is found that the large error evidently attends the measure-
ment with /=(2m+1)2,/4, and this is one of disadvantages of the measurement using
open termination.

It is also obvious that the larger s is, the smaller becomes 4, at I=(2m+1)1,/4
and this is the reason for us to use the open termination with large =

“CONCLUSION

In the present paper we have proposed several new methods to determine ¢* by
measuring the position of E,;, in front of the sample column and VSWR and reported
about the experiments performed on cetyl alcohol, in which the values of the dielectric
constant ¢’ shown in Table 1 and 2 agree in 3 significant figures: ¢/ =2.31.

On the other hand, according to the results® reported about the measurements
in the meter wave region, for instance 5480 c/s, the dielectric constant and the conduc-
tivity of cetyl alcohol change largely in the neighbourhoods of the melting point
(about 50°C) and of the transition point (about 44°C) and are greatly affected by the
heat-treatment, and the values of tand exist within the extent of about 0.02~0.8.

From our experimental results of cetyl alcohol obtained with various sample lengths
as shown in the tables, it may be concluded that ¢'=2.3 and tand=(10~25)x10-%.

Also, we have experienced that the curve of the standing wave in the air column
in front of the sample becomes sharper in the neighbowrhood of the position Enue
than in that of the position Enm, for the properly selected positions of the plunger.
So the method based on an appropriate combination of the measurements of the position
Eon and the position Eonq. seems to be better than that reported in the present paper
and will be discussed in the next report of this work.
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