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CHAPTER 1I.

INTRODUCTION AND STATEMENT OF PROBLEMS
. INVESTIGATED.




l. 1 : Introductory sSurvey.

Interest in the phenomena of spontaneous

' fluctuations dates from the first observations by
(1))

Brown of the random motion of particles of microscopic

'size in fluid. Brown himself believed the motion %o

originate from an elementary form of life, but later

‘workers in the nineteenth century accumulated evidence

!
leading to the correct interpretation; the name

"Brownian motion" is however now freguently applied to
%he general field of spontaneous fluctuations whether
of mechanical or electrical systems.

It may fairly be said that Einsteig)was the
ifirst to make a systematic mathematical study of the

(12)
fundamental problems involved, and Smoluchowski in

iparticular later made very notable contributions to the

Etheary. Perforce experimental verification and

extension of the theory at this time was limited to
|

bonsideration of mec?a?ical syste?s)of one Boft)or
. | | L2
%nother and Svedberg , Westgrem and Firth for

?xample worked in thi? field. One must, however,
3

bbserve that Einstein himself early derived an
|

expression for thermel fluctuations of electricity to
be expected in a eircuit in thermel equilibrium in

terms of the random transport of electric charge, Aq

in a time T , in a resistance, R : namely :-

Il 0 B e S b 81, - = N
q’ S =000




Also, this theoretical consideration is developed a
little further by Mrs. de Haas-Lorenxz(l)where the
problem of the inter-related electrical and mechani-
:cal spontaneous fluctuations of a galvanometer is
also treated. |
Some consideration of electrical fluctuations
with particular reference to photo-eleetric phenomena
was also made around 1907 by Schweidler(‘)and others.

(123
The theory was exeamined by N.R. Campbell who '

proved two valuable fluctuations theorems which will
be mentioned below and are of value in a number of
fields.

Later the possiibility of experimental
investigation in the electricel field provided bj
the possibility of obtaining very great amplification
through the use of thermionic velves, whose develop-:
iment was accelerated by the Great War, led Schottky“}
%o re-examine the problems in a well-kunown paper in
1918. Therein he obteined a rather more useful
expression for the random fluctuation power due to
thermal agitation in the input circuit of an
amplifier. The expression, although of considerable
practical value, was noﬁ yet in a form most amenable
for treating the general thermal agitation problem
in electrical circuits, and it remained for Nyquist
(to be mentioned Eelow) to give the most useful form.

Secondly as a much more generally known resuli

he derived a specific expression for the fluotuationﬁ



|
!of current in a thermionic valve, under the assumption
‘that the passage of individual electrons across the
:valve constitute independent events., In this case if
the fluctuations be observed over a time T then

Schottky showed on a simple statistical basis that :
. B —

(-I) = el @) (WhereT=T, e

T mean cwrrent,

IThis formulation of the phenomenon ig inconvenient for |

fexperimental verification and more convenient and
!appropriate forms will be discussed below in detailed
|work.

The first attempt at experimental verification |

of the theory by determining the appaf?nt value of e
)

appears to have been made by Hartmann , and after

Ecofrectiqn of an error and a presentation of & simple
Itheory yielding a résult readily applicable to a |
specific electrical circult by Fﬁrth(3 ), regsonable
‘agreement was obtained with the accepted value. Many
;later experiments with refined technique (e.g. Hull
and Williams(l ), Williams and Vinoent(l ), yielded
excellent agreement with theory. In these cases care
was taken to ensure that the gurrent was temperature-
limited and thus each electron transit could safely be
regarded as independent.

When, however, this was not the case and the
current was "space~-charge limited", so that the full
cathode emission was not drawn to the anode, it guickly

became evident that the fluctuations observed were

very considerably less than that predicted by Schottky'ls




) )

| formulay (E.g. Hull and Williams From then

‘until the present time the phenomenon has been the

|subject of much theoretical discussion and experimental

[works

Verious attempts to evolve an analysis applic=-

i:ablé to the space-charge limited region have been put
|

forward, which will be discussed in more detail below,

but satisfactory quantitative agreement with experiment

was not obtained until recent%y ?s the result of theory
| 3
levolved ?ar%ously by Schott%y ) 3
| | |
iThompson , and A.J. Rack . The "reduction

!factor“ of the fluctuetions is most frequently expressed
as I'*, |
| i

Thus formally we mey write, after Schottky :

ool i EEE

or in a form frequently more suitable for experimental

De O North and [

P s B ] ST __-._l-(3ﬂ-)

work, to be justified below :

(i=T) = LelliAw- RelF Aficc =~ puciais I-(3b)
where : Aw is the portion of the angular freguency
gpectrum accommodated by the measuring instrument:

: Af is the corresponding portion of the

frequency spectrum.

ft this point we observe t?ﬂt)tﬁe analogous forms to
| | ;
(1) as stated by Nyquist for the thermal fluetua-

ttions of & resistance at temperature | are :

-Vi= ERKTAw= 4RKTAF. - ___ |-(4a) (Expressed as a
‘ voltage fluctu-
._ :ation) .

F.-I) = %l‘%&w = %kTA‘F ______ |-&b)(Expressed as

| : current fluctu-



| Now as the result of a detailed analysis the various

!workers mentioned just previously derived the result

| finally that (strictly for a parallel-plane diode ) :- |

1 26kT 5y ( T : Cathode
I'= Te KA s st I-6) temperature)

| where: 9oz |/Qﬁ_ and K. is the "differential" or
| 2L

"slope" resistance of the valve, That is, Ga= SV

and e is a factor which varies very slowly and

'of the valve, falling rather abruptly to *S when

in fact. :

DR kDA ——. 14©)

In other words, formally at any rate comparing (©)
with (4b) we may regard a diode as generating thermal
fluctuations at a temperature ©T , where O -although
certainly a variable - suffers only very slow alteratioc
over & considerable range of valve operation. This
conclusion, regarded simply as an engineering formulsa,
is most valuable in enabling rapid estimation of
practical noise formulae in valves to be made, From

' the physical stand-point, however, (@) is obviously

retarding field conditions enter, When (&) is insert

red in (3b) a rather remerkable result emerges. We ha

|

L

directly suggestive of a system in thermal equilibrium.
|

Yet North himself is most emphatic in stating that in \

| general no thermal argument may be applied to the I

problem, emphasising that "shot" and "thermal™

. |
may be taken & 4 over the major operating region

ve,

n



fluctuations must be considered as two distinct

phenomena. To quote : "...se0es.yet the two phenomena

st not be confused in concept. For, thermal

i"agitation is known to be a form of Brownian movement

%gnd finds its origin in the equipartition of energy
!"among the various mechanical and electrical degrees
I"of freedom of a substance in thermal - i.e.kinetic or

Ystatistical - equilibrium. The diode, on the other
|
i"hand, while clearly in a stationary state, cannot be

Mregarded as a system in thermal equilibrium so long as
Ythere is a battery providing plate voltage and energy.
"The mechanics of the two phenomena are, therefore,
}"distlnct the formulae alone exhibit a resemlance."

\ Such a resemblance, however, without an under-
1lying unity of source seems unacceptable. The writer

has always believed that a more general approach to the1

problem must be possible showing clearly this unity.

Or, otherwise stated, a more general initial statement f

of the essentials must be possible than that adopted by

| €
North, although to obtain ultimately mmerical results

yculd-probably require the same degree of detailed

homputation necessary to arrive at (6) or (5).

® 50000000 20ae s trI B0ty 0s 0By e




1: 2. statement of problems investigated.

The detailed work of this thesis is divided ‘
'into four sections. In Chapter 2., following this
:iniroductory section, a critical discussion of the
fvarious theories surrounding space-charge limitation
Iof valve fluctuations is presented and an attempt is
made to provide a unifying statement from which each
'thsory may be derived, and also to show that thermal
ifluct,uation is indeed to be regarded as the fundamental
'source of "shot" noise in its various forms. In ‘
Chapter 3., a detailed investigation, both theoreti-
ical and experimental, of the characteristics of the

retarding field region in diodes is undertaken with

particular reference to the later measurement of the
fluctuations generated in this regime, 1t is
established that, for the purpose of fluctuation
émeasurement, this region has not previously been enter-
i:ed. It is felt that Chapter 2. will make evident
Ewhy the retarding field region is to be regarded as of
[

iprimary importance in general, but in particular it

'will be at once clear that under purely retarding '
!conditions a very close connection must obtain between |
the valve fluctuations and pur elyy thermal fluctuations
on general physical principles. .Chapter 4, deals

with the measurement of the fluctuations in the retard-
:ing region over a quite wide range of wvalve currents,

and also embodies some measurements of fluctuations on

high vacuum photoelectric cells in the saturation




'region and adjoining space-charge limited region for

'various degrees of illumination whose general signifi-i
'scance is discussed. The final chapter, Chapter 5.,

i

presents some detalled statistical investigations of

electrical fluctuations carriéd out on individual

|
photographic records. This work was originally under-

staken in order to investigete particularly whether any
significant difference was observable in the time-

correlation of the records arising from a "thermal" .

'source or a "shot" source. In géneral, however, the
work has yielded confirmation of quite a wide range of

theoretical work relating to the statistical behaviour

iof fluctuations which experimental confirmation has not
| _

Ipreviously been provided.
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CHAPTER &,

DISCUSSION OF SPACE-CHARGE LIMITATION
OF VALVE FLUCTUATIOINS.




2.

55 Lé Effect of finite "slope resistance"of valve.

(1)
J.Bs. Johnson in 1925 first suggested that

the only effect to be allowed for to account for the
' observed reduction in the fluetuation in the space=-
icharge region was the shunting effect of the valve

idifferential_resistanee, Ka « THowever, it was found |
that this effeet, while clearly reducing the magnitudei
of the fluetuation observable externally, still resultl
-ed in considerable over—estimation of the effect. |

| One may note, however, t%?t the theory was still adhered
| )
‘%o by Moullin and Ellis several years later.

| A fundamental problem ‘emerges by the very \
l

introduction of Ra., & macroscopic valve parameter, as
& variable in the fluctuation problem, This topio

| has bee? d%scussed by various(wr%ters, notably ‘ ¥
. 1,2 |

' Rowland and J.M. Whittaker , and the author feels
| that & certain emount of clarification is called for.

|

| For this purpose it is expedient to state hriefl? t?o
: 1,23
fundamental fluctuation theorems by N.R.Campbell .

These may be simply derived as follows :

i lLet events of the same type (i.e. such that each 1
event produces a correspondingly similar response in

the measuring instrumént) be oceurring randomly in

|time at an average rate N , Then in an interval

I(t;t+At ) the expected number will be NAt, while |

' the observed number is, say, x(t)At. L.et an event

loceurring at time U produce a response in the




instrument at time T : f(T~t) . Then if further it be
:,assumed that the effect of each event at any instant
lzlay be linearly superposed it is clear that in the
Llimit At —O , the response at time [ 1is :

B TC 0 £ 10T {0 X I 2-(1)

-|.'. the average response (i.e., averaged over a large

number of observations), bearing in mind that the

| |
integral in (t) is approached as the limit of & sum, is |

%iven by :
B = f =(t). f(T-t).dt

= N_“f,c(r.. £).dt

eNffrdies e s o a8
Secondly :

*=0-8)" = f{x(o&) N} F(T=x). do:f{ac([%) Nj F(=3). dR

| « S St (radile JS@ KT @-dp
Now let : [Wheve $()= 2(R)- N]

«- R = TT
= R o
= -}[ollx-L S(K).S(Q-Yj. F(T=<). f(T‘-Z:f).dY |

Now §(x).8§(x-y) may be regarded as a Dirac function

only non-vanishing at Y= O and such that
./ & (). 8(0!-\() rely=iiN o e e e 2-(3)

s O Nf F(T-)} dex
%henae ehanging variable :

‘ = NSO L e i ()

IWO features to be observed are the assumption of

inear superposition of f(t) and the specification of
-.f-(t) in any particular case.

If, for example, we consider the case of a diode




<F,

with an external impedance of resistance and capacity
in parallel (see Fig.l), then the fundamental events
.constitute the passage of electrons across the diode
'and then subsequent effect upon the anode cireuit. IFf
iwe accept the validity of normal circuit laws for
‘inﬁividual electrons, then :

das T o I P e Do

Immediately then :

| =nmR=IR__f__;; ______ 2-(6)

!
itwh.ere I, the mean current,= Ne),

::and H “-K__Ti_ A 0 ot
g 0= (U-T) = .%‘flofg_ chdt

i | s e Dy fol e SR e

2C
| vI
|
C R Iuae(t)(ﬂ'ig.l). |
-

In this form the theory has received ample confirmation.

(1)
Rowland and the writer have attempted to state the
|

individual event in other forms which would avoid the
agsumption that electrons behave individually in the
circuit as "large charges" but unsuccessfully, and it

appears essential to postulate this behavioup in the

()
classical theory. Other workers such as Campbell

(1)
Fimself and D,0., North whose work will be discussed

‘further below have accepted this assumption without
Fomment.

If we adopt éuqh a course then the



IS.

assumption of linear superposition must equally be
'adopted without further ado. In eddition, however,
a certain confusion of thought regarding the intro-

tduction of )Qk_appears ?o ?ave existed. Both J.M. |
(L2 |

|Whittaker and Rowland have attempted to justify
\the inclusion of the slope resistance as an independent|
' problem. If, however, we accept that we may set
| ‘f(t)= E'qbﬂ (or similar expressions in other
Icircuits which are confirmed by experiment) then there

can be no further argument against the employment of )
2,3

‘the parameter Ka or the use of Helmholtz' theorem

or in fact any general network theorem in the fluctue- |

':tion problem. Thus the ingenious analysis of }
‘Whittaker intended to show that the “smoothing factor™ |

of the anode is given by R"'/(R‘,_+F2) , where R is the |

external resistance, cannot be regarded as satisfactory

H

jsince it is assumed at various points in the analysis
| |

that the electron already possesses "large charge" qual-
sities. In particular, in the determination of a
Ecertain constant towards the end of the analysis the

|
statement appears: "When the incident current has its

raverage value ¢, the effect of a single electron at

"time T is to diminish the anode current by an amount
i - k(t- ¢ :
" -ig (b=e) ". The whole essence of the fact

to be proved that R, may be regarded in the problem
Es & resistance shunting the external eircuit (and thus

immediately giving rise to the factor (R)._Ra )
| Ra+
appears to lie in that type of assumption, meking furthex




=

e T

| |
| |
| proof unnecessary. Furthermore, on this basis, using |

!the "paltung" theorem of Fourier applica?le ?o general
4’ |

‘network theory (e.g.Campbell and Freancis )¢
e i ksl
j]F(m)l?'dw= T\.‘ff(t).clt.__-a-(ﬂ): where F(m):;ff(t)‘e dt
o [+]
|1t may then be readily shown that, from the point of

view of the instrument measuring the fluctuations, the |

fluctuations up to reasonable frequency limits may be

iregarded es having a uniform frequency spectrum. Tha

is %o say we may derive the rather more convenient for

of the shot-fluctuation formula guoted in Chapter 1: vﬁz:
T r
(i-I)= gelfew = 2eTAF._ - 249 |
and the corresponding formulae of Nyquist for the

thermal fluctuation.

i To the writer it appears that considerable

\unnecessary argument has taken place as to whether a

'"frequeney'Speotrum" can be ascribed or not to f%uct?a;
i) 4
:tions (e.g.T.CeFry and Cempbell and Francis )7

The use of'these formulae essentially depends upon an
application of Helmholtz'(Thévenin's) network theorem
in either the "constant voltage" or "constant current"
form and to quote specifically from Welmholtz' original
statement
"Wenn ein kBrperlicher Leiter mit constanten elektro-
":motorischen Kréften in zwei. bestimmten Punkten
"seiner Oberfldche mit beliebigen linearen Leitern
"verbunden wird, so kemnn man an seiner Stelle immer
"einen linearen Leiter von bestimmter elektromotor-

":1scher Kraft, und bestimmtem Widerstanie substituir-




e S

—————

18.

" anode potential V. and emission g5

| Ta€a
| I= I(J,Va)----———--— ===~ 2-(10)
| 5 8Tw 3L 8T+ 3L 8Va--— ——— — —: 2-(11)
[ oJ DVa,
' But we assumeSMLEO¢SI* 55" 2oy Y R M 2-(11a)
| 6 g ) T e SR e B L)
! But certainly
f 87 = Ee:r&“" ---(Bquation (9) for shot fluectua-
’ :tion without space charge
! reduction).
T eer@ae o 208)
L on sl TS SR TTRAR S I 5 0 AE N 50014y
where 1 = ;_l'(bI) P el s . A~ O 3%
)

|
1

'However, it may be shown that ( BI/BJ' ) and r/I as
determined from the static valve nlAzasteristiiaie
'such as to make T'~—»0Q in (IS) as I/T—>0 (extreme
gpace~-charge limitation), which is definitely contrary
to experimental evidence. Llewellyn, aware of this,
introduced an ad hoc hypothesis; mnamely, that to
account for the "residual™ noise under extreme space-
charge limitatioﬁ, one must include thermal fluetuation
of the slope resistance Ra. By quite fallacious
'reasoning he stated that this must be taken as at the
temperature T of the cathode. _

This addition by Llewellyn has proved, in the
writer's opinion, doubly unfortunate. First, if
F.lewellyn's analysis - or any similar thereto - is to

be of worth then clearly it must account for all the

valve fluctuationa We have, so to speak, examined in




\D:

'a little detail the mechanism of the fluctuation rathen
| than trying to treat the whole valve as a closed system
a priori. If, however, a discrepancy appears in our |
I"detailed analysis" we must surely not suggest an i

iadditional source of noise arising from a treatment Ofl

" | the valve as a complete unit. Secondly, it seems

application of
iquite certain thab an attempted,Nyquist's theorem in |
' l
!the general case to the tube as a whole must be doomed
ito failure since (and in this respect the writer

|certainly agrees) as North says the valve as & whole
|
'ean in no sense be regarded in the general case as

|being in a state of thermal equilibrium.
| :
i One of the aims of the writer in this Chapter

iis to unify ell analyses on the subject rather than,
| .

as has been the custom in the past, to discard each

lanalysis in turn without further comment if it fails

to agree with experiment. In the case of Llewellyn's |
analysis an error in fact exists in the transition from
equation (10) to equation(l8). First we must observe

that in order that equation (11) (or 1lla) may have any

mathematical significance we must assume that 1 1se
isingle-valued function of J . As we shall see later,
;it has in fact been necessary to discard this assumption
to obtain final agreement of experiment with theory.
However, granted this, J.M. Whittaker(Eb)in a later
paper has discussed in effect this transition (i.e.
from equation (10) to (18). We may quote :.eess"The

Tproger procedure in the case of a fluctuating streanm




20.

| "which for some reason is reduced in size is to

| contained already in the mean square fluctuation

| theorem of Campbell discussed above :~

"consider separately the factor which reduces the

"average stream, and the factor which reduces the

"fluctuations". Whittaker then says that if we call

the former factor & , and the latter [ , then the
mean square fluctuations are reduced in the ratio «f% .
We note also that Whittaker's argument while stated
specifically by him in a form most suitable for

application to this particular problem is essentially

——

6% - NJSffwpet | |
If the actual number of events involved is altered |
from N to N’ ,say, then clearly -éﬁ is only 1inearlf_
altered by this factor, corresponding directly to
Whittaker's factor o . On the other hand, any
modification of the essential nature of the fluctua-
:tions as envisaged by Whittaker's factor, (> , will
be involved in the specification of f(t) and thus 6™
will be altered in a guadratic manner. Considering,
then, Llewellyn's first step :

| I=I(J)---=—— --2-(10)

SL=225T o0 . 2-Uita)

it 1s clear that we cannot immediately identify the
factors ® and E) in the modifying factor %—::‘i:’ .
However, it is quite celear that we must set m:%

in any case and therefore we may re-write (ll1a) as :

ST=-{&TtLsT_______2-(p)




| Thus if in accordanck with Whitteker we write :

| this expression for i agrees with later work on the

This corrected expression for L~ does not now tend, to

2l

gl (B‘q)'_g.]" ~, then clearly we must identify |

the true fluctuation reducing factor, (5 , a8 3

@; oL I
T I

Thus in place of (12) above we must now write :
Iz - iﬂ.@a}. 83"2“ o e e e b g s om E"‘(laa) ’ il e
STa'S {%%}T‘Jj-_.s:r* ________ 2-(12b)

But &J*= PeJAf , as before, :
B T T )2

whence &L°= 28{53: ff-IA-f- _______ 2-(132)

thus immediately we may identify [ as :

i (%.%)"__________E-('I.SA) |

vanish for %;—9-0 ; 1n fact on the assumption of a
Maxwell-]éoltzmann law for the valve it leads to the

accepted value of unity, and it will be shown that

subject and thus represents in the writer's opinion the
2.
gimplest approach to an expression for )i based on

the moncvalued law.

