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GENERATION AND MEASURELENT OF MICROWAVES

Synopsis

‘Part I reviews methods of generating microwaves in the
shorter cm end mm reglon examining their possibllities,
technlcal préblams and 1imitatiohé. It cbnclﬁdes that
the spark'micfowéve génerator has 1fs’part to play invthis
fiéld. A historical survey of past work on microwave spark
generators which has been publiéhed by the author in
Brit.I.R.E. Journal 13. 1953. p.4°%0 is attached as Appendix I,

Part II analyses the theory snd evidence in support of
the characteristic radiation from a dipole type spark
generator, It also examines in detail methods of frequency
analysis and spectrum filtering by a large variety of
semi-optical and wavegulde devices, The Boltzmann inter-
ferometer is dealt with exhaustively. Some discussion of

avallable power 1s also included.

Part III describes some technical problems of spark

generation and methods of solving them,

Experiments are described to test wavegulde devices
which permit the control of rﬁdiated freguency band and result
in a source tunable over a 2 to 1 range of frequencies. The
established principles can be used to test waveguide con-
ponents for matching characteristics and filters - in parti-

cular wide band filters -~ for thelr response and any spurious



effects, The range covered extends from 8 rm to b cm.

Appendlx II contains a paper on the theory of a quarter

wave transformer filter which is due to appear in "Wircless

Engineer",

. Appendix III dealing with the diffraction of non-mono-
ehromatic e.m. waves Py a slit and a grating 1s & reprint

from Proc. Phys. Soc, 68B. 1955. p.1l71.
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PART I. A SURVEY

1. Introduction

Recent years have seen a rapld development in the
techniﬁues of generating electromagnetic waves occupying
the portion of spectrum between radlo frequencies and
infra~red frequenciégf%mrThis development has been towards
shorter and shorter wsgves reaching eventually the region
descrived by the term microwaves and extending roughly
between 10 em., and a millimetre or less, This region is

furtlier sub-divided into "em., waves" and "mm, waves", the

latter extending to waves less than 3 cnm. long.

There is nothing hard and fast sbout this subdivision,
nor in foct sbout the limits of the larger group, the
limits having been the outcome of war and post-war
developments which concentrated in the 5 main bands "8"
around 10 em. "X" just sbove Zem., "K" around 12.5 mm.,

"Q" around 8-9 mm., and "O" around 3 mm,

Historically, the work on what is now called micro-
waves prececed the development at the much lower radie
frequencies, That was duc to the fact that the originsl
generators were of the spark oscillator type, and - as will
be described later - after Hertz's original experiments it

soon became apparent that rm. and em, waves can be generated



f by the same process, It was only when the thermionie
valve oscillator washinvehiéd bﬁ.Armstrong and was found
to be limited to sgudio and radio frequencies that the
emphasis Bhifted to long waves. The return ta microwavcs
took place 1argely via radar and thanks to the development
of the}reflex klystron and the cavity magne;ron,‘ “Both
theqe.devices rely for thelr operationlbn fa;rly high
voltage, a dense elecfron‘béam and a resonator cavity, all
of which tend to set a limit as to héw sﬁail the valve can
be‘méde and hence it apbears that the'upper\ffeqpency 1imit
is being reached at around 60,000 Hc/s (B,mm:),

Sevéral nethods of £illing the remaining gap betwcen
0.5 em, and O,1 mm, havg been tried gttvarious times,
Thgsé.will be described in some detail. Finally this thesis
wiil concern itself with work on.microwavalvsparQAQenera-
tora,_both theoretieczl and experimental, uging the’wave;
gulde as well as optical and semi-optical techniqges.

©, Coherent sources of mm. waves

In discussing the varlous types of mm. wave generators,
it is oftern necessary to consider thelr coherence., A source
can be called coherent if the phase of the generated wave
18 at all times related-to.some reference phase by a fixed
law, If, on the other hand, arbitrary shifts in phase take

place, the wave becomes incoherent. = These terms become



fully significant when ‘Oﬁé’%om'ﬂidera the effect of mixing
the wave with a fixed fféqﬁency continuoua oscillator and of
detecting the 1ntermediate frequency. With a: coherent wave
the cetector will rcproduce all the "1nformution” about
relative amplitudes and frequency and no more, while with
an incoherent wave the detector output will contain random

variations due to phase changes;, which will constitute nolse,

If waves arc generated in short pulses with small duty
ratico (ratio of pulse width to pulse period) it is clear that
when the pulse of oscillation is eppreciably longer than the
period of intermediate freguency, there need be no cormon
reference phase between the individual pulses unless the

detector itself is phass sensitive.

The effect of random disPlacement of phass of & pulse
of oscillation with respect to a continuous local oscillation
on i,f. output, and the resultant noise in a peak detector
has been studied by Jelonek. TFig: 1. taken from his paper
shows the resulting shift in enveiope which is given by the

T o
expression T' = -2 cos 2¢°
4

wvhere T'! is time shift of the leading edge
T, is the 1.f. period

g is the phase at tha onset of the pulse

Y
\)‘ \

Flg. 1.




An idéniicai expression gives the phase shift of the trail-
ing edge,Aeicept for g% the phase at the end of pulse - in
place of @', This paper gives also the maximum amplitude

of noise voltage caused by these phase differences when the

pulses of oscillation asre rectengular and of equal lengths

V, e-gcgo.\[gf—i

where A = amplitude of pulse-at the demodulating filter
f = pulse length
fa = éudio frequency bandwidth
Ir = pulsé repetition frequency

fo = carrier frequency

Thus, as an example, if fa = 10 ke¢/s, fr = 1000 DPS.,
£Oo = 3.1010 ¢/s and £ = 0.1 p sec., then the minimum eignal

to nolse ratio =10 ﬁ,% =10 |°5i.l{—. :-‘;5?{1- = S'o
v £,

The pulse contains 3,000 cycles and if £he inter-
mediate frequency of 45 Mc/a‘is chosen, there will be some
4 to B cycles of the intenmediate‘fréquency in the output
pulse,

It is of interest to note also, that the noise is
maximum when the i.f. pulse envelopc is rectangular and is

less for pu;ses with sloping édges.'

2.,1. Coherent, lionochromatic sources of rm, waves

The most important monochromatic sources arc the

magnetron and the xlystron. These devices have been s0



fully investigated and degeribed that having become -~ as 1t
were - classical generators they merit no further discussion
here beyond stressing again that with present technique they
do not appear to work successfully below 5 rm., although

5 mm, magnetrons have been.made; but even at twice that
wavelength the difficulties of construction are very great,.
the stability of operation in particular avoldance of mode
Jumping and requisite power output is Qifficult to achleve
and the lifec is short;f Spangenberg glvea the relation
between flux density B"/gl voltage v‘-/\,| and current I‘/I.
and the wavelength ratio of two magnetrons MI=A54. end

dimensional ratio D="" as:

L T . I, D
B-w 2y owr 2 T w

Figure 2 plots the output power against wﬁ#olength for a

number of modern British and American reflex kiystrons.

