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In the previous paper, starting from Maxwell’'s equations in the “wave guide system
and taking into-consideration the condxtlons at the boundanes between the sample and
kthe air columns, we introduced the fundamental equation for the d1e1ectr1c measurement

‘ and f1 om this equatzon, we derxved several new methods of measurement one of which
' especxally was simpler in practical calculatlon than any method proposed by ‘other re-
searchers. :

In the p1esent paper ‘we introduce the form of fundamental equation which is conven-
ient to make approximation and show the simplest methd out of theé various ‘methods’
which can be obtained by apprommatlon from that equation forilow loss sample.  Thisi
method'is also simple in procedure and calculation of mesurement, compared - with the
approximate ‘methods reported up to 'thé’ present.

Furthermore, we describe the experiments which have been ‘performed on: two low:

loss samples and shown a good agreement with the theory.
INTRODUCTION

The approximate methods of ‘the microwave dielectric measurement using the
wave guide have been reported by many authors. These methods are principally
based on approximate forms of a complicated implieit function which contains the
‘propagation constant 14 = da + 7Ba of the sample.

So far as we know, in 1946, Roberts and von Hippel proposed for the first
time an approxifmate method for low loss matenals utilizing ' the standing wave in
the rectangular wave guide.? ‘ ‘ ‘

This method is based on the ‘approximate expansion of the  transcendental
equatlon containing yaq a which was introduced by them for the case that the back
face of the sample was terminated by a perfectly reﬂec‘cmg plane, as showr in the
f1gure ThlS method 1s valid only when the sample Iength d is near to 3/4 1,
and the VSWR I" at the front face of the sample is very large Where Az is the
Wavelength in the sample column. '

Afte1 Ward Dakm and Wo1ks ) 111troduced a more convement approx1mate me-
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thod by a modification of this laborious method by Roberts and von Hippel.

In this method, the procedure: of ‘measurement’is fairly. easy and the calcula-
tions for both a; and B, are also comparatively simple, because terms of 1/I" and
aad are neglected here. The Validity of this approximation is generally restricted
by the sample length. They verified empirically, by a numerical check of the res-
ults of many measurements, that their method could be applied to the materials
having tan § less than 0.1 independently of the sample length.

Surber referred to an approximate method too in his paper in which the meas-
urement for medium loss and high loss liquids was chiefly treated.®

In his general method, he introduced ‘especially a parameter, D which he
called the ‘““dissipation factor’” of the guide system, The use of D instead of tan
6 resulted in a simplification of the analysis, that is, for low loss materials, the
validity and the percent error of the approximation could be discussed with more
generality in terms of D than those of tan §.

He determined the value of ¢/ by measuring 4, and for the determination of
¢!, he showed an exact expression of aaka, Which holds only for the case where
the sample length is equal to an integfal multiple of 1./4 and the sample column
has a shortcircuit or an opencircuit termination. From this expression, he derived
a comparatively simple form by neglecting terms of D for the low. loss materials
having D less than 0.1 and moreover for 0.3 > D X 0.1, he used the first appro-
ximation of that expression.

However, this method requires the continuous variation of the sample length
and so the experimental procedure seems to be rather complicated.

Furthermore, Surber and Crouch proposed an approximate method applicable
when the sample is exactly an integral mul‘ciplé of a quater wave length long and
has a shortcircuit or an opencircuit terininaktion,"? , ‘

This method has the mathematical advantage that the equation fundamental
for the measurement reduces to a very simple form since the 'impedance of the
sample column is approximately a pure resistance for these resonant lengths and
also the experimental advantage that the over-all sensitivity for loss measurement
is increased since the power absorption occurs in the héighbourhood of its maxi-
mum and so the dielectric loss relative to the guide losses increases. This method
also, however, requires either a continuous variation of the sample length or a
frequency variation. But the frequency variation method as well as the sample
length variation has not been so simple in our experience. These types of resonance
method are not applicable to the materials for which tan ¢ > 0.1, as Surber and
Crouch have said. ; o

Besides the methods mentioned abové, several approximate methods have been
used in practical measurements. . But the most these methods®:® are principally

the same as those of Surber and Surber-Crouch.
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In the present paper, we derive the fundamental equation for the approximate
method from the theory of dielectric measurement introduced in the previous
paper” and describe the most convenient method out of the various methods which
can: be ‘devised from this fundamental equation. ' The experiments performed by
this method on benzene (CiHs) and carbon tetrachloride (CCl,) are also described.