LsesnsncsdceiABREERE

8¢ S Early analysis of Schottky.

{2)
W. Schottky in 1938 proposed an analysis f ox

apace-charge reduction. In evaluating this he
restricted himself to the assumption of a " 3 -power "
law for a region in the valve and a number of rather

unnecessary assumptions are involved in the analysis;




e,

i'.t:he writer some time ago in an unpublished paper
!evolved an analysis on similar lines, at that time
| unaware of Schottky's analysis, and sinece this is very
| considerably shorter it will now be presented.

i We know that : |

Py Y |
\ (j-3) = ReTAf---m ——- - 2-(16)
| |
.and tnat over a "long" perlod s '
I= \]_E‘. __________ £~ (l‘}') where Vi 1is the

potential minimum in the valve assumed parallel-plane
and a Maxwellian emission distribution is assumed.

Now let us observe ‘L over "short" periods T

’
|

but long enough for a lerge number of electrons to
flow. We then agsume that a similar relation to (17)
| _

will hold but such that L . J , U, 8Te average values

jover T and in general different from the "long term"

laveragzes L ,d , Vi,

umq
l.e. l. JE, A RS s {1 W 0700, o B~ SO _,2 Clg)
=J,a—vfig+£) where 5J , the average deviation

of the emission over T , will
be assumed << J . |

Now on this basis,xrm(j)will be a continuous single
'valued function of the emission (and of Vo which how-
ever is assumed constant - as above)

L (T+ 87) = V.(J) + 8T ?’ﬁ

whence, setting {L‘ IL+5L we arrive readily at :
_ j= T+ 87
3L = ST{HJ{?F e L 2-(19), where 2“3

is intrinsically negative.
= i hp
leee OI= S-T.(:B.OC where &= T ; @;: |+ kf_ar%_n-.

employing notation conformdd to the previous problem.




i

KT 3T

b Je OVim

= ReI(l+92-5F) OF - 2-(20) |
Thus: '
- |

= (Il ey 2-(21) ;

Thid® analysis presents clearly certain aspects. First!
. OV
obviously (since 3JJ is intrinsically negative) |
' v
lo<P*< | « Secondly when a_]:“ o, TI'= | « That If

!
lis to say, if the minimum potential in the valve inter-;

:space is invariant to changes of emission, which will
oceur if the potential minimum is situate at the |
cathode (saturated conditions) or at the anode (true
retarding field conditions) which agrees quantitatively
with experiment (including the work of this thesis).
Finally, e gy pass through a minimum where 5%3
has 1ts greatest numerical value, which will be where
the valve is most usefully employed as an amplifier.
This latter conclusion agrees qualitatively with
experimental fact. .
(1) (2)
Now, employing the Langmuir and Fry

planar enalysis it may be shown that :

(+ &3¢ (%)

(The writer is indebted to Professor D.R.Hartree;F.R.S.

- e — o —

for deriving (22)). Experiment, however, shows

(cf.Introductory Chapter) that this expression consider

:ably underestimates the fluectuation observable. It

appears then that the analysis suffers error in the




E4.

transition from (17 ) to (18 ); wnich conclusion is
iinescapable since the remainder is pure algebra, |
It appears in fact that we cannot recognise a |

departure of the emission j from its average value.(J'i,
[

@ithout concomitantly recognising statistical departure|
| |
from the average (Maxwell-Boltzmann) law. That is to

say, only departures (or fluctuations)from the "normel" |

(or average) law as expressed by (17/ ) can give rise to|
random fluctuations in j of the fundamental type
oonsidered, or expressed otherwise, the fundamental

fluetuations in j , With the resultant fluctuations

in [ and U,. , are only another aspect of the basiec
statistical fluetuations in the normal law of distri-

&bution of emission velocities on which.(l7) is based.

Before proceeding, however, to the more refined
ﬁnalysis based on this realisation, we may carry out a2
simple transformeation of the last result end show its
direct equivalence to Llewellyn's earlier analysis on

the basis of the Maxwell-Boltzmann law,

We have
eV,
CeoJaRia e fin e B-(17 )
- § 2 ﬁ-‘_v%_i_ 9_3,-.9_.1\2"”'1'-' AV (regarding J as the
| dT kT a7 independent variable)
.dL. L, Ifeldw
ATy J UkT T
Wwhengce :
o e e y s
et} _eca)

Comparing then (21 ) with (ISa ), using (RIJ), identity
is established.

E4R 8RS CEAESRAEQRERNOR B




‘ v
2e 4. Refined analysis of Schottky, Thompson &nd

i North, and Rack.

i Féllowing upon the indications contained in thﬂ
ilast Section the above-mentioned workers have concentrated
;attention upon the detailed character of the emigsion |
;fluctuations. The emission, | , is supposed divided
up into elementary velocity classes according to the
Maxwell-Boltzmann law; +the fluctuations in each véloci%y-
lelass are presumed independent of one another and to

- i
fluetuations of L in each velocity-class are calculated

obey the simple shot fluctuation law, The resulting

|

dn detail assuming that one may employ the Langmuir-Fry‘

law with small perturbations in each velocity-class in |

!turn, meanwhile assuming the remaining velocity-classesL
'to be unperturbed. Pinally a summation (clearly an ‘
integration in the é&a&#) is carried out over all i
velocity-classes, "weighted" according to the average

ﬁaxwell-Boltzmann law, to provide the overall resultant
fluctuation in the space current. The general result

obtained has already been stated in the Introduction,

namely :
2_ POLT
2= 83klg, . 2Rk
| a(-IfF s RO A - - 2.(25) |

There seems little doubt that the details of this
analysis are essentially correct, but the writer feels
that the fundamental principles underlying the

phenomenon are obscured. For example, the démarche of
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| Nozrth quoted in the Int:oauctory Section is typical.
It is certainly clear as mentioned above that
;any attempt - and such attempts have been mede in the
past - to apply a thermodynamical analysis to the valvé
!aa & whole must be invalid. Difficulties of this
gnature are clearly evidenced when one considers the
:transition from (25), applicable to a diode, to the
?triode problem. North has shown, by introducing the
éconcept of the "equivalent diode™ with anode in the

grid plane of the triode, that for triodes - at any

|rate with reasonably closely-spaced grids - whose

jeontrol grids are negative :
|

(i-I) = c4q..kioT).AfF __ ____ 2-(26)
where :
3T "nutuall)
! Q= 5 (the "transfer")conductance of the triode,
= 3 - and Vg 1s the grid voltage.)
and :

0 1s a constant factor for each valve mainly
determined by the valve geometr& such that O<a<| and
lgenerally g 215" ,

. Thus we see that emphasis in this case has
shifted from the anode-cathode terminels of the valve
by inserting a grid, which act however would not be

in so radical a manner overall
Fxpected to disturbsa fundamental,thermal equilibrium

if such indeed existed.
[




significance of the barrier lies in the eleectro-

E?K

| 8¢« B3 Unified statement of valve fluctuation

problem.

The basic agssumption underlying the following
' discussion is not claimed as entirely original; the
| writer believes that a contributor (2Dr. D. Gabor) to
'an unrecorded discussion of the Institute of Thysics
?on Fluctuations led by Drs. P.B. Moon and Nimmo at |
|Birmincham in 1945 made some verbal suggestion of thisl
‘nature without quantitative development. We also feeH
!that in effect this concept has underlain the more
:recent advanced work of Dr. Llewellyn (much of it
‘unpublished (March,1946)); very probably other workers
ihave thought on similar lines. As far as the writer :
'is aware, however, a precise statement of the concept
ianﬂ the development to give a unified treatment of the'?
phenomenon has not been stated elsewhere, |

The basic assumption is simply that the retard-

:ing "cathode-barrier" region shall always be regarded

as a region in thermal equilibrium at cathode tempera-

sture, | . Due, however, to the fact that the l

‘barrier surface is a "rectifying" plane - i.e. an
|
accelerating field exists "to the right" of the barrier

| expected
only one half precisely of the fluctuation ohserved is

transmitted and observable. In other words, the |

‘barrier plane is like a "sticky" electrical plane in
: (1)
the random walk problem treated by Chandrasekhar and

others, Another rather striking way of expressing the




1
|
|
1
|

| recognise that Nyquist's equation :

28-.

: |
dynamical solution of a retarding region. If at some
plane a Maxwell-Boltzmenn equilibrium distribution of i
density fp at temperature T exists, then at a

rectifying plane negative to the initial planiny a

e e
voltage V , the density is given by P = sHE™ I

if no intervening potential minimum exists. On the

other hand if no "sticky" plane is permitted, the
eV
purely thermodynemical solution is fp,=REXT !

It is, however, now most important to

B = BRTaR S Or __ 1-(4b)
only epplies to an element assumed to have an

unfluetuating potential difference across it (by the

application of Helmholtz' thﬁofem). That is, we have

now gsomehow to take accecount of the effect of the

barrier-anode region in relation to the cathode-barrier

region in modifying the fluctuations observed externall

(by the reduction factor "“*/R,+E ) of the overall
valve fluctuations observed externally in an impedance
in its relation to the overall valve resistance R
Thus the basic principle of the fluctuations is
expressed by the following equation for the short-
circuit fluetuation of the cathode-barrier region:
(-I) = £(& kras)- XL AF . pe 2-(27)
To allow then for the modifying effect of Fhe“feed-

back" due to the barrier-ancde region we write formally

G-1); =2_R11I (Faf____2(28) [o<F*<1]

LY »
This is a formelly identical process to the modification
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iIf'now we adopt the earlier concept (Sections 2 and

| 5B of this Chapter) of a "steady-state", one valued, ‘
equation comecting L , J and Vi, then F2 can be
|immediately evaluated by straightforward theory. We

|
:have in faet 3 1

| Re |
B N3 e —2-(29) (See Figs. 2a and2b.)
where : %= '%L"]':ml

This result follows directly from the fundamental
"feed-back" equations applied to this problem : ,

ST’ ST+ 8I%a, 3=l 5(30) ) witn
and : F = aé%.'___._ SRR T R g—%; Lr%
where 3

8L is the "primary" or unﬁodified current-

. veriation.

ST’ 1is thue "resultant” or modified current-
' variation due to fhe "feed-back".
Such equations are, in fact, of value in the fundamental
analysis of any problem involving 'hegative feed~back",

such as a cathode-follower valve, for example.

=
ST
v(i-T
= (t-1)

Thus the basie formula for any analysis based on a

steady-state relationship must be :

I_T)= BkT/(Rs Y} _
(i-T)%= Rh(%z).a# ......... 2-(32).
I% should be observed that no additional
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\contribution arises in respect of " Z ", since no
fluctuations can originate there fundamentally; only

‘those that are injected from R’b can exist. Expressed

« lotherwise, the impedance Z is glways to be regarded as |

i
at zero temperature.

Alternatively to (32), in a parallel-plane
€V,
'structure, since [=Jexr :

[0k el

e

— -2
Sor)= EeL(I+iE ulfsL AL . £ 22-(33)
where we may write formally in this case:
' —a
s flmitan o 2-(34)
alv...l) (
Now it is evident that iJ_ﬁ general (-g}“f— v“m‘t l/av‘)
but nevertheless if we were to permit this relation and
substitute in (34) we 1m:[neéi.i?tely arrive at the
expression which Schottky in his earlier work

derived after rather lengthy analysis, namely :
P {H‘l /( V‘)]]-E____(his equation (13) in

our notation).

Further, if we postulate as before that we may relate

Ttod vy

Ivm
I=Je*
then :
i
2 i:.E_ srra |— %—3% , Where We regard
3t & full differential, o = | 5 since J
is the independent varisble, i.e.variations of Va

efFec’:iveI
are excluded, which was Sehottky 8 error in arriving at

his equation (13), Thus, we have on this basis ;

: 2 eI Af
(L— I)- red,]- EeI({ :;) Af____2(35)
T

Consb



| of Llewellyn's early analysis. Sinee we have already

| in the writer's early analysis we have completed the

| derivation of all the early analyses from our funda-

|
|
|

3l.

which we have shown previously is the corrected result

shown that that expression is identical to that derived

smental equation.

Finally, then experiment having shown these
analyses to be in error we must clearly redirect our
attention to the determination of F= g%f « This
then is essentially the problem that Schottky and
North tackled ultimately (Section % of this Chapter). |
In view of the form of the basic valve analysis |
employed (that of Langmuir ' and Fry‘ a')) it proves
most simple to calculate F on the following basis,
when using the velocity-cless distribution concept.

Let I be the undisturbed mean current in the valve
Let 5];, be the primary or unmodified current
flueauation in a given velocity class v to u+dy .,
Let L be the computed "new" mean current in the
valve resulting from the disturbance 5];; but not
ineludigg 81y itself,

Now using this concept it proves necessary to
recognise two types of feed-back factor F s one
arises when the initial current fluctuation belongs to

a veloecity class, U , such that the electron energy is
in fact insufficient to carry it across the barrier,
end therefore SI;r itself does not occur in the

- = fluctuation '
modified current, SL; this case we call ROkt oh
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conformity with North. In case " B ", the electron |

| energy is in fact sufficient, and 8Ty does therefore'
!

contribute directly to S

Thus for case &K

S
st I-1
ESI,;-: ‘ﬁ;-----——aﬂfsb)
for case @
| STle-T-T 4 &0y
ST e gEdY :
'.F-u-:a:[u: I+ _ST:;- ————— 2(37)

The detailed work of North and Schottky then-res_;ts in
evalﬁating equations (36 ) and (37) for all v , and
then determining a weighted average for 2 .
i.e, formally : (using equation (2%) )
where W is a dimensionless factor
proportio;lal 1;0 the ener'gy of the
electrons, E , occurring in the aver-
:age statistical law of dlstribution
P(E)AE = Aexp(-E/KT)dE .
(l-I)° = ‘”‘T[J R pow).dW] A __R~(3R)
This is regarded by the writer as the funfamental mode
of expression of the result. If we wish howeﬁer to

throw this formula into the shape of (25) then we

must write :

(-IF- *& [t %[ Fo povawfaf____ . 2.(39)
adisrs O -’g'%‘;ﬁu‘.P(w).dW—— Suss SuRp-(40.)

Equation (4O) then defines essentially a valve para-

:meter, 8 . Since in the space-charge limited region,

generally, differential valve parameters tend to assume
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a nearly constant behaviour as evidenced by the gquasi-

linear nature of the characteristics it 1is perhaps not
isurprising that the valve parameter e when evaluated
|does not vary rapidly over the same region. We observ
lhowever immediately that the insertion of a grid would
'radically elter the magnitude of 8 by affecting very
seriously the factor %%L y indicating why the
application to a triode valve would necessitate a very
severe change in 6 gso defined.

Naturally the numerical evaluation of (40)
will not be simple becéuse the fundamental solution of
current-potential problems in thermionic valves is not
simple in general, but it is believed that unification

of outlook is offered in the foregoing discussion.

[in order to obtain a unified concept of the whole
problem, one need only suppose a fundamental thermal
fluqtuation to exist in basic electrical elements, and
that "space-charge reduction" simply results from the
effeef of having various impedances in parallel;
naturally in some cases the detailed calculation of
these is more difficult than in others. The writer
feels that the term "(epparent) internal impedance
reduction" describes the phenomehon more clearly than
others employed; in particular perhaps the word
 |Smoothing should be avoided; the reduction on this
concept is no more to be regarded as smoothing than

the obvious reduction of current which arises in a

LeY)

To conclude, the writer suggests therefore that|
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given resistance fed from a constant current generating

isource when another resistance is placed in parallel.

B E B L CF LN EEEEE N TR CAENENRER

| . Appendix to Chapter 2.