(iw) _
Recently it has Dbeen reported from France that klystrons

working in the 8 mm. region have been developed to give up
to 40 mw. power output, while around 4 cm. power output of
b watts (continuous) has been measured on another tube.
These tubes are still in development., A 3 cm. water
cooled klystron producing 500 watt output has been exhibi-
ted recently in this country. |

Even more striking results have been obtained with the
backward travelling wave tube (or "O" type carcinotron),

This tube works on the same principle as a travelling wave






amplifiier, cxcept that the travelling wave moves in the
opposite direction to the electron besm,: If the electron

beam is made t0 interact with the travelling wave at regulapr

intervals, it is quite possible to arrange the two veloclties

80 that the elecctron always sces the wave in the same phase
and is thus sultably sccelerated by short~equidistant
pulses, This‘bunchea the slectrons and the bunches in turn
induce and amplify the travelling wave. As long as cgertain
basic conditions are satisfied and the structure carrying
the travelling wave is matched at both endas to prevent
reflections and forward travelling waves, the system will
oscillate and can be tuned over very wide range of
frequencies by changing the beam voltage. Great strides
have been made in America in developing these Valégzqzig.
iﬁdividual tubes tuning between 4.9 and 6.5 rm. and also
between 4,8 and 6.7 mﬁ. have been:reported giving an output
of the order of 1 mw, The lower limit appears 40 lie at
present around 2.5 rm, This tuning is dbtained by varying
the beam potential, wavelength being somewhat inversely
proportional to voltage, and from the published figures it
appears that the rate of changes of frequency with voltage
18 of the order of 20"°/V apouna 1,000 V (7 rm.) and 6 Me/y
around 2,000 V (5 rm,). The main difficulty in recaching
the very wide frequency range is the absolute necessity for

matching over the whole band which has not been possible to

achleve as yet with the result that blind spots occur in



the range.

It is as yet diff;cult to foresce the use for these
valves but it seems clear that as sources\gf moﬁochromatio
wavos they would call for supply otebility of the order of
.005% to keep the fréquency within 1IMc of desired value,

The solution will probebly be found on the lines of the

Pound stabiliser used with klystrons,

It would appear that the backward travelling wave
oscillator will offer & gecod, working solution to the pro-

blem of generation of millimetric waves,

Of other methods of producing monochromatic waves in
tﬁe mm, region the most important to-day are various forms
of harmonie generators using the klystron or the magnetron
as the source of the fundamental oscillation at lower

frequency.

2.2. Harmonie generstors of rm. waves

Both the klystron and the magnetron generate waves
which are not strictly sinuscldal, such effecis as non
uniform bunching in a klystron or magnetic field distribu-
tion in a magnetron may be the cause of this., ISince both
valves enmploy cavities of high Q the harmonics are of
necessity very wealk, hence klystron harmonics are negligible,
In pulsed magnetrons the peak powers can be very large
hence harmonics becomé appreciabie. This then is one

rnethod of obtaining mm. waves from larger valves.



- Another method is to use the non-linear characteristic
of a silicon or germanium crystal., Vhen mierowave energy
impinges Oﬁﬁg erstal,‘rectification takes placa resulting

in the erystal reradiating waves rich in harmonics,

' 2,2,1, Magnetron harmonics

The theory behind magnetron harmonics appears to be . too
complex to lead to any numerical predictions, Ilein and
others who obtained some experimental cvidence for these
found that even minor unaccountable changes in manufacturing
techniques, such as occur between the manufacture of
successive batches of one type of magnetron léad to con-

siderable changes in harmonic content.

By filtering out fundamental and lower order harmonics
by the use of tapered waveguides end then dispersing the
remaining harmonics by an echellettie grating they observed
the following mexinum peak powers in the fourth to tenth
narmonic of 5J51 magncfrdns'(l;25 Cm..fun@aﬁental; peak
power of the order of 20 Kw inﬁblS’ﬁicrOSGGQ pulse) 300,000,
56,000; 7,200; £,200; 2,800 70; 120 respectively, The
observed average signal to noise ratios from third to
eighth wers 400,000; 18,000; 9,000; 1,100; 1,000, 00

respectively, % = 1 corresponding to O.S‘FH peak power,

The main troubles with this sort of mm. wave generatcf
are difficulties in varylng the frequency and the need to

test a large batch before one can be sure of obtaining



enough power in the desired harmonic, For exsmple, the
peak powers for the 3rd harmonic (Jjust over 3 mm. wave) have
been found to vary from valve to valve between 1 mw, and

50 mw.

Bince all magnetrons tested have been mode to work in
the fundamental mode, it 1s possible that suitable distortion
could result in magnetrons rich in harmonics although not
very good in fundamental mode, No such work has been

reported to dato.

2.2.2. Crystal generated harmonics

The current through and voltage across a semi conductor
such ag a silicon or germanium crystal are related within
certain limits by the law

L=n(e"-)
which leads to the well known graph,(Fig.3.,) Typical

values are A=Tuh b= 18 vl

‘Crystal Characteristics



When a low frequency signal is epplied to such a device, the
resultant distortion in current wave form will be rich in
harmenics, At high frequencies 1t is not possible to teke
this simple view because of crystal capacity as well as

spreading resistance,

When this is considered, the expressions for generated
harmonics become very involved, Christensen attempted to
calculate this by neglecting C. He arrived at an

expression for power in harmonics in the form

L L S
thx," (3) ' 5 " Toven Weit

where k is g constant approximately equal to the crystal
| - ‘ ~ current,
L 1s a figure characteristic of each harmoniec,

r is the sprcading resistance (about 15a.)
Thus for 7th harmonic

L:-lg |

Where input power at fundamental frequency wes .69 mW
corresponding to maximum input Voltage of 0,5 V and current
of 2.75 mA. Thus the 7th harmonic is 36.4 db below
fundamental power, A similar calculation shows that the
9th harmonice¢ should be 48 db below fundamental power.

These results have been compared by Christensen with those

obtained from an experiment conducted at comparatively low






fregquencies which gave the conversion loss as in Fig. 4,
which containg also the calculated values and the results
of expeéeriment conducted with 3 cm, klystron supplying the

fundamental power.
3

' Tests conducted by Johnson, Slager & King using
klystrons working at higher frequencles lcd to results
thich are illustrated in Fig.b, The same authors examined
the effects of varying the fundamental power and found that
harmonic¢ power increcases at a greater than linear rate
within the limits of the experiment in which maximm funda-
mental power was 50 mW,  Since no selection of even es
against odd harmonics appéars, the erystal curren}lmust'be
a power series of voltage in spite of the apparent 1ineéfity

of modern crystals at powers In excess of 0,1 mW,

Considerable work has also been done by Gordy and
colleborators in connection with mm., wave spectroscopy.

They have reported success down to .77 mm. waves.

Attempts to improve harmonic power by blasing the
crystal have led to inconclusive results in so far &s an
improvement has been observed in a few cases, but not as

a rule,

The signal to noise ratio depends very much on the
amplifier used and, in partitular, great improvement can
be obtained with very narrow band or with phase sensitive

detectors, but even without these elaborations a signal to






nolse ratio of well over 60 db can be expected up to the
6th harmonic. 3ilicon crystals have been commonly used
although investization on welded germanium crystals proved

them superior to silicon ones,

The harmonlic generator has the great advantage of being
a source of monochromatic radlation and fairly stable at
that, since the klystron or magnetron generating the funda-
mental can be made in theband where stability and good life
can be achieved. On the other hand the limited tuning
permisscible on the fundamental source does not allow for
continuous variation of frequency. Usuelly a coverage of

6% around the centre frequency is all that can be expected,

It is true that 10% of 30,000 Me/s is quite a wiﬁe
band, nevertheless it is only a small portlion of the
spectrunm, On the other hand the driving klystron rmust be
very closely stabilised since the harmonics accentuate any

instability.

