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SUMMARY
The thesis describes research work carried out 

at the Royal Technical College, on the measurement of 
microwave permeability, and of comparison measurements made 
with direct and 50^/s fields.

Permeability may be defined both as a real and a 
complex quantity. The reasons for considering it complex 
are discussed and the relationships between the permeabilities 
obtained from measurements by different methods and the 
real and imaginary parts of the complex permeability is 
derived in a novel manner#

This is followed by a historical survey of 
published work which is considered important to the 
development of the technique used by the author#

In this the Q of a coaxial resonator with a
16 S.W.G. magnetic wire as inner conductor was compared with
the Q of the same resonator with a copper inner conductor#
From those measurements, the product of resistivity and 

permeability of the magnetic specimen was calculated# The 
design of the resonator was such as to allow a current to be
passed through the specimen, lengthwise# This produced a

magnetic/
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magnetic field parallel to the microwave magnetic field, 
thus reducing the measured permeability. By using very 
strong fields, it was possible to estimate the value of the 
product of resistivity and permeability as the permeability 
tended to unity# This value is the resistivity and from it 
the permeability with no polarising field was calculated#

When the polarising field was varied in a cyclic 
manner, a hysteresis curve of permeability was drawn out.
This curve has been called a "butterfly** curve by previous 
workers# The author * s apparatus is somewhat simpler than 
that previously described and, as a new extension to this 
technique the author produced a similar type of curve using 
a field at right angles to the microwave field. This caused 
an increase in the resistivity-permeability product as the 
field increased, presumably due to an increase in resistivity 
caused by the perpendicular field. Curves were also produced 
with combined parallel and perpendicular fields.

For comparison purposes the resistivity and 

permeability were measured using d.c. The permeability was 
measured ballistically with a field applied lengthwise to 
the wire specimen by a long solenoid. It was realised that

this/



ix

this was not the same field configuration as that used in the 
microwave measurements, therefore a new technique was 
developed. In this, a 50^/s alternating current was passed 
through the wire specimen and a reference specimen (eureka) 
in series. The voltage drop along each of these wires was 
compared by means of an a.c. potentiometer and the results 
of this comparison were used to calculate the complex 
permeability of the specimen. As the magnetic field was 
circular, it was of the same form as that used in the 
microwave measurements. The calculation of the permeability 
from these résulte required the extension of an existing 
proof of the voltage drop along a magnetic conductor to the 
case of one with a complex permeability. This extension 
introduced Bessel Functions of Complex Argument, which made 
the computation difficult. A family of curves was therefore 
drawn to ease this problem.

The rationalised M.K.S. system of units have been 
used throughout the thesis, except for some historical 
equations which have been quoted in their original units, 
and a suitable note added.



CHAPTER I.
FUNDAMENTAL APPROACH TO REAL & COMPLEX PERLIEABILITY
(a) Static Fields.

The permeability of a substance may be defined by 
considering a large homogeneous specimen in a uniform 
magnetic field H. If B is the flux density produced in the 
specimen, then the relative permeabilityyU. is given by

where = 4 TT x 10"^ H/m,ls the permeability of free
space. When the bulk product of a material is being 
considered it can be assumed that B is parallel to H and 
the permeability is therefore a space scalar.

It will be realised that an infinitely large 
specimen cannot be obtained in practice and that, in order 
to obtain reasonable accuracy with a specimen of convenient 
size, some form of compromise must be made. The specimen 
must be large enough to ensure that the flux density is 
uniform, assuming uniform field strength and a homogeneous 
specimen. However, if the epecimen is short in the direction 
of the magnetising field, the poles induced at the end of it 
will reduce the flux density at the ends. This is known as 
self/
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self-demagnetisation. For absolute accuracy the specimen
should therefore be infinitely long. If the cross-sectional
area of the specimen is reduced, however, the induced poles
will be weakened. Thus, the accuracy is dependent on the
ratio of length to cross-sectional area (or diameter). In
ballistic measurements, with a relatively short search coil, 

1Ewing found that a wire specimen 300 diameters long could 
be considered as infinite.

Two other methods of overcoming this difficulty 
are as follows. In the first, a continuous magnetic circuit 
is formed by the specimen (e.g. a ring-shaped specimen 
forming the core of a toroid). This is very suitable for

2sheet material and it has also been used by Kreielsheimer 
with wire specimens. This will be discussed more fully in 
Chapter 711. In the second method, a correction is made for 
self-demagnetisation, by calculating the field distortion 
which occurs. This can be applied to ellipsoidal shapes, 
but these are difficult to make as they require to be 
machined accurately. Although corrections can be applied 
for some other geometric shapes, they present the same 
difficulties as the ellipsoids.

Ferromagnetic materials, which were used in the 
experiments/
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experiments to be described, exhibit the feature that their 
permeability is not constant for different values of applied 
field. It is therefore very difficult, in comparing various 
materials, to decide on a value of field strength at which 
comparative measurements should be made. In very low fields, 
however, the permeability varies almost linearly with the 
applied field strength, and in some materials it is constant. 
This feature enables the extrapolated value at H = 0 to be 
found. This provides a very convenient reference point and 
is called the "initial permeability" ( )

Thus, Uu' Uo aï. H c >
The method of measurement will be described in Chapter VII.

Another marked feature of ferromagnetic materials 
is the hysteresis loop which*is produced vhen the field 
strength is varied in a cyclic manner. The area of this 
loop is proportional to the work done in performing the 
cycle* This work done is known as the hysteresis loss and 
is important when considering a specimen subjected to 
alternating fields.

(b) Alternating Fields - Low Frequency.
At low frequencies the variation of permeability 

relative to the applied field strength is marked, and therefore 
all/
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all measurements should include a reference to the field 
strength. A true statement of the magnetic properties must 
also include a reference to the hysteresis loss and, where 
applicable, to the eddy current loss caused by circulating 
currents within the material. This has been the usual method 
for many years, but there is a tendency now for these 
properties to be lumped together and specified by a complex 
permeability. This method has been fully discussed by 
MePadyen^. It is the concept used at high frequencies and 
is used throughout this thesis.

(c) Alternating Fields - Radio Frequency.
At high frequencies the concept of complex 

permeability has become well established since it was first 
proposed, in 1913, by Arkadiew^. The readier acceptance of 
this idea at radio frequencies than at power frequencies is 
probably due to the measurement techniques used at these 
frequencies. At radio frequencies, power loss measurement 
is difficult,and often impossible, and a measurement is 
therefore made of the attenuation and phase change produced 
when a wave is propagated into the material. This leads 
more easily to the concept of complex permeability. 
Theoretically it would be possible to convert this into a 
real/
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real permeability and a power loss, but in practice, because 
of skin effect, it is difficult to define the volume in 
which this loss takes place. These factors necessitated 
the use of complex permeability which is, in fact, so

*5convenient that it is now being used at low frequencies , 
where there are no such restrictions.

Before considering the theory of complex permeability, 
it is useful to derive the equations of electromagnetic 
propagation in a material of real relative permeability 
and to consider why these equations cannot be employed in 
the case of magnetic specimens. The following treatment, 
for real permeability, is that used by Sarbacher and Edson^, 
but similar proofs are given in other standard textbooks.

First, consider the propagation of a plane wave 
into a material of conductivity 
C"and having a real relative
permeability, AX. Let the ! .
propagation be in the Y ,

  X
direction and H in the Z plane, 7
(fig .1) so that /

= H and = 0.

Further, ^  H%.
. y

sinee/
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since the plane wave is in a medium of infinite extent. 
Also,

E  U z: =: O O v v d E ^ - - E

Then the wave equations
a w_ c n y
“3 ^  

ô U

•=- cr (3Eat
ÔF,

Ô 3 F I "

à-r Ft

b E u  3 E x

Let
and

^ 1 ̂  
'TaAyce+o à U  - _ F -  t-'(>£

, ■àa ■ ""-SI

E ^ E '  - -

F x

^ — - (.a

where y- is the propagation constant of the wave in the Y 
direction.
Substituting (3) and (4) in (l) and (2), and dividing by

it is found that

y-F' ^

Substituting this value of in (5) and simplifying, gives

Since
X  = j w ^ o ^ C c r + j w 6 )  --

cr > 7  w  (: then ^  ̂  \! j W ( r / ^
(0
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l.€. ^  4 z UJ (ry&oyx - -  - —  i.'^)

^mce C'+-jR -
From equation (7) it is seen that the propagation 

constant is complex; i.e. the wave experiences a reduction 
in amplitude and a displacement in phase. Denoting the 
attenuation constant by OC and the phase constant by 
then, in conjunction with equation ( 7 ) , ____

y- - - ('+j  ̂J k.
!?• t)< = j?, -  ̂ £o cry»a/ - —  - — ( ̂ 3

The methods of measuring permeability will be
discussed in Chapter II, but, basically, this equation
applies to all the methods used at high frequencies. One
would expect that, to find the permeability, either X  or )3
could be measured and then /X calculated from eqn.(8).
Experimentally, however, it was found that the permeability
calculated from was not the same as that calculated from |[S
This led Arkadiew^ to suggest that the permeability could be
represented by a vector relationship of the form

which is a complex time vector, in the fourth quadrant, 
since it is found that the vector flux density usually lags 
the vector field strength by less than quarter of a cycle.
In exceptional cases, such as ferromagnetic resonance, the 
permeability/
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permeability lies in the third quadrant i.e. a phase lag
of 90^ to 180^. Arkadiew followed this postulation by a
proof of the relationship between the measured values and
the real and imaginary parts of the complex permeability.
A proof similar to Arkadiew's, but using modern notation,

7has been given by Millership and Webster , but it is felt 
that the following proof by the author, is more general.

Representing the values of permeability found by 
measuring ot and |3 by and yx^respectively, eqn. (8) 
becomes; ^ - _______ —  (>o)

\  CO
Substituting the value of complex permeability from eqn.(9) 
for the real permeability in eqn.(6) and, assuming that 
cr ĉ  t then ^  =  j U3 cr )
Substituting for and simplifying, the equation
(oC^- 2̂?-) +- =  W  obtained

Equating the real parts gives  fiq")
" " imaginary " " 0 < y - p c p ,---- (l̂ )

If the values of and given in eqns.(lO) 
and (11) are now substituted in eqn.(13), the real part of 

the permeability is found to be

Similarly/
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Similarly from eqn.(12),

A'-u" t   —  ('S)
By manipulation of eqns.(l4) and (15) it can be shown that

and
/A.|_ - (^1 4- Jd^ ) —

These four equations give the relationships 
between the measured values of permeability and the 'complex 
permeability.
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CHAPTER II.

HISTORY OF HIGH FREQUENCY MEASUREMENTS.

Very complete bibliographies of measurements of
permeability at frequencies over 100^^/s are given by
Allanson® in a paper on the permeability of ferromagnetic

kc /materials at frequencies in the range of 100 /s to 
1,000^^/s, and by Rado^ in a paper which relates more 
especially to permeability at microwave frequencies. The 
following history discusses the main papers on which further 
work, by the present author, in the field of microwave 
permeability has been based. The chapter concludes with a 
table showing the frequency ranges covered by the papers 
discussed.

The earliest measurements on high frequency
5permeability were made by Arkadiew in 1912. Using a spark 

gap oscillator he compared the reflection of an electromagnetic 
wave from a copper wire grating with that from a ferromagnetic 
wire grating, for frequencies in the range 100 to 20,00C^^/s. 
From the measurements of attenuation and phase displacement 
of the wave in each case, he calculated the values of yUlp 
and at these frequencies. Although radio measurement 
technique/
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technique was still in its infancy, the quality of Arkadiew's

research work is shown by the fact that his results are of
the same order as more recent results. It is impossible to
draw more accurate comparisons as the permeability of a
specimen is very dependent on its exact chemical composition.

2Although Kreielsheimer made some important measure
ments at high frequencies (300^^/s to 6.5̂ ^̂ /s the next 
important experiments at very high frequencies were carried 
out by Hoag and Jones^^. In these, the inductance of a^echer 

line was measured at frequencies between 470̂ ^̂ /s and 1350^^^/s. 
Since this involves, fundamentally, the phase constant, |3> 
of the wave in the metal, the value of permeability calculated 
from it i s T h e  equation relating^^and the inductance,
L, per unit length, was developed by Hicholson^^,

where L is the inductance in e.m.u./cm. of parallel wires
d cm. apart, r cm. y-pcUur f.rcl resistivity yO ^

D C - ;
and priming denotes the first derivative with respect to x.