True smoothing effect due to correlation.

|
|
To lay any claim to completeness in a survey of
this problem it appears essential to give mention to
Ith.e suggested theory that a valve operating outwith
\ultimate gsaturation conditions introduces a degree of

correlation between the individual events and thus

introduces true smoothing of the fundamental fluectua-
:tions. Something of this sort may have been in the
mind of Llewellyn in his first paper( | )discussed
above when he says "...o«then small fluctuations in the|
"density of the streem emitted by the filament are all
"smoothed out in the space-charge region, and the curren%
"reaching the plate conteins no variatibns which result
“"from changes in the filament emission™. The most
pleasing analytical statement of this hypothesis
appears %r}a? appendix to a paper by Thatcher and
Williams , in which they state ..."A theory proposed
"by Uhlenbeck sought to explain this behaviour (i.e.
"space-charge reduction) on the basis of statistical
"correlation between instantaneous values of the anode
"eurrent". That is to say, it is suggested that the

introduction of a correlation function which is not

effectively a pure Dirac- $-function of time would




Iaccount for the phenomenon. We note that the employ-
| sment of the correlation concept applied to RBrownian
Imotion generally appears in 1917 in a p%?er by
Professor L.S. OrnsteinF )and ig also employed in
specific electrical(fluctuation problems later by
| Ornstein and Burger 25

Since the results of the analysis are of great
value in the statistical investigation‘of the fluctua- |
+tion records generally, apart from this partiocular
problem, it seems useful to gilve it here in some
detail. This is now presented in & modified version
which may then be used readily in conjunction with
Schottky's basie "shot fluctuation" formula.

Let the mean current fluctuation measured over
a very short interval T be represented by its Fourier |
trans form :

Al =_._[E(w).af“‘tdw , where F(w)= é;'ciz{ts'h!fdt

_:,:f = _.‘{ "F(w).e‘.‘“"fduo_{ aF().n.).s‘)'":d/J-

|

o 00 i ¢
=~.‘[_.[ F(w). F(p). € (S15) dudes ,-assuming the
validity of the interchange of the "averaging" and
[integrating operations.
But

F).F(0= 75, i Aitye<tur, [antye P ta,

Now let t,=t,+ T

PG~ i ] | ALY aLETIe " Ty ar

Now 1: the fluctuations be assumed to be & stationary

statistical process (i.e. such that a time-ensemble is
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| equivalent to a virtual ensemble) then :
‘ |

AL ALtAT) = () , a function of T alone, |
‘which we may call the unnormelised correlation of Alg
IThus : l.
| FeE = Sa i 5 YT aT |

Now the obvious barrier to further rigorous progress ig

()t o t

- |
the integral S which is undefined and

appavently ™
therefore,offers support to T.C. Fry's contentfon
|mentioned earlier that to discuss the spectrum of the
nolse current itsélf is strictly speaking unpermissible
However, the same integraﬁ oceurs in a class of network
Iproblema (e«ge MacDonald ) and by approaching it as
|the limit of a Fourier summation it is found that it

may be represented consistently by a Dirac- & - funetion.

i. (S
" -t A (where we indicate byg'-,
_i& dt = 2r.8) "1s equal by definition").
Thus : ]
- b 7 T
FEIF( = 8estp). D) , mrere Blewy= o (y(m.€*'aT
Hence :

Ai-‘t =~;[:[S(w+}u) @(m)al.(m'l-}"')t d)..gdu.)

Let now

B= o+
L O = [ 5(8). &€ dsd®
= f Fes)des S 5(0).c0tde
= [E(ed.deo

This 1ntegra1 as it stands will not belkxpected to con-
:verge on classical theory although the introduetion of

rqantum mechanical theory will cause it to do SO. How-




::eﬁer, in-the practical case, we must recognise that w%
observe these fluctuations by some instrument whose |

frequency response in fact is limited. This may be !

taken account of by introducing a response factor 9(:»)‘

say whose general shape will be : .

g et d |

>0 22
Thus for the observed mean square fluctuation we write:
A o _Lg(m)@(‘mldm

And we remark that D(w) may be regarded as the power
}spectrum:\angular frequency of the fluc'b?alti;ms. The
very significant result, (due to Wiener and
.Khintchj.;l'e)) , 1s then evident that the power spectrum

and the correlation of the fluctuation are intimately

related as .Fourier transforms :
1ea (m) S\I"(T) il -r _________ E-—(AI)

f&nd therefore by the reeciprocal property of the Fourier
relation :

(T = Sc’é(w)e‘“T ____________ p-42)
Txinee V(T) must be an even function of | as a result

of the stationary property of the fluctuation anid @(w)
must inevitably be an even function of wd , We may write

M) = ln-&y(r).cdswmr_ S s iradialen Snl hin

¥(T) = Ef@(m).&saﬂ'dw- L e P (4 2a)




In terms of fregquency, f , denoting bytﬂ(f), the l

| "power spectrun" (in frequeney) of the fluctuation ‘

!defined by b i
| AG = Jathw()of |
!we nave : W(H)= 4J$(T)-CASEWJCT-°'T ————————— 2—63)?
(M) = L W) cooBrf Tl - — ———— ——-2-(34)

These expressions are in the forms used by S.0. Rice
;much of whose work, based on these fundamentals,will
be employed in Chapter V. of this thesis.

Then, if the sfluctuations are agsumed to be
entirely random, (T)will only be non-zero over the
very short interval T and :

Bles) = A= Bl T
But by Schottky's original result AL.T=el (vde 1-@))

Hence : —

Aig %%Lg(w) A

n

= %%%iq(uﬂiﬂud
which is the familiar shot fluctuation formula
expressed in the Fourier form.

If, however, We suggest with Uhlenbeck that
correlation may exist over larger intervals than the
fundamental interval of observation, T , then (p(“ﬂ
will be reduced in magnitude amd AL  will in
consequence also be reduced indicating true smoothing
of the fluectuations. At the same time, of course,
the “Power spectrum" will no longer be uniform as was
the cese with vanishingly:~ short correlation and in

fact to produce anything approaching the degree of
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|

reduction observed experimentally, it would be necessaFy

| to postulate an extremely "broad" correlation function.
! This would then of necessity introduce & most evident

: decay of the frequency spectrum even at relatively low

frequencies, which is in fact not observed.

Undoubtedly, of course, the correlation |

funetion camnot be an ideal § -funetion, but there fi.sii

no evidence of any correlation between in&ividual

in thermionic valves
. events,furnished by experiment. On the other hand,

of course, when the duration of an individual event |
becomes of significance then & reduction does display
itself with the inevitable "decay" of the spectrunm,

and this is the basis of the fluctuation smoothing

(the word is purposely employed in this context) due

| to "transit time" in walves evident at high]radio f:(ce- )s ».
| |

:quencies and(dfa%t with by Ballantine ,Spenke

and A.J. Rack : '




CHAPTER 3.

EXAMINATION OF THE RETARDING
REGION
OF THERMIONIC VALVES.




4.

O atnan General Statement.

5 5 | parallél-plane diode has an emission J
-;from a cathode at temperatureﬁr obeying the uexwell-
:Boltzmann law for the distribution of the emitted
electrons then we may readily determine the current L |
which flows if the anode potential isV, and the field |
is wholly retarding from cathode to anode. ‘YWwo limit-
:ing methods of analysls are possible. In the first, |
' which we shall call the electro-dynamical (E-D) method,
' the electrons are supposed to interact in the inter-

electrode space solely through the average potential V

|
|
| at any point as given by Poisson's equation :

| Vs qaep Bihe amison it —3-(1)
!or in planar co-ordinates ; * a5
; @!_41{ o e M e e R e P et ey o) | P
]I Dt f'(’:-) s

and the trajectories are evaluated by assuming that at |

every point we may set :
-'Em(\r:'— ad) meVi o T o

PRSI L U ()

Expressed otherwise, the motion is supposed individuall

2

conservative throughout. |

In the second, we assume that a state of therma.’iL

equllibrium effectively exists throughout the inter-

space. (his analysis, which we shall call the thermo-'

:dynamical (T-_-])) method, must clearly certainly fail

' very elose to the anode since a current is being clmw:a'E

J
' from the system (in other words the valve is supplying

energy to the battery - in fact at a ratelV,), but if
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this current is very small in comparison with the

emission J , (or in other words that LVa is very

small compared with the total power "available" in the

‘and the T-D treatment essentially implies maintenance

‘However, it is not a matter of certainty to define a

| small space-cherge densities due to the particle nature
|

| has developed solutions for a number of cases based on

|
emission), the error involved in the analysis will be |
expected to be very small. '

In the particular problem mentioned above the |
solutioné are identical; 1in other evaluable instanﬂes‘
small differences do exist as will be shown; on the
other hand, in certain cases the 1-D method yielas
results much more readily than the E-D methdd and may|
therefore be of value on those occasions. In faet, the
conditions will always be expected to beioompromise

between the two treatments. Langmuir and Compton %

suggest that the E-D treatment will always obtain in
practice sinece individual "eollisions™ are unlikely |

_ |
except under exceedingly high space-charge densities, l

of energy equipartition by continuous interaction.

gignificant collision. We may also note that in both

cases, the solution becomes strictly invalid for very
of the charge. This is pointed out by Laue who

the [-D treatment, and whose work will be used further

}below.

q Returning to the immediate problem, the

treatment is based on Boltzmenn's equation

l




= 5

e

' in conjunction with Poisson's equation. The solutionI

| @bsolutely essential to ensure that the retarding

on both treatments is readily shown to be :
Fadetinn e 00 0 i o |
This équation is of fundamental significance. We have|:
1031- = V+ [oa:r i
cdlogh el o~ .36
In this form it appears that the measurement of the
slope of the logI:V curve for a valve in the retard-|
:ing region should yield & determination of the tempera-
:ture, | , of the cathode. Alternatively, we may
regard this equation, given a knowledge of T, as
providing an experimental method of verifying the law
of emission; the evidence in this case being whether
or not the log L:V characteristic does ultimately
provide linearity, It is in this form ( and in

analogous form for cylindrical structures to be discusg-

ted below) that the main body of experimental work hasg)

been done. Familiar‘names in thiszf%eld are Schottkyi,
Germer and Davisson and Rothe % . In general the
results have been satisfactory although certain
inconsistencies appeared. One general disadvantage
however in all these experimental investigations is
the use of a logarithmic plot for the determination;
thﬁ use of logarithmic plottiﬂglcan readily mask a slow

"power" variation of a variable, and since it is

region has been entered this point is of some importanze.

An example of this was made very evident at a recent
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- |
(%)
Thermionics Colloquium when it was suggested that

very violent errors in the past (e.g. Kingdon's work) |

had occurred in the experimental determination of the |
emission constants in Richardson's equation as a

congequence of gradual transition from one logarithmic
'plot to another due to the varying adsorption of oxygeﬂ
\with temperature when plotting log I/t against YT . ‘
IThe author at that time suggested that some other form
:of plotting or an alternative form of experimental W
Iprocedure leading to the use of different significant ;

‘variables not involving logarithmie variation would

probably have clearly shown up the truly non-linear

variation involveds As a second objection in this
particular case, the author does not favour the
measurement of voltage accurately.

|
| To avoid these problems we consider :
|

B LR o Sk 1
oL 1 _ av_ el z
e 7 BV R sde e A-6a)
Thus 1f the true retarding region is reached we should |
have
lelfikac i1 3-(@) | '
kT S e T ’

|

‘That is, the product LRa should remain strictly con-
istant in that regiom. In this form, no measurement
éof voltage is called for and logarithmic variation does
not enter into the problem. Earlier experimental
workers were primarily concerned with determination of
temperature_and therefore, apart from problems of direct

measurement, it was not a matter of great concern whether
()‘( : See Viek:(1))




very small currents had to be employed or in fact at
what current value the retarding region was actually I
|reached. Since, however, this work was primarily
undertaken in comnection with fluctuation measurements
1t beceme a matter of vital concern to consider the
‘critical current value. The theoretical value may be
hreadily determined in the parallel-plane case eitheq%yi

' [
the E-D or T-D theory. '

L IS O O O BT R BB B A O |
|

| B B4 E-D theory of limiting current for parallel- i

plane case.

| The general solution of the Fairail.lel-plane

Ediode has been presented by Langmuir and Fry

and in dimensionless co-ordinates may be writtem :

which we shall apply the analysis £ =E4-{-F,_,—<-,.)"!m"1e"§5"*].(a-x.,
the ratio;;irr Will be very small; that = A 3%(x-3¢.)

is to say v) at the cathode will be (where ¥ 13 the

very large. Therefore we consider current densit:

this equation as Y]——)oo .

&)n * 287

iee,
|

dy . . o dy_
B=-=el, - Q=—yadg
&‘Eig;'z._Efq 4-(:

ayn\2 B Loy 7

58)= €I ledn™]).... 2)  (sce 7. 3)
for the eathode-barrier region. £f§t= ltg" ":iac
\Now under the conditioms within N = & (V- V)

S

7) .

i.€. as Nreo €. tends to a finite limit.



' : I
| For %"Ojgc—’—E-SS‘} , while for T as low as
U (€?) , Se=—-2013

5

i =X T -£.5539 O (barrier) e o g .

ﬂi@, e 3 VaVew)

‘Thus save in very exceptional cases we may set, in
!general. :

| €2 -25

iees A.gv‘."(mﬂac..‘)v‘é -25

But if the rétarding region has just been reached then
i X, Cd- incides with the smnode surface anmd 2,-x.=d ,
ﬂthe electrode separation, and therefore the ceritical

current density is given by

|
|
| . @3¢ ST (=
| g"&\"d‘- % Jt%&b‘ggﬁﬁz.df """"" Sk

48 &0 e ¢S tAEEER DS

3. 3 T-D theory of limiting current for

parallel-plane case.

321—\’ = 4ARp = 4rp e~

solving we readily obtain : (1)
| ;
B Lene - sala
e sm SR AR K+ ] ‘ 4fass
in the case that no potential minimum is supposed to

exist
\ :
oL P gK Sm‘fc_“{Y+xﬂ SRS =3 3-(9) "




; o |

-(X,C : Integration c,onsi'anis)

where a potential mipimum exists for Cx (K‘”‘-)'- ‘é '

lHe€s W= C‘J%E_“-X______ﬂ__ — —_ 3-(%) |
el areE TR L hehe |
ter B L sd(SX). oo s
But it is clear that, as pointed out previously, the

iSolu’cion can only hold for %‘j’ ) (corresponding

U.n the E-D theory to setting 31—:—-»0 )
- (C_ﬁa})_, Oie. (xX—>0O
.. from (9a)

‘ Cocafzmz e e

| - 3-(9p
End . from ‘ lo ) imediately . e
!1 0 e SR g 3-(12)

" Saxd Qxd?
Finally, on the agsumption that thermal equilibrium
insta "slmost up to" the anode, the current density
there is related %o fPon by the well-known relation :
|

i b ha , based on the Maxwell-

a8
$= Prad Zrm-—--- 3-(13)  Boltzmamn aistribution
S lavis.
o from (12 ) and (13).
e U -
= Sﬁ.e-\{v_nd." : "'_:“" T ?_—- '_SL(H-Z
de 3 Comparison and application of results.

(%) and (|4 ) then agree to a numerical factor
in the limitingecase (LT -0 ) of :

Sip . RB R*% =076

Jesn 2 2554 :
n any gilven case we should certainly expect Jr_mﬁj 555__,.

t 1s immediately clear that if we wish § not to be

Ho H
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very small, since fluctuation measurements become !

. ; |
excessively difficult with very small currents, it will

be necessary to use close spacing of the electrodes !
(Lees d-small). As an example Ilet us consider the 6H61
type of diode. This is in fact 5f cylindrical con-
tstruction as are all the diodes used in this work, but
the formula should give a reasonable indication since
the gpacing is small.

| We have :

L= 0-Gem. (coated length of cathode)

I T.~x0O0bem. (cathode radius) ’

| 4 ~O-lema. (anode internal radius)
! & d ~ 0-O%cm.
The practical form of (B ) is
| -12. T3/,
' EE-.‘D = 7x lgra S Fele AmPps.[SQCm. — _ _ _ 3“(‘5) _
and we find
IE.-b = BOPAMP
|
| @2 k& &84m0 E S AL N e CE N RS
! |
Ps Bi Fundamental equation for cylindrical case.

When we turn to the eylindrieal problem proper,
]Ie first(c‘g-n)sider What form equation () now takes.
Schottky has evolved on an E-D basis the analogous
equation to (4 ) for the cylinmdrical case under the

retarding regime. His equation is :

2 N et o | |
]:"" ﬁ\TiE“:f -%g () A+ fehndx.f__ __3-(16)
here we set p . |— T L —
= 1-%l

hen this has been applied to the log I:V method in the

ast the approximation :.r':-._)o (}_:‘_e, - I) is always made
T i




o :

before the logarithmic differentiation. In our method!
however the general form of the formula may readily be |
retained, and this seems very advisable since the |
structures of the diodes used can hardly be regarded as
‘limltlng cylindrical cases. |

From (10 ) ;
| e sl v me s
Let ‘J"‘!'ﬁ“)“a%= aq/ 5,?!

L_2T[ v, o W v
5\7:&* FK[NEO £ dx aq.e@. (qh)‘ +2 &W‘E "}J ______ 3,_07)

e R

?The second term vanishes identically and thus :

b £ &y Y pESr TN Ee S
IN.QG_E ]i_i%«k-: oV, ‘a(t—'q)dx". fE clx_]/ ¥ 8-0-1.,) 1_--3‘09).
| 2 e
= 1% 50V
where
SCV]JV) w E. E xdx}/fe-(t-ﬂ)x.dx.
Now let i—vl=}\’)t= Ax
then
SV € eSSt ;  (where y=§
ey ez TR
~ A7 {I
-fﬁ'—.:\f -2‘3' k:"r gub }/E'ffa‘.- -—---3"(3!)

S(v]_,V) may quite readily be estimated in any partieular
cases  Since the OHb type diode departs furthest from
the planer condition among the three valve tybe_s

investigated, we evaluate S(n,V) for this case. It

¥t We omit the wodulus Siqn in Ruduve .




SO.

is quoted( 5 )that a reasonsble value for thgemission
density of an oxide-ceated cathode is lmA/mm> . This
gives a value J= 30mA. : (which is a reasonable
value) , therefore a current of L= 30pA. represents a |
ratio of %* 0% = " | as a lower limit. Further

= 0.4 . Tabulating some values : !

_7]?_9_.(‘_’__4; ‘%— E §M,V)

6 .0038

8 . 0010

! 10 +0003.
‘'Thus it is gquite evident that the correction term to

'be expected is very much less than 1%, and thus |

| g
equation (&) may be used with confidence in this

respect.