Fig. 6. below gives a typical set-up for harmonic
generation using a coax or a wave guide feed. Other
ingenious systems have been described recently by Wilshaw,

Lamont and Hickin,

[ F3N

- 1 ) = hormonic _" “ havmonie

bmabrdom | —

Jtci0cm '
m.u‘-\\f
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Details of arrangements ard suitable circuits have been

discussed at length by Gordy Smith and Trambarulo,

2.5. The Cerenfov Generator

. Fellowing the discovery by Cerenkov that visible
radiation is emitted when fast electron beam passes through
matter, it has been proved thebrctically by Frank and Tamm
tha;T?he electrong traverss a mediwn with a velocity groater
than that of light through the scme medium then 1ight will
be radiated, This thcory has been exteggzgyiz'éhow that
all waves will be radiated whose vclocities of propagation
through a given medium are lower than that of a beam of
electrons crossing the medium., If the elcectron velocity
is u and the dielectric constant of the medium at & given

frequency £ is k then the velocity of propagation of a wave

st that frequency = 5& hence the wave will be radiated if
w>& or 5| | the direction of radiation making en

engle . with direction of the beam such that wcsw = =
Since the electrons cannot be made to cross the medium
undisturbed one either has to let the beam go through a
hole in the medium or very close to its surfﬁce, which has

been shown to0 be as good.

The latter case is the most promising to achieve. In
that csse i% has been shown that the power radiated by a
beam of I amps in the frequﬁncy band df around the frequency

mrf{\(c -ut
£ is P@df = f,‘:i‘: ¢ - m)e £ df




where I = length of beam in medium
T = distance of beam ebove medium surface

k, = dielectric constent of eir (HKS units)

Twiss shows that the frecnency around which maximum

energy is radiated is given by
- ___“" : '
fraa = 4REVCr—u®

which means that for any desired wavelength A to correspond
to condition of méximum energy'€='ﬁk* for 50 kev clectrons
and (.=145 for 500 kev, Thus for rm. waves practical
difficulties will demand ultra high electron veloclties,

It can be shown that if the beam, instead of being
continuocus, were bunched sd,that each bunch would be less
than l/é space charge wavelength long the radiated wave
would consist only of harmonics of the freguency of bunches
&8 long as these satisfy the basic c;nsiderations of the
Cerenkov effect., In that case the power ré&iateg at a

wavelength A would be

LrlYet-ur |
(|——-)e-T'@:;ltha#3

wvhere I = the a?erage current in the bunched beam

L = 1length of dieleciric

Under practlcal conditions this gives a power output at
5 mm, of the order of 100 microwatt, which has to be multi-
plied by a further factor <1l depending 6n the efficiency of

concentrating the energy on a recsiver.

The difficulties of radiating shorter waves appear at
present very great indeed.
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2.4. The "Doppler" Generator

When an electron, moving at velocifies'where relatl-
vistic effects take place, accelerates, 1t radlates energy.
This led se#eral writers to discuss the possibility of pro-
ducing mm, waves by this méans." Some Success was achieved
by Kotz and collaboratoégqg;ﬁg“king these fast elcctrons
cross n succcssion of magnetic fields of opposite polarities
(an undulator) so that the electrons describe a sinusoidel
path, This is equlvalent to a steady sxlal motion with
transvorse osclllation superlimposed, or an oscillator
travelling at very high speed. For a stationary observer,
by virtue of the relativistic Doppler effcet, the frequency
of radiation varies from maximum 1if the oscillator approaches

him to & minimm if it recedes, At any angle@ the obscrved
frequency will be

f= E(t— L 0036

whera f; is the aistance between alternate poles, i.e. half

wavelength of the sinewave described by the beam,

The term in brackets is the effect of relativistic
contraction within.the‘Doppler-effeot. This expresslion
assumes an infinitely long undulator, Since the observer
is stationary he recelves a whdle épectrum of frequencies
incoherently. This can be overcome theoretically by
bunching the electrons to such an extent that the observer
facing the oncoming beam receives a series of pulses which

add up to a coherent, falrly narrow band radiation, provided



18
the bunches are less than half wavelength of radiation long,

l,e, for 1 rm. waves the bunches have to be less than ,5 mm.

long and occur every 1l mm. along the beam,

In practice the beam is gent through a Waveguide‘achES
the undulator which can.be shown toc lead to a number of mooes

frn = (5 2f) e

an Vl T e

gl - W
toal’(“/c)l -
B =\[12 T Tyt Ty
B = \[[25) D" )

a' and b' are the wavegulde dimensions contracted according

where

to Lorentz law.

iTheoretically, large powers can be expected at mm,
range, In the experiments carried out the undulator
consisted of 14 palrs of poles, 4 cm. apart. The electrons
came from a 3-5 liev accelerator and were bunched at
2866 Hc/e to within 50° of the travelllng wave. “Waves
were detected in a band around 1,9 mm, at an esiiﬁated peak
power of over 10 watts. This power could éf@%éﬁiy be
increased with a better design of the equipment, but it is
doubtful if one could make this geheratoriintqa'étriétly

-

monochromatic. one. -

The very 1arge voltages required and. the very exacting
demands on bunching tend to limit this method at prescnt

to a laboratory.



S Incoherent sources of mm, waves

Two such scurces will be described here: the microwave nose
generator and the microwave spark goenerator, In the cgse
of the latter source it will be shown that under suitable
circumstances it need not be incoherent (within the

carlier definition of that term).

3.1. Microwave noise generator

A black body whose temperaturc exceeds sbsolute zero
radiates encrgy in the form of incoherent noisc. The
avallable noise power = kI3
where k ie Boltzmann's constant

T is absolute tempecrature
B is bpandwidth over which radiation takes place
- or is measured.
Any source of nolse can thus be described in terms of an

equivalent blacl: body temperature.

The temperatures to which ordinary bodies cean de
raised for the purpcse of generating nolse are too small
for effective output power, at least on the laboratory
level (very high temperatures and therefore powerful sources

of nolse do exist in the universec outside our planet).

It is knowvm, however, that the clectrons in the
positive column of_a gas discharge have energies corres-
ponding to a very high temperature, Cobine gives the
following graph (Pig. 7.) representing the relation between






the ratio of electron temperature and lonisation potential
( T@Q% ) and the produet of pressure, radius of dlscharge

column and. a constant characteristic of the.gas.(p.R.C.)_
The values of C and Vi'are as follows:-

c Vs

| i
Helium (He) 3.9 x 1072 24,6
Neon (We) 5,9 x 107° 21,5
Argon (A) 5,5 x 1077 15,7
Mercury Vapour (Hg) | 1.1 10~% 10,4

Thus 1t will be.séen that by suitable cholcc of gas,
tube radiﬁs andvpressure, temperatures of the order of
104K can be obtained, One is not qulte free to choose
the values of p and r'arbitrarily,'because'other conditions,
such as current denbit& o (pressure)?,make it advisable to
keep the product FX'constant, l.e. reduction of radius

calls for increase in pressure,

As an example a tube 3/5" diameter filled with argon
at 30 mm; Hg pressure should give electron.tempefature of
11,000°K or noise power of 15.8 db above 290°K amblent.