Furthermore, we investigate mathematically the accuracy of our approximate
method and discuss the corrections for the ‘approximation.

In the dielectric measurement for low loss materials, the losses of the guide
wall must be, of course, considered as lmportant factors, but are neglected within
the scope of the plesent ,paperk About these losses, however, we will discuss in
the next paper on this work.

Al zﬁ;{er A Sample A Prote
] ‘ ~ 1 from Jource
X m =l Xe0 P X = Xotd

1. THEORY OF MEASUREMENT

From the boundary conditions at the two faces, x = 0 and x = d of the sample,
which is mserted in the rectangular wave guide section excited by Hm-wave as
shown in the flgure we have previously obtained the followmg equatlon”

el by,
Te e @
with
~'Ygd
T= %ezy‘dq\‘—*&" e €))
e ?
and

T2 tanhy,l — 1
Pp= 3

T2 tanh yel + 1 :

T, .
where 7, and 7, (2=1,2,3) represent the pl‘dpegation constants and the complex
reflection coefficients in the respective columns. In the above equations y; and 7s
are replaced by r,, as r,—«rq and 7, by Ta ‘and moreove1, the gmde is assumed to
be terminated by a perfectly reflecting plane at x = - A

Substituting (3) into (1), the following equation is derived:

T= 22 tanh (g + rud), W
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where

¢ = tanh-t (7% tanh 5,0 |

¢ . (r,Tgr T(,)
Now, neglecting the loss of  the .guide wall:a, ‘against! 84, (4) reduces to.the follow-
ing form=: :
7B
aq + ]B
where K== tan B,/: :

!

tanh L“"d +7 [j’,zd + tanh" (ﬂ—zi‘@—l{ )l , €))

On the other hand we have shown m the prevmus paper that T defmed by
(2) is transformed into the convenient form for the measurement n

_ I -+ ] cot ngo
T= 1 +jP cot ﬂgxa ’ B (63

where [ is the VSWR at the front face of the sample X, the distance from the
front face of the sample to a minimum. point of the electric field and By=2 ny/2g,
A¢ being the wavelength in the air columns.

The value of this T reduces to a reéd homber for such I that x, is equal to
Cn+ 1) /4 N

and
W2 o®

where hiis' a positive 1ntege1 Accordmgly,ﬂthe r1ght-hand 31de of (5) must be
real for these two cases. :

Assuming that a. <€ f; and expanding the term tanh™' [(az + 7B) K/B,] in
the right-hand side of (5) by Taylor’s theorem, (5) can be, to the first approx-
imation, expressed as follows : o

T = 2P tanh[ (14 F) aud + j(fud + tan £LK) | 0
where
_ B K
P=peaipegd « (10)

Fq (€] is the fundamental ekq\uation‘ for ‘the kapproximatefme:thod of dielectric
measm ement ‘ ' ,

Now, by °epzuat1ng the r1ght hand 31de of (9) into tbe 1ea1 and 11nag1nary
parts and letting the latter equal to zero for the above mentmned l's, the follow-.
ing is obtained:

Ty Be EtanB(ﬂd + a0 tanh A tan B) + tanh A (as—fa tanh A tan B)) 0
)= 8421+ (tanh A tan B)*] )
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where
A=+ F) ad an
and

B=g.d + tanﬂ‘_gi_ K. (12)

This equation can be satisfied for either of the following cases:

a

cot B~ ~ %“— tanh A (13)

and ;
tan B ~0. (1

Then, the real part of the right-hand side of (9) is expressed as follows:

T{R} = By [Ba tanh A (1 4 tan? B) — gq tan B (1 — tanh? A)]
Bal[l -+ (tanh A tan B)*]

Substituting (13) into (12) and this expression of 7 {R},
%.L K, = cot (Bud + &) (15)
q
and

T {R}y = ,’Z coth 4, (16)

a

are derived respectiveiy, and substituting (14) into (12) and the 7 {R},

bBa g, = _ tan B.d an

g

and

T, AR} = ga tanh A, (18)

a

respectively follow, whete

g=— -2 tanh A,.
Ba
The suffixes 1 and 2 in the above equations correspond to the cases shown by (7)
and (8) respectively, as evidently seen from (16) and:(18). So the relations 7,
{R} = T'1 and T, {R} =1/I"; hold. ; ;
Expanding (15) by Taylor’s theorem, the following is obtained to the first
approximation :