!5. 6 Theory of limiting current in cylindrical case

- 8

| The problem of determining the theoretiecal valul
'!lof the limiting current for a sylindrical structure is
rather more complex. On the E-D theory it seems

impossible to progress rigorously beyond a formulation
!of the space-charge integral; a tabulated solution of

|

the cylindrical diode "away from" the retarding regime
' (Ila]

hes been provided by Wheateroft and this paper
|

';.lluatratea Well the complexity of the problem. M8ller

| =t
énﬂ Detels in a paper - "Uber die Bestimmung der
E1ihfaden- tem

‘ peratur in ElektronenrBhren" - present an

i % ! See Millman:(l).
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E-D analysis under the assumption%« | 5 they

| |
agsume thet only madial velocities need be considered

' however, and this, on the face of it, appears
immediately to restrict the analysis to filamentary cath-
' todes where at some considerable distance from the

icathode the general movement will always appear to be

LY

practically radial. The formula derived by them is : l

) & )
| : (kT)“*Jt%L o _3_(22) , Where is the
i ' hfom.e% 203"("3") effective length

of the valve.
| _aoo Tl
| a5 T log¥(Bn)
If we consider the approach to the parallel-plane case

ambs. ____3(23) (in practical units)

setting Ta= (I-i-:c,)*r;_ (sex l) and d= x¥. then we haJe:

: -2 134
e e R )

'which may be compared with equation (IS ).

In view of thelimitations involved in the
M8ller-Detels analysis and the extreme difficulty of a

rigorous E-D anelysis the problem was also analysed on

the T-D approach. We have :

f = Pl peitia Sl i L Aps)
V2Vl o grpe 3-(26)

|The solu‘sion for the periodic ce.eua"g with the existence |

of a minimum, 54 b

-—,'—Q-{A+ R+ RlogsimCrt ( 3C=1°3'§;; ;noting that
o= R g Ag 2= |/3I»3‘C=c. for T=%;x=0 andV-—>-o0;

hence the radiuns 1 of

~p= C72m+3 S (Clug%)

e

SIS e £ e

; fact greater than T5 ).
X :see Laue:(1): p-2R6. B o e s Tk BN |
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We may note that for anode and cathode very clese and

g
setting ‘E_:’IE-!-S where T—;«-( we have ;
¥ R
NPT

o

o 3R (WuEE Bx -

'which is identical with the previous result derived for|

ithe planar case apart from the factor (‘%Y which in
lthe 1imit tends to unitys

i In general, for a minimum of P(and;.o}\/) we must
|have :

rsin(C Log ";; ) meximal ,

1 s (Crg )+ Cemo Clog ) = O

li.es taw (Cleg §) =-C

!i.e. at the anode (radius Yo ) we have to satisfy
e (RS s L )
leading to o, = (i+ cz)/:zmﬁf' _________ 3-Bo)

Now in an exactly anelogous manner to that used in the

&

get - o™ 1 in dealing with conditions at the

planar case, since we are sssuming < | we may

anode.

Thus equation (29) immediately enables us to

determine C , i.e.

h.gici) =._.7'Y_ where Y= %%

We can thus determine C rapidly from a table of the

function e | (B.g. Janke and Emmde -"Punktion

:tafeln") (Addenda)

| Then from (30 ) using the value of C thus
determined we obtain [

Finally if we employ Richardson's formula

“almost"

(as§ming of course equilibrium,right up to the anode

|
)|
|
|




S3. |

su?Face !
sizne) we have |
T _P g T , Where Sis the anode|
— o S i S
exm surface area. ‘
|
l4. es yWhere L is the
|
32 effective length of
2
Pk CDlel) Shene o, 3{31)
| J:?J_Fn.e-‘ra the valve.
T
!‘&'e may evolve a useful approximation if F is "not too
| &
llerge™. If we may set 1og($) « | then : '
|
| tan(Cy) 1is very large and thus CX
. (:1
, Cx~ & (which is large)
| E(’"ﬂ* )
| v
!3 y&
L ST A e _ (kKL e A

f2rm.4.e 1 log (2 & i J2om. o5 og ()
Tl‘his is identical with the MBller-Detels result as given
in equation (22), which appears rather surprising in
view of the apparent limitation mentioned above.if
It may also be verifiead readily at this stage
that for (%) very close to unity (approaching the
limiting parallel-plane case) eguation (32 ) agrees
}Nith equation (14 )« In view of the agreement above
noted" we shall use the M8ller-Detels result as a
general rule, but discrepancy between the two results.
ioes become significamt for "filamentary" structures.

'ne factor of disagreement is seen to be :
4 2 dan2
A= 7040 (g
Examples : * . p ; A= |.‘7
T :30; A= 7'
That is, for a filamentary structures the MBller-Detels

=1

result indicates considerably lower limiting currents

Z Ml'l-loush not %’:wﬂly unexpec.!-cd inview oF the dmg é;"lee.ment
ﬁl're,q.dy demonstraled, witlhh e pawmillel nlao~ § LSEEE




than the T-D argument. The writer under such circum-

.gtances is further inelined to favour the MBller- i

| Detels result throughout since the density will certai$9
| |

| 11y fall off very rapidly from the!cathode in cylindri?al
. filamentary structures; an E-D argument is thus r

indicated in this case »
|

‘ Tor future refererzice we shall now indicate the

| theoretical values of Iﬁw. applicable to the

Il,oooc’K.

‘ Valve Type |[(appd)tz [(app)ia X (approx) L(ua.)
GHG 0-0bew- Olem. | O-Gem. 30

EASO | 005em. | 009 | OFem. 40
CVI40 00bem. 0‘0?8&-. 0O:Gem. l(os

valves used by the writer, at a standard temperature of

—

(It should be emphasised here that all these valves
‘were of simple cylindrical structure, being simple

diodes, and all with indirectly heated cathodes.)

S 8% & s 8 ase8EEREERESR

_ of
Bai s Critical survey/previous work on this problem.

Before proceeding to deseribe the experimental
investigation of the author, it is felt advisable to

discuss earlier work in this field. Asg far as the

:writer is aware only two workers previously have
| .
sSeriously attempted to enter the retarding region in

cmnnection(ﬁét? fluctuation measurements of this kind.

D, 0, North approached the region with some measure-

tments on & cylindrical diode (fux

A3am, ‘fe,t.omi ) AR e ) 5

T —




|
|

| but @13 not proceed below currents <~ROpA., while the

theoretical value of Lb“m §k%AA.. However, as Will be |

shown below by the author in general 1t appears necessary

to go considerably lower than the theoretically indicatb
| value before entering in fact the retarding region. Th
is also borne out by the fact that the product IR, nad
;not yet reached eonstanfy in North's experiments.

7,0, Williams ,using a Mazda AC/Pen Valve,

| condueted fluetuation measurements, which however '

‘suffered fundamentally from the disadvantage of the use

r
'of relatively low frequency for the receiver introducing
|

| and S _
‘“flicker-effeet" (see Chapter 4,0f this Thesis for

| further brief mention) as a disturbing factor. He
ibelieved Hihel et navel exanded: the reterding region
‘and suggests that for currents below DOpA , this was t
case. The writer obtained a drawing of the Mazda A/C
|Pen velve from the makers, Messrs.Edison Swan Electric
Co.Ltds, o whom he is indebted, and this is reproduced
las FPigure 4 . One must first observe that the structu
departs considerably from ideal cylindricality particuli
11y in the very critical region close to the cathode;
granting this, however, we must take as the limiting
[dimensions those of anode and cathode and we have :
Type 1= T L |
AC/PEN |-Oém. 0055cw. 3-Gem.
To get an estimate of L. , caleulating on the M-D

[ Exg2]

formula, we find, assuming [ = |000°K

T e 40. 10" 107 3. amps.
0. 85

is

he

B -

054 mA.
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$ince Williams only carried his investigations as low

as |BpA, it is clear that he could not havé even
approached the true retarding region. Thits further is
clearly brought out by the fact that the product LRa was
not even approximately constant, but fell steadily as the
gurrent was reduced. To quote Williams : "It may be
"founﬁ from (his) Fig.5 that as L decreases from 0.05 %o

"0,012 mA., L (p= Ru) decreases from 0.146 t0 0.126 volt;

"thus the characteristic is in substantial (sic)agreement
: |
"with (his) eguation 10 (QI=-%§ ) which requires eI: to|

"be constant™. In faet it is quite evident the valve was

?perating at currents well above those necessary for the

retarding region. This is further clearly shown by the|

fact thet the mean indicated temperature from the equatipbn

| =R
| KT
screpancies which "other workers have observed". However,

was 1,600°K, He ascribes this to dis-

|
@uch detailed work (of which Williams and Moullin appear| perhaps

|
ﬁo have been unaware) has been done by investigators,

| (L) s
gapeeially by Mallef ?n? Detels , Adolf Demski :

and Heinze and Hass since the first attempts and if

‘the retarding region is entered with certainty no
i : :

qlserepancies of this Ofder)Should be observed in a valve
. 5 et cE ;

af this type. Moullin desceribing Williams' work,

ilso mentions some other valve types on which similar
] .

ﬂeasurementa were carried out. These have each been
ﬂnvestigated in a gimilar mamner and where reasonable

|
temperatures were obtained the indicated limiting

1urrenta suggest that entry into the retarding region

1

ﬁould have been quite likely. However since no q

S IR
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specifie values of current limits investigated are

furnished a verdict can naturally not be given with

certainty.

A short teble is provided summarising these

o —
_Figure:S fincde:
For reference é drawing of the AC/HL valve is also

provided at Figure Sa. .

L N N NN N

ds 8. Description and abalysis of experimental

techniques

The experimental layout finelly edopted by the

i writer was a Wheatstone bridge arrangement indicated

in Figure © . The bridge is fed from a Beat Fre-
:quency Osecillator, and frequencies between | KSs and

k)KﬂS.were variously employed. The fixed arms

regults
Va1§g=Type [E0 ;2 Indicated Thgg?gtical
T 1 1 Temperature |Limiting
o = obtained by |Current.
(em) | (w) | (em) |Moullin end
Williams.
AC/PEN 1.0 |0.055| 3.6 1600°% 0,54 pA. ;
AC/HL 0.21|0.055 3.6 1150°K |12 pA.
. ?rogahle)
M.H. 4. (Sce|sketch 1160°K Say 7pA.
: MgeS) (Probable)
'Special
Cylindrical
Diode" 045 |0.01 | 7.9| Very improb- 3.7 puA.
table tem=
peratures.
fqi——-b4{hﬂwm.———§—
'/-c@-“\bde.
28" ] [5Smm.  (Conted lengln
D T ¢ of cafiode:
Elm.m.)
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| regsistances were inserted in series with the

= O,

A, and B were either IOKS2 or IOOkS2Z . The variable

arm R consisted of a set of calibrated wire-wound |

potentiﬁmeters covering the ranges |kSL , IOkSY ,
50kS), I00kSL . To extend the range above IOOkS?_!

on certain infrequent occasions calibrated fixed

potentiometer. The battery E and the potentiometer P |
enabled any reguired current to be established in the

test diode, V, which was measured by the meter M. Rg

' is a large resistance whose significance will be

. and proved satisfactory, no alteration of the balance

explained below. C, is a large condenser (~IpFk ) ‘
which places the cathode of the test valve effeotively'
at earth potentiel, "by-passing" the valve biassing 1
systen. Cg is a variable condenser (generally

0-200 ppk ) to belance oﬁt stray capacitance on the
bridge; how this is determined will be discussed ‘
below, To test that the balance point of the bridge
was not suffering from frequency sensitivity,measure-

iments were checked generally at about 2kefs and [OKe/s

point beinxg observed as the'frequency was varied,
Finally it will be shown below that the input must be
limited to a rather small value; this was achieved by
the use-of the resistances R, and Rg( Skl and S%0)

To avoid stray "pick-up"™ from the oscillator direct,
Ry was placed directly at the oseillator terminals;
long screened 1eads were used from the oscillator, and
Rz was placed directly across the bridge terminals.

It was found necessary to insert a large




Y,

| resistance (Rg) in series with the test valve to preve%t
slow drift of the measured current over periods of the |
order of several sedonds, such drift becoming evident

' when operating at very low space-currents. We now

- gshow that such an arrangement.Egkiﬂstabilise“the valvei
current, both for "external"™ battery fluctuations
because of the particular region of operation of the
valve, and also for "internal" fluctuations of valve |
current - due presumably,if existent, to slow "drift"

variations of the cathode -emission as a general

.‘principle.

\Céae 1l : Battery fluctuations.
| Two extreme possibilities may be considered.
| In Pigure ?7 the resistance R is assumed to be very

large compared with the apparent "d-c" valve resistance

and therefore 'we may write

| = \-f'Q _______ 3-(33)
s.dl_ dV, <
T= Y --—-—---3-(3%)

AN }

Fig./ Fig.3.

In Figure @ no series resistance is present and for

the same current ]E flowing and assuming as a suffieient
in this connechion

approximetion,the planar formula for the retarding

region we have -

eV, :
I=JeN—- . ____3.@5)




©0,

e —3-60)
18 1
| Assuming now proportional "drift" in V1 and Vg, then
dv, . QI\TVz , and since under the conditions of operation
Vl 2

= 7 b ) .
Jasds a8 103—:{:- >>-l , and .% (34) will pz:ovlde |
| greatly improved stabilisation compared with (36) . A_f.
further -point to notice is that as I is reduced by ‘
inereasingly retarding applied fields so |03::}:: Will

iincrease and the relative stebilisation will improve = |

a most umeful advantage. This indication is confirmed
in practice.

Cage & 3 BEmisgion fluctuations.

This case is self-evident. = Regarding now J

| as the variable then from (&3) : |

; dL .
. L0 o lagy
while from (38) :

dil seald S TR ER

11! J . 8)
' Bridge Anslysis.

cdie BL . o
| As has been shown already, Ja=5= &y—-" 3[39)
satisfies to a high aceuracy the theoretical equation
IE_S“ =]t 3-(463.. If now a voltage Rusinwt

_ibe applied to the bridge 1t is necessary to examine
what relationship the apparent Ro as indicated by the
calibrated arm of the bridge at balance will bear to
the value defined by (39) « It will be assumed that
eguation (35) is of sufficient accuracy in determining
|

| possible sources of error and limits of aceuracy. Let

‘us assume the bridge is balanced; the voltage at

terminal 3, with respect to earth, will be uUsinwt

The fundamental component of voltage across the diode

m————“—




' (bearing in mind that the diode is a non-linear element*!)
i- (i.e.the voltege at terminal 2) will also be usinwth |
|at balance. |

We now divide the problem of the valve bridge ‘
jarm into two parts as shown in Figures O and IO .,

lapplicable to the direct - and alternating - components

respectively.

i
l
|
e
|

igure O (D.C) Figure |0 (A.C)
In Figure © 1f the (mean) voltage across the

valve at any time is V then :

| V= ORI 344y (where L is the (mean)

current) .

|Thus when the oscillatory voltage is dpplied 2

eg\.'+uainmti
i JE KT (where the "bar" indicates

a time-average)

"J‘g {|+ E'Lrsmmt - e‘::".s:.\'a..st+....} (to terms of the
263y 2nd, order ).

= Je%® {l—i— %%)t} _______ 3-42)
Initially we had \, =®-RT, and T =J £°v°
ﬁLet V=Vo+8 , thus from 41 and (42)

V- & R 1 ey

i.€.

®- RIE‘. S-CIJ*RIE‘?F{H%} {H%(ﬁ— } tto terms of lst.
order in§ ).
1 —RIEH 45 - —RTeTe {1+ $o+ Tyt

& 5 = _R:e%?_ kT'_RJ‘E_.v‘ -;;-G%.)z




‘ W RILe ‘
Tow sinee R > Ra T 3l |

L -uEN . o ———-3-(4)

The current is thus given by :

I+|..=- gﬁ'(l -(k.T)(H‘ Sm‘t-i-@(.rz' "([ )+___) 3{4,3

= Jex# (1+ {15} g sincat)
O iyt ST e e G ST A

And 3 T eJ’ e%‘! (wsivent) (1 %‘G%)’) ----- 3-47)

Equation (4L ) forms, in fact, a detailed demonstration

-of the stabilising effeot of the regsistance R discussed
more generally above, while @-7) shows that the balance
Io:!f the bridge will be given for a resistance such that :

l eI _(' 1_....2 % —e—
= —-—— ""—' e o - - —— 3 9

|*na1: is, Q«, as determined by the bridge will be :anreaz-;ed

~ Ye “ |
iover its true value by {\ 4&1-.) « It therefore
appears, at first sight, that comparing @3) with 4O)
accurate results will be obtained if :
TR <] ; ie vk ekl ____3-@9)

E.g. for 1% acouracy U= S-J'CT

Phus for T2 lCOCK ; J_g_r= 086 Volt

| LT NTaV,

A further disturbing feature however must be recognised.

It is readily seen (equation(“4S ) ) that a component
0f Znd.harmonic current flows as a result of the diode
actions  (To solve the bridge problem entirely rigorous-
1ly 1t would have been necessary to consider 131 turn the

effect of the "distortion current components™ in modifying

the resultant bridge voltage applied to the diode, but




‘the error involved should be entirely negligible if we
!maintain U below the limits set above)s This 2nd.
‘harmonic current flowing through the bridge arm, A,
?will result in a (small) component of &nd.harmoniec ‘
.voltage at terminal 2. This component will not of l
!eourse be belanced out by the (purely) fundamental |
component at terminasl 3, and must in fact become the
idominant feature when close to balance, Thus if as a
first approximation we neglect the effect of the trans-

: former between terminals 2 and 3 for a small deviation

|from balance, then under the assumption of an entirely

T

symmetrical bridge condition A=B=R=z=R, , the outpu
‘voltage for 1% deviation from true balance is 55;5 .
| ; :
‘wWhere Q@ is the magnitude of the fundamental component
|
across the valve. If then this component is to be
legible in the presence of the &nd.harmonic component
‘at balance we must consider the ratio 3

a' g e )’- 1._:-3.
20O ‘(,kT !

If one suggests equality of these components as the

'llegible limit, giving a pattern on the Cathode Rey Tube:
i

we should now require

G oET R e

1ies U,_%a.,l_g , Waich for T=1000°K gzives

Ux PmV.

In practice inputs Tanging between these two suggested

limits were employed with consistent results. It was




found in fact that diserimination of the balance-point
was extremely sensitive using the appearance of the &nd.

harmonic component, and this also readily indicated any

lack of reactive adjustment by phase-shift (see Figures

n,I2,1I83,14). In the measurement the various

theoretical indications above were amply confirmed. :
In particular, in earlier experimental work the severe |
| :

'limitation on injected voltage had not been appreciated
land therefore the values of Ra deduced were too large
(Equation “23) ) and the indicated temperatures were

'therefore too great by some 20-30% in facts To check

'lthe later figures experimental observations at ~l7m\!. !
input were often checked at ~2m\V. input and showed no |

‘variation of indicated Ra. .