A 5/i6" diameter tube f£illed with argon at 20 mm. pressure
should give electron temperature of 12,600°K or noise power
16,4 db above 290°K, Johnson and Dermer using suéh tubes
found noise powers in excess of £90°K of 15.5 db and 17.4 db
respeetively showing good agrecment with theory. The first

tube worked in the X band, the second in the @ band.



S8imilar experiments carried out in the Q band by

Bridges ga&e the followlng results:

Tube To, 1 (Ne) 2 (A)
Gas pressure mm, Hg, 30 20
Insertion loss .7 db ‘ +3 db
VSWR ‘ 1.1 1.1
Tube current mA 45 3b
Measured noise'temp.ol. 19,300 11,500
lolse figure db ' 18.2 15,9
Calculated noise temp.°X. 21,000 10,000

For best results the correcct tube diameters, gas
pressure and dlscharge current have to be found empirically.
Reducing the diameter and increasing pressure in direct
proportion with wavelength reduction the equivalent |
temperature remains constant, hence tubes can be designed
for appropriate bandwldths. The tube can be placed across
the long dimension (X axis) of the guide or along ite
length (2 axis) with the guide bent to keep the electrodes
outside the wavegulde and the positive column within 1t, as
in Pig. 8.

— — S
y

1 b




20

The total power depends, of course, on the bandwldth
(xTB) 4.e., at an equivalent black body temperature of 104

the available energy per cycle ic of the order of 10“19 watts.

Mumford in his investigations of noise generated by
discharge tubes obtained a very intefesting confirmation
‘of Wien's displacement law which appears to apply downeto

frequencies in the mm. reglon.

The Wien's law 18 a direct outcome of Planck's law
which states that the encrgy density per unit wavelength
range radiated by a black body at absolute temperature T
around wavelength A 1s given by the expression

8¥ch
- 3
E)\v A&(ech/m“-_‘) WMh/M

where c¢ is velocity of light

h is Planck's constant

k is Boltzmann's constant

If plotted this gives a series of curves shown in

graph, Fig., 9.
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Energy distribution of radiation
of a black DOy,




When the maximum energy is found it is seen that the

product of wavelength at which maximum energy 1s radiated

" (Aw) and the corresponiing absolute tempcrature (T) is

constant and equal to 0,288 cm. degree, This is thé
Wien's digplacement law, For bodies other than black,

the value of A, T is still constant, but less than 0,288,

Humford found that a mercury discharge tube (contain{-
ing aiso Argon forgstarting purposes) produced noise power
in the band between 4200 and 7300 le/s of 15.8 db above
290 X, 1,e. equivalent to a temperature of 11,400K, The
measured Aw for the discharge is 20636.5 x 10™8 cm,, which
by Wien's law gives T = 11350 X which is in very close

agreenent with observation,

The Planck's law expressed in terms of energy density
per unit bandwidth around a frequency £ is given by
_ grhfd
Bev ® e Har—1)

At the frequencles corresponding to mm, waves (i,e. well

to the right of A. in the Fig. 9 above) e " i+ ,-'}%

kT
hewe Eqw = 235

which means that energy density is inversely proportional
to the square of wavelength. If the energy is fed through
a suitable wave guide whose cross \section is proportional
to A" , the total energy per cycle will be constant and |

depend only on temperature,



While the discharge tube offers a very simple source
of uniform noise power at any desired range, the cnergies
obtalnable are too small for any purposes othér than '
developing and testing rm. wave components; eSpécially

where wide band matching problems are involved.

. } L : Gy, 48) ) .
Work has 8lso been carried out on redlation from high

pressure mereury arcs which are used for infra-red work.
Radlation within .5 ~,5 mm., was isolated by Daunt et al.
The measured power was 1.2 x 1079 watte per square cri,

The authors estimated that at 1 rmm. the power would be
reduced by a factor of 16. Experiments weré also con-
ducted with thallous bromide, which, as & highly polar
compound, should give rise to long infra-red radiation when
subjected to a discharge. The thallous bromide was intro-
duced into & discharge tube containing Helium at a few nm,
pressure, Only slight increase in power around .65 mm,, as

compared with the mercury discharge tube, was obscrved.

3.2. The microwave spark generator

This generator ie a development of the original work
by Hertz in which he caused a clrcult to oscillate at ite
resonant frequency by producing first an electric discharge

across a gep in the circuit,

It can boe proved theoretically, as will be discussed
in partvII, that when field is made to change rapidly around

a conductor, the conductor will generate a damped sinusoidal
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oscillation characteristic of 1ts shape and medlum surround-
ing 1t.. Righl is credited with beilng Lirst to make a
reasoﬁably efficient radiator of microwaves in the form

shown in Pig, 10,

wduchon coil

Fig, 10,
The Richi eneratdr{

~ The two balls were‘half‘immerSéd in 0il so that the
high voltage had to be eétablished écrbéé the entre gap
before it would bréak‘ao&n. Thus Righi achieved a sudden
and iarge changeliﬁwéﬁgiﬁ across'the balls, which resulted
in radistion | A

Lebedev achleved the same results by substituting rods

of platinum for balls, radlating waves down to 5 mm. Since
this pioneer work a great deal of experimental evidence has
been gathered using various systems which will now be dis-
cussed, A review of work done by various researches has

been published by the present suthor recently. Appendlx I.

3.2.1, The dipole system

This is the system used by Righi and Lebedev., As will

be discussed later, the spherical dipoles should radiate at



wavelength of the order of 7 times the radius while the

ceylindrical dipole shouwld radiate at wavelength of the order

of 2 to 4 times the overall length, depending on the: ratlo

of length to diameter of the cylinders.

A further increase

in wavelength in the ratio of relative dielectric con%tants

of surrounding medis to air has to be made as nccessary.

The following table glves some of the results obitainedte

Spherical dipoles:

Sphere disa. A . %/radius Experimentors
8 mm. 26 6.5 Righi (1895)
7.9 rm. 40 10.1 Hull (1897)

9.5 to &8,1 9.9 Webb and Woodman

(1909)
Cylindrigal dipoles:
Length | ais, £,. A

mm, Tm. /a A, /t

40 2 20 101 2,52 |lMelloh (1940)

30 9 | 33,3 64.5 | 2.15 | Hasselbeck (1932)

28 1 |e2 55.6 | 2.52 |Yelloh

20 .9 | 22.2 b2 2,60 | Hasselbeck

18 1l 12 45,9 | 3.82 |Uelloh

10 9 11l.1 51,3 | 3.13 | Hasselbeck

Continued overleaf/



Cylindrical dipoles (Continued)

Lemniich d;;: | f/d Aum, 4/ f| Experimenters
10 .5 |20 27 | 2.7 |nichols & Tear(1925)
6.6 5 |13.2 | 21.6 | 3.3 |1ichols & Tear
6 | .9 | 6.7 | 283 |47 |uasselveck
4,5 .5 9 16.2 | 3.6 | Liobius (1920)
4 5 e’ |11 |2.8 |mmchois & Tear
4 .9 4,46 | 21,3 | 6.5 | Hassolbeck
2.6 6 2.3 | Lebedev (1895)
.85 | .25 | 3.4 | 4.2 |4.9 |1ichols & Tear
o4 +25 1.6 1.9 | 4.8 |liichols & Tear

(For detailed references see appended paper by the

author:

Appendix I.)