A modification of the method used by Hoag and Jones 
12 Hewas used by G1 at hart at 197 /s. In place of a lecher line,

Glathart/
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Glathart used a coaxial line with a magnetic inner conductor. 
By measuring the half wavelength, d, in the line and also 
the half wavelength, d^, in free space, the inductive 
permeability can be calculated from

=  l-25fe f  - kg,, u n k i

where a cm. and b cm. are the inner and outer conductor
diameters and yO is the resistivity (ohm-cm) of the inner
conductor. Two important advantages of the coaxial line over
the lecher line are that errors due to stray fields are
minimised and that, with a properly proportioned coaxial line,
the difference between and d can be accentuated.

During the 1939-45 war, the advent of radar produced
improved oscillators and measuring instruments for the
centimetric and decimetric bands. Descriptions of several
experimental methods using these new techniques have been

13published in the last few years. In Holland, Smidt ^, using 
Glathart*s method, measured the permeability of drawn iron 
wire in the 360-58(f'^^/s region. This was a measurement ofJJl̂  
only, but Smidt failed to point this out. He found that 
falls off very steeply with increasing frequency and states: 

"One result which can be deduced from the very 
steep/



- 13 -

"steep falling off of the permeability is that the 
skin depth, which normally decreases with increasing 
frequency, increases again in the region of the fall. 
For the depth of penetration is given by

(c.Q.s. un'iVs)a'Tfu.u)
and in the neighbourhood of the critical frequency,

Pdecreases more than w increases."

This argument is fallacious, since the measurements made 
were of and the skin depth equation relates to •

Wieberdink^^*extended the method used by Smidt 
as follows. The specimen was again used as the inner 
conductor of a coaxial line which was fed from an oscillator 
by a loop coupling at one end. The other end was closed by 
a movable short circuiting piston. This piston had, at its 
face, a radially mounted loop with a detector connected to 
a galvanometer. The output of the detector with respect to 
piston position was of the form shown in fig.2. Wieberdink 
derived a relationship between the characteristic impedance 
of the line and the distances (u^ - u^) and (u^ - u^).
By measuring these values and calculating the line impedance, 
the real and imaginary parts of the permeability of the 
inner conductor could also be calculated. The great 
advantage/
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advantage of this method is that the measurement is 
independent of detector characteristic and does not require 
absolute measurements of detector current or frequency.
The approximation is made that the losses in the copper 
outer conductor and those due to piston contact are negligible 
with respect of the losses in the wire specimen. This seems 
quite justifiable at the frequencies used, but at higher 
frequencies it might not be so,

15The results of Wieberdink's experiments show 
that, for a wire of composition 60^ Ni, 40^ Fe, a resonance 
occurs at approximately in which both and alter
in a marked manner. Readings were taken over the range 
266 - 375^^^/s and the value of was found to rise to a 
peak, at 320^^^/s, which was approximately twice its value at 
3 7 5 ^ % .

In all the above measurements, the conductivity 
of the specimen was assumed to be the same as the d.c. value. 
This was necessary, as it was impossible to separate 
permeability from conductivity in eqns.lO and 11. This 
assumption seemed to be supported by work carried out by 
Hagen and Rubens^^ in the infra-red region. Their experiments 
also showed that the permeability is unity in this region. 
Measurements/
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Measurements made by Maxwell at a wavelength of 1 cm.
(30,000 ̂ ^^/s) and Beck and Dawson^® at a wavelength of 10 cms. 
(3,000 ^^/s) have shown, however, that the conductivity is 
affected by surface roughness, and it may not be possible to 
prepare the surface so that the h.f. conductivity has its 
d.c. value* Although Milner and Clayton^^ did not measure 
the absolute conductivity, they also showed that surface 
roughness played an important part in the apparent conductivity,
at a wavelength of approximately 10 cms.

20Johnson and Rado , in America, have overcome the 
problem of separating conductivity and permeability, in the 
following manner. A half wavelength, coaxial resonator, 
short circuited at both ends, was used with the specimen 
forming part of the inner conductor (fig. 3)* At 20(f^^/s, 
for example, the specimen formed 17*75 cm. of the 74*5 cm. 
long inner conductor, the remainder being of brass. The 
diameter of the inner conductor was 0.159 cm. and of the 
outer, 1.59 cm. These dimensions were chosen mainly in order 
that

(a) most of the losses should take place in the 
inner conductor 

and(b) the radius of the inner conductor should be 
large with respect to the skin depth in view 
of/
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of certain approximations made in the derivation 
of permeability from a measurement of the Q 
of the cavity.

The value of the product of complex permeability 
and conductivity was calculated from a measurement of both 
the Q and the resonant frequency of the cavity. The authors 
found that altering the frequency of the oscillator exciting 
the cavity, in order to determine the resonance curve, 
caused errors due to frequency drift and change of the power 
output of the oscillator. The frequency was therefore 
maintained constant and the resonant frequency of the line 
altered by means of the movable dielectric bead shown in 
Pig. 3* From this a Q curve could be drawn.

In order to make the measurements independent of 
the conductivity of the magnetic specimen and of losses ih 
the rest of the resonator, the following ingenious method 
was used. The specimen was saturated by a circular static 
field produced by passing a high current (up to 1,000 A), 
through it. For this reason, the outer conductor had to be 
in two parts, separated by an insulated disc as shown. The 
product of conductivity and complex permeability is calculated 
from measurements of Q and resonant frequency with no 
externally/
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externally applied field. If the specimen is now saturated, 
the permeability will be unity and the conductivity can be 
calculated. From this value and the results of the previous 
measurement, the complex permeability can be calculated. 
Unfortunately, owing to the heat produced, the saturation 
current cannot be maintained for long without affecting the 
conductivity and permeability of the specimen. An elaborate 
pulse method had therefore to be used. In this, a pulse 
of high current, sufficient to saturate the material, was 
passed through the specimen and the change of transmission 
efficiency of the cavity measured. This was measured relative 
to the Q and resonant frequency of the cavity with a low 
value of polarising current in the inner conductor, this Q 
having been measured by the point by point method already 
described. In some cases, such as soft iron, the current was 
insufficient to saturate the specimen and the saturation 
value had to be extrapolated from the highest current used.

Measurements were carried out on three specimens 
(pure iron and two types of Permalloy) at both 200 and 
975̂ ^̂ /̂s, the technique at thé higher frequency being similar 
to that described, but with a 4 cm. long sample in a specially 
constructed resonator. Interesting experiments were also 
carried/
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carried out on the effect of a varying polarising field.
Cyclic variations of the field produced a curve (fig. 4), 
called a "butterfly" curve by the authors, which is really 
a form of hysteresis curve, as will be shown in Chapter T.
The curve shown, relates the output voltage of the resonator 
to the value of the polarising current. The highest 
transmission or Q (i.e. the lowest permeability) occurs at 
the highest values of polarising current, which one would 
expect from a consideration of the incremental permeability 
of the low frequency hystersis loop. The dotted curve is 
obtained when starting from the demagnetised state, the full 
line curve representing the final, cyclic state. The slight 
assymetry was caused by heating.

This work by Johnson and Rado was a great advance 
on previous work, both in the care taken over the measurement 
procedure, and in the removal of errors due to the possibility 
of the conductivity not being the same as the d.c. value.

It is unfortunate that no values of high frequency conductivity 
have been given in their published results.

In this country, over approximately the same period, 
work was being carried out at Leeds University on the measurement 
of over a wide range of frequencies (2,300 - 10,000̂ '̂ /̂s) by 
comparing/
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CHAPTER III.

PERMEABILITY IN THE 10 cm. REGION BY MEASUREMENT OF SKIH EFFECT

(a) Choice of Method.
Previous to the work to he described few

measurements of permeability at microwavelengths had been
made, as has been seen in the last chapter. The work of
Milner and Clayton^^ on another problem, measurement of the
effect of surface roughness at a wavelength of about 10 cm.,
gave the author the idea of extending the method to the
measurement of permeability.

The method consists of the comparison of the Q of
a coaxial resonator, having the specimen as inner conductor,
with the Q of the same resonator with a reference specimen,

21copper,as inner conductor. Although Hodsman et al have
pointed out the difficulties of a Q measurement technique, it
is felt that this method is adequate. An advantage of the
coaxial resonator is that it has been possible to superimpose
a d.c. magnetic field on the microwave magnetic field in an
attempt to saturate the specimen, as described by Johnson 

20and Rado , enabling the resistivity and permeability of the 
specimen to be separately calculated.

The/
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The technique used by Milner and Clayton is as 
follows. The Q of a standard resonator, fig. 5(a), is 
compared with the Q of the test resonator, (b) containing 
the specimen. The standard resonator has an inner conductor 
slightly less than long. This resonator is tuned to the 
resonant wavelength, K , by a dielectric introduced into 
the fringe field at the end of the inner conductor.

The test resonator has a section similar to
the standard, but with a hole drilled along its axis to allow 
the specimen to be introduced ̂ into the resonator. The 
specimen length is then adjusted until it forms the remaining

of the resonant system. This method of construction
ensures that negligible loss occurs at the junction of the 
specimen and the resonator since there is no current flow at 
the point.

In both the standard and test resonators, three 
coupling loops are introduced near the short circuited end.
One of these is used to supply the power from the klystron 
through attenuating cables (fig. 6), to prevent interaction 
with the standard resonator. The second is connected to a 
crystal detector and the third is used to couple a length of 
lossy cable into either resonator. If the coupling of this 
cable/
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cable is increased, the Q of the. resonator is reduced.
The klystron is frequency modulated by 50^/s 

ripple superimposed on the reflector voltage by connecting 
the heater winding in series with the reflector voltage 
(fig. 6). The detected output of each resonator therefore 
varies in amplitude with the change in frequency and, when 
this signal is applied to an oscilloscope with a suitable 
time base, a resonance curve is traced out. The two detected 
outputs are connected in antiphase (fig. 6) so that the 
oscilloscope displays the difference in the resonance curve. 
Using this difference curve, the resonant frequencies, "Q"s. 
and amplitudes of the resonators are adjusted to be equal.
The resonant frequencies are made equal by adjusting the 
dielectric in the standard resonator; the Qs are made equal 
by adjusting the loading on the standard resonator; and the 
amplitudes are adjusted by the coupling into the klystron 
resonator. When these are all equal, the difference curve 
will be a straight line.

When this balance point is reached, the resonance 
curve of the loaded resonator (the standard) is displayed on 
the oscilloscope and its height (corresponding to ) 
is noted. The loading cable is now removed and the height h^ 
(corresponding to Q^) of th resonance curve without loading.

I S /
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is noted. Allowing for the square law of the detector,
Q o Ho

(This and the following relationship, which were stated, 
without proof and not in exactly the same form, by Milner 
and Clayton will be discussed and proved in Chapter IV)

If the test specimen (resistivity , permeability
,/f'OLclius CX̂  ) is replaced by a reference specimen 

( ouncL ) a similar expression for the new Q of the
test resonator, Qp, can be obtained* The ratio of

JU.4-and hence -— — can then be calculated from
P-<

OLf ? = 2i fK<- A,\
In the following experiments copper was used as a reference 
specimen*

(b) Initial Experiments on Skin Effect Measurements.
Resonators similar to those used by Milnarand 

Clayton were built, and measurements attempted using magnetic 
conductors. At first, the only oscillator available for the 
supply of 10 cm. power to the resonators was a CV35, high 
voltage klystron, but this proved unsuitable due to its poor 
frequency modulation characteristic. It was found that a 
sweep/
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sweep of about 50̂ *̂̂ /s was required to trace the resonance 
curves and this could not be obtained by varying the 
reflector potential of the CV35• A low voltage klystron 
(707B) similar to that used by Milner and Clayton was 
obtained and this was found to have a suitable modulation 
characteristic.