!5. 9 Experimental results.
|
‘ Experimentel results are shown in Figures 1516

"Padl']. Experimental results on the EASO diode are
!nqt included since the physieal dimensions differ
little from the ©HG diode and therefore the results
‘expeoted, and obtained, on the former differ little
'ifrom those presented on the latter valve. The results
Eare fegarded as entirely satisfactory indicating strict
[eonstanoy of the "TRa " product after a certain point

has been reached and therefore very strong pi'esumption

that the retard’ing region has been entered; furthermore

L1

in each case the critical currenht involved is less than
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Fig. 1\ Bridge unbalanced

Fig.)2: Bridge near balance
(Note evidence of
2nd harmonic).

Fig.l3: Bridge balanced
(Complete dominance
of 2nd harmonic).

Fig.l4: Bridge near balance,
but reactance
incorrectly adjusted.
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the theoretical value derived above. In particular the
measurements on the CVI4O valves are noteworthy, as the

most satisfectory later fluctuations measurements were i

cerried out on this type. Finally regsonable values of

indicated temperature are obtained in all cases.

t e @8 ed 0L SO RESENE OSSR |
|

_ n
F. 104 Discussion of experimental results. ]

It should be observed that the evidence of the

- lower values of the experimental limiting current than

|
| |
the theoretical value are confirmed by the work of Mblle%r
and Detels . TPigure |8 is reproduced from their |
Iiaaper and in all cases the experimental limlt of current
j.s lower than the theoretical value; furtherniore it may
i)e noted that caleulating the theoretical value on the
iT—]) anelysis discussedabove enhances t‘r(lead]iscrepancy.
J:klso the experimental work of D.,0. North discussed
above, provides similar evidence since the product IKRa
ﬁ_md not reached constancy for L ~ BSpA., while the
i:heoretical value was ~SOpA.,
| The possibility that a quantum-mechanical
enalysis might modify the results was investigated.
'i|:'he p;oblez(na?f) the planar diode has been discussed by

1I.E. Frank on the basis of previous work with

. o e e =
L.A. Young.

In general terms the modification to elassical
%leotronic theories due to quantum mechanics rests in

1|_:he denial of the: classical assumption that an electron |

*:‘ -
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of energy E will, - or will not, - surmount a potential energy
parrier of magnitude Vo precisely according as E is
:greater or less than Vo . In guantum mechanics, on
the one hand, there is always a finite probability that
ifor E< Vo the eleetron will "penetrate™ the barrier
|although for E«No the probability becomes vanishingly
'small; on the other hand it also is not a certainty
‘that the electron will surmount the barrier for E>Vo
lalthough for E significently exceeding V, the pro- |
'+ bability rapidly approaches unity. This isg explained
iior interpreted, by ascribing to the electrons a wave-
lilike property rather than solely a particle attribute
l;w}.ne:c'e the amplitude of 'bhq"wave gignifies the probability
L:of an electron oecupying e given position. The wave-
Elength so attributed is generally reférred to as the
:"de Broglie wavelength" and is dependent upon the énerg;r
!of the electron in a given position,

‘ In particular, in considering the penetration of

]‘a potential barrier, the "width"™ of the harrier is very

significant since the probability wave for E<V, is
rapidly attenuated within the barrier according to an
expotential law, If the barrier is very "narrow" as

@t the surface of an emitting cathode with a high

accelerating field applied as in Figure 1O :
V

' 15

! _Gnatude

Ancde

—_— = me e e ——

Acecelerati
o Freld

Fl‘gu*e: 9.
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then a considerable degree of "penetration" will exist
through the barrier where the width is narrow as
indicated by the arrows. This effect explains results

obtainedrﬂanomaloua“ on classical concepts,~ under strong

'accelerating fields. '

| In our case with a solely retarding field from

cathode to anode as in Figure 2O :
| VA

Qel-ardu‘ng field.

Figureret)

:“penetr&tion“ of the barrier will be quite negligible
'for E<Va because of its great Widthy Of ‘he onher
|hanﬁ it will be necessary to take account . of the fact
that the probability of an electron reaching the anode
is not unity for all E>Va . ' ,
By considering the boundary conditions to be

satisfied by the "incident" electron-waves on the

‘potential barrier and the "transmitted" electron-waves
((such electrons comstituting the observed current) a

"transmission coefficiént"])ﬂf)defining the probability
1

iof transmission may be derived for a glven incident
ienergy.

| This has been derived for the case under considera-
s+tion by Frank and Young as :

| -\ AHEE-win X
| :D(E) X {e%4 (E-Vo)"*]‘ 5 g 7 MR S e Rl 3-(5 0)
1282 (E-Vo)*




| be neglected in practice. This expression is only

| shown that in this problem the case E<\, need not

| readily be derived employing the statistical average

. Purther, Frank shows that if —%»l (in general

| distribution in energy of the incident electrons. It

1
|
where the second term in the denominator may generally|

valid for E >V, eclearly. Since, however, we have

be considered, the expression is a sufficient epproxima-

:tion. Granted this, and therefore setting :

D(E) = JLECECWI S Gl L 5 5))
{E™+ E-V)LY
an overall "weighted" transmission coefficient may

is thus shown in a straightforwérd manner by Frank that:

AL

where 5((?)) is the overall transmission coefficient

defined by :

‘A Y
Bl = 45(‘{:@1;& dy

where (- g_k\-;ry and V,, 1is the "work-function voltage!

In general (3>>| and therefore the integral for 3((5)

L

mey be expanded in powers of '9[{-1, (while the factor €

should ensure convergence as -»o0 ).

Then :
Cl i (b+ e e =D -(53)

the case in this work) and if ff)»l then
_D(fs Ne)s |—i(l+-tV-)"’L@xV,)I"i1fl— %@\'.)".‘(H--M)”*}_.._- 3-(53)

where for convenience we have written V,= |Val

and o= .




i o v.—

|Applying this enalysis now to the problem in hand :

j‘)(@) is & constant; 1f we assume for oxide-coated

cathodes Vﬁﬁ | Volt amd T= IO°K , then we find from
6R):. D)= 0.

Thus T = A€ R’rf(v,) , where A 1s a constant
2% -fe. %1y + AcEA)

|:‘gﬁ-~"§ %&l eI{I wk.T ;?____“__#-_3_(54)

|(Since we may see readily that f(V) and f(v.) are

|
|bbth intrinsically positive this equation immediately

|
indicates a gualitative increase of the vital product

IeQa.f_k_T over unity).

' Now by performing the differentiation of (54)
in (53) above :

'_D(mr_ = F1v)= BYsav)® (.cva‘j{[(uuv)tm"* (e +(, i

LAY -|-u.V.

Considering the results in the case of the GH(D type

diode, let us take I<|OpA. ; J=30mA. ;Viw = | volt
of = =l =06, = m." = 30

| 1B= 16 ;¥%=8.-0%¢ = -6qV. [¢**x 3000+ Tﬁ]

"I'hen‘:

_'fr(vt) ='O7

and fv) = | (The accuracy of this term clearly

need not be great).

Thus the correction term = g{f’(‘ﬁ)} * 006
|

FCv)
= 0%

|
i:Thia is then clearly insufficient to account for the

ilactual increase of about 5 to 6% over the limiting

value observed at this current (see Figure I§ ).

& a[i_-’:‘;{@w).(mv.)j"‘]. < fev )‘K(uﬂw)”"]}---.a

-(65)

-




Tt thus appears that we cannot look in this

direction for the source of the discrepancy.
‘3 - 5 3
North has considered the possibility that
electron reflection at the anode might produce anomalous-

:1y large noise under normal space-chﬁrge gonditions

'in a true diode. This factor has therefore been
considered in connecfion with these measurements as a
ipossible explanation of the low values observed for the
1imiting current,l_ . It appears that data on the
!suhject is rather scanty but that a paper by
|5, Ea Farnsworth( : )is relevant, This hag been consult-
ted and it appears that as the primary‘energy diminishep
the overall seconﬂéry/primary ratio falls; we remember
that in the retarding field case under consideration
the primary energies will be very low; and from
Farnsworth!s data we observe that for .6 volt primaries
on & Nickel Anode the ratio is only about .12, On the
other hand the relative amount of those secondary
electrons whose energy is equal to that of the primaries
increases and appears to approach unity.

Let us then consider the effect of reflection

in the retarding region, Let us assume that the

potential minimum is “near" to the anode but has not yel

L

« lquite reached it. Reflected electrons may then either

re-penetrate the barrier and return to the cathode or if

‘they have very low energy may egain return to the anode

1
iafter approaching the potential barrier,

Considering the first case; if a fraction &




of the "incident" current; I,, to the enode is reflected
ﬁithout gignificant energy loss through the barrier them

the observed current, I, is given by :

ToTo ST a@ua) o o niise 10 34s6)
ﬁssuming that the reflection process has not disturbed
the assumed Maxwell-Boltzmann distribution. In this
case we should still retain kJ' R o | since 8
appears not to vary significantly with infinitesimal
variations in I . On the other hand,however, the
Effective space-charge density will be determined by :
lemetbint T ST et eddlail goraie oG 3-(57)
phat is, the "arrival" of the potential minimum will be
governed by'I (not I ), and thus the observed current.
for the incidence of the true retarding regime will be
?maller than the theoretical current by a factor ﬁfg‘ .
#nsertion of numericel values readily shows that the
éffect is of small significance in this problem and a

Limilar conclusion is arrived at if one considers the

£ffect of electron reflection with a significant loss of

4nerg?- In the latter case the factor of reduction is
|
a2 » under similar assumptions,

This effect may therefore be considered to con-

i

l

ﬂtribute little to the phenomenotis
|

‘\ As a final point, it appeared just possible with
| ;
?he earlier valves that end-effects on the cylinder might

Tdelay" the appearance of an overall retarding field. Tt
Seemed however guite certain that no such effect could

%18t with the very close-spaced diode type CVI4AO uses
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in the latter measurements. In addition, certain datg
provided by the Electrotechnics Department of Manchester
University on an experimental valve made by Mullard is

'of interest. This valve had very wide spacing using a
tungsten filament and was intended to enable students tp

| t
'verify experimentally the Langmuir-Child - or 3/2 power'

. law. To elimineste end-effects ("field-fringing™) due
to the large anode-cathode diameter ratio,‘"guard-anode¥"
%ere provided close to either end of the main anode and
Pre of course during experiment mainteined at the same

potential as the main anode. For the originel purpose
|

of the velve oﬂly the main anode current is measured but

some deata around saturation is of interest in our problem:

[ v Main Anode : TGuard" -
| o Current ~Anode Current.
|
| 507 27mA . 23mA.
' 100V 67mA. S2mA.
150V T9mi., S4mh o
200V B6mA. S9mA.

Thus the fractional inerease on the guard-anode

from 1Q0V-200V is = 3/33 = 'fn , While on the main anodje

it is :lqrrre Qﬁl ' It thus appears that the effeet of

'field-fringing" (predominant on the guard anodes) is to
Iause more rapid saturation to be reached than where the
tield iF truly oylindrical (on the main anode)., That il
‘t suggests that the space-charge has less effect on the
}potential distribution when "fringing" occurs, and one
%might therefore similarly expect the retarding condition
'to be reached more rapidly with a degree of "fringing"

!than without, It thus appears that such an effeet is

I |
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jfioubtedly demonstrate entry into the true retarding

73,

unlikely to explain the diserepancy.

l.lllllll_lill.lllllll

E‘l 11l. GOﬁeluSion.

The 'simplest explanation thus emerges that a

potential barrier of some sort exists at the surface of

the anode. Thus although theoretical calculation based

on the inter-electrode space-charge distribution indicat

a critieal current I, , the measured current would be
eVi 2

reduced by g , where V, is the barrier potential.

| \
To account for a reduction of ?‘ say would only requine

% factor ~ e-z , which for [= looo’K would give V,= '|7
Tolts

Such & potential barrier would be expected to
%ifier from valve to valve explaining the varying
?ivergenoies of the observed limiting current from that
#redicted theoretically in differing valve specimens.

| It is hoped at some later date to meke further

¢xperiments with a valve comprising a Tungsten filament,
' independently 4

30 that temperatures may be, determined accurately (which
*s not possible with oxide-coated cathodes), and a

%pecially heat-treated anode of very small radius (slmwm)

érovided with "guard-anodes"). ' The guthor is indebted

Yo Messrs British Thompson Houston Ltd.; for undertaking
ﬁhe construction of such a valve.

i It is, however, felt that the results presented

ere on the diodes examined are guite conclusive and

eg
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field region for the fluctuation measurements to be

‘described in the following chapter.
|
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CHAPTER 4.

FLUCTUATION MEASUREMENTS ON
ELECTRON VALVES.




4 13 Measurements of fluetuations under retarding |

field conditions in thermionic valves,

4o A A Introduction.

Ample experimental work appears to have been

carried out in the past to investigate the fluctuations

in thermionic valves under normal space-charge limited |

'Operating conditions, Workers in thia field are

notabl¥ Llewellyn Sehottky, Williams, Pearson 1

' Spenke anﬁ North, whose work has been discussed in

IGhapters 1 and 2 of this thesis.

‘ Generelly speaking, the results show satisfacto

Eagreement with equations (1-(8) and (I-(€)) relevant to

ithe normal space-charge region where thermionic valves
(Seealso addendum overleal)

are of greatest value in engineering applications., In

consequence, the writer has not duplicated this work by

operating his diodes under these conditions.

The particular problem which we wished %o

investigate was the behaviour of the fluctuetions under

forward in some detail in the previous chapter to

|

lestablish that this region had not previously been
investigated,

UL TN S R S B U O N S

4, le 23 Survey of Experimental Technique.

To avoid the contamination of "flicker effect",

time smoothing™) the lead of Ds0. North was followed

true retarding field conditions. Reasons have been pu]

(and at the same time exclude any suggestion of "transit

!

L=

o




Addendum to page (7o) :

It should however be noticed that in the

experimental work of D.O.Northﬁ+) in the general space-
charge region on multi-electrode tubes operated as %
diodes and also on true diodes a lack of agreement with;
;the theory is evidenced. This he ascribes to a degree [
of electron reflection at the anode under diode condi-

ﬁions, triodes showing very good agreement with theory.
(2)

ﬁt must however be noticed that Pearson's results
.obtained on diode-operated valves showed no such dig-
sagreement .

The writer feels himself to be in qualitative

| |
agreement with D.A.Bell( )that North's explanation of

discrepancy is not correct, although he does not agree !

with Mr, Bell's suggested diode fluctuation analysis. |
1)

&n perticular, however, it should be noted that Dr,.North's

Pxperimental results show closest agreement with theory

yhen approaching the retarding region and that the

Fritem's work has proved perfectly satisfactory within

khe reiarding field region.,

|
[
|
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land a receiver operating in the one megacycle region
was employed as the measuring instrument. It was
désired in general to avoild any considerable construotibn
work and after a preliminary test on the input circuit.
the Marconl Communication Receiver was employed for the
‘work, and a supplementary unit was designed for the
ifluetuation measurements., A general sketeh of the unit_
'is given in Figure Bl , a detailed circuit in FigurelZ2 ,

‘and a photograph in Figure23a,. In the early experi-

:ments conducted on a GHb type diode the unit was |
| |
connected directly to the grid of the first valve in the
|

Marconi receiver. The unit was provided with a remove-

:able section containing the valve under exemination and

fthe tungsten diode working under saturation conditions
!employed as fhe reference noise genergtor, so that the
!particular valve specimen under test could be bhanged

[readily. To allow for the added capacity of the unit,

‘the relevant section of the main "genged" tuning conden:

iser was disconnected and the unit was then tameable
over a very limited range by means of the serial
"trimmer" condenser provided in the set, ds output
indicator in these measureméints either a thermocouple
or valve voltmeter was employed; the choice of
indicator will be discussed in more detail belows A
serious problem with this layout was to avoid "pick-up"
of extraneous signals; to assist in detection of this

effect the fluctuation measured was displayed at all

\times visually on a Cathode Ray Tube and'aurally on

Ihead-phonea or a loud-gpeaker., The unit was also




P 3
| Plake i Tungsten . Valve uwndlev }

‘ Fallowing p.77. Filawaent Safuwvohes] _ examinakion,
/ Ddicde L
= .
4‘:.. ) :' ~\} Demountable
N St TestCompmh“Enb

Filter
GMPAYMGNPS

¢ gl |

Gev?e,va.l Skekeh of Noise Measuvement Unit

Fl‘éuve : El

R RO T AN 1 TR P B e e e T
otpF f

it
u'm’"F |

=)

k &)
i > l D;ode._] I:ﬂ. M?ﬁeéj I
s T €s

look.L} ook st l
|
|

T o, = et e e S
By
_,_
2
1

I
$ 2 ! [R’&-QM&P” fiev
i L l Unit_]
I
— e B D i
: gy
48
—

C;‘_vc;-.‘:t Detail of Noise Measuvement Unit

ng ure: 22 :




Plate i fallowing p.77.

vV Poet
Valeg ._u.-.lf,w' alan lon

S
'ftl.'-.r;\‘a\_w
Lanteal.

b

Sveitek ta

inseyt
asveniiatan = =0 _
Tea -';;.:..‘. ben '-'_f"_ mEeEnt
H ' Jiede
L ' »

1 Fig.23a: Noise Measurement Unit

as first employed inside

tl; | Fig,23b:Noise Measurement Unit
e

.1' Receiver

:
|




' |
?originally designed to fit inside the Marconi receiver
I(see Tigure 23b) with as short a connecting lead as
'possible to assist in avoidance of this trouble.

! The general results of a large number of
imeasuremenﬁs indicated that in +the retarding region

(currents up to 2¢r3pA. ) the relevant fluctuation

formula was

(L—I);; DETAR T S BEE 70N

(1.es I'*=| ) but the results showed a considerable

overall spread (about 0.7 to 1.3) and the measurement

and also depended upon accurate determination of the
dynamic resistance of the lst.,tuned circuit and of the
slope resistance of the valve. One ﬁarticular trouble
Wwas that the Cambridge "Mirror Spot" Galvanometer
employed required frequent calibration; further "pick-
up" troubles proved rather,severe; measurements often

having to be done on Sundays or in the late evenings to

avoid local interference. Pinally, when any fault
developed the whole unit had to be discomnected and
removed to trace the source of trouble.