Plotting A/( against t/a_{ one cbtains the graph below,

Fig. 11., showing that as c/a(, tends to Infinity ’{/c tends

to 2, The considerable differences obtained by various

experimenters are possibly due to differeht lengths of the

dipoles being secaled in glass and irmmersed in oll or para-

f£in, thus 1ﬁcreasi’ng the effective length of the dipole,

Apaft from that it 1s seen that as one goes to shorter and

shorter waves, the combined effect of increased ratio of

length to diameter and of larger portion of dipole scaled






in a diclectric such as glass (dielectric constant of the
order of 6) is to 1ncrease the ratio A/( to over 6, In
vieu of the necessity to make the dipoles suostantial
enough to withstand repcated sparking and to mount them
éééﬁrely, it wouid apﬁeér‘dbubtful ifvone édﬁld.fééch'ﬁéfé;
lengths much below 2 m, This, nowever, neglects the fact
that this gencrator radlates over a wide band of frequencics,
and so a dipole of reasonable dimcnsions-can.be - by sult-
gble f£lltering -« the source of waves down to 1 mm; or less,
This will be discussed at length in part II. 7o esﬁimate
of power has been given by.the experimentefs; but 1t appears
t0 lay in the mlcrowatt region. A fuller discussion of
power output will also be given in part II.

3.2.2, The fixed orray svsten

In this arrangement a large number of dipoles spherical
or cylindrical, arc asserbled end-on in several parallel
lines and high voltage pulses are appllied across the whole
array. Levitzky built up such an array using 8 mm., lead -
‘palle fixed to a glass plate with canada balsam but gives
no resultas, She also bullt up an erray using tiny pleces
of molybdenum wire 2 mm. in dlameter and varying in lehgth
from 1 to 4 mm, These were again fixed to a glass plate
with canada balsam Iin rows, the'rbws being kept‘l'mm; apart,
Sho measured the wavelength of radiation with the help of
verious planc and concave gratihgs and found many maxima

corresponding to wavelength between .03 and .51 millimetres.



Some of the wavelength and corresponding intensities

are given in table below: -

Amicrons 82 75 92 136 187 270 305 330 432 470
relative |
intensity 1 2 1.6 4 3 8.5 B8 3.5 2 2

i

Latcr, however, she suggested that the chortest of these
waves were possibly due to some other causes, llost of the
energy appearcd to be radiated from the outermost elements

of each row,

Similar experiments using 12 mm., balls have been conw

ducted by Montani who claims to have generated an appreciable

emount of energy spread over a very wide spectrum. This
system suffers from the serious dipability of adjusting the
individual gaps so that as time goes on the arcing becomes

irregular and fewer elements radiate,

5.2,3., The mass radiator

The difficulties of adjusting an array have been over-
come by Glagoleva Arkadieva by suspending the elements in
0il. The suspension is then drawn between two elecfrodes
to which the high voltage pulse i1s applied, causing violent
sparking. Several modifications of this idea have been
tried such as: stirring the suspension to keep it uniform
by alr blast and then taking it up to the electrodes by a

rotating wheel; allowling the suspension to drop past one
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electrode on to arnother belowy =allowing the suspension. to
fall slowly as in en hour glass between the clectrodes
placed in the neck of the glass; forcinﬁ the suspcnsion

through 8 horizontal tube past the electrodes, ete,

All of thess m&thods appear to work fiarly satisfactor~

Vily but very 1rregu1ar1y due to the random variations of

mmber of elements in each sample sparked when the pulse

is applied.

- In the experimcnts performed by Glagoleva Arkadleva
and by Cooley & Rohrbaugh, the particlces were iron or
eluminium £111lings of sizes varying from .6 to 3.2 mn,;
accordingly, radlation extends over very wide spectrﬁm from

100 microns to several millimetres,

Daunt and others repeated those experiments using lead
shot of diameters between 1.1 and 1.55 mm, suspended in oll
(castrol R)., The resultant output examined with the help
of an echelette grating gave the rclation between 1ntensity
andAwévelength reproduced in Fig, 18.

Thie shows a maximum at 5.7 rm., with a half power
spresd from 4 mm, to 8 rm,  The fligure of 5.7 mm. compares
vall with the theorcticgl one 4.5 .
when one correccts for the dieleciric effect of oil. (It
is interesting to note that an estimated 90% of energy
radiasted was at wavelength éhorter than & e, ) The

estimated output power at the spark repetition frequency






of 80 per second is estimated by the authors as 30 nW,
although only 6 mW could actually be beamed out.

Glagoleva Arkndieve attempted to calculate the maximum

power obtzinable under optimum conditions:

" Let D = dismeter of spheres in suspension
' d = distance between centres of épheres
k¥ = ratio of volume of spheres to vol.
of mixture

k = naXirmmm possible value of k,

then d = D(\/ °/ -—|)
L gaKevt -7

. N W .
and enrergy steored per cm. =39 = 53 10 Joules/ 3

where C = capacity between & palyr of spheres

V = breakdomn voltage between a pair
H = number of spheres per em.® = density

of suspension

A plot of energy asgainst k shows that maximum energy
corresponds to k = 12% of k, which for 1 mm. spheres gives
maximum energy of about 3 x 10;'7s joules/bm.s, i.,e. with
80 sparks per second, moximun power = 240 mW. Daunt et al.
worked with a randem density of suspension, which fell by
gravity between two spherical electrodes 5/4" and 1/5" dia,
reapectively, and separated by 1 cm, so that the volume
sparked 1s approximately equal to 1 cm.s. Average number

of balls in the discharge was 20, making k = 2% which leads
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to output power of aebout 45 mW as against the estimated 30mW,
The difference between actual and calculated output power

may well be due to the likelihood that not ali spheres radlate
becauge some gaps may not break down and also th;se spérkﬂ
which do occur may not be sirmultaneous, in which case
reduction in power can be expected. Nevertheless, there

is o Satiafactcrﬁ‘agreemsnt betwcon theory and experiment .