When measurements were made using a lossy specimen 
(i.e. low Q of test resonator) it was found impossible to 
balance the difference of the reScnator outputs, as viewed 
on the oscilloscope, to a straight line. A considerable 
residue remained in many cases due to differences in the shapes 
of the standard and test-resonator curves. At first this 
was thought to be due to differences in the characteristics 
of the detectors, either the loops and associated capacities 
or of the crystals themselves. Experiments were made in 
changing crystals and redesigning the holders. The three 
types of mounts are shown in fig. 7.

Types (a) and (b) are probably similar to those 
used by Milner and Clayton. Two of type (c), a photograph 
of which is seen in fig. 11, were made to give positive or 
negative outputs depending on whether a British (CYlOl) or 
American (IN2I) crystal was used. The difference in these 
crystals/
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crystals is in the direction of current flow through the 
crystal, i.e. in the convention of whether the "base” of 
the crystal is connected to the large or small diameter end. 
The dimensions of these crystals are almost identical. 
Experiments were carried out with the four crystal mounts 
using different crystals, but, although improvements could 
be obtained it was found impossible to remove the unbalance. 
The main difficulty in these attempts lay in the fact that 
the results could not be judged quantitatively, only 
qualitatively. The most suitable components were used and 
other sources of distortion studied.

It was felt that the irregular nature of the ripple 
modulation on the reflector did not produce a true picture 
of the resonance curve, thus masking the nature of the 
difference curve. A transitron-miller time base was therefore 
built up to improve the linearity of the frequency sweep.
This circuit is shown in fig. 8, where V2 is the transitron- 
miller valve which produces a linear time sweep at a 
repetition frequency of 50 ^/s. This rate is decided by the 
2M ohm variable resistor in the grid circuit and the sweep 
is synchronised to the mains supply by the amplifier 71 whose 
grid is connected to the heater voltage. The oscilloscope 
can/
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can also be synchronised to the mains frequency, giving a 
steadier trace. This more linear sweep helped in the 
interpretation of the curves and improved the accuracy of 
balance.

Another slight improvement was obtained by situating 
the detector coupling loop ^Iz from the short-circuited end, 
while the input coupling was situated, as usual, near the 
short-circuited end. This reduced the direct coupling between 
the loops, improving the shape of the Q curve. The combined 
effect of these improvements was not sufficient to allow the 
method to be considered accurate and it was therefore decided 
to redesign the resonators.

Apart from the difficulty of balancing out, a 
disadvantage of the test resonator is that the specimen is 
fixed at one end and free at the other. It is thus impossible 
to ensure that the specimen is rigid and straight. If the 
specimen bends, distortion of the field occurs, which may 
give rise to errors in the calculation of resistivity from 
the Q of the resonator. Thus it is desirable to have the 
specimen fixed at both ends, therefore a resonator was 
designed one wavelength long, with the specimen held at each 
end by a quarter wavelength line. This resonator will be 
described/
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described fully in part (c) of this chapter.
While studying the effect of the bent inner conductor, 

several interesting features were noted which support the 
desirability of the new resonator. As they are not essential 
to the measurement technique they will be described in 
Appendix II,

(c) Modified Technique for Microwave-lengths.
The test resonator was redesigned to meet the 

requirements mentioned in the previous section, and a complete 
analytical approach is given in Chap. IV. The outer conductor 
consists of a -f" inside dia. copper tube, split into two 
lengths insulated from each other, as shown in the drawing, 
fig. 9, and the photographs, fig. 10 (left hand resonator) 
and 11. The sections are insulated by mica, and the flanges 
screwed together through insulating bushes. This enables 
current to be passed through the inner conductor without 
being by-passed by the outer conductor. The line is terminated 
at each end by a tight fitting copper plug, which has a 
section, 0.1" dia. projecting from it. These plugs have 
holes drilled axially through them to allow the specimen, a 
16 S.W.G. wire (.064" dia.) to be fitted. One of these plugs 
is/
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is fixed and the other is adjusted so that the distance 
between them is one wavelength. Thus the specimen is 
long and, since the supporting sections are long, the 
junctions between them and the specimen carry little or no 
current and therefore poor contacts have a negligible effect 
on the Q of the resonator. For this reason also, the insulated 
junction in the outer conductor is made at the A-point. All 
the internal surfaces were cleaned and polished as far as 
possible, to obtain a high Q. Three 5/l6” dia. tubes, to 
allow coupling loops to be introduced, were placed at 120^ 
intervals round one end. Another 5/16" dia. tube was placed, 
for the same reason, at the other end. This enables input 
and output loops to be placed far apart to minimise direct 
coupling.

Although, as will be described in a later paragraph, 
a standard resonator was found to be unnecessary, one was 
constructed for comparison purposes, and this is shown in 
the photograph, fig. 10 (right hand resonator). This is 
resonator with a 0.1" dia. inner conductor, the input being 
fed to the ^/z point and the crystal detector being coupled 
at the short-circuited end. The resonator may be tuned by a rod 
of polystyrene which can be screwed into the fringe field, at 
the open circuited end of the resonant line. Provision is 
also/
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also made to allow the standard or the test resonator to be 
loaded. In place of the lossy line used by Milner and 
Clayton, a piece of carbon loaded dielectric was used.
This was, in fact, part of a 100dhmcarbon resistor, rated at 
one watt. Other specimens of resistor were used, but all of 
them produced a progressive shift of the resonant frequency 
as they were introduced into the field due to the dielectric 

used as the resistor basis. Presumably the piece of resistor 
used was more heavily loaded with carbon as it produced a 
very small change in resonant frequency, which could be 
corrected by adjusting the klystron frequency.

In the method used in the experiments described in 
(a) and (b) of this chapter, the Q of the standard resonator 
was adjusted, by loading, to equal that of the test resonator 
The height of the loaded Q curve could then be measured on 
the oscilloscope and compared to the height of the undamped 
curve. The measurement of these heights on an oscilloscope 
introduces parallax errors. One method of overcoming this 
is to use a calibrated Y -shift control. The following 
method, which was used, is more convenient.

Once balance has been obtained, the frequency 
modulating voltage is removed from the klystron and the 
output/
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output of the standard resonator is disconnected from the 
oscilloscope and monitored by a microammeter. The reflector 
potential is then adjusted to give maximum output, i.e. the 
klystron is tuned to the resonant frequency of the resonator.
The microammeter reading (i^) is noted and the loading of 
the resonator removed. Due to the slight detuning caused 
by the dielectric of the load, a readjustment of the reflector 
voltage is necessary. Although this causes a slight error, 
as the klystron output changes when the reflector voltage is 
changed, it will not be greater than that introduced in the 
method described in (a) and (b) of this chapter. The new 
microammeter reading (i^) is taken and the ratio ^^/i 
which is the same as the ratio ^o/h^ is used to calculate the 
Q ratio and hence the relative resistivity-oermeability 
product.

An important extension of the technique of Q 
measurement can be made, using the method of the last paragraph. 
Since the Q ratio can be measured by the height of the Q curve, 
the Q of the test resonator containing the specimen can be 
compared directly with the Q of the test resonator containing 
the reference specimen. From this, the skin effect relative 
to copper (the reference specimen) can be directly calculated 
without/



- 31 -

without the use of the standard resonator and the undesirable 
balancing. The objection to this method is that any drift 
in the klystron output introduces proportionate errors in the 
measurement of Q height. With reasonably simple precautions, 
however, this drift can be reduced so that the errors are 
less than those introduced by balancing; this is-especially 
true at low Q where, as stated in (b), balancing was almost 
impossible.

The precautions taken were, that additional 
smoothing was used in the H.T. supply to the resonator, and
H.T. batteries were used for the H.T. supply to the reflector, 
to reduce frequency modulation. When taking a long series 
of results, readings using the copper specimen were taken at 
regular intervals to check the reference standard. If this 
had drifted much, the intervening results were ignored.

Another advantage of this technique is the ease 
with which sudden changes of Q can be measured using an 
oscilloscope or pulse peak voltmeter. The oscilloscope method 
of measuring the change of permeability when pulsed or 
sinusoidal polarising fields are applied to the specimen is 
described in Chapters V and VI.

(d)/



- 32 -

(d) Calibration.
Considering eqn. 16, which will be proved in the 

next Chapter, it will be noted that the value of
is a constant decided by the reference specimen used and
the resonator construction. The value of this constant is 
best obtained by experiment and to do this several different 
non-magnetic specimens of known resistivities were used.
Each specimen was carefully cleaned, usually with nitric 
acid, and then the Q of the resonator using the specimen as 
inner conductor was compared with the Q using copper. For 
specimens of aluminium, molybdenum, brass, tantalum, eureka 
and bright ray, the square root of the resistivity relative 
to copper was plotted to the inverse of the relative Q ratio,
as shown in fig. 12. By eqn. 16 it is seen that for non
magnetic specimens of the same diameter as the copper specimen.

i.e. a linear relationship. This is seen to agree, within
experimental error, with the results in fig. 12, from which

CLthe constant -.-jt--- is found to be 17*3,

I.e.
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CHAPTER IV.
DESIGN OF COAXIAL RESONATOR.

(a) Theory of Coaxial Resonator.
It has already been stated in Chapter III that the 

type of resonator used by Milner and Clayton is unsuitable 
and that a resonator one wavelength long, fig. 9, was designed. 
The outline of this type of resonator is shown in fig. 13 
where the specimen is of radius a^, resistivity , and 
permeability the rest of the resonator being constructed 
of a material of constants and

The Q of the resonator is then defined by the
relation,

Q p rr energy stored per cycle   (19)
^ energy dissipated per cycle

Stored Energy
The energy stored per cycle, W

Where H is the r.m.s. value of the field strength at any 
point in the resonator. Consider any small volume j V , 
situated at any point P; coordinates r, 1 andçi.

In order to calculate the value of r.m.s. field 
strength, H, at P, let the value at point A (b, o, o) be H^.

In the / direction the field strength is constant;
in/
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in the r direction it is inversely proportional to r; in the 
1 direction, due to standing waves, a cosine variation occurs.

I.e. H = H^- T •
The volume in which the magnetic field exists is

bounded by the metal surfaces. This can be divided into two
volumes: that with outer dimension b, inner dimension a^;
and that with outer dimension b, inner dimension a^. Since

2the integration is of H , it is immaterial whether H is 
positive or negative and thus integration from o to 
added to integration from ^V^-to A is equivalent to 
integration from o to . Similarly integration from
to can be replaced by integration from o to .
Then the stored energy per cycle is given by 

b b

Since H is constant in the d  direction this can be rewritten,

W  = j | a o ^  S.TT'rdU- dUt dl̂  + j  /lo H Z.TT'f I r  cU cL̂
■k.̂ 0 a, o

= I (cos
-4) o

- J . ̂  —  (20)
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Energy Loss per Cycle*
Since the dielectric in the resonator is air, 

the dielectric loss can be ignored. The only loss is therefore
dissipation in the metal walls. A convenient equation for

22this form of loss is given by Barlow and Cullen , although 
similar equations will be found in other standard works.
The equation is

where Wm is the energy dissipated in a surface, S, of metal, 
r e s i s t i v i t y p e r m e a b i l i t y t h e  r.m,s field strength 
in the surface being Eg.
This equation may be more conveniently written

=• . // Hs d S  .
In order to apply this equation, it is necessary

to divide the surface into sections and integrate, as follows
1. Loss in End Plates.

T - +-0 b ̂ 1- O tLnà A ; ç5-O+o'5t0°.
Metal constantsyOg and
Consider the loss in a ring of area 2TTT cU “ .

The loss in the two end plates can be written asw, = 2.jTT̂ ÿr75f .2ÏÏ-T cu-.
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There are similar sections a t ^ = ^ a n d  ^  but no 
loss occurs since H = 0 at these points.

2. Loss in Cylindrical Outer Conductor.

T-k) O  ; ql O4o
Metal constants andyU2
The integral from 0 to J\ is equivalent to twice 

the integral from 0 to .

W j  - Z  I. 2TTb(iH

3. Losses in Part of Inner Conductor.

T  = Q. - O  to ̂  OLVxi k) ^ ^ - O  +o "ÏGO .
Metal constants yO^and .

2Since the integration is of H , it is immaterial 
whether H is positive or negative and the integration with 
respect to 1 can be carried out over the range 0 to ^

Fence, ^ 3 ^ T  k)

4• Losses in Remainder of Inner Conductor.