Therefore a single stage external pre-amplifier

© operate in immediate conjunction with the "noige
;,eaauremenx unit®, Grid and anode circuits were tiéne-
table geparately to allow for the varying capacity

introduced by the fluctuation unit; a frequeney range

methods adopted (to be discussed below) involved accurate

meter calibration, which proved difficult at these level

was designed with particular attention paid to screening

ound 1.5 to 2 Mc/s. was now chosen to minimise interfered

TICE,
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SThe amplifier valve a?lected was a low-noise, high
amplification pentodey Mullard type EFSO, and the out- |
:put was taken from a low-impedance winding on the i
anode circuit wvia a low-impedance (BOSL) coexial ‘
'sereened cable to the normal B80S (Dipole) input |
;terminal of the Marconi receiver some distance away. ‘
IThé arrangement proved very satisfactory and free from
iexternal disturbance and very much more convenient than
:the first system, the noise unit being always completely
|accessible with its pre-amplifier, All heaters were
fed from a large capacity accumulator and the high
;tension supply to the pre-amplifier was derived from a

geparate dry battery to eliminate mains interference.

EThe high-tension to the main receiver was derived from
‘an aneillarj excellently smoothed mains fed power=-pack
which was available and no difficulty was experienced.

Although it was guite evident that the system |
was operating excellently and on the other the close-
spaced diode type CVI4O was now available so that much
zlarger currents could be employed, the results were
'8still unsatisfactory and it was therefore decided to
examine the various possible methods of measurement to
analyse the possible sources of error. The earlier
methods employed were devised to avoid placing any
dependence on the operation of output meter and to use
it merely as a "fixed position" indicator.

The two methods were as follows :

Method 1:-

4 switch and preset resistance across the last




intermediate frequency amplifier stage were incorporated
in the unit (see Figure23a) which could reduce the
gain of the set by .707:1 in voltage (% : 1 in power).
‘The following method was then employed :

(a) : Test Valve and Tungsten Velve inoperative

i.‘.O.=GA{-‘§'4R_,kT,-+4quT,} _____ 4-(2)where( O:indicates an output

meter observation.
(b): Insert Switch and re-estab- e e S

!:lish output by introducing (Af:overall bandwidth
( of set.

current I, , to tungsten diode (Ry: Dynamic resistance
of lst.circuit.

(by controlling filament carrmt).(Qq_ "Equivalent"noise
registance of set.

(T' Ambient temperature

0p20,= %AF{(%&T# BJ,)R;+4-R%1;-T;.}-__.. 4-{3)(8ee Figure24.)

|

i(We observe that gince the tungsten filament diode is
I::>pe:c'aa*l'.:lng under extreme saturation conditions the noise
current generated is simply given bmaef[,ﬁf and no
correction is called for in practice to allow for its
internal differential impedance (several megphma).
Whence :

4R KTr = RelRE—4RKTm____ __ __4-4)

(This incidentally has provided an explicit determina-

stion of the "inherent noise" of the set in terms of the

W

"egquivalent noise resistance Re.]_ " - a familiar

measurement - alternatively expressible a? the "Noise
|

Figure" or "Hoia(e E‘a}ctor“ (esege H.T.- Frils or
e )

D.X.C. MacDonald I8

(c): Open switech and cut off tungsten doide. Introduge

desired current ( I, ) into valve examined by bettery

control; make an observation :
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_ 3.

Oy = GARAR T+ (ReLT* FRT) ). __ _ _4-(9)

1
|
|

(wneree Q‘Rb ) (See Figure?2§|)

(d): OClose switch and again re-establlsh output by

j.nti‘oducing current 1, into tungsten diodes
|
5 Oy(05)= %Aflwnﬂaerz +2e LT 24T (Y- - 40

faeL T ZATp 4ReqkTr = 2eLpt - ——_4-))
But using ( 4 ):-
| 2eLI*- 2el,- 2eL(§)+ a(B-L)

P [ LT AR 40

1
|
|
|

= 290“}(. , and measuring [, in IO®SL and

: JL I‘ ., I, ., in pawps. we have as a practical form
af G '

| \ 2 SO -

Tg = (R (0 L BRIt s 4-0)

The results achieved using this method proved rather

more congistent than with the second method to follow :

%&ethod & ,
This method appears rather deceptively simple.

(a) : 4s hefore, observe with both valves inactive:

! O,= GAF{ARLT: + 41?%.\:1‘.-}__ B Lani deely
tb) Now introduce current Is to test valve and then
e-establish the output reading by introducing I to
rhe saturated diode ;

» Oy = 0,2 GOF[[2eL.T™ 2el+ EiT]o™ 4:2@1']___ _4-(1)

$o from (10) and (1) :

™= [4s<.T.- Rs _ I) ]:']/Io _________ 4-(12)

or in practical units as before :

Now i?) is fixzed .% 1if we set I?,_,=—,d—(€b say, then taking
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E-leew-L/n o aqm

4 practical difficulty becomes particularly evident,

that the current I, , tends to zero rather rapidly, but)
the difference in the numerator is still very signifi- |

icant, In particular, both formulae (9 ) gna (13 )
;involve accurafie determinations of Ko and Ry ; furthei'
‘the meter(s) used for measuring I, ,I, ,I, must be

laccurately calibrated. To remove some source of error

in this respect, the same meter (or galve_mometer) was

fused whenever possible to measure Io, I. 2 I,, , but since
the currents are of different -megnitudes calibration

lerrors may easily play an important role. Thus a set

|
|
|
|

!of early measurements on a OH&@ Diode may be cited

To(pA) L@eA) Li(uA) Lo,
| 4,35 0496 8400 1.10
| 0.58 0.98 l.74 1.07
| (S )
| The method employed by North was therefore

#e-conaidered. In this method the "onus" is thrown on
%o the output meter, which must be capable of measuring
relative outputs with accuracy. North (and the writer)
neve used thermocouples for this purpose; these are
very useful in that an occasional impulse of interference
does not cause appreciaﬁle digturbance to the output

reading. In addition, in principle, they are inherent-

:ly sguare-law devices which simplifies the measurement
Pro-blem because the mean square fluctuations of

statistically independent elements add lineaerly; this
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is of course a fundamental consequence of Campbell's

Itheorem. In practice, however, this principle may

prove deceptive as unless the input power is limited

!severely, making their operation rather insensitive,
?heat losses cause departure from idealised operation;
\this implies careful calibration nullifying a consider;
J:able part of the advantage supposedly &cruing from thﬁ
uge of thermocouples.

On the other hand a sustained burst of local

interference(&lectric Brill, Pulse Generator, Trans-

!:mitter testing, ete.) will frequently destroy the

|
| thermocouple - as North says, it proves very satisf&ctohy
["until it leaves in a pouf". An alternative device iq
| i |
'a Valve Voltmeter - this was employed on several measure-

sments - which should provide a linear output reading i

|

|

lamd is not damaged by interference. On the other han@
!a single impulse of interference usually gives full

|
|scale deflection, the instrument taking a cohsiderable:
|time to settle down once more due to the long time-
constant involved. A crystal detector (frequently
quoted as square-law) was also tried but the "law" of |
various erystals lay somewhere between 1.3 and 1.75 anq
therefore did not prove attractive. i

1 A simple diode (current) detector system !
operating on a high voltage input - effectively a "pow%r"
detector - was ultimately found to be very useful. The
output intermediate frequency signal from the Receiverf
was given further amplification (to provide(;{g;:gopﬁa)}_

and then applied to the simple system of Figure 20 A s
A
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jThis provided clear, legible indications on a good
;milliameter (AVO type 7 or 40) with plenty of power
!available and the time-constant was such that no
itrouble due to interference was experienced. If the
iamplitude of the input signal is made sufficiently !
Elarge such a syetem should give a linear output readiné.
| To check this and to examine the overall linean-
:ity of the system, a very smell signal was injected aé
'the pre-amplifier input, but just sufficiently large
|(say a ratio of & or 4 : 1) compared with the inherent
Iset noise to make the "noise®ride™ on top of the signal

!(cf.later statistical work - the overall distribution

;is now prectically pure Gaussian). A linear scale ofl
|outpu.‘b against input from vhe gignal generator should I
now result; and when extrapolated back should pass

through the origin, or practically so - any small bias;
(arising from a small degree of residual asyﬁmetry in |

the combined distribution) being in the sense of non-

| zero output for zero input. The chart of Fio'ure 37 |
| obtained for this system gave complete confidence in
its oyeration.

The method for measurement is now as follows :

(a) : BShort-cireuit the input and read output (V)

1
l
|
1

(A:; proportional to power |
!V'z F(4'?-1,J\’-Tv)---—-- -(4) gmpliflcation of set)s |
| |
| |
|
|
|

' (b) :+ Remove short-circuit and introduce required

current I, to test valve and read output (V, )

Vo= ADFAR TS +(2e LT £ BN - - 4-(15)
p- Rl

e : Ro.'*' Q.‘,b : '
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(e): DNow introduce I, to saturated diode to give V, |
\such that V= 8=V} | then :
| 2 -
s ADF(AReqkTe + 2T AT 2eT) —4-(16)
?_anc‘i :

PeI,I*= 2eT — %DJ‘T*

7 - I- &L |
np TS S W D s o s e (i)

[+]
|Por Ky % Ik approximately the value in use)

‘We have in practical units :

. 2 -3 '
T~ Cuin s el 09T |

This 1s the method adopted by North; using a thermo-
:couple, however, the output readings (O'joajoa‘ ) are

‘directly proportional to the square and thus the requirfe-

iment in principle is simply Oy = 20,-0O, ', although
(North found it ﬁecessary to caliabrate his output system
;accurately. However, 1t was a very simple matter, ;
|taking V,=| (a convenient scale figure) to construect
!a chart to provide :

V.‘.'-: 'JE\_’;'—- I
Fuy ey~ Vy = ‘J_iVa.(l_ E|V,’_‘ )l&'

— — _— ‘ . - -
= 2. Va (1 4—!—5\{; +x v'L,* )
' if. Vo=2 then :

V3.= {2V, to an accuracy of about 6% end thus the
chart is practically linear except for values of V.

very close to unity.

The immediate advantage of the method is that

no determination of Fa_ is necessary, the calculation |

is greatly simplified, ahd (?;b only enters as a fixed |

"correctiomterm", which for currents above, say EO/UAJ'i




|
!becomes of very small significance. Even for currents
ias low as |OpA. the relative accuracy of determination |
%need not be greats Finally for currents > |OuA. aayL
‘if T:-“.P 1s expected to turn out approximately unity
ithen I, and I, will be of the same order; this fact wa% ‘
lutilised by ensuring that the same meter was always
 employed to determine ]; and I; and therefore very accurate -«
calibration was yuite unnecessary.

3ince the results using this method on the closé-
gpaced diode for currents ranging from E2—+15K%Awere i
very satisfactory, the earlier results om the Hb tyge |

ldiode will not further be guoted in detail.

§ & A & 2 E EE S 4060 ERSESAET e il

4 1o S Expei’imental Results.

The results of the mesgsurements are presented
as Figures 2% and 29 and demonstrate conclusively that !
| I'* 4n the retarding region mey be accepted as unity |
throughout. There appears some evidence (ef.FigureE?l
and Figure @ ) that T does reach unity at the same

point that the valve enters the retarding region

although since the transition is smooth an exact "point
of entry" is not definable in either case.
The measurement of Ky was carried out "in situr

by a direct substitution method using a signal generator

and a known carbon resistance; further checks on the

1

shunting effect of the test valve on the dynamic resist

iance with a given current through it (and therefore i

h_, | —
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.known FﬂL from the "bridge" measurements) revealed

consistency although the "spread"™ of the inferred values

iof K. by this method was generally rather greater than

those obtained on the bridge, illustrating the value of

that method.

§ 6 45 & C 8 EEALRESL QNSRS

4. R: Pluctuation Measurements on Photo-~Electric

[ Cells. ;

4, &« 1: Purpose of Measurementsga

The following general reasons were initially
envisaged for conducting some measurements on fluctua-
ttions of High-Vacuum photo-cells. First, the data
avallable appears very scanjy. Kingsbury{ ‘ )reports

some measurements on saturated photo-cells which gave a|

value of the fundamental charge € some 25% too higha

In other words in more familiar notation

(i-I)? = 2eIT*Af____4-(Q)with [''s RS
| i
W.4, Harris states baldly that T'™=| for photo-electric

l

|
|
|
LElls under saturation conditions (i.e.normal operatingL
@onditions when used as photo-detection devices) but does
bOt quote any measurement data. Secondly it was belie%-
1ed that photo-electric cells entered the effective |

saturation region more "rapidly" than for example a ‘

tungsten filament, or rather that the "knee"™ on the i

Characteristic evidencing the disappearance of an !

internal potential minimum, was more abrupt. Now the

4—_:
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writer had for some time, as a complement to the retard-

2 region measurements, wished to determine whether or

‘nnt T* vecame unity 1dwﬂtlcally whenever the 1nternal
|potential minimum disappeared or whether the traneition
!was more gradual and asymptotic.  The point at issue is
\this: Schottky's original derivation of the "shot™

!formula is based on the electron-transits constituting:

|
\indEpendent "events". The exact significance of the

operative word independent does not appear to have been

|
}discussed. If we accept the "potential minimum" '
| eriterion inherent in current theorles discussed earlier

|
then the implication is simply that the occurrence of

one event cammot entirely prevent the occurrence of an§
other evgnﬁ and ]?z_ should become‘and remain unity
whenever the minimum disappears. On the other hand, %f
the implication is one of mutual interaction it might |
well appear that only when very high voitagea were !
applied such that space-charge effects became negligibie
would I'® strictly reach unity. Typicel tungsten
filament diodes (which can be saturated satisf&etorilyr
which would appear suitable for such an.experimenx,l |
however, do not in general provide a very sharp hknee"
and the evidence appears rather ineonalusive.

The writer after reading a paper by Thatcher
- and Williams( | )considered the following possibility.!

4 tungsten filament tetrode could have a fairly "open"

lst. grid and a rather closely wound 2nd. grid, The

1st. grid would be operated at a high potential to draw
|
& saturation current from the filament of which a faiq
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|

portion would pass through the grid. The Znd. grid
lwould then be operated at low potentials around zero,
!while the anode would be operated at a normal positive
fpotential. If on variation of the anode potential a
Etrictly constant current wgs observed then it would be
lknown that no potential minimum existed in the valve;
further, in prineiple,.- it should be possible to obtain
a strictly constant current because the "Schottky"
ifield effect at the cathode would be nil, beecause of
the sereening action of the grids. In faet, the
lessence of the experiment is that the lst«grid would be
regardable as a saturation emitter entirely unaffected
by Schottky field effect which it was presumed was the

main factor in vitiating the desired sharp "knee" in

the diode characteristics The writer was indebted to

\Messrs. Ferranti Ltd., Moston, Manchester, for making
|
|some specimens to this general design. Under certain

|

circumstances a reasonably sharp knee was obtained but |
ﬁmt under the predicted conditions. As other work was|

‘pressing, this project was abandoned - for presentation

|
‘in this thesis at any rate.
|

| Pinally it appeared of interest to see how far

'space-charge effects modified the fluctuations,

| 488 &8 QLS E 6 ESRNECEREE LS

|
]

4. 2. 8: Measurement technigue.

|
| A measurement unit similar to that devised for |
|

‘the thermionic valve measurements was therefore designed
| (&rrow:n‘gs p.go) '

|0f which a general sketch is shown in Figure 3O,. Some

]
|Preliminary measurements showed that the device was, ag
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expected, very sensitive to lamp current and it was
therefore found advisable to determine the character-

:istic of the cel)concomitantly with the noise measure-

| ments. Thig was readily done as a | MSL resistance

fwas inserted in series with the photo-electric céll

| internally and therefore a voltmeter could be attached

externally (rather than attempting to use a valve volt-

:meter) to read the effective voltage directly at all

times. Strictly speaking the characteristic should

be modified by allowing for the small potential drop
across the resistance, but the modificatiom to the
characteristics is negligible.

& ¢ 8 ¢ &£ E & 5§ E &L R E QA ECEERECEGBGE

4, 8. 3z Experimental results.

¢losely, but successively less closely at the lower

; The results obtained for three different
degrees of illumination are presented in Pigures 3| ,

OB and BB . It appears quite clear that the value |

of 1I'* under saturation conditions is at any rate very
close to unity. On the other hand, in each case there
appears a definite tendency for ]?z to rise very slow@y
(possibly towards an asymptotic value) with large i
voltages. A second point of observation is that witm

the greatest illumination the variation in ['* appears

to follow the "knee" in the cell characteristic very

1lluninations. Thirdly, considerable space-charge

reduction is evidenced in all three cases. This would

certainly appear to add further confirmation to the mod-

iern"potential minimum "concept''of fluctuation
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reduction rather than the alternative concept of an
inherent smoothing of fluetuations due to the very
existence of the space-charge since in the photo-ecell

(particularly bearing in mind the large dimensioned

\spherical congtruction) the absolute value of the spaceF
lcharge density must be very low indeed. Finally the

exigtence of a minimum for In' is evident for the two |

lower values of illumination the value of the current

|for this diminishing as the illumination is imereased
Ian.c'i the minimum value of ]?1 progressively decreasing.
iSince the most obvious effect of increased illumination
1s to increase the emission this behaviour is-eonsisten#
with that of a thermionic valve. An 1nteresting'featu}e
|is that for the lower values of emission practically
the whole variation of I~ can readily be traced,
varying from unity under saturation conditions (potentigl
minimum at cathode) through a minimum value and rising
(presumably) towards unity again as retarding field
conditions (potential minimum at anode) are approached.
The writer hopes in the future to be able to carry
similar measurements into the true retarding field
reglon for photo-cells.

4 84 4 "Effective temperature™ indicated by

photo-electric cell fiuetuationﬂ.