here,

3,2.,4. Other systems

Several other syetems have been tried. Some success
was achieved with vibfating spheres, but the most interest-
ing case is that studied by Dickey, He produced mercury
droplets by allowing a column of mercury to emcrge at a
controlled rate out of a tube, The colwun was kept at &
high potential so that the dr0p1éts on emerging carried
with them a charge. The droplets fell towards a pool at
the bottom held at a low potential, Thus, just before
reaching the pool surface a breakdovn occurred in the gap
between the droplét!and the pool and this ceused radiation,
Both the number of droplets per second and tﬁeir slze could
be studled for various sizes of these almost spherical
droplets. Dickey fgund that the maxirmum of radiated power
corresponded with A = 7 x diameter, which is about twice
88 large as would be expected. The system appears 10 work

well and efficiently, but by its very nature it 1s somewhat



irmobile, Also the rate of pulsing is limited by the rate

of producing mercury droplets, which is not high,

5.,2.5, The guestion of coherence of spark genersted waves

It is clear that the mass radiatof is an incoherent

radiator, sb'will probably ve the fixecd array because of

the possible time lags between the breskdown of the many
gaps., The dipole system will also radilate incohereﬁtly
within the definition of the term given earliér, unless some
filtering is achicved, The very heavy damping of the
radiation from a rra, wave spark gecnerator will cause the
individual pulsoes of radiation to last for only a few cycles,

which ot - say - 5.101°

~10

¢/s means pulse length of the order
of 10 — sec.j hence for the signal to remaln coherent through
the intermediate stage the 1.f. frequency would have to be
greater than 1010 ¢/s, which is impracticable on account of
the very low conversion efficliency of mixers and absence of
amplifiers at that order of frequencies, If, on the other
hand, the spark generated wave were first sent through a |
band pass filter, there would be a considerable loss of power
but also a lengthening of the pulse (the narrowing of the
spectrum of the signal is equivalent to the reduction in
damping).. Thus, if the pulse were made some 100 cycles long,
each cycle ;ﬁ;ﬁ seconds, the 1.f, could be reduced to

some 300 lle/s, which being feasible, the generator could now

be made coherent. In order to achleve this, the filter

would have to have a Q of about 300, which is easily obtalned



at microwave frequencies by waveguide f£ilters.

The inhererdt variations of power from pulse to pulse
due to differences in voltage at breakdown and changes -in
composition of liguid and geas in the gap will result in
additional noisc and add to incoherence, end this defect
must be reduced as far as possible by specisld attention to

the spark mechaniem,

4, Detection of mm., waves

The very small powers radiated in the rm. wave region
virtually 1limit the detecctors availsble to thrce: the

bolometer, the'Golay cell and the crystal,

4 1 The bolometer

| The usual type of bolometers used at cm, waves for
larger powers are not suitable, nor are the infra-red
bolometers efficient enough at these wavelengths. Daunt
et al. used bolometers based on work (one by Walterdorff.
Theﬂe are wade in the form of a silver filnm a few Angstrom
thick deposited on.very clean mica strips, with a narrow
strip of thicker silver layer deposited over the thin filﬁ
to act as conductor of the heat energy absorbed by the thin

52

film, ”he back of the mica strip 1s also coated with silver

to reduce radiation loss, Two such units are usedin a
bridge, one exposeR to radiation and the other acting as
compensating unit to balance out any envirommental changcs.

A radiation sensitivity of 10”98 watts was achieved. The
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time constant was of the order of & seconds, This has the
dlsadvantage when Wornizg with pulsed sources such as spark
generators of glving the mean pcwer which is very small on
accbunt of the very small duty ratio (pulse width to pulse
period), On the other hond the detector tends po average
out thé power generated:by individual pulses which ia very
useful when there are large random variations from pulse to

pulse as in all types of spark generators.

4,2, The Golay cell

This device has been described by Golayin a series of
papers. It has been developed to detect infra and far
infra-red radiation. The principle of this device is the
expénsion of & gas when 1t absorbs heat cnergy. The
rudiation fallu on an aluminiom laygr a few Angstrom thick
dopooltcd on collodion 100 Angstrom thicL, which absofbs
the energy and trensmits it to a smell gas cell behind.

The gas expands flexing a nirror made of antimony at fhe:

rear of the cell, The mirror has a surface tension of

120 dyngs/cm, A narrow beam of light falls on the mirror-
and is reflected back to a photocell. }The.flexing of the-
nirror causes deflection of the beam znd, in conséquenée,

loss of photocell illumination. . The photocell output is ..
amplified, In order to avoid d.e. amplification the light' A
beam car be interrupted at & sultsble rate by a rotating dilsc

with an sperture, This device has a time constant of 3 m;sec.,
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which is much shorter than the previously describéd‘boloﬁeter.
The estimated noise of the cell, which is also the minimum
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energy that can be detected, is of the order of & x 10 "“watts,

Since,the Golay cell measures average ehergy it can
best be used for continuous sources such as harmonic
generators and is not very cfficlent when spark generators
are used.,  The small cavity containing the gas tends to
resonate at around 2 rm., hence the ¢ell cannot be used
reliably ebove £ mm, wavele: gths, but it appearé t0o be the
most scnsitive rccelver of contimuous crergy around 1 i,

wavelength,

4,5, The crystal detector

| The last years have secn considerable advances in the
developme;t of crystal detectors from the original Heat's
whislkers", lfuch information is évéilable ahouf the
characteristics of silicoh crystai detectors in the cm.
wavelength region, and less in mm. reglon, At the power
| levels dbtainable the erystal operated as a square law device.
The voltage/power and resistance/power characteristics of a
Sylvania crystal type 1N 23 are gilven in the graph, Fig. 13.
These are typical of most silicon crystals, and show the

linear rclation batween voltage and power,

Torrey and Whitmer discuss the operation of a crystal

rectifier which they represent as shown:

C

—L

R



where r & R, They derive the current sensitivity of the

erystal as

g:é—:'—" J l

where i

£
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short circuit rectified currcnt
rf power absorived in crystal when matched
cperating frequency

i
—_— usually about 5000 lic/s
arever | e e/8)

¢ 18 a constant varying from 2 to 13 voltﬁl. Denoting tho

current sensitivity at low frequencies by Fo =

one can write B=f.

ol
201+ "p)*

|
Ve[

Dickey derives voltasge scnsitivity by assuming the load

sacross the crystal to be RL in the form

x____%_o_L__zQI- |

T RaRL I+

where e 1s the voltage change aeross the load resistence RL.

Taking the value of R as 300 ohmu and RL as 70 ohms

(coaxial line), one obteins as typical values

r="9 volts/hatt at 3.6 x 1010 c/s
p= 4.5 W e a1 5.6 x 1040 o/s

Compared with the values given in Fig. is.-the figurcs

obtained by Dickey appear to refer to sdmewhat higher rf.

powers,

When the power is radiated over a wide band the

output is reduced by the bandwidth limitation of the

recciver,

Diclkey estimated also that for g spark generator






working et N pulses/sec, and a receiver of bendwidth B, the
output voltage produced by radiated power P is given by
f
3 B

-é‘x-ﬁ-xl’x‘r volts

which results in the nminimum detectable energy of

.95 x 10710 watts at 56,000 lic/s and of 1.7 x 1070 watts

at 56,000 lic/s for I = 1,000 pps., which compares well with
‘Goley cell. It is doubtfui, however, if these figures of
odinimum signsl power could be obtained on account of erystal
noise and a figure of 0,6 aW has béen gquoted as mininmum,
This, however, can be irproved considersbly by using very

narrow band amplifiers or gating circuits (XKlein et al.).

The most serious drawback of crystals is that fheir
scnsitivity falls off so rapidly as frequency increases.
Fig. l4. pives the currcnt sensitivity B as found by the
gbove quoted expression-as well as by exﬁeriments, in terms

of B.

5. Conclusions

The survey indicates the relative merits of the various
methods of generating mm. wa&es. -Further research would
appear to be 1ndicated on magnetron harmoniecs and on

Improving the éonversion.efficiency of c¢rystals,

-Q0f the wide band sources the spark generator appecars
most promising both on account of its comparative simplicity
and power output well in excess of the gas dlscharge source

at mm., waves.