" f -  d  w  ^  ^  -k  ; 95 -  O -k> "3.0,0 .̂

Metal constants yÔ  8ind û .̂
This integration may also be carried out between

0 and ^
Hence



- 37 -

Therefore the total energy loss in the resonator is

W m  “ W, Wj_ t

  (21)
Hence, from eqns. 19, 20 and 21,

Q „ 2 T( ___________ T T b  • & ____________________
%
z.

=  —  ---- 2 jTTf/Lg loge a, .

Conditions for Maximum Q.
Theoretical methods of determination of maximum 

Q were found to be too involved and therefore a graphical 
solution had to be employed. In order to simplify computation, 
it was decided to study the value of the function

k . ) ___________8̂ A-
I.e. Q -  2b " F~

Curves of the value of F were drawn for different
value s/
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values of â  , a^ and ’ With the resonator-L  ̂ A/A/*-'^
constructed entirely of one material it was found that F
reached a maximum for ^ ~  =3*6. This agrees with

1 ' 2
the well known solution^^^for a coaxial resonator with a 
constant diameter inner conductor. If the resonator is 
constructed of two different materials the maximum Q does 
not occur when the ratio of outer conductor radius to inner 
conductor radius is the same for each section. For example 
if the resonator is of copper and the specimen is brass, the 
maximum Q occurs when the ratios are 2.5 and 6 respectively.

For the present application it is desirable to 
make the Q a maximum with copper specimen, in a copper 
resonator. It is obvious that in the suggested construction, 
a^ cannot be made equal to a^ but, fortunately, it is found 
that the curve of Q, with respect to radius ratios, is fairly 
flat near the optimum value. The outer conductor was 
therefore made of §" inside diameter copper tube; the inner 
was made 0.1" diameter, being turned integral with the end 
plug; with a specimen of 16 S.W.^. (.064" dia.) wire. This 
departure from optimum conditions causes less than 3^ drop 
in Q. The theoretical maximum Q is 8,030, but, unfortunately, 
there was no means of checking the absolute value experimentally. 

A/
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A drawing and photographs of the resonator are 
given in figs. 9, 10 and 11.

(b) Relation between Q and Specimen Characteristics.
In eqn. 22 the first three terms of the denominator 

are seen to be a constant of the resonator and can therefore 
be replaced by a constant k. Then, the equation becomes

f) = Z  loge

Consider, first, the resonator with a reference specimen as 
inner conductor and, using a subscript r to denote the symbols 
referring to it,

T W n Q . , =  -  <” >
^  + ôi; K / f

If, now, the reference specimen is replaced by a test specimen.
subscript t.

T K e n  Of. , —  (24)

Dividing eqn. 23 by eqn. 24,
O r  _  ^

he. Or - / a T F
The factor was not included in the equation

/ loQ -quoted/ Je- Ch
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iqquoted by Milner and Clayton , but, for reference and test 
specimens of approximately equal diameters, the error is 
unimportant. For example in the resonator described above, 
a change of ±3.2/^ in specimen diameter causes only a ±1^ 
variation in Q ratio. Thus, provided the test specimen 
diameter is not greatly different from that of the reference 
specimen,

Q r  _ ^  + Ql
^ a  /Xr

which can be rearranged to give eqn. 16.

(c) The Relation between Measured Crystal Current and, Q.
The equivalent circuit of the coaxial resonator 

can be simplified to that shown in fig. 14(a). This differs 
from the usual equivalent circuit which shows many coupled, 
tuned circuits and has coupling between input and output loops. 
The simplification to a single tuned circuit is permissable 
since the resonator is only being considered around one 
resonance peak, that is, in one mode. The coupling between 
input and detector loops can be ignored since, as was stated 
in Chapter III, this coupling was reduced to negligible 
proportions.

As both input and output couplings are of low value,
two/
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two further simplifications can be made to this circuit: 
firstly, it can be assumed that the electric field injected 
into the resonator is constant since, due to the low coupling, 
changes in the resonator are not reflected back to the 
supply; in the circuit diagram, this is equivalent to a 
constant voltage supply to the tuned circuit, fig.14(b). 
Secondly, the detector loop acts as a current transformer 
because of the low impedance of the crystal circuit. Due 
to the characteristics of the crystal, the current in the 
equivalent circuit is proportional to the square root of 
the crystal current, i^.

If the circuit of fig.14(b) is supplied at a 
constant voltage V, at its resonant angular frequency, w , 
then OC 1  - ^  ^ c  a  k. Q,

I.e. Q  oC
If, with the reference specimen in the resonator, the peak
crystal current is i , and with the test specimen it is 1.,r u

then - ÀiiL —  (25)
Q-b >1

The accuracy of this relationship depends on the input from 
the klystron remaining constant. The practical precautions 
taken have already been discussed in Chapter III.

Eqns./
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Eqns* 17 and 25 can then be combined to give 
the equation which enables the calculation of the product 
of resistivity and permeability, of the test specimen, to 
be made from measurements of crystal current* This is 
eqn. 18 which has already been given at the end of 
Chapter III.
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CHAPTER Y.
SEPARATION OF RESISTIVITY AND PERMEABILITY AT MICR0WA2B8.

(a) Choice of Method*
The measurement of the Q of the resonator, containing 

the specimen, relative to the Q, containing a copper conductor 
has already been described in Chapter III (c). Using eqn.18 
the product of resistivity and permeability can be calculated 
for the specimen. To obtain the value of permeability alone, 
requires either: that the resistivity of the specimen at 
microwave frequencies is assumed equal to its d.c. value; or 
that the resistivity of the specimen is measured independently 
of the permeability. Obviously it is advantageous to use the 
second, more difficult, alternative since, as has already 
been mentioned in Chapter II, the scratching, etc. of the 
surface of the specimen can produce wide variations of 
resistivity. This can be appreciated from a calculation of 
the skin depth at the frequency used (3»000^^/s). If the 
specimen has a product of (yOju) of 100, relative to copper, 
the skin depth is only 1.2x 10"^mm. Small perturbations on 
the surface can therefore have a profound effect on the 
apparent resistivity.

Before considering the more difficult method, the
author/
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author looked into methods of electro polishing the specimen 
in order to reduce errors from this source. It was found 
that the polishing of iron and steel wires is a difficult 
operation, not likely to produce dependable results.
Parcel^^ has described a technique of polishing small, flat, 
steel specimens. It appears that the results were not very 
dependable and the application to wires would introduce 
further complications; for example it would be difficult to 
ensure regular polishing all round the wire, even if a 
coaxial cylinder were used as a cathode.

The other alternative, the independent measurement 
of resistivity, was therefore pursued and it appears that 
no method exists whereby a measurement of either resistivity 
Or permeability alone can be made at high frequencies. The 
only methods of measuring resistivity and permeability at 
high frequencies are:

(1) The measurement of the wavelength in a coaxial line 
or a waveguide.

(2) The measurement of the loss in a coaxial line or a 
waveguide, whether by measuring attenuation or Q.

Both of these methods result in a value for the 
product of the resistivity (yo) and the permeability or JX-̂) 
of/
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of the specimen. Thus, the only way of measuring the 
resistivity is to reduce the permeability to unity.

7The work of Millership and Webster has shown that,
beyond about 150C?^^/s, the inductive permeability is
unity for all the materials used by them. The difficulty
of applying their technique at higher frequencies is that,
in order to produce a measurable difference between the
wavelength in the guide and that in free space, the specimen
must be an exceedingly fine wire.

It was therefore decided to employ an alternative
20technique, used by Johnson and Rado , in which the resistive 

permeability (jol-q) is reduced to unity by the application of 
a saturating field, parallel to the high frequency magnetic 
field. Since, in the coaxial resonator used, the field 
traverses the wire in concentric circles, the saturating 
field must be applied by passing a high current through the 
wire, in a longitudinal direction. This results in 
difficulties due to heating which will be described in 
section (d) and experiments at low polarising fields will 
now be discussed.

(b) Measurements at Low Polarising Fields.
It has already been mentioned (Chapter IV) that

the/
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the outer conductor of the resonator has been constructed 
in two sections which are insulated from each other to 
enable a current to be passed through the specimen (cf. fig. 
16(a)). If this current has a value 1^, the polarising 
field has a maximum value

u ^ —  (zO
TaO-k:

where a^ is the radius of the test specimen in metres.
This maximum value is reached at the surface of the specimen, 
Since the penetration depth of the microwave field is 
extremely small, this is the field strength which affects 
the parameters of the specimen in the microwave field.

If the peak crystal current of the resonator 
output is i when no polarising field is applied, and

A,when Hp is applied; and the permeability changes from ̂  
to the resistivity remaining constant: then eqn. 18 
becomes

In practice this can be carried out in the same way as the
measurements described in Chapter IIl(c). The crystal
current (i) is measured without polarising current and then
a steady current of I is passed through the specimen toP
produce/
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Aproduce a field H^. The new steady value of the crystal 
current, i^, can then be measured. This is a reasonable 
method for currents up to lOA, above which value the 
heating of the 16 8.W.G. centre conductor becomes excessive 
and precludes the use of a steady current. Before discussing 
how this is overcome, the types of curves taken with 
currents up to lOA will be discussed.

(c) Butterfly Curves.
If the polarising field applied to the specimen

is varied cyclically between and -E^ and the permeability
is measured at points throughout the cycle, a curve of
permeability to a base of polarising field can be drawn out
as shown in fig.15(a). Curves of this type were taken by

20Johnson and Rado and were called ’̂ butterfly” curves.
At first the similarity between this curve and the 

B-H loop, fig. 15(b), is not apparent. When it is realised 
that in fig.15(a) the permeability is incremental (since 
it is measured by means of an alternating, high frequency, 
field superimposed on a d.c. field) it will also be realised 
that fig.15(a) must be the graph of the slope of fig.15(b). 
This is borne out by the following points.
(l) The maximum values of the slope in fig. 15(b) occur 

at the points of inflexion, when the curve crosses the 
H/
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H-axis at and and correspond to the peaks of
permeability, v a l u e , in fig.15(a).

(2) The minimum values of slope and permeability (jî ) occur 
at the maximum values of field strength and
i.e. nearest to saturation.

(3) Due to the symmetry of the B-H curve, the cross-over 
of the butterfly curve occurs at H = 0, when the 
permeability is

In this way the connection between the butterfly 
curve and the hysteresis loop can be appreciated. Since 
the hysteresis loop can only be taken using d.c. or by 
integrating a butterfly curve, the butterfly curve becomes 
very important in alternating current measurements.

(d) Saturation Value of Polarising Field.
The methods of measurement at microwave frequencies 

described in this Chapter have been made without, or with 
low, polarising fields. The most valuable measurement, 
however, is that made when the specimen is saturated, i.e. 
the permeability is unity. By this means the resistivity 
of the specumen can be found and the permeability of the 
unpolarised material calculated. Unfortunately, in most 
cases/
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cases, it is not possible to saturate the material, even 
with the pulse method to be described, due to the very 
high current required and the measurements have to be made 
at several high values and extrapolated to saturation.

It has already been mentioned that heating 
precludes the measurement of permeability for polarising 
currents of over 10 A. Therefore the current must be 
applied as a short pulse, preventing the use of a meter to 
measure the change in Q of the resonator.

A method using a single pulse peak voltmeter to
measure the peak pulse output of the resonator has been

20 27described by Johnson and Rado and Rado et al . This is
an accurate method of measurement, but it requires careful
calibration and well regulated power supplies. Although
it would be desirable to build such a unit if a long series
of measurements were contemplated, the author felt that it
would be preferable to devise a method using standard
equipment. This led to the development of the following
oscillographic method.

The output of the crystal detector is connected, 
fig.16(a), to the Al amplifier of a Cossor 1039 oscillograph 
and the trigger circuit connected as shown. For the time 
being/



- 50 -

being, the A2 connection can be ignored. When the switch 
(a two pole heavy duty knife switch) is closed, a pulse 
of current is passed through the specimen and, at the 
same time, the time base is triggered. This results in a 
pulsed change of output as shov/n in fig.16(b), which shows 
the Al and A2 traces on the oscillograph. The height of 
the Al pulse is proportional to the change in crystal current 
The shape of the curve is largely dependent on the amplifier 
characteristics and cannot be used to comment on the pulse 
properties of the magnetic specimen, with respect to time.
In order to measure the polarising current, a resistor 
is connected in series with the specimen and the voltage 
across it is applied to the A2 plates, resulting in a 
deflection similar to the Al deflection, as shown in fig.16 
(b).