B g - d___ &
g, T =cot Bud = gy
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This equation and (17) yield

Ba i 1/ 26y
(ﬂg> e (1 w3 de> (19)
and furthermore, (16) and (18) reduce to the following forms respectively :
coth (1+ ) qud = (ﬂi\rl
Bg'/

and

j : (20

tanh (1 + F,) aad = (§1> : [%
. el a

In the case where 2 &/sin 2 .d < 1 and F's< 1, which occurs dependihg
chiefly on the sample length, (19) and (20) reduce to the following simple forms:

ﬁd \2 — 1
and
1
t h d T i 22
anin oq T rz ( )

Accrodingly, by measuring only K's and I''s, ¢* = ¢’ — je!' of the sample can be
determined by the following formulae:

- (T )

1= ()] e (e |

whefe‘ A and A, are the free space wavelength and the cutoff wavelength respecti-

I

@)

1

i

3

a

vely and in the first equation of (23) the term of a.® is neglected.

2. EXPERIMENT

The procedure is as follows. After determining the constants A, 4, and A. of
the apparatus, the probe is placed at the points (2 »# + 1) A,/4 and » 4,/2 apart from
the front face of the sample. Then, adjusting the plunger so that the electric field
may be minimum at each position of the probe, /" and [ are measured for each
position of the plunger respectively, Using these observed values of I's and I's,
(Ba/Bs)* and a. are determined by (21) and (22). ‘

In practice, sample lengths at which sin 2 g.d is small must be avoided and
furthermore, if F’scan not be neglected against unity; (20) must be used instead
of (22) to determine aq, though in the present experiment, valdes of . were
computed by (22). About these points we will discuss in the next paragraph.

The apparatus used in the present experiment is almost the same as that men-
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tioned in the previous paper. Thin layers of mica (the thickness is 0.003 cm.)
were inserted between the air columns and the sample column.
The used wavelengths are
2 = 3.392 cm. (8845 Mc/sec), 4, = 5.072 cm. and 1, = 4.572.cm.
As the samples for the examination of the method mentioned in the preceding
paragraph,. benzene. and carbon tetrachloride were used. In the following tables
the experimental results on these samples are shown.

Table 1.
Benzene 20°C
Method 6
d K K r, I, g g’ &'
(em.)
12,00 0.2863 -0.9033 18.7 74.3 2.287 0.0032 2,283

9,68 -0, 08177 3.8237 16.6 111.4 1.986 0. 0034* 2,005

5.64 . . 0.1663 -1.5527 31.0 109.4 2,289 0.0043 2.285
Table 2.
" Carbon tetrachloride 20°C
. : Method 6
d K. K, Iy Iy g el &
(cm.)
12.00 0.6530 -0, 4094 19.2 73.1 2.232 0, 0031 2.235
9.68 0.1245 -2.1455 20.6 74.3 2,235 0. 0037 2.238

5.64 0.3174 -0.8433 24.8 94.9 2,230 0. 0057 2.234

# This value was computed with the value of g; obtained in the case where
d=12.00:cm.:. :

3. DISCUSSION

(1) On the Measurement of ¢’

As shown in the tables in the preceding paragraph, the values of ¢ obtained
by the approximate method proposed in the present paper agree with those obta-
ined by the method 6 which is non-approximate and was proposed in the previous
paper.?? This good agreement is obiously explained from the fact that the expression
for ¢' -of the method 6 reduces to the form (21) of this approximate method by
neglecting the terms containing the factor 1/I''s.