4, 8¢ 4. 1: Purpose of measurenpents.

| The fact that it has been shown and confirmed

for thermionic valves working under space-charge
1imited_conditions with I/j' small that the space- !




|

l .
‘lspace-charge limited conditions a similar relationship

2
eharge reduction factor I’ may be expressed as :

T*~x 2k (GT)—-——-II—(‘S) (where © 1s a“slowlx}

.o "o, ;
TeR, 4-(20) varying" factor).

offers an interesting field of investigation in the

jphotoelectric cell, If we assume that under reasom;bl;ﬁ

will hold for & photo-electrie device then having B
measured L - it should be possible to obtain an :

indication of the effective temperature of the eleetron!
|

"eloud", writing : ‘

: £ ._’; .
eT) 2 TeRa.l Exp N e A s
( Exp > . 1)) |
We should emphagise at this stage that only an indicatio

is expected from these neasurements for two general i
reasons. Pirst, the expréssions in (2O ) and (EI ) |
above have, of course, been derived for an emission |
obeying the Mexwell-Boltzmenn law at temperature |
it is not, however, a simple matter to state the |
statistical distribution under photo=-electric emission l
glthough it is hoped to proceed further with this work
in detail at a later date. Secondly, apart from this,

the factor © only assumes a practically constant value

for I/J’ very small, and it has not yet been possible to
!investigate gpace-currents in the photo-electric cells
80 low as to make this assumption truly valid. On the
other hand, 1f the statistical distribution of the

emigssion can be established satisfactorily and a detail;

ied theory evolved for the fluctuations in the future,

then it should be gquite possible to evaluate © (or an |

| Ianalogous factor) for a given ratio I]J‘ in that case.'
|
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&4 true Mexwell-Boltzmann distribution of the
Fhoto-elect:ons at the temperature of the lamp filament

bould, of course, only exist if thermal eguilibrium were

egtablished between the electrons and the radiatibn of |

|
the illuminating source; in this case, of course,equat#on

(21 ) should be strictly applicable and the indicated

temperature should be that of the lamp filament. Eowevér,
b8 will be shown in the next section, the effective
temperature proved to be aroumd 10,000°K - 20,000°K -
l.€. much higher than the filament temperature of the
lemp (say 2,500°K - 3,000°K), showing clearly that the
photo-electrons are not in statistical equilibrium. I
Nevertheless the electrons will have some sort
0of statistical digtribution of energy due to individual
variations in the energy of the incident photons and to
the interection of the electrons with the eathode. It?
ls therefore suggested that we employ the above formula |
. (21 ) to derive a value for a characteristiec temperatur;
T in whioh ease KT - Will represent the average energy
0f the electrons in the immediate neighbourhood of the
sathode surface, and this in turn may be set egual tohf
There‘f represents an effective light fregquency, namely:
iy SRR = oo i 4-@2)

The maximum intensity of the incident radiation

lies, of course, in the infra-red region of the spectrum,
Yl the other hand, the sénsitivity of the photo-cell !

l
%mreaaes with increase of‘f : further the ultra-viole@
T

€gion of the spectrum is practically cut off by the glass

i ialls of the bulb. Thus guelitatively we should expect '
a T ————————




'the effective frequency f to be somewhere in the
vigible gpectrum; this is further confirmed by gquanti-

:tative response curves of photo-sensitive materials

£ 22

(eegs E.P. Seiler 3
l4e. 8¢ 4a 8: Experimental results.
o L

A fair value of K, may readily be determined
from the slope of the ceell characteristices in Figures

(31), (S2) end (33); I and ]:'é‘g? are extracted for

ias low a value of current as convenient and where the
‘experi,mental data is felt to be reasonably reliable.

| The results for BT are tabulated below 3

{q: (®7 il

| Gy T | @Sy | (o
0.28 amp. 8¢ . 0 s 71 2.67 |~ 28,000 !
0.3 amp. 2.3 3% | 2.22 |~10,000 |
0.33 emp. 4.3 43 | 1.91 |~ 20,000 |
|

As indicated previously these temperatures

immediately exclude any possibility of thermal_equili- |

:brium at the lamp temperature and it remains to see

Phether the indicated frequency corresponds to the part|
bf the spectrum suggested. !

‘ If then we set ; ;

- 3 , and A= & for the wavelength |
‘ hf k¥ x of the incident ligllrtt
L he
SIS
s [3.10"3 6518710 ] A
4107 T
2 (L4x10%)/T. A

R R R RO RRRREEEErRrrRRDBDGbGP>PBE/_YV==]>r—=—




If then we take © of order unity (bearing in mind that
;its agymptotie value for %% sm&ll in the thermionic

| :
‘problem is ~:64 ) then we find for the three cases

above ;
Lamp Current X (ﬁ.)
' 0«28 amp. 6,400
0.3 amp. 14,000
0.33 amps. 7,000
|
_ |
i&. Re 4¢ 33 Conclusion. !

This then shows, bearing in mind the approximaﬂe

nature of this investigation, that,as expected, the !

effective wave-length lies somewhere in the visible paﬁt

|of the spectrum. No further gquantitative conclusionsi

| |
can be drawn from the present experiments. In order to

obtain more information about the fluctuations in
photo-electric currents, especially in connection with

the question whether the fluctuations are connected

directly with the fluctuations in the primery radiation,

|

| nore extensive experimental investigations would be |
{heoeSSary using monochromatic light. i
| The writer wishes to emphasise, however, that i
Iit is clear that the region of space-charge limitationé

‘is almost certainly the only profitable region in this
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respect, since in-the saturated region interaction

[distribution is specifically excluded. One can there-

' in the latter feigion
|sfore only expect, to ver

— e —

([,_.I)": PeINAf . as first derived by Schottky,

which does not rest on the specific statistical distri-

[sbution of the electrons which is of vital interest.

between the electrons as evidenced by their statisticall

fy the simple statistical law




7.

STATISTICAL EXAMTINATION OF
RIECORDS OF

ELECTRICAL FLUCTUATIONS.




air pregsure and still obtain legible records without

O8.

. 1% Introduction and Experimental considerations.

It was considered that it would be of value to

obtain some records of electrical fluctuations so that |
: |

detailed statistical analysis might be undertaken there-

|
10N So far as the writer is aware, apart from one |

rather obseure example quoted by S.0.Rice, whose work w
will be discussed further below, no 1nréstigation o |
this nature has been previously published. ‘
A very considerable amount of work has been
carried out on mechanical systems, such as that of ‘
Svedberg and Westgren on colloid statistics and that :
of Flirth later in #imilar fields. The closést analogous
investigation to Fhat presented here is that oonﬁuated
)

by Eugen Kappler on the random oscillation of a

torsion balance, This was observed under varying

degrees of air pressure and photographic records were

obtained by using the familiar method of light beam

amplification. One rather important feature underlying
the results presented here should be emphasised; in

Kappler's experiments, because of the very low natural
frequency ( T = 30sees) involved in the mechanical system,

it was feasible to employ, practically speaking, all

degrees of damping as represented by the surrounding

I

difficulty; that is to say records ranging from highl;

periodic to practically pure aperiodic conditions were

obtainable, Expressed in language more adapted to an

electrical system, relatively wide bandwidths (corres-
|
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sponding. -to the highly aperiodic case) could be readily
employed. It will of course be appreciated that the!
greater the degree of damping employed, the more rapid-
does the observed rate oflflﬁctuation of the system
bgcome; stated otherwise, the system can respond over
& wider frequency spectrum to the primary Brownian

impulses of the surrounding medium.

In our work it is not feasible to employ a very

Sy ;

low natural frequency for the eleectrical system since

for frequencies below ébout 100 Kc/s an alien disturbing
fluctuation effect becomes evident to an inereasing
degree. This is known as "Flicker effect" and has

©) T
been discussed, for example,by Schottky and Johnson |«

—

It is presumed that this arises from some relatively

gross, slow variation of the emissive properties of
valve emitters (althofgh one should note that a E
similar effect also makes itself evident in resistors)
SEFh as the migration perhaps of oxygen molecules over
the surface of the cathode resulting in large local
variations of the cathode emission. However, this not
being a form of Brownian motion due to fundamental
thermal egitation, it was not desired to include its
effect in these records. The effective natural
frequency employed in fact in the records throughout
‘Was about 465 Ke/s, the customaery intermediate fre-
iquency of radio sets, although the primary fluctuatias

Were generated in circuits with natural frequencies

between about 100 Ke/s and 2 Me/s.




|of the records is the extent of the freguency speetrum

'the periodic case, The significant factor governing

lof the amplitude of the oscillations of the system (or

100.

The factor which then characterises the nature

to which the receiver responds (i.e."Bandwidth").  This
has a ready analo%%f in the theoretical expressions

quoted by Kappler for the significant quantities in

the decay rate of the correlation of the fluctuations

is exp (—- ) where w represents the damping

(die Reibungskonstante) end ¥n the mass of the system.

|The corresponding factor in an elegctrical oscill&tory

circuit of simple "lumped" components is exp 3 t) L
However, it is known that the circuit bandwidth in a
lightly damped resonant circuit is expressible as :
s f:. ,Where Q is the
NI

Yquality factor"™ of
the circuit,

and : Q= EKLL At Re
Bﬂﬁ_

Thus the significant rate of fluctuation

recorded - that is, in fact, the rate of fluctuation

i S R
the "envelope™ as it is generally termed) -~ is governed
by the bandwidth employed. The choice of bandwidth
again is governed by a number of considerations. One
possible hope originally entertalined, and discussed
later was to examine whether any distinetion could be

bbaer?ed in the records between the correlation involved

in pure "shot" mnoise and "thermal" noise (in this |
the
connection, the diseusalon concluding,introductory

chapter is germene), For this purpose it would




2 Te)

naturally be desirable to employ as wide a bandwidth aai
possible. Against the employment of very wide bandwidths
however twWo considerations militate. First to obtain !
wide bandwidths it is necessary to employ rather high
frequencies; in this case, howevér, the amplification
pef gtage of the receiver will diminish and thus the

relative contribution of the fluctuations generated at

the input of the receiver to the noise arising in

successive amplifiers will fall, making it therefore l
inereasingly difficult to control and define the i
dominant source of the.recorde& fluctuation. In i
particular it becomes impossible to record predominantlﬁ
thermal fluctuations arising from a tuned circuit, the |
noise arising from the following amplifier valve i
"swamping™ that arising from the associated circuit. %

Expressed otherwise, the "noise figure® (references (a ),

(b),(c) and in this connection especially (d ) ) of the

a):see HT. Friis (0 ©): see K.Frinz () ‘]
(b):see D.KE. MacDonaldia)(l): see EW. Herold (]

Secondly, the speed of photography available

receiver deteriorates. [

must be considered. As a test example one or two
exposures were taken on a receiver whose bandwidth was
of the order of % megacycle/sec., and it was only
attempted to record the approximate envelope of the
fluctuations (as produced by a diode detector valve),

Fhis proved in fact fruitless as may be seen from

Flgure 34 ,

On the other hand too narrow a bandwidth is

Undegirable since first it affords no possibility of

tecording rapid fluctuations and secondly rather




Plate ¥i: fellowing p.lol.

nguve: 234,
Test f-mme. of vrectified hoise fronn

wide bawndwidtlh receivey.
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long lengths of film would be necessary to provide

gufficient data for analysis. The possibility of

|
using a moving film was in fact'considered, but the
ﬁriter was not anxious to embark at the time on the |
echanical work necegsary to provide a highQSpeed moving|
ilm; secondly, in this case the "spot™ on the cathode
*ay tube used to delineate the fluectuations would not
raverse in the horizontal direction but would simply
eflect vertically in time. To ensure therefore a
ood record it wounld be necessary to provide a screen
Iith very rapid decay properties and iﬂlfact it seemed
pery unlikely that this method would prove satisfaetoryi
with the equipment available to the writer, On this
latter boinﬁ the writer is indebted to the staff of the
British Thompson-Houston Research Laboratories for
advice and information.
In conseguence it appeared that the bandwidths
provided on the Marconi Receiver mentioned in Chapter 3
-~ nominally 6 Kc/sfi:??z Kc/8s, «3 Kc/s., - should prove
B satisfactory compromise, and this has been the case.
The only further experimental problem to be
overcome Was the provision of a suitable™single-stroke"
"time base for the photography propers. The first
ﬁtfempt to provide this lay in assembling a simple
one-valve linear time-base whose output was fed to the
X, terminal of the Cossor "Double-Beam" Cathode Ray

Oscillograph. While this worked excellently when no

8ignal was being dealt with, when the fluctuation with

1%s attendant high emplification was applied the time-




F I03. |

base became severely distorted, presumably due to a E
gmall electrical surge generated when theswitch of the
time-base was closed being picked up on the amplifier.
Some work was done to remove this but although the
(trouble wag alleviated to some_exfenx, it eould not
be-entirely removed. Finally, a modification of the
"trigger" facility already provided in the Cossor
Oscillpgfaph 80 as to provide true "single-gtroke™
action proved perfectly satisfactorf. Generally a
timing wave from a Beat Frequency oscillator at 250%/g |
500%/g, 1k°/§ or 2 K®/g was employed in the recording
on the second Y plate of the Cossor oscillograph
except on the occasions when it was desired to show two
simul taneougkecords from different points in the receiver.
A selection of eniarged prints of the records

are shown in FPigures 39 to 39 . Early in the work if

L LN

was considered whether it might not be sufficient to
record the detector output since, as discussed above,
the envelope of the wave is the significant feature.,
Pigure 39 , however, displaying the detected output
simultaneously with the fundamental fluctuation shows
that "detail®™ is lost in this process; difficulty is
also ﬁet with in avoiding drift of the mean level, and
in providing a suitable filter to remove stray low-
frequency (e.gs mains "hum" at 50¢/s) "pick-up" in such
records, In recording the fundamental fluctuation a

8imple intermediate fregquency filter permanently placed

| 8¢ross the final fterminals of the oscillograph sufficed
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%o remove any unwanted low-frequency disturbance.

To carry out detailed analysis of the records |
the original negatives were'plaéeﬁ in"a standard Leitz
Enlarger and the enlarged image projected on to a sheeti
of drawing paper. (The writer is indebted to |
WE; KeJeR. Wilkinson, of the British Thompson-Houston
Research Laboratories for advice on this point). It
was then relatively straightforward to trace directly
in a darkened room the image of the envelope with
penceil and leter to trace these pencil images over in

Indian Ink at leisure; examples are shown in Figures

5, & Analysis of Envelope Distribution.

LI ) e "Noise" alone. i

The first analyses conducted were to examine
the distribution of the envelope: R(t) «» Theoretical
work on the development of expressions relevant hereto
has been carried out by several workers but for con-
:venience here the standard reference woaga?sed will be
a set of integrating papers by S5.0. Rice : which prove
rather comprehensive on this subject. In future, for

brevity, references to Rice's work will simply be given

in the text as "Rice, p&per----', Pageu-." The

theoretical expression for PR).AR  may readily be

developed as follows : :
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Assume then that the fluctuation I(t)  through a
|

‘network of "dominant" frequency ﬁ, may be expressed

as :

I) = alt).simBrit + b®)cosBrft -—— - _ _ - 5-())

"iwhere a(t) and b(t) are "slowly" changing functions.

Then we set

R(t)=-fa-'(ﬁ)+?>‘(t)____w,___ﬂ___s_(a) |

|It may readily be appreciated that a , b are normally

distributed :

L

€ ey b al'b
2Ry, S PWIFB_

(where ¢°=afv?(§).d} , and w(f) is the"power spectrum" of

%
pldda = € Zedb

I(t) as discussed in the appendix to Chapter 2.)

Thence: ,
- (@41 (Integrated over all |
pR).AR = ——-- Se, Vo .da.db values of a ,b to |
maintain (a,-t-b‘) constan; ) .
To perform this integration set : |
a= QSI‘AA.G J— Q ’
= dARAB
iRt

Rﬁ

e (_Q)'dQ=_L_._ _EE
P SR A€ RdRd6

Clearly © may vary from O to 2x :

O e
lee. P(R) dR = {—-—- £ a‘lﬁ}de ___________ 5"'(3)

Yo
This result was verified by straightforward

plotting for a number of fluctuation records; two
examples are presented as Figures (45) and (4©). 1In

addition, howdver, a more stringent test was applied, |

a8 follows

R b

From C P( R)= 3 £-2~Ir°
We h - pEsId. b o o st s SC(4
avef IOQ{' '2; QR oqV¥, @)
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pCR) '
Thus if we plot log { R } against R* a straight line

ghould result with a negative slope - Purther

_L L}

Eye

however we see that : - '
R™ = JRpR AR = 2y, | |

Hence computing Rz using closely-spaced ordinates

on the record a strict check of the result may be : |

obtained. This is presented as Eigure-(47 ) -« The - -|
: [

slope derived is 80.l1l; +the computed value of 'é‘i“ was |

81, The agreement is thus seen to be excellent, '
gtrongly confirming the theoretical equation.

In deriving P(R) , or rather in gemeral a |
quantity CL(R) directly proportional to p(R) %, first

the method employed by Kappler was adopted and is’

referred to as a "Kappler Count™. Here horizontal f
lines were drawn on the records at uniform vertical

intervals, the number of intergsections with the trace

noted and plotted as proportional to the "density" at
that point. Later, however, doubt was felt as to the‘
gtriet velidity of this o.peration since if a sine-wave
for example be considered then it is readily seem that
this process would give uniform density gt all levels

up to the limit of amplitude whereas the true density

is proportional to ! _ . Thus a "detailed" distribution

e

(Pootnote) : F: In general in this work the quantity
q(R) is not normelised, while P(R) - the true

L -]
probability density - is, such that ofP(R).dQ-_- Il |
|
i
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anelysis was also carried out by measuring amplitudes
at short equidistant time-intervals throughout the
whole trace. An example is also plotted in Figure (4@)
and confirms the “Kappler Count™ but with greater
experimental "spréad“ of datas. .This 1is reasonable
when one realiées that the acceuracy of measuring the !
amplitude of the rapidly varying trace is not extremelf
| high, whereas the"Kappler Count"is very certain and
embodies no ambiguity. R.E. Burgess, however, in an |
unpublished paper has shown that the number df times
that the amplitude passes through a given level(either
with positive or negative slope) is giﬁen by an
expression : _
N(R) = A[ € 2%]__ _________ —_5-(5)
This immediately confirms the validity of the "Kappler
Count" since the form of (S ) is identical with that of
(3). When, further, one observes that Burgess'
analysis depends on the assumption that the slope of

the envelope at any point is completely uncorrelated

with the amplitude at that point (i.e. R olR =0 )
(as opposed to the case of the sine wave or &any regulai
waveform) then the result becomes entirely obvious,and|
the "Kappler Count™ method emerges as of general
application in thié works

g Esesa iR EIERSE0E RS RE

g, 2. 8: "Noise® plus regular signal.

If we inject a regular signal (from a signal
|
generator) at the receiver input then we have to deal
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Wwith the distribution of the envelope arising from the |
combined random fluctuation end the regular signal.
Let us set as the signal : : ' -'
S(t) = S.cesrft
then the overall input is given 'by 5
T = alt)simerft+(bt)+ S).cos2rfit
R(t) = ot +{BG) +SJ*
Theh ag before, setting a= RsinB; b+S = Rcosb

*PRIAR = 5o feup (‘25“«9;;(?%59 $}|RuRdle

= l?dR f&*P{ (R%S*—2RSeasONyp
o -] 2'\(-'
Again integratlng over O from O+to 2K

paar- GRapl Srfes) s@

(where I (2) = J (iZ) and Jo 1is the Bessel

funetionof the first order and zero order).