In order to calibrate the Al amplifier, the 
apparatus was set up as shown in fig.16(c). With switch 
SI in position 2, the microammeter was set to a suitable 
reading by loading the Q of the test resonator. With switch
81 returned to position 1 and the camera shutter opened,
82 was switched from position 2 to 1, i.e. from earth to 
the voltage output of the detector. This was repeated for a 
series/
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series of current values and trace height plotted against 
microamineter reading. This curve was found to be linear 
below the overloading limit of the amplifier.

It will be realised that this method introduces 
several errors caused as follows;

(a) A change in the mains voltage causes a variation 
in the HT voltage of the oscillograph amplifier 
and the deflection will therefore not obey the 
calibration curve.

(b) Drift of the klystron output causes changes in 
the initial reading of crystal current.

(c) Processing of the photographic material causes 
stretching which will vary from time to time.

The following precautions were taken to reduce errors due 
to these causes:

(1) The mains voltage was set, if necessary, before 
each reading, by means of a variable transformer 
and a voltmeter. This was found to be sufficient 
to overcome (a) as the deflection was not 
particularly sensitive to mains fluctuations.

(2) The crystal current output of the resonator with 
copper inner conductor was checked before and after 
each series of readings. This provided a check 
on/
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on errors due to (b).
(3) At the start and finish of each series of

photographs several Al calibration points were 
taken and used to draw a calibration curve from 
which the other readings were calculated. This 
reduced errors due to (c).

The value of the polarising current must also 
be measured and, as has already been mentioned, the voltage 
across R_, fig. 16(a) is therefore applied to the A2 
amplifier. The deflection produced must then be related 
to the current passing through the specimen, and this 
calibration is carried out using the circuit of fig.17(a).

Steady currents of up to lOOA were passed through 
the circuit, by closing SI fig.17(a), and the ammeter 
reading noted. 81 was then opened and the camera shutter 
opened. 81 was then closed and then the shutter closed, 
giving a photograph of the A2 deflection (on a triggered 
time base). The ammeter was set to various current values, 
by varying the amount of resistance wire in circuit, and a 
series of results taken, enabling a calibration curve to 
be plotted.

It was found convenient, for check purposes, to
make/
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make a calibration curve of deflection against voltage 
input, using the circuit of figure 17(b). The A2 amplifier 
was not often checked as accuracy in current measurement 
was not of prime importance. By relating this curve to 
the above curve R was found to be .038 ohms, which agreed
with a measured value, using d.c*

(e) Example of Measurement and Calculation.
The method employed in these measurements can

best be described by means of an example, and, as the
results for annealed nickel show saturation, they will
be used. Firstly, calibration curves of the Al amplifier
for both the 150 and 500 mV ranges were constructed. These
were straight lines passing through the following points:
150 mV scale; i^ = 2, deflection = 0.25 in.on photographic
paper, and i^ = 4 deflection = 0.51 in.
(Note; the crystal currents are purely arbitrary as a
galvanometer marked in scale divisions was used.)
500 mV scale; i = 3, deflection = 0.13 in* and i = 7, 
deflection = 0.3 in.

The A2 calibration was a straight line passing
through V = 1.4V, deflection = 0.14 in. and V = 5 *3V.,
deflection = 0*51̂ * for the 5 volt range. The corresponding
graph/
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graph for the 15V scale is slightly curved and will not 
he detailed.

First of all with a copper inner conductor in 
the resonator the crystal current was found to be 13*9•
The nickel specimen was then used as inner conductor and 
the peak crystal current found to be 6.7. The results 
of the various readings taken with polarising currents 
are given in Table II. It will be noted that before each 
photograph, the crystal current without polarising field 
was taken (column 4).

Column 1.shows the nominal voltage of the accumulator 
supplying current to the specimen. Columns 2 and 3 are the 
deflections measured on the photographic paper for the Al 
and A2 amplifier respectively. Column 5 is the change in 
crystal current, calculated from column 2 by means of the 
calibration curve. Column 5 is then added to column 4 to 
give the peak value (x) reached by the crystal current.
This is then used to calculate the Q ratio of the polarised 
specimen to copper (Column 7). Usin^ eqn. 18, the value 
of ( /V/^ )rel. and hence^OyU relative to copper .is calculated 
(column 8).

AThe value of corresponding to each reading
is/
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is calculated as follows: Using the•calibration curve
of the A2 amplifiers, the voltage across R (.058 ohms.) 
is calculated (column 9). The polarising field on the 
surface of the conductor can then be calculated from 
eqn. 26 as follows:

This enables column 10 to be calculated.
The relation between/Oya and H given in Table II 

is illustrated in fig. 32. Higher values of field strength 
have been omitted from the curve, but it will be noted 
that little change in the permeability occurs beyond the 
points shown.
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CHAPTER VI.

Microwave Butterfly Curves using A.C. Polarising Field; 
Circular and Longitudinal Fields.

(a) Circular Fields.

The drawing out of butterfly curves by a point-by

point method has been described in the previous chapter. 

Little of quantitative value can be derived from these curves 

and it is therefore sufficient if the shape of the curve is 

delineated by an oscillographic method, as follows.

An alternating current is passed through the 

specimen by a transformer connected to terminals AA (fig. 18) 

This transformer is fed from the 250 V 50 ^/s supply through 

variac (auto transformer with continuously variable tap) by 

which means the current in the specimen may be set to a 

suitable/
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suitable value. The detected output of the resonator then 
varies in proportion to the a.c. polarising field. This is 
fed to the Al amplifiers of a Cossor 1039 oscillograph, 
producing a deflection on the tube. In order to present this 
as a butterfly curve, the time base must be in step with the 
variations in the applied field. Another transformer and 
variac are therefore used to supply a sinusoidal time base. 
Approximately the same phase changes occur in the time base 
circuit as in the polarising circuit, therefore the two 
signals are almost in phase. This was checked with the 
A2 plates connected as shown in fig. 18, producing very little 
departure from a straight line.

Pig. 19 (a) to (f) is a set of photographs taken, 
for different peak values of circular polarising field, on a 
specimen of strand annealed toumetal (i.e. annealed in coils, 
before leaving the factory: a certain amount of strain is
incurred by the working necessary to straighten the specimen). 
As would be expected, as the peak field increases, the 
permeability variation also increases.

The time base width was maintained constant 
throughout thesé photographs: it might have been preferable
to/
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to make the length of time base proportional to the applied 
field, thus the scale of the photographs would be accurate; 
however, as some photographs required a change of 
amplification of the detected signal, it would be difficult 
to maintain constant scale throughout. Between (d) and (e) 
the meter registering the current in the specimen, was 
changed, resulting in a slightly different phase shift and 
a correspondingly altered curve.

Photographs 19 (g) to (j) show similar curves for 
an annealed specimen of mumetal. The method of annealing is 
described in Chapter IX.
(b) Longitudinal Fields.

If a Idngitudinal alternating field is now applied 
to the specimen, through terminals BB, fig. 18,butterfly 
curves can again be obtained (e.g. fig. 20 (|)). The winding 
which produces the longitudinal field consists of 3 layers, 
each of 30 turnsof flexible, plastic covered wire.
Unfortunately the flanges joining the two parts of the resonator 
prevented this winding projecting beyond the ends of the Nz 
section of specimen, which would have ensured a homogeneous 
field.

Figure/
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Figure 20 (a) to (g) shows a series of photographs 
with varying peak longitudinal field taken on a specimen of 
strand annealed mumental. The first two curves, (a) and (h) 
show very marked asymmetry due to the effect of the eartlfs 
vertical field (approx 24 A/m). From the photographs it 
appears that the longitudinal field causes a reduction rather 
than an increase in Q at peak field strength. Tests carried 
out using a d.c. field showed this to be the case. Further 
results of this effect will be given in Chapter IX.
(c) Combined Circular and Longitudinal Fields.

Since the effect of a circular polarising field is 
to increase Q while that of a longitudinal field is to 
decrease Q it is interesting to study the effect of these 
fields in combination.

Figure 21 shows the effect, on a mumetal specimen, 
of a d.c. longitudinal field superimposed on an a.c. circular 
field. In (a) only the circular field is applied, while (b) 
and (c) show the effect of a superimposed d.c. longitudinal 
field. It will be seen that the amplitude of the butterfly 
curve is reduced by the applied field, in fact other 
measurements/
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measurements showed that the curve had degenerated to a 
straight line when a d.c. longitudinal field equal to the 
peak circular field was applied.

Photographs (d) to (f) show the effect of reversing 
the superimposed field and it is seen that the effect is 
similar regardless of direction. Naturally a slight 
difference exists due to the presence of the earth's vertical 
field.

If, now, an a.c. longitudinal field is applied 
giving a butterfly curve, fig 22 (a) and (b), the effect of 
an additional d.c. circular field is to increase the 
amplitude of the curve, fig 22 (c) and (d) and to alter the 
shape considerably. This applied circular field requires to 
be large with respect to the peak longitudinal field to 
produce a noticeable change.

Further results of measurements on various 
specimens using this technique will be given in Chapter IX.
(d) Calculation, from Photographs, of Change of Product ^0U )

during Butterfly Curve.
The photographs which have been described give no

direct indication of the change of the product (/^) that 

occurs/
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occurs during the cycle. When only one type of specimen 
is being considered, the relative changes can be compared 
from photograph to photograph. If different specimens are 
being employed, however, it is necessary to be able to 
calculate these changes as the scale of the curve is different 
for different initial values of The height of the
butterfly curve can be measured and &  i , the change in 
crystal current, calculated. This change must be related to 
a known point on the curve before the change in yyi ) can be 
calculated.

From butterfly curves of strand annealed mumetal, 
using a circular field and the point by point method described 
in Chapter V, it was found that the following assumption could 
be made: the peak value of (y<yi) is approximately that of
the specimen with no applied field. Using this assumption, 
if i^ is the peak crystal current of the resonator with a 
copper inner and i is the crystal current with a specimen 
of relative product of resistivity and permeability, 
then

[pjx) OC ^

If/
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If di, is the change in crystal current measured from the
photograph, then the minimum value (jOjj.) ̂ is given by

OC
0LY\& Wence can  b e  ccvAculaW .

When a cyclic longitudinal field is applied to
the specimen it is found that the initial value of the
product iyOJX) corresponds to the minimum of the butterfly
curve, i.e. if ^i^ is the measured change in crystal curreht,
then the maximum value,

and hence the change in can be calculated.
The case of combined fields is a little more 

complicated. When a d.c. longitudinal field is superimposed 
on an a.c. circular field, the butterfly curve tends to drop 
to zero. There is little point in calculating these changes 
and therefore no method was developed.

When a d.c. circular field is superimposed on an 
a.c. longitudinal field, an increase in the overall height 
of the butterfly curve occurs. To study this effect, the 
most suitable example in figure 37 (b) and (c) which shows 
the effect (b) of a longitudinal field with (c) a superimposed 
circular/
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circular field. There it can be seen, and this is confirmed 
by point by point measurements, that the dips of the curve (b) 
deepen downwards in (e) while the level of the top remains 
approximately constant. If di^ is the change of crystal 
current, then

froTT» which i  can be caku \a ted l.

These methods were used to calculate the values
given in figs 33-43*
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CHAPTER VII
PERMEABILITY MEASUREMENTS USING P.O. or Low Frequency Fields.
(a) General Considerations

The initial permeability has been defined in 
Chapter I as the static permeability when the applied field 
strength tends to zero* Since the permeability remains fairly 
constant if d.c. or low frequency fields up to several 
kilocycles are used, these measurements can be made using an 
a.c# field. Where possible, the author felt that an a.c. 
measurement should be avoided and preference given to a d.c. 
measurement, even if only from the purist attitude that it is 
the method which conforms to the definition of static field.
Other factors help in this decision: the d.c. method is not
troubled by harmonics in the a.c. supply; nor is a stable 
frequency required. It must be noted, however, that the 
author was driven to the use of alternating fields in order 
to be able to measure circular permeability, as described in 
section (d).