The wide band generated by the nicrowave spark
generator has been held in the past as a serious handlcap.
It may be that too much stress was laid on this point and
instead some attention should have been directed to poosible

advantages of the wide band

To mcntion.but a few, the widc band allows a desired
narrower band to be filtered out and modulated in the wave-
guide so that a comzon generator might be split into many
channels. The whole baad could be sent thrqugh a narrow
band filter whose centre frequency could be varied by a
modulating 8igneal so thgt'a fixed frecquency narrow band
receiver would receive a modulated signal, In the field
of measurements, & narrow band varisble frequehcy\receiver
could be used to atﬁdy dielectrie effects, absbrption ete.,

over a wide range of microwave frequencies, etc.

The inherent variations in power output of & spark
generator from pulse to pulse would make high precision of
measurement difficult, but with suitably designed integrating

receivers or recorders the error could be reduced considerably,

A Purther study of the spark generator as s source of
mm, waves is called for and results of work in that direction

are reported in parts II (theoretical) end III (experimental).
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PART II. THE ANALYSIS

1., Introduction

1. 1. The Scope

The discussion in Part I led to the conclusion that the
possibilities of a spark microwave generator ghould be con-
sidered further. In this part, the emphasis will be laild
on the frequency spectrum of radiation from a simple spark
generator of the RighiuLebeﬁev type, and on various
consequences of the spectrum; its dispersion and filtering
will be followed up in detail, This will be followed by a

discussion of power output.

The emphasis will be lzid throughout on a comprehensive
analysis of the aspects dealt with, although often the
results of the anzlysis will not be followed up by experi-
mental work,‘which for obvious rcasons was much 'more
selective and concerned with the ultimate result of obtain~
ing millimetre waves.  These remarks apply particularly to
the chapters dealing with dispersion and filtering, the
object there being to bring out their full significance when
applied to a wide band source of radiation, Some of the
results quoted later can be found in standard textbooks,‘but
it is believed that they have been here arrived at by a
novel method and the- emphasis is laid at all times on the

frequency or wavelength spectral characteristics of the



devices analysed rather then on the radistion intensity and

resolving power which 1s of importence with discrete frequency

1.2, The Source

The Bimplé dipole systern has been chosen 80 as {0 reduce
to the minimum the numbcf’of parancters - which in the
author's opinion based on the results obtained by various
workers is cssentlal if the output is to be kept reasonably
stable.

The expression for the wave radiated by the dipole will
be discussed In the next chapter., It is based on the
assumption of an instsntaneous change of ficld around the
dipole. Such a rapid change canuot, of course, be obtained
in practice, The collapse of the fleld depends on the
bulld up of dlscharge current and that depends agalin on the
magnltude and time rise of the overvoltage applied to the gap.

It has been stated that current across the gap will be of
the form I =€Iu'£“d'
wvhere ¢ = charge of electron

d = gap length

u = drift veloclty of elecetrons

¢ = Towvneend ionieation coefficient

Dickey uses the following srgument to show the depende

cnce of frequency of radiated wave on a and u;



Since the time concerned is very short, he assumes o
ettt
and u to be constant, hence L= —'é i,e, currvent
increases exponentially. When the rate of change of this
current equals the rate of change of the would be oscilla-
tory current across the ;'ap,; oscillations commence, Thus,

if the oscilllatory current across the gap is 1' = I sinwt

ol

. JI AL e“'.(uf -"-'-NI, A
then g7 = lto or A l.e, Iz w

Hence, ff I' is to bo appreciably large, (om) rmst be
larger. than (W), ‘
i
The relation between (au) and voltage across the gap
hes been given by Dickey and 1s reproducecd here in Fig. 15,
This shows the order of voltaces across the gap that are

11

required; e.g., for 5 mm, radiation, au = 4 x 10 hence

regquired voltage is 650 kV/em., For 1 mm, radiation

2 2 x 1032

calling for a voltage of 4,000 kV/em.  Thus
with & gap of the order of .05 mm. long a voltaze of the
order of 20 KV would be required with & time rise of the
order of 1 millimicroscecond to produce 1 rmm, waves of

appreciable power,

Such overvoltages with such short rise times are not
easlly obtained ond it eppears that the function of the
paraffin oil which has very high breakdown strength is to
allow that to happen. The guxilliary gaps also help in the
achievement of these overvoltages, but they are not esseuntial

(see part III).






A rapidly changing Field ean be analysed by Fourier .
transfﬁrm, to find that is spectruﬁ is very wide,  If this
spectrum contains the natural frequency of oscillation of
the dipole, then the dipole will be exclted and reradiate
the energy st that frequency. This gives another way of
looking at the problem, In either case, sssuming a
rapidly changing voltége, it is necessary fé examine now
the naﬁural‘frequéncy of oscillation and the damping

characteristic of dipoles,

2, The sclf-oscillntion of a dipole radiator

The theory behind the working of the spark microwave -
generator is the self-oscillation of a rod or a Sphére when
_ggbjécted to a sudden change of electric fileld such as umay

result from an electric dischargs.

Thé problem has exercised the human mind for a long
time, becauéc i1t 18 also the basis of the solution to the
behaviour of an merisl of arbitrary shape. Baslcally the
solution of Mexwell's equations with a zero field at the

aerlal boundary would give the answer,

In the simplest case, that of a sphere, a solution has
been obtained first by Thomson, and later by Stratton and
others. Schellkunoff gives a very simple solution which
‘is reproduced here (Advanced.Antenna Theory, pp.l52-154),

o §
The electric field due to a freely oscillating elementary



infinitessimally small dipole perpendicular to its radius is

nowvn t0 be

K&Q pC'l""cj
G (e P"")e (1)
+ (
where p = 4+ jw P \
¢ = velocity of em wave o l
. : o |
T = distance from dipole - /éf Ny

R = permeability

Consider a cphere of radius g and let a field E be
impressed across its vertical dlameter at time t = O, then

Q «-E sin 6 § hence, by using Loplace transform

1 4
oo = B2 (S e ()

¢

‘whero [, denotes integration round a closed contour c.
Transforming from E (a,8) to E (r, 6) With the help of

earlier expres ion (1) we gﬁt

. l.
Ecasin® ((fTY+ 72 *- fr(ct-rea)
Bo (net) <35 gFEC'“)‘ g & “*°

the poles arc p = 0

a\t pa ¢ * : .
and (PE') +FZ 4l 20 giving p* 2 '!s a.% where fe-1+1)%3

E,a | WY e + % ¥, [ct-rra)
Hence E r 6,1t 20t ot r 7
enc ( ) v Ly ¥ Cs-1) a |
PRers v
vyt -v)
an.imb? 25“0 +4 )ev—a.-¢t [@[r- a-ct) 9*]54%9

= ri

Y -
e % et ﬁa)] sin P




where cosy = r(w‘-)(l-p 4" g
5,“*___(’-5_)(,*&, a“ %o

Hence, it will Dbe secen that the demping constént‘ is &= fa_

hia 2n
and angular freq_uency w= ;E re. /\"— and log dec. § = =

In 1898, Abrahanm obtained e solution,fer an cllipscid
of revolution. The problem has also been solve‘d and eztended
to the case of forced os cillations by Brillouin (1904), Page
and Adsms (1908) Stratton a:nd Chu. (1941) and Ryder (1940)

Briefly, t‘zc method used is to mscume an cllipsoid
whose axis of revolution 1s 2a, end the axis perpendlcular

to it is 2b, with 2a> 2b (prolate spheroid).