Ifrlc:wv\.wase‘s-U‘.—.F2 . =_S._
H m,q m

we have

plo) = vsxp{ wra ]T (gu)

I
If then qQu 1is "1arge“ (i.e.reasonably large “signal-tcl-

noise ratio") then we may replace the Bessel function

by its asymptotic expression, namely :

07 L
>0 RRZ

and therefore :
P~ (S0 exp(-58Y)

As a further approxlmation we may obviously set '§' ~ |

in the first factor since the expomential fagtor will
decay rapidly for v significantly different from

under the condition qv "large™, and thus derive :
ﬂ)‘l 2
P(u)_-—-—-e ——— — = - 5(7) |

[\Uml over e slgmflcbnt rande of the function] |
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|

Thlis then expresses the intuitive result mentioned

_ i
earlier (page®4) that under these conditions the noise |
will "ride" on top of the signal, and the expected |

result of & Gaussian distribution with its maximum at |
signal level, and desﬁ.i;ation determined by the noise,
follows. These bagic results are also .presen‘ted by
S.0. Rice (Paper B, pages 75/76 and 100/101), and a set|

of graphs (Paper B, page 108) of .P(") for valuem of 9

from O to & sghows how rapidly the limiting form of |

lequation ( 7 ) above is sensibly achieved. Unfortunate-
[
11y when teking these particular records a specific

meagsurement of the signal was not made at the timé. Théﬁ
most useful measurements in fact would have been thermo-
scouple observations of noise alone and noise plus |
injected signal o derive the ratio g*= %’}; o [The
relevant values to draw a theoretical curve were,however,

inferred as follows :

We have
TP B ——— —— 5-(8)
as a direct consequence of the faect that the regular
Signal and'random noise are uncorrelated.
Allowing for a scale factor X :
VE= G+ Elk," _______ S-(9) where iV=ku-

o k = TF‘—G‘ _______ .__ 5_(90) G"* kﬂ
2
In addition we observe the point of maximum observed

density, which gives G .

Figure (42 ) shows a typical record and by

using closeiy-spaced ordinates we derive :

Vi= 230.4 |




1o,

;:e;lso we obsérve : G= B3R .G'= 204
whence we determine : k= 17-7 =42

le thus plot, as the theoretical curve :
' —-(v-6)*
(V) = VG i = s e B NnGe
' P Yar. K ‘ S-(10)
or allowing for the arbitrary scale-factor in plotting

Flensity from the "Kappler Count™, and inserting the

values determined 3

CL(V): .55,5,% 2 S RO e O e _5—(100;)

Phis has been plotted along with the Experimental curve
in Figure (4'7*) corresponding to the fluctuation recc:.urd
of Pigure (42). On the same figure appears another |
experimental distribution ecurve for another valﬁe of

gignal-to-noise ratio. '

E |
£ B8 EE &S 886 &SR 0BeEaQEEE S

5. 2. 3: "Stationary" character of fluctuatiom records.
R i

In order to check that the records satisfied the%
following two requiremént-s $
(i):; that the fluectuation was statistically atationar;ir,
(ii); that a possible burst of local interference had |

not vitiated the record,

the records were frequently divided into two halves andi
the distribution on each half computed to test whether ‘
these tallied with that obtained on the whole record. !
The "spread" of the "half™ distributions will be expect%_
ied to be greater than théfc obtained on the whole record,
but the smoothed curves should agree. Examples are

shown in Figures 45 and 47z, One record that was

found unsatisfectory appeers in Figure 43 end visuval |



ProgASILITY DENSITY :P(R)

LEGCE ND:

@}: ExpeRIMENTAL Points aAnd Curve : Frame B, 5eries C - Suor’
FrucTuaTion PLus ConTiNUous OscipamionN (SIGNAL")
B : ExPERIMENTAL PoINTS FRoM FIRST HALE OF FRAME.

—(N=ilpR)
+ : ComPUTED PonTS From q,(R)& SS.E,L,SSE-“ESJ

Xl: EXPERIMENTAL PoinTs AND Curve: Frame Q:fcriesC -Suat’
““““ FLUCTUATION PLUS SIiGNAL.
A : ExPERIMENTAL PoinTs FRom FIRST HALE o FRAME.

Y

10 R

16

Figufe : 47%

- —————————




[

anmination of the record shows a fundamental difference

between the two halves, and auggests that interference
|

Epoiled the second half as was in fact confirmed by the

lotted distribution.

E& & 8 85 588 s 8RS ae |

|
|
|
Ba e 43 Overall statistical examination.

Given that. P(R): Yo g 3?'42. for records ofE

ﬁships between average values of powers of R , indepe
|

tent of the scale of measurement, using standard

“pure noise“ one may readily derive simple relation- J
| |
|
|

integrals of the form @

Sere M s (w=2,3----)
Thus b e
| R - w/Re®ar: (B 5.0
RS eN e N e — 5-(I2)
e 0 ANl L Sl 5-(13)
‘whence we find :
RifgE-Fa s L0~ _ 5-(14)
55;(‘@‘,@) = 8§ ——e-——-_ o SR 5 ()
Ry 3133 - - ———— —— — 5-(kc)

One or two examples of experimental results are
tabulated below for comparison.
Freme 16: Series D (Whole Frame).
-F_e-eny =k12 ?ézu_p =458
{%—L}‘ = 754 ; theoretical value--?%;{%ir%%

Frame 16: Series D (First third of frame).

B 2166 R: =274-R2 . = 0.5 [In different units
F?E"P Lob; R“P 374; Rae“P i) of messurement). |

{%r}& ;—:.'74. ; theoretical velue=-735; L-Li 94.il



J Hir=3

|

= |

{Q'Rl}egp = l7 ; theoretical value=|5S - {%E;g-. (13, ‘

Similarly one can derive the theoretical value
of the maximum point of the probability distribution, Ry,
lalthough this does not provide a particularly good
statistical test because of the inherent "flatness" of
the maximum; this naturally provides a réther large
adﬁitional field for experimental error.

In theory to determine Qf we have :

PRY= 56 5
. a%% 2 (‘—v)

.. for R to be maximal ;= R¢ , we have ;
a
o B g _—
(7 s i ik
But we have shown R= -\{Ea‘ﬂo

Hence : %_i= 2 . s

JC
or using equation (12.) :
Ef..=—l—-= <71
moyEs

Teking Freme 4; Series J, for example, - since
R* hes already been computed, - we consider the
latter relation :

Ei= 81J J?‘"= Ci ; By observetion on the curve
(see Figure 4@ )....

..oo We find Ry 27

Hence :
i%} = '78 ; theoretical value=-7|, '{%‘:—:}r-l-l

B a8 ey g taSa et EERESRENERARB
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!5. 33 -~ Distribution of Maxima in the
| =
|

'é;uctuation Envelope.

IE one.were dealing with true Browniaﬁ motion
i(in particular, say, the motion of a colloid particle
|in liquid) then it would be meaningless to discuss the
\maxima, or rather "turning points™, of the observed
itr?jeatary. Thi=z is because in intervals of macro-
i{scopie observation the trajeetory has undergone an
:immense number of mieroscopie fluetuations; what is
|observed is the "meaned™ motion over the observation
interval, and in.generai this- 1s expressed by saying

that the trajectory is non-differentiable,. Thus, for

example, the expression for the mean square displace=-

|:ment of a spherical particle in liguid, ?gf?ming the

lvalidity of Stokéds Law, given by Einstein is

t= time interval
of observation.
This has received ample(zfgerimental verification. On
the other hand Einstein also derives the well-known
expression for the mean square velocity of a Brownian

particle :

and points out that such a velocity will not in fact be
observable on a mieroscopic particle, because of the

averaging of the great number of impulses over &n

i observation interval. This is confirmed by the fact

from commencemneél

| A* , Where v) = viscosity of th
5 A 2%%'1:““5_(‘7) \Eee liquid. |
I V] = radius of

: _ particle.

e

vt

ut= 3‘_L‘-I——__.5-(|8) , where m = mass of the particle,
m
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| that experimental values of U® are far lower then

that predicted by (18 ).

The case, however, is different in the electri-

scal fluctuation records when we deal with the enveloPé

|
of the fluetuations produced by an electrical system of

' limited frequency response. If we admit the represenﬁh-

:tion of R(t) as given in equation (2 ) then cleerly ‘
the rate of variation of R(t) will be limited by the |

characteristics of the system itself. The problem has

| been discussed by Rice (Paper B, page 79) and the i

|analysis and the resulting expression for the maxima \

digtribution is rather complex. The general shape for|

|
a rectangular filter is shown in Figure 4% . |
Pa(RIM

, |

[
|
|
|
|
|
1
|

c o5 1o 15 Po Bs 30 35 T“FRH%
F|gu\’e.‘48 . |

The experimental distribution for the maxima wes derived

for a number of “frames", end &n example is shown in i
Figure 20 4 Tt will be seen that the general shape i
agrees with Figure 48 , as ﬁas so with the other

investigations. Detailed computation was not carried
out becéuse of the complexity of the expression for the '

f i
distribution; +the analysis would have had to be further ‘

modified to allow for the actusl shape of the frequency

response of the_system.
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Dbk s Correlation Analysis on Fluctuation.ReoordsJ

Be 4. 1 Basic theory.

! The originel intention in carrying out a
‘detailed correlation analysis on suitable records was ‘
| to determine whether or not any significant difference |

l :
could be detected between records arising from the two

"limiting" types of fluctuation,(dominantly "shot"
fluctuation from & saturated diode and dominantly |
?tgermal "hoise gencrated in the lst. circuit). Some |
?possiblé indication has in fact been observed to be

discussed later, but further interesting experimental

confirmation of derived theory has been obtained.

We -have now to deal with quantities of the type

Rt+1t) — R) ; We define, in what follows :
W AveeiRiet= RO e — 5-(19)
Ut- - R(t+t)— Q(t) ______ 5"(20) g O At= hst-‘

where in the latter expression the subseript to Vg

will be omitted when no confusion will arise. Tt

would have been more convenient, as will be seen from
the theoretical aspect, to have dealt with a parameterﬂ

! —

but the modulus value was initially adopted for ease

of quick computation without an intention of theoretic%l
work and was adhered to later for uniformity. i
Rice (Paper B, pages 77/78) derives an expresa%an
for the combined probability density that the‘envelop?

has a value R, , at time t , R, at timet+T , namely T

PR.R) = S L (8 sl ep (e ) ——— 5+
o |
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|5io4s B ¢ Correlgtion ag U —->0 ,

We first consider the case of T very small

mey set, using (27) and (29) :
Me=Nafl-aneal i o 5-8o)
A ~ %‘[4?{"6“{‘} _____ S S—-(al)

Thus

T.() s
X-poo Vamx.
Hence 3

' ‘ PRR) ~ {w___'\/_-%—_‘?n___.ggpi_ (R=R)" }hP['- _@&_}

tro IO ar i enet 2y 4rieit ) 2 Ve
Hence 3 ( )
(R,Vr)dl?d.u -3 Qd R Expl=—— 1. Exp\~ ot e .d Vi
Ifence : e % P( N) Zr. ERG‘N'\?S

,P(-“'t)d Ve (t0) = d‘-":af ];EQaUt) AR
2
SR Cbat b fE_.e-"s“z.olQ

NZR.2RTT V5
The latter integral is equal to unity, whence :
g~ Velarryate
pGse b ——————— — 5-(33)

10 = mE anetVs

It is convenient to write :

Pwt)d.\.rt- = P(x)alx, = Iﬁ e x;Lx. ————— L — ——5-(34‘)

peh B e
2retl/
We denote below the constant ratio % by ¢

e RTT RaMh e e sl e 5-@5)

We may now put this theory to the test of experiment.

Where g

|

:'(i.e. R, and Qz very close together). In this case we

| R R L‘m[ Q Ra' R.R‘ F QlQ‘ gs EI!
PRR)rs08 Tro [V (arey) I"(‘ln’a-*m]a 21:,) i ( :%:mt )]'“"S'("’E
| Now the asymptotic expression for I (x)as x>0 is :

- |

This has been done on a number of fluetuation records, |

|
using time-intervals as close together ( I A, ) as |
:




"a. | | T r!ﬁ;

ight be reasonably legibles. The experimental results i

‘for the distribution of U' in Frames 4 =snd 7, Serieg J, |

|
are displayed in Figure SR, and for Frame 16, Series c,.

in FigureS3 . By determining the best fit of the

theoretical curve given by equation (34 ) with the ;

experimental data we derive a value forgzC in each case.
For comparison we can also derive a theoretical' It

value for C by means of equation (35). i 7 andaﬁs%

are readily determinable from the fluctuation record,

ilsing for the former the timing wave recorded simultancbus-

+ly with the fluctuation. In order to determine !

theoretical values ofl 0 from the data available we have
frecourse to the frequency response curves obtained

experimentally for the receiver operating under the

| various conditions. An example is shown in FigureSO |

We wish to determize the best velue of O bto. fit the

theoretical amplitude curve : '

e )
A= Aje Wi SR 5-(36)
corresponding to :
W(f)= W, € zr*_____'______S-(s‘?)for the power spectrum. |

The possibility of logarithmic plotting in this case to
determine T (cf.Section 5.8.1., eqﬁationlf‘i'-) ), was
not proceeded with because two parameters, f° and J° |,
are involved and the curves are not exadtly symmetrical

about the maximum, After consideration it was felt

that numerical integration should give the most reliablle

result giving a direct value of 0 and accounting for
the entire shape of the curves Thus irom (d6), : ]I
e |
| Area = fA(JC)df = PA TR
-w T T .,

e
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In this memner corresponding to the three records above!

values of O were derived.

The results of this work, leading to experiments

:al and calculated values of C for comparison, are

tabulated below : !

: Telmm. | —— a '
frame (16 5see) '{;‘ (1c¥see) Crm, Ces b. Cu%m‘ 1|
4:Series J. 2e 9.0 1.95 Re42 277 l.14 i

7:Series J. EE.,. 9.6 .08 2476 2476 1.005

=

The agreement, as signified by the last column,
is considered to be very satisfactory.

From equation (33 ), which strictly defines a

Dirac -8 -function as T—=0O , we see by evaluating :

AT 2 fv.pcu).dv = RROTARE - — — — 5-@%) 1‘
that for smallT, . A-,_- is proportional to T . Such ‘

la behaviour is clearly to be expected in general for 4
'. 1
sufficiently small T since the fluctuation envelope

| |
has e finite rate of variation, as has previously been |
discussed (Section 5.3.), and is borne out by experiment-
:8l records.

toeperBseeRnEEtERESN

Da 4y &2 Qorrelation ags T —» @ .

In this case, since R, and R, . are obviously

uncorrelated, we may immediately get @ |

: - RM+RY
pR, R,)dR 4R, = ‘?ﬁa & % .dR ARy —— —— _5-(309) ‘

or we mey observe that this follows from equation (82);

- : = a that ko To() = | .
noting that ‘_[E::oy.,a O an ni Lo () |
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|Then setting K= R4y  ana F-? R we see that : |
I.!(Qt_ﬁ |

pes)dur = clur f_ﬂlg Ntdm [Prvrosand for oo

a mwvof—sarmei'ml &rhb‘l‘l&ﬁs-m
By stralghtforward reduotion we find :

L h Rt

and fin&lly

R [ € (350 T (-ed )]
(Setting here : evft_F f;"‘dx. )
- Co

Finally, defining for convenience ircomputing |
x=

i 2V ‘

we have : |

|

|

pee)= € e 4 JR(5-=) (~exfxf— _ __ _5-(a0)

|(which may be reedily calculated, using for example

Janke and Eimde:"Funktiontafeln".)
Since we know that Rr= 2V, ., this expression
may also be tested ageinst experimental date. This is|

: (%]
shown as an example for Frame 4: Series J in FigureSS,

We have R%=%| , the scale factor for the abcissa is

%a Ia.7 - The agreement is seen ﬁo be excellent.
To ditain Uy (t-»ed), Velues of R at 30 units apart were
Eemployed. Since _At is found to reach a steady value
for T > lOmwm.say, this should provide an ample i
separaltion.

. We observed from the plot of P(:c.) that it had |

a strong resemblance to a purely Gaussien curve. If
we were to replace pGx) as in equation (40) by a [
Gaussian curve P(:c.) which is to "fit" at =0 then

i
it must satisfy P(o): Jp(o)= "%_-C « Also eclearly |

it must obey :f‘?(x).daﬁ.-"- [

'}%:N_B_:T’hum is no ‘:gi")
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- ' ..(|57 ¥

And hence: p(x)= K A () (Noting thas

| f‘l _ ~ [57

A reasonable fit was in fact found for P(x.) g ¢ w“

on the graph of Figure S5 (plotted on a linear. scale

of co-ordinates). As a more rigorous determination P@d
as computed, was plotted logarithmically against o2 and,_
as seen from Figure Sl , an excellent straight line :

chai‘aoteristic resulted with a slope «43, from which we:_ '

derive as exponent factor : = B .83,

¥ |

II.I..l.l.llllllllllll

also

i

Be 4. 4: General distribution of Vg . : ‘
e ' |
The writer has,derived a general eXpI‘EbSiOIl as ‘

follows for P(Ur) $
p : o A o e
We have, as before, using ZE= /%,},LH.-?O -

P =z %E—‘%)-exp{—%%’;}lo{g.ﬁj:\) AR

Feges
= s_:P j-co J eiaw)_expi_ﬂag;ﬂl}.niaﬂ%_v)}.da

A

(writing o= Yo(1-2)
Now let :t=E%Q_+ELJ,',dt= etcuse

Then after some reduction & |

U v KA o
pon= L £ tle@e L)t - ,(setting [ =cZmx

' ‘“74«.1
We find that expanding (E+ @)"& in powers of B/t |
|

'rather than in powers of t/(5 eauses the integral to

|
converge 3

jb(v'")‘- = 24 & “f(t"* e‘t +%-t cemee )E ST (2E).dE oo 50 |

| |

| -J— = 5 SR
3%6 : [I Sr+4r ] 5(43)|
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| . Theorehccﬂ Distribution {or A (wﬁH Tt °°j
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| | D= [FE "+/_ i
[Slcbpe. <ot O3>q Bhg=430 |
: Whence | f . 7;3' 3 e
| L Sa(d E-u7) |
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| | RO
b 30 %o 80 80 6
| | |
| |
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| ; - Fé}urel Se. | _ ! #* i



ree:

!
|
 Now Whittaker and Watson!' ) give the following ‘
| integral, due to Hankel, : |

; n‘ b_ »
iofe -J;(bt)-t-pfdt -_-(ga.). IZ&" ,