The measured values of ¢ of benzene agree with the values obtained by Ble-
aney, Loubser and Penrose : 2.2835 and 2.2850 (at 2= 3.2cm. and 20°C),” and these
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values have béen also confirmed by Heston and Smyth, and others.® 1910 The value
for d = 9.68 cm., however, is comparatively different from 'the other values by us.
This disagreement may result from the fact that 9.68 cm: ‘is: about 15 times as
large as Aq/4 = 0.645 cm. -and therefore, sin 2 B.d is:nearly equal to zero, that is,
the correction term becomes appreciable in (19).'In practice, the sample lengths
.which ‘are near #1./4 must be avoided. Tt'has been empirically made clear that
this circumstance may also hold in’ method 6. | ’

In the experiment on carbontetrachloride, our result shows a good agreement
for each sample length, since it is not an unsuitable-length - as mentioned above,
and moreover, our measured values are very near to the value by Bleaney, Loub-
ser and Penrose: 2.2386 (at 2 = 3.2cm. and 20°C)” and to the value by Heston
and Smyth: 2.240 (at 1 = 10.0 cm. and 1.277 cm. and 20°C).1©

(2) On the Measurement of ¢/’

We have experienced that the measurement of ¢’ is very troublesomé in me-
thod 6 and have not been able to obtain good results in the experiment on cetyl
.alcohol.® Also, in this approximate method, good results are not obtained comp-
ared with those about ¢/, as shown in the tables, that is, the obtained values of ¢/’
of the both samples have shown remarkable deviations with different sample
lengths. The values for d = 5.64cm. exceptionally deviated from the others.

For the determination of the values of ¢/' shown in the tables, we have computed
the values of @, by the use of (22) in which F’s are not considered, but we have
obtained by using (21) almost the same values of ¢/’ as the above. IFd l can be
shown to be maximum for K = - 8,/8«, and even then | F|is less than 3 percent,
if the sample length is sufficiently long. Accordingly, errors due to the neglect
of F may affect at most the third significant figure of ‘the measured value.

Therefore, the neglect of F can not explain the deviation of the measured
values of ¢'’, so we must search for the cause for it in the following: points.

i) The VSWR becomes very large and so it is generally difficult to measure
its value accurately. R

i) Egs. (13) and (14) can not satisfy the condition that 7{I} =0, for small
sample lengths.

But we may not be able to conclude that the cause for the deviation of the mea-
sured values of ¢/’ results only from these points. o

On the materials used in the. present experiment, a few ‘results of ‘the loss
measurement in the centimeter wave région have been reported,V:9:12:19 . Among
these, the tan § of benzene obtained by Roberts and von ! Hippel agrees with our
results in the first significant figure, but we can not compare the values obtained
in the present experiment with' those by other reseachers because of differences in
the purity of the sample, the used wavelength and the temperature.
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The values obtained by method 6 have shown extreme deviations and have
not agreed with the results by this approximate meth'o‘d, for the respective sample
lengths except in the case d =12.00 cm. of benzene. The calculation in'method 6
is simpler than in other no11~approximate methods proposed so far, but it is con-
siderably complicated compared with that in this approximate ‘method. . Then we
bave experienced that a little error of I" affects seriousl the restlt of the calculation.
This fact, together with the observed values of the VSWR having generally lovvfatccu~
racy, seems to be a cause for these deviationzs.‘ On the contrary, in this‘approx-
imate method a; can be computed using the observed values of the VSWR only
and then the error attending the calculation may be smaller. By this reason, this
approximate method seems to be better than the method 6 for the measurement of

1

¢'! of low loss samples such as used in the present experiment.

CONCLUSION

Thekapproximate method described in the present paper possesses the merits
that both the sample deformation and the frequency variation are unnecessary
while in most of the approximate methods by others, at least one or the other of
them must be used. Then the procedure of ours is extremely convenient and
moreover, the calculation is also very simple.

So far as ¢’ is considered, our experimental results show a good agreement
with the theory and therefore, it is confirmed that for low loss materials such as
used in this experiment, our approximate method can be used to determine the
value of ¢ with a sufficient accuracy, instead of non-approximate methods, in
which complicated calculations are necessary. ‘

The measured values of ¢’ have considerable deviation with the different
sample lengths and the cause of this deviation has not been cleared up. Further-
more, it is difficult to compare indiscriminately our results with those reported
so far by other researchers, because the conditions of measurement are generally
different.  Therefore, the validity of our method of loss measurement is not
experimentally confirmed, though it seems to be better than other approximate
methods in point of procedure and calculation of measurement. We will hereafter
investigate this problem.

This approximate method may also be utilized for the measusement of medium
loss and high loss materials, if the sample length is adequately chosen and F taken
into consideration. About these we will report in the later paper.
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