' Haxwell's equations arc then transformed to spheroidal
co~ordinates based on a Bystem of. confocol ellipses and
hyperbolae with focsl distance’é“‘@ﬂ.

The conversion from Cartesian

system is obtained by

-1 ’ §=\
o TEAR

y=60-§)0™)

and the boundary conditions are set by identifying one of

the ellipses wlth the metsallic surface of the acrial and

making E = O along it.

By seperating the varlables it is possible to obtain

expressions from which solutions could be derived. Thesc



‘introduced. Abrsham postulated a quantity €= 10

44
are, howvever, very involved, and approximations have to be

|
ha‘ﬁ& )

"In the light of later work by Ilallen, the now generally

accepted factor =l 7-'5-' is preferred, so that &= z.n.
By neglecting terms or orders higher than 3'{,. , Abraham
arrived at the solution for A=ka(}+ )  for the funda-
mental and generally for higher modes ) = 44 (‘ + Lk ‘mh-)
Tn Nt
with a fundamental mode decrement of "'-3-.? '_"51‘.'."_ end higher
mode decrements
S - L8342
LY
Page and Adams attempted to solve the problem by
nunerical computations of expansions. These expansions
fall into two groups: when 0,6 £ g- £1, i.e. a sphers or
nearly a sphere and when :3- is v"ezlr'yg small, i.e, a very

elongated elllpsoid.

For the first case they obtained the following results:

. =
n- a—'aT‘-'é A/l-l-a. )

o 1,814 3.628 (sphere)

.1 1,809 5,618

.2 1,794 5,588

.3 1.770 5,537

.4 1.734 | 3.461

.5 1.686 3,356

.6 1.625 5,214

71 1,849 5,024

.8 1,455 2,772
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- In the second case, the resulis are as follows (including

in brackets Abrsham's rcsults for comparison)

by |0 rezaw™ e vwaxie™  wabxi0™ o et

)"‘M (1) voeiioos) reow(roead) 100q(100b6) 1rers(10eq7)  1ovi(iew)

§ |o(0) -o18(oqbs) awrCaess) 346 (288%)  .uaw (487}  4i3(eeD)

These results leave a gap as yet unsolved between
b/a = .6 and b/a = .135, By extrapolating' the two sets of
. results L, Brillouin obtained the 'following grzphs: Fipgs,16A
and B, |

Since the results for cccentricity eround 1l are con-
gested, this has been replotted to a "log b/a" scale, which

allows for corrections to be made to each graph in turn,

Stratton & Chu, dealing with the ellipsoid as a trans-
mitting aerial calculated and plotted the impedance from

which one can estimate the following values

bre | 1,81 x207% | 142 x 107% | 1.41 x 1072 | L1¢0
X/4a. 1,02 | 1,03 1,06 [1a1
@ 16,7 |  10.9 5.4 2,25
=L 188 | .288 .582 | 1.4

Only rough estimates were possible because actual
figures are not availablé y but 'sin»;':e the range overlaps that

obtained by Page & Adams, one can estimate tho possi‘ole' error
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and £ill in the point corresponding to-b/h = o142 with falir

accuracy. = This point is indicated on the graphs by a cross.

One other point is of some importance: The aolutions
show that the natural frequency is inversecly proportionél
to the square root of the dielectric constant of the
surrounding medium, i,e, if the ellipsoid is cmbedded in
paraffin (dieclectric constant = 2.25) then an infinitely
thin ellipsoid will oscillate at a frequency 1.5 times less
than if in air, but the log decrement 1s not affected by the

medium,

This leads to the followlng conclusion; if we assume
that the natural oscillation is of the form

-d"' —‘. )
e shwit = & 2nft

in air, then in a dielectfic of constant £ it willl become
: _a‘f; ;
e Sy 2if, ¢ where 74 = é

The same natural frequency coula'be obtained with an
ellipsoid in air, but approximately /€ x longer which would
1n.turn.reduce the log decrement to &, hence, of two aerials
embedded in- different dielectrics and’ oscillating at the

gsame natural frequency, the 1ower the dielectric constant

the less will the oscillation.be damped., .

The lmportance of the solution for ellipsoid lies in
the fact that a very thin ellipsold can be taken as a good

approximation for & cylinder - the aecrials being more
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commonly cyiindric&l than ellipsoidal in shape, - On the
other hand, the solution of laxwell's equations for ary but
infinitely thin cylinders is so difficult that no exact
answer 1s known, There arz, however, several good'
approximate methods which give satisféctory answers as long
as {L is not too small. The most sppropriate are based on
the Hallen method. _Ins£ead of YNaxwell's equctions, Hallen
starts from magnetic and electric veétor potentials (which,

of course, are themselves derived from llaxwell's cquations),

“Ifr
Te
A 2%
r '
__qfe”’lw
V = gvﬂfr

wvhere J = electric current density

Q = electric charge volure density

then it can be shown that if current is parallel to the‘
. | &
%z axls then E,= -WM-,.—.?{=3},-—-E (?—-“-‘ + {S’k,.)

2zt
-1 (¢ ™
T anjwt S{;nt"')‘ *)T"w.

where - elfr

V==

Binee one has to conslder an actual aerial at high
frequency, which to all ix;ltents and purposes ia a cylinder
of 1nf1nite1y thin walls, the potentilsals hé.ve to take 1nto
sccount the rather complex interaction between current |

element on the surface.
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With the notation of the figure one can introduce a
fm{étion
v
\ ! .JFV‘ ‘
G(Z-'l.,d-)= o J( 44,
vheve v3: (2'-2)*« za,"'(c —mé)
Hhen

Fp= '('% S‘G(z ~z,e\ T (2')dz'

T
= ——
By = UTyew g(r:..*ﬁl") @Y d2' ...

wheve Tev = I(x)d2 4’
2!‘

Eq_ua‘tioxf (3) is the integro-differential cquation solved by
Hallen by & method of iteration, The solution which con-
tains the factor - mentioned earlier, is very complex, and
it has been extcnded only to terms 3‘_‘-‘_ , thus its accuracy
is limited to acrials for which 5‘-_3 is negligible,

The greatest dr;a;a-back to this theory appéars to be
the effect of end sﬁrfaces. The a.ssumption that current
is 0 at the end surfaces which is made in the thecry cannot
be accepted, and leads to a possible error, unless the aerlal
is made in the form of a oylindrical tube with infinitely
thin walls,

Hallen calculated the natural frequencies of seversl of

the modes existing on cylindrical aerials to be:
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((/4. ',‘-L,ﬁ%'r__?.‘...-)

S,

5;': 3.,"‘* ,or'jf wieeo
J_ 2bunrpds  bn)SrTlansgt?
“ ~L * nat

The plot of A‘/:.C and 5., against d/e corresponding
to b/a used earlier is given in Fig. 17. whic