The best known methods of measuring the permeability 
of a wire or rod specimen use a longitudinal applied field, 
and it is such a method that the author used at first. The 
methods considered and the one used, are described in section (,b

While/
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While carrying out measurements at high frequencies 
using the polarising technique described in Chapter V, the 
author realised that, since the high frequency field is 
applied to the specimen in a circular direction, it would 
be preferable if the static permeability could be measured 
in a similar way. Attempts were made to repeat several 
methods described in various articles. These attempts, none 
of which produced satisfactory results, are described in 
section (c) and in section (d) a method is described which 
was developed by the author.

(b) Longitudinal Permeability.
The first method considered, was that used by 

21Hodsman et al in which the specimen, a wire, is used as 
the core of a mutual inductance of solenoid form. Using 
a 500^/s Hartshorn bridge, the values of mutual inductance 
with and without the specimen are compared, and the inductive 
permeability calculated. This method, since it employs a.c.
was not used for the reasons mentioned in (a). The second

20alternative was that used by Johnson and Rado in which 
a short rod specimen was employed. The magnetising field 
was/
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was applied by a solenoid and the flux change was measured
ballistically. The disadvantage of this method is that a
correction has to be applied because of the low ratio of
length to diameter of the specimen. It is very difficult
to apply accurate correction for rod specimens and the field
distortion at the ends of the specimen can cause serious

2errors. Thirdly, the method used by Kreidsheimer was 
considered. In this the magnetic wire specimen is wound to 
form a ring shape. A magnetising coil is then wound on to 
the ring, forming a toroid. A search coil is wound over the 
toroid and ballistic measurements carried out. The disadvantage 
of this method is that stresses are set up when winding the 
specimen into ring form, causing an alteration in the magnetic 
properties.

The following method which was used by Ewing and,
28later, by Cioffi, was found to be suitable and was adopted 

by the author. It was a straight forward ballistic method 
in which the specimen was at the centre of a long solenoid 
with a short, many turned, search coil inside the solenoid.
It has already been mentioned that Ewing found, experimentally, 
that a specimen at least 300 diameters long could be 
considered/
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considered infinite. The magnetising solenoid,consisted of a 
20 SWG winding on a ^ in. inside dia. former 2 ft. 6 in. 
long, i.e. 470 times the specimen diameter (.064 in.). The 
20,000 turn search coil was wound on a glass tube 0.2 in. 
dia. with resin bonded fibrè end checks which were 4' la* 
dia. to give a sliding fit inside the solenoid. Each end 
cheek had a hole drilled axially through it to hold the 
16 SWGr specimen along the central axis of the search coil and 
solenoid. At each end of the magnetising solenoid, tightly 
fitting end plugs, similar to the cheeks on the search coil, 
held the specimen central.

The apparatus was then connected into the circuit 
shown in Figure 23 where it will be noted that there were two 
magnetising solenoids on the former. Thes^ were wound, one 
on top of the other, of 20 S.W.G. enamelled wire close wound 
(26 T.P.I.). The first was used to apply the reversible 
field, the second to apply a polarising field. With the 
specimen in position, and a set value of polarising field, 
the current in the first solenoid was reversed and the 
deflection of the ballistic galvanometer noted. This was 
repeated/
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repeated without a magnetic inner wire. The two results 
obtained were used to calculate the permeability of the wire.

Before use, the apparatus required to be calibrated; 
as the method is well known, the calculations will not be 
given in detail and a purely descriptive outline will be 
given.

The equipment used consisted of a standard solenoid 
(N.P.L. certificated), search coil and a P.G. ammeter. The 
standard search coil was connected in series with the test 
search coil, damping resistor and the ballistic galvanometer: 
these items remained in circuit throughout the readings so 
that the resistance of the galvanometer circuit was not 
altered. The following measurements were then made:-
(1) A measured current was reversed in the standard solenoid, 

containing its own search coil, and the ballistic 
deflection noted.

(2) The standard search coil was now replaced by the test 
search coil. This had special circular wooden end cheeks 
to centralise it, axially, in the standard solenoid.
A measured current in the standard solenoid is then 
reversed and the galvanometer deflection noted.

(3)/
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(3) With the test search coil in the test solenoid, a
known current was reversed in the first test solenoid and
the galvanometer deflection noted.

(4) Part (3) was repeated for the second test solenoid.
Using (1) the galvanometer constant kg * can he calculated. 
Prom (2) the area turns of the test search coil can be found.
Prom (3) and (4) the magnetising force pe^ amp can be
calculated for each test solenoid.

Using the constants found above, the permeability 
of a specimen can then be calculated as follows

If a current , producing a field of strength 
is reversed in the magnetising solenoid, and a deflection 0^ 
is produced, when there is no specimen; and, when a curreht 
Ig, producing a field of strength Hg, is reversed there is a 
deflection with a specimen of permeability and if a 
is the cross-sectional area of the specimen and A the mean 
cross sectional area of the search coil of turns and k theo
galvanometer constant,
-tWv 0,' 2H, AT —   — ' ' (27)
o/aA. Q-j, - 214̂ ^I\T-ûT +yU.cCr] - _ — - (20)

-ii +1
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From this the permeability of the specimen can 
be calculated, for different values of polarising field.
It will be realised that the measurement used for equ. 27 
could be dispensed with since it is merely a repeat of an 
earlier calibration measurement. It was regularly carried 
out, however, as it provided a routine calibration check.

By varying the polarising field in a cyclic manner 
and measuring the incremental permeability at various points 
on the cycle, a butterfly curve can be drawn as in fig. 15 (a) 
Values are tabulated in Table IV, Chapter IX.

When taking butterfly curves in this manner it was 
found that the curve was not symmetrical about the zero point 
of applied field: this was due to the earths vertical field
(as the specimen was mounted vertically) which had a value of 
about 24 A/m (0.3 oersted). This seemed a rather high value 
and it was therefore checked, approximately, by mechanically 
turning the search coil through 180°. This was about 24A/m, 
within experimental error, which agreed with measurement 
using a vibration magnetometer. The high value is presumably 
due to the presence of a large amount of iron in the structure 
of/
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of the laboratory in which these measurements were made.
When measurements of initial permeability were 

taken, a correcting field was therefore applied. It was 
difficult to be certain that complete cancellation had taken 
place, and several readings were therefore taken round about 
zero field strength and a mean value of permeability takeni

(c) Circular Permeability: Unsuccessful Methods.
At high frequencies the method used by the author 

to measure permeability employed a circular magnetic field, 
and it was therefore deemed desirable to make low frequency 
measurements with a similar configuration rather than the 
longitudinal field already mentioned. The first attempts 
were made using d.c. fields, as follows:

The apparatus consisted of a long brass tube (Pig.24) 
with the specimen mounted coaxially inside. This inner wire 
was insulated from the outer tube at one end and shorter to 
it at the other end. The variable resistor was set to give 
a suitable value of cument through the specimen. On 
switching this current off an induced e.m.fp was generated in 
the loop, formed by the inner and outer conductors, due to 
the collapse of the circular field in the wire and in the 
air/
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air space. This induced e.m.f. and the change in voltage 
drop in the resistance of the inner was fed, through a large 
capacity, to the ballistic galvanometer. Unfortunately, 
the deflection due to the resistance of the specimen 
completely swamped that due to the inductance and therefore a 
more complex method had t o be considered.

The moat suitable method of overcoming the resistance 
effect of the specimen would be to employ a bridge circuit,
and it was found that such a method had been employed by

2Kreielsheimer. In this a Wheatstone Bridge is used in which 
the four arms are lecher lines. Two arms are identical and 
of non-magnetic material, the third arm is constructed of the 
magnetic specimen and the fourth arm of non-magnetic material 
whose resistance is equal to the specimen material. The 
bridge is supplied by D.C. and the detector (a ballistic 
galvanometer) reads zero. On switching off the supply, the 
inductances of the four arms do not balance and there will be 
q deflection on the galvanometer, due to the self inductance 
of the specimen wires. According to Kreielsheimer the 
permeability can then be calculated from the following equation:
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/  “   (" a"

where Gh = the galvanometer constant
Rx = the equivalent resistance of the bridge.
14 = the current in arm 3.
2 = the factor of commutation.
OC = the galvanometer deflection.

The present author attempted to repeat this 
experiment using coaxial lines in place of lecher lines. 
However, as Kreielsheimer noted, the results were very erratic, 
probably due to thermal e.m.f.s. in the circuit. Kreielsheimer 
attempted to remove these by immersing the apparatus in oil, 
without much success. Without going to that extent, the 
author also tried to obtain consistent results, but without 
any success.

If therefore seemed preferable to use an a.c. 
method where the inductance could be more easily separated 
from the resistance. The first method tried was similar to 
that in fig. 24 in which the batteries were replaced by 
an a.c. supply and the ballistic galvanometer by an 
oscilloscope. The separation of phase and amplitude changes 
was/
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was difficult, however, and another method was sought.
The author is indebted to Dr. J.S. Calderwood of 

the Electrical Engineering Department, Royal Technical College, 
for the suggestion that an a.c. potentometer could be used, 
and also for drawing his attention to the paper by 
Schelkumoff^^*.

(d) Circular Permeability; A.C. Potentometer Method.
Instead of measuring the inductance of a coaxial 

line with the specimen as inner conductor the self inductance 
of the specimen may be measured when an alternating current 
is passed through it, and this is essentially, the method 
used here. The simplest method in theory which is, as it 
happens, a practical method, is to measure the voltage drop
along the specimen with a known current passing through it.

30This method was used by Hopps in 1900, the 
voltage drop being measured by a hot-wire voltmeter. The 
magnitude of the impsdenee was measured at d.c. and at 
frequencies of 45, 66 and 100°/s and was found to increase 
with frequency. Hopps called this impedance the apparent 
resistance and concluded,

"It/
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"It is a matter for further experimenting to 
determine the nature of this additional resistance, in 
how far it is of a reactive nature and in how far it 
is of the nature of an ohmic resistance. A delicate 
wattmeter measurement would enable the resistance 
components to be separated and would be of still 
further interest in connection with the subject." 

Fortunately an easier instrument than a wattmeter is now 
available; that is the a.c. potentometer, which measures 
both the real and imaginary components of the voltage.

The apparatus used by the author was D.C. Gall's 
Co-ordinate A.C. and Double D.C. Potentometer. The potential 
drop across the specimen (Fig. 25) was compared with the drop 
across the same length of eureka wire connected in series 
to a low voltage 50 c/s supply. Since the current through 
both wires was the same, the ratio of the two voltages is 
equal to the ratio of the impedances. In order to cut down 
stray flux linking the leads to the potentiometer, the 
specimen was enclosed in a 4’” dia. brass tube as used in 
previous experiments (fig. 24). This was connected to one 
end/
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end of the specimen by a brass plug, the other end being 
insulated from the specimen. (The specimen was in effect, 
the inner conductor of a coaxial line). A twisted pair of 
leads from this end of the tube and the specimen completed 
the circuit to the terminals of the potentiometer. The 
eureka wire was connected, in a similar manner, to the second 
set of voltage comparison terminals. The brass tube, in 
addition to forming a circuit of low stray flux linkage, 
ensured that the length of the specimen was constant when 
the specimen was changed.

In order to find the impedance of the eureka wire 
so that it could be used for comparison, various resistive 
specimens were used. It was found in the specimens of high 
resistivity that the impedances were proportional to the d.c. 
resistances of the wirez^s, i.e. their self inductances were 
negligible. Although exceptions were found when low 
resistance specimens (tirass and copper) were used these were 
accounted for by the inaccuracy of measurement of low voltage 
drops. Prom this it will be appreciated that eureka was 
chosen as a reference specimen because its voltage drop is 
comparable with that of the magnetic specimens, thus 
increasing/
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increasing the accuracy of the measurement.
The calculation of the impedance of the specimen

can now be carried out, using the following symbols:
= the surface impedance of the specimen

Reu ss the resistance of the eureka wire, which was 
found, by measurement, to be 0.1799 ohms.

7^ = the complex value of the specimen voltage drop.
3

Veu = ** " w « eureka ** "
AI = the peak value of current through the specimen.
AH = " " » If the polarising field

i.e. at the peak of the alternating field and at 
the outer radius, a, of the specimen.

Since the same current flows through the eureka
and the specimen.

VsZ ,  - R

Prom this, the surface impedance of the specimen can be 
calculated and used, as will be described later, to find the 
complex permeability.

This permeability must be related to a value of 
field strength and it is convenient to take the maximum 
value i.e. the peak a.c. field at the surface of the specimen 
of/
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of radius a: ^ ,—  ,,.
X  JZ I Veu A

R e u  2.TTa
=  1,5^9 A)„ —  - c%q)

- 0 ' l 7 9 ^  csV\'̂ - CL - O ' 0 3 2  \n (\(d S.W.G.)

(e) Relation Between Permeability and Surface Impedance
29The paper by Schelkunoff on coaxial transmission 

lines and wave filters gives a very lucid description of the 
properties of circular waves along transmission lines and 
includes a discussion on the surface impedance of a wire. 
Although Schelkunoff*s equations include a symbol for 
permeability, it is not a complex permeability and therefore 
the formulae only apply to materials of a non-magnetic 
character, since, at low and radio frequencies, all magnetic 
materials have a complex permeability, due to hysteresis 
loss. The following treatment is, in essence, that used by 
Schelkunoff, but the extension of the proof to complex 
permeability has greatly increased the difficulty of obtaining 
numerical solutions, and has made it necessary to make lengthy 
numerical calculations. The symbols used here are more in 
line with present day usage than Schelkunoff•s and the M.K.S. 
rationalised/
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rationalised system has been used: the fundamental formulae
are the same as those in Skelkunoff*s C.G.S. rationalised 
system, the difference lying in the vàlues of JiX̂ and 

The equations of the fields in a circularly 
propagated wave are:

[ (4
jU)4-^oVl^=. ^  4- ^  E f

lA & C e  J X  - ) A * .  c A W  ^ I jm V D c is  W i l i n g  H - è w

^ ^ ’̂v-|̂ '\Cav\Ce.
In a conductor, the specific inductive capacity,

6, is zero and g, the conductance, can be replaced by 
There is no radial electric field, i.e. Er = 0.

1 U ^  '.loTL _ _ —  -

j 1 \ our
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By inspection of this equation, the solution may he written 
down, or else the left hand side may be expanded and the 
following equation reached

'7' h V - o
where and single and double priming denote ̂r
the first and second derivatives respectively.

This is Bessel's Equation of order unity and the 
solution is therefore

t- BK,Cfef)

tends to infinity as r tends to zero, but, in the 
practical case, tends to zero as r tends to zero: therefore
B = 0.

Since the field at the outer radius a,
A J,(U) =

then ^  Tno.l',(W

and equ. (51) becomes,
E  4  i  T r A J . M

T. cLr L—
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How J, (Lr) •= &  f  Z  (L'f )

hence E  %
^ ^TTo. J^tfea)

At radius a, ip ^  \iE}z T& (.Eoi)
^ ■ 2TTa ■ J J ^ )

Then the surface impedance per unit length is

^  . &  h i L  J Æ ï
I  X  ' iira J, I W

1... Z ,  - W  7. ( W
ira. J, C M

Multiplying numerator and denominator by a gives,

Zc - OTT̂ 'i- ‘

i.e.

s -  2TTa^ ‘ ‘ T , ( M

-—  — —  ( 32)7 . -  "2. ¥£,
The values of and R (the d.c. resistance of the8 8

specimen) can be found by measurement and the value of the 
function inside the square bracket, which can be denoted byS  ‘ i s i x  '
can be found. Prom this amplitude of ka, |ka| , and its 
phase, <0 can be calculated. This calculation presents rather 
a problem as the function S has to be calculated for several 
values/
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values of ka and, by interpolation, the correct value found. 
As a large number of experimental results required to be 
calculated, it was found preferable to tabulate and plot the 
functions for the ranges required. The family of curves is 
shown in fig. 26 and the method of calculation and tabulated 
results are given in Appendix I

Thus for any measured value Za, the corresponding 
value of ka can be calculated.

^  die|\niViô  j

The magnitude and the phase angle (-̂ ) of the complex 
permeability can then be found from

i t « . r -------------

ouvvL =. 2. ̂  1 90
Measurements were made at various field strengths 

on different specimens and curves plotted of permeability 
against field strength. These are given in figure 47, the 
method of calculation being as follows.
(f)/
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(f) Method of Calculation.
In order to simplify calculation, equ. 29 may be 

used with 32 and the definition of \s\ IsL to give

k a  t - 9 Vç,
( W j

Since the length and diameter of the eureka and the specimen 
wire are, in most cases, the same, this may usually be 
simplified to

i s l ^ ç  = 7 k  -  - —

/where yg? denotes the resistivity relative to copper. A 
sample calculation will now be made. Using a strand annealed 
mumetal specimen, the following results were taken on the 
a.c. potentiometer:-

Veu = 0.2302 + j.00232.
and Vs = 0.1811 - j.00272.
In addition measurements using d.c. gave

/p' = 27.64, (mumetal) = 36.35.
For convenience of calculation the a.c. potentiometer 

voltages are converted to polar co-ordinates,
Veu » 0.2312 / 3°32

and Vs = 0.1811 / -0°30
Prom/
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Iro. eq«. 34. s /« . 2 z
= 2.061 I -6°22^

Prom curves, | ka | / 0  = 0.983 / -50°
Prom equ. 33,

^  2.ç(4-^0 — "|C)
•’. jLi = 2 24-5 /-(o -

Prom equ. 29,
H = 1539 1 Veu [ = 278. A/m.

Thus strand annealed mumetal has a relative permeability of
2,200-j390 when subjected to a 50°/s field of peak strengths 
278 A/m.
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CHAPTER VIII.
MEASUREMENT OP D.C. RESISTIVITY.

In the calibration of the apparatus used for skin 
effect measurement (Chapter III) it is necessary to use the 
d.c. resistivity of various non-magnetic specimens. It is 
also desirable, for comparison, to know the d.c. resistivities 
of the magnetic specimens used. This chapter describes the 
method used to make these measurements.

A length of the specimen was drawn taut between 
two brass terminal blocks two feet apart, and held taut by 
screws. Two small voltage contacts were placed 50 cms apart 
on the wire and were connected to the voltage measurement 
terminals of a d.c. potentiometer. A second pair of test 
terminals on the potentiometer were connected to the voltage 
terminals of a 0.1 ohm shunt. This shunt was connected in 
series with the specimen to a low voltage, variable, d.c. 
supply and a set current passed through them. By measuring 
the voltages across them the resistances were compared and 
hence the specimen resistance calculated.

The results of the measurements on purely resistive 
materials are given in Pig.12 and on magnetic materials in 
Chapter IX.
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CHAPTER IX
RESULTS.

(a) Microwave Resistivity and Permeability.
The results of the measurements described in 

Chapter V (d) are collected in the curves of figs. 27-32.
The product of resistivity and permeability, relative
to copper, to a base of polarising field strength (H) are 
given, for various materials. The field strength is the peak 
value of the polarising field, occuring at the surface of 
the specimen. In general, specimens were tested in three 
different states:

(1) Strand Annealed (black curve): This means that
the specimen was annealed in a coil before leaving 
the works. Any subsequent working due to 
straightening and cutting the specimen would alter 
this state.

(ii) Annealed (red curve): These specimens were annealed
in suitable lengths (short lengths of about 10 in. 
for microwave measurements and lengths of about 
a yard for low frequency and d.c. measurements).
T he specimens for both low and high frequency 
measurements/
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measurements were annealed together to obtain similar 
conditions. They were hung in a vertical furnace with 
nitrogen passing over them to reduce oxidation. The specimens 
were annealed as follows:

oRADIOMETAL and MUMETAL; over 800 C for more than one 
hour after which time they were removed slowly, taking 
about five minutes,
RHOMETAL; 800°C for half an hour, removed quickly.
OTHER SPECIMENS; 600°G for twenty minutes, removed in 
about one minute.

(iii) Annealed, Cleaned and Polished (green curve): A
specimen treated as in (ii) was cleaned with emery
cloth and polished with jewellers rouge. It must be
remembered that this will cause not only a change in
resistivity due to the change in the surface but also
a change in permeability due to the working of the
specimen.

From these curves it is possible to make an 
estimate of resistivity (i.e. the value of as the 
permeability tends to unity). The approximate error in 
this estimate, due to the difficulty of extrapolating 
accurately, is given in table III, column 6. This will be 
discussed further in the following chapter. The estimated 

value/
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value of permeability, together with information regarding 
values of initial permeability and resistivity, is listed in 
table III. The measurements were carried out at a wavelength 
of 10.45 cms (287o” °/S).

(b) Static Longitudinal Permeability.
The method of measuring the initial longitudinal 

permeability has been described at the end of section VII (b). 
Results are given in table III.

(c) P.O. Resistivity.
The d.c. resistivity was measured as described in 

Chapter VIII and the resistivity of magnetic specimens relative 
to copper are given in table III.
(d) Butterfly Curves at P.O.

The method of taking P.O. butterfly curves has been 
described at the end of section VII (a). In brief, it may 
be said that a longitudinal d.c. polarising field is 
superimposed on a low amplitude d.c. field. This low 
amplitude field is reversed and a ballistic measurement of 
permeability is made. By taking a cycle of readings with a 
field varied between +1960 A/m and -1960A/m, butterfly curves 
can/
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c^n be drawn similar to that sketched in fig. 16(a). The 
characteristic points of these curves are tabulated in 
Table IV, the symbols referring to fig 16̂  (a).

(e) Butterfly Curves at Microwaves; Circular and longitudinal
Polarising Fields.

A point by point butterfly curve for mumetal was 
taken, using a microwave field for measurement, with a 
variable d.c. field as polarising field. The range of 
polarising field was that used in the previous section 
(+ I960 ^/m) and the results are tabulated in table IV. It 
should be noted that, here, the results are of the product 
of resistivity and permeability.

Using the photographic technique described in 
Chapter VI, butterfly curves, figs. 33-43, were taken. For 
a similar specimen to the above, fig. 37 (a) shows that 
an initial yo'u, of 454 is altered by 268 on applying the 
same field as above. This is in close agreement with the 
point by point method. The calculation is described in 
section VI (d). For each specimen three photographs are 
given:

(a) With an alternating circular field of 1,960 ^/m
peak/
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peak field in each direction at the surface of the specimen.
(b) With an alternating longitudinal field of I960 ^/m 

peak in each direction.
(c) With an a.c. longitudinal field as in (b) and

a superimposed d.c. circular field of I960 A/m at 
the surface of the specimen.
It will be realised that a fourth photograph could 

be taken using an a.c. circular field with a superimposed 
d.c. longitudinal one. Examples of this are given in figs. 
21 (b) and (c) which show that the tendency of the applied
d.c. field is to reduce the curve to zero. In fact, in all 
the specimens tested, it was found that if the same field 
values as were usedin (iii) above were employe#, the curve 
degenerated to a straight line. There is, thus, no point 
in adding a fourth photograph to the series.

The figures for the unpolarised value of, and the 
change in, the product of resistivity and permeability 
(yO*u) are given below each photograph and are tabulated in 
Table V.

(f) Circular Permeability at 50
This was measured by the method described in

section/



•HiH
«
i
£

<2

»

0I
-P
IQ

1

m

0

1

I

Y

r»

=s.

a:<r

r*

1:3-

=i.

fJ

=L

"3 1 ÿ
•H O 

O  S  B  *H

A  A &  "8

Tzr

s
KN

 CT"I *
»
O

I R
CM

g?

o
#k

ITT•ir\
CMÏ

m
5I CM I ITN

O
ON

KN

KN
•k

KN

C4
I \o 

•» 
CM

8
K \

O
GO
CM

VOiH CM

VO
#

CM

CTN #-*
CM

O
«

o
VO

#
rrv
CM

O

O

VO

CM

CM
VO
h -

ON
ITN
O

KN

S
UN

O
KN

CM

CM

CM

IfN
r4
ON

CM

CM

s

CM O

CMo o
ON
KN

S’
KN

VO00
CM

8 VO
iTN
CO

CM

§
IfN

CM
O
IfN

cT
CM

CM

CM

8
CM

O n
CM
VO

VOGO
CM

VOGO
CM

CO
t—
CM CM

ON I—iGO
CM

GO
CM

O o
$

IfN

o
o
T

KN

IfN VO

C -
*

CM
CM

CM o•
VO
VO

VO

8

C— VO GO CM H O CM iH
p - IfN KN CM KN IfN *
KN KN iH rH KN CM VO#k •k «k ON

rH rH CM OrH
O VO ON Xh r - CM 00
VO CM VO O CM 00 KN Iw  •
rH iH iH iH CM ON => c—

KN
«

KN
GO

IfN

»

KN

CM

8
00

CM

à
CM

IfN

IfN
*rH

CM

8
#H

•k
CM

KN

IfN

CM
KN
IfN

«k
ON

o
ON
KN

CM

IfN
IfN

XI-
ON
IfN I rH O O Q O o

KN CM x|" ON C^ CM
CM CM

iH

C—

rH

GO

IfN

rH

O

*3 a I a
A



- 91 -

section VII (d)* Results for strand annealed and annealed 
specimen are given, for applied fields up to 500 ^/m in figs 
44-47• Owing to the low voltage drop along the specimen at 
low values of field strength, it was not possible to measure 
initial values of permeability. Representative values are 
therefore quoted in table VI.

It will be seen that there are no curves for 
nickel or steel. In both cases the results were fairly 
steady and the mean value has been given.
(g) Calibration of Microwave Apuaratus.

Table VII gives sample measurements, taken as a 
series, which have been averaged with other sets taken at 
different times, to plot fig. 12.
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TABLE VII - Calibration Using Resistive llateriala.

Specimen
Galvanometer
Reading

Ratio to 
Copper (12.8) Q, ratio

Sqtiare root of 
d.c. resistance 
relative to copper

Copper (reference) 12.8 1.000 1.000 1*00

Brass 11.8 1*085 1*042 1.97

Tantalum 10.4 1.280 1.130 2.94

Eureka 8.4 1.525 1.235 5.36

Brlghtray 6.6 1*940 1.390 8.09
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CHAPTER X
DISCUSSION OP RESULTS 

Dealing first of all with the results of the 
microwave permeability measurements; in general the 
results for the annealed and strand annealed states 
appear satisfactory, but the annealed and cleaned state 
gives a curve which lies sometimes between the two results
e.g. rhometal , and sometimes not, e.g. iron. Naturally, 
when the specimen is being cleaned, the working causes 
it to become "hard”, magnetically, and since the amount of 
this varies from specimen to specimen,the relative position 
of 1̂ he annealed and cleaned specimen will be indeterminate.

The accuracy of these measurements is, probably,
- lOÿG to i 20^ for the product of resistivity and permeability 
In addition, when the permeability is calculated, there is 
an indeterminacy in the value of resistivity due to the 
difficulty of saturating the specimen. The error introduced 
from this source has been tabulated in Table III, Chapter IX. 
In drawing the curves, however, the first mentioned errors 
are smoothed out and can be reduced. It would therefore 
seem that an accuracy of - J>Ofc could be claimed for most of 
the/
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the results in Table III.
In fig.29 the shape of the curve for annealed 

mumetal appears unsatisfactory. It would seem, from its 
linear nature, that an impure layer, composed of a mixture 
of magnetic and non-magnetic particles, had formed. In this 
particular case the cleaned and annealed specimen was there
fore taken as representative of the annealed state.

The effect of annealing is that, in the lower 
permeability materials, iron and steel, annealing raises the 
permeability. In the higher permeability materials it is 
seen from the curves and Table III that the position is 
reversed. This was unexpected, but checks on the high 
permeability materials showed that there was no reason to 
doubt the results. Further comments on this will be made 
in Chapter XI.

The accuracy of the d.c. longitudinal permeability 
measurements is about - ifo while the d.c. resistivity 
measurements were taken to greater accuracy than that, but 
have been quoted to the third significant figure only.

The measurements of permeability at 50^/s using 
a circular field (figs. 44-47) and those with a d.c.
1 ongi tudinal/
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longitudinal field shows that the change of permeability 
with annealing is normal in both cases; i.e. the permeability 
is higher in the annealed state. This means that for the 
higher permeability materials the position changes at some 
point below 3>000 M^/s.

' ■ C yThe voltage measurements for the 50 /s circular 
permeability experiments were taken to the fourth significant 
figure, but, due to supply voltage and frequency, variations, 
it is unlikely that an accuracy of better than Ifc can be 
claimed for the vector voltage ratio. As the results were 
taken in the evening while the supply was fairly stable, the 
accuracy may, in fact be better. Due to the intricate 
relationship between this voltage ratio and the permeability, 
it is not possible to judge the effect on the permeability.
As an example, a change in the complex voltage ratio of 0.12° 
(no change in the magnitude of the ratio) causes a change of 
3^ in the permeability and 0.2° in a phase of 5^* A change 
of 0.3^ in the magnitude of the ratio causes a Ifc change in 
the permeability with 1° in a phase of 25°. These examples 
were taken from the calculations leading to the plotting 
of fig.45 for rhometal.

The/
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The results of strand annealed radiometal in a
circular field show a change of quadrant at low values of
field strength* The fact that a smooth curve can be drawn
through the points and the fact, not visible on the curves,
that the first seven points at low field strength were so
close that a mean value was taken, point to these results 
being correct. However this only demonstrates that the
result is repeatable and does not necessarily guarantee
its absolute accuracy. In fact, if the magnitude of the
voltage ratio is If low the curves would be raised so that
there would not in fact be the quadrant change mentioned.
Unfortunately, due to the time taken to work out the
results it was not possible for the author to repeat these
measurements under different conditions. Since it is the
first time that measurements of this type have been made,
at least to the author*s knowledge, it is hoped that these
comments will be of assistance to anyone extending the
measurements, or repeating them with more accurate instruments

Another point of interest in these measurements is 
that in general the value of circular permeability, is 
higher than the initial permeability measured with a long
itudinal field (Table VI). The field used in the circular 
permeability is higher than that used for the initial 
permeability/
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permeability measurements, which in itself would account 
for the difference. Radiometal is again the exception.
As the steel and nickel results are fairly constant and 
have been averaged, it may be assumed that they are initial 
values for circular fields, and that they can be directly 
compared with the longitudinal values. This comparison 
shov/s that the amplitude of the circular permeability is 
still higher than the longitudinal value in both cases.

The butterfly curves taken at microwaves have 
an accuracy of about - 10?̂  to 20f The percentage changes 
in permeability caused by the application of standard 
field strengths occur in the following orders:-
(i) Circular Field

Strand annealed Specimen; iron, steel, rhometal, radio
metal ; mumetal •
Annealed Specimen; radiometal, rhometal, iron, steel, 
nickel, mumetal.

(ii) Longitudinal Field.
Strand annealed Specimen; steel, iron, rhometal, radio■ 
metal, mumetal.
Annealed Specimen; mumetal, radiometal, iron, nickel, 
rhometal/
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rhometal, steel.
The Strand Annealed Specimens show very similar 

results for circular or longitudinal fields. In fact 
the slight differences in order are accountable by 
inaccuracy in the results. The annealed specimens show 
no similarity.

When the results of the butterfly curves using 
combined fields (c) are compared with those for longitudinal 
fields (b) the orders are the same for both annealed and 
strand annealed specimens. This is not surprising since 
the effect of the d.c. polarising field is small compared 
with that of the a.c. field.
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CHAPTER XI
CONCLUSIONS 

The microwave measurements have shown the 
practicability of the method used. It is difficult to 
saturate the material, or to be certain that it is saturated. 
Measurements at lower radio frequencies might throw light 
on this problem, since the R.F. and d.c. resistivities could 
be considered the same.

When, in section IV(d), the method of calculating 
the permeability changes from the photographs of butterfly 
curves was described, two important points were made.
Firstly, in the case of a circular polarising field, the 
initial value of the product of resistivity and permeability 
is, approximately, the peak value of the butterfly curve.
This is the usual variation of permeability with respect 
to polarising field; as the field increases, the permeability 
decreases and, presumably, the resistance stays constant.
In the second case, with a longitudinal polarising field, 
the maximiom value of the product of resistivity and 
permeability occurs at the maximum value of field strength.
It would appear that this increase is caused by an increase 
Of/
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of resistivity due to the polarising field field which is 
perpendicular to the microwave magnetic field used for 
measurement.

This effect of a magnetic field on the resistance 
of a material has been discussed, for low frequency

*51measurements, by Bates-^ who states that the effect of a
polarising field perpindicular to the measuring field is
to decrease the resistance. This is the opposite to what
the author has found in the microwave. measurements, but
then, other properties are different at these frequencies.
In addition. Bates mentions that parallel fields also
affect the resistivity. This could cause unexpected
errors in the measurements of permeability at microwaves,
which have been described: but it should be noted that it
in no way affects the results of the product of resistivity
and permeability, especially the photographs and calculated
results of Chapter VI. This would point to the desirability
of further checks on the method at lower frequencies and 
these will be discussed later in this chapter.

piThe microwave measurements of Hodsman et al cover 
a wide frequency range, but their measurements assume that 
the/
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the resistivity to d.c* is the same as that to microwave 
currents. Their results for iron and steel, which follow, 
are higher than the author’s, at the same frequency, the 
author’s results being given in brackets;- steel, 59(22); 
annealed steel, 43(31-9); iron 62(6.7); annealed iron, 
60(7.6). If the resistivity of the material is assumed to 
be that at d.c., the author’s results for steel and iron 
become 40.5 and 41.2, respectively; it is pointless to 
give the figures for the annealed specimens as the surface 
of the wire was radically altered. The results for nickel 
are not directly comparable as the same frequency has not 
been covered. However, at a slightly higher frequency 
Hodsman et al have a result of 8.3 v/hich, with the tendency 
of the curve taken into account, is very close to the 
author’s result of 9.

The effect of annealing the specimens has already been 
mentioned in Chapter X. In the microwave measurements, the 
high permeability materials were found to have lower 
permeabilities when annealed. The results of iron and 
steel appear different but, if the accuracy of the measure
ments is taken into account, it will be seen that it is 
just/
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just possible that these low permeability materials exhibit 
the same feature. This statement seemed to disagree

21with results found by others, for example Hodsman et al 
who say that, like Arkadiew, they found that annealing 
increased the permeability, even at high frequencies. This 
statement is not borne out by their results which have 
been plotted in fig.48 where it is seen that for steel and 
iron, the only materials given in both states, the 
annealed permeability is lower up to about 5 >000 M°/s, above 
which the situation returns to that at low frequencies.

The experiments and results described in this thesis 
contain several points which have not previously received 
attention; they also indicate subjects where further work, 
is desirable* The circular permeability has not previously 
been measured at low frequency for comparison with the 
microwave permeability; in fact, it does not appear to 
have been realised that the field configuiations are different
in the usual l.f. and microwave measurements. It should be

2pointed out that Kreielsheimer had realised the position 
when making h.f. measurements. Kreielsheimer*s method was 
not very satisfactory and the method which has been described 
here/
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here is more dependable and should be suitable for measure
ments over the audio frequency range.

Further work could yet be done using this method, 
especially with respect to polarising fields. It should 
be fairly easy to apply a longitudinal magnetising field 
to the specimen, while measurements are being made with the 
potentiometer. It would be somewhat more difficult to 
apply a circular polarising field as blocking condensers 
would be required. At 50°/s these would require to be very 
large and it is unlikely that electrolytic condensers could 
be used, due to the e.m.f. set up in the electrolyte.
The use of a higher measurement frequency might make this 
problem easier. Assuming that some way of overcoming this
difficulty could be found, a study could be made on the 
effect of saturation on the resistivity of the material,
providing a check on the basic assumption used both in this

20thesis and the experiments of Johnson and Rado . When the
author started the research work described here, it seemed
that the field of low frequency measurements offered no 
scope for original work, but it is now realised that in
addition to the experiments carried out, there is still
scope for further research along the lines mentioned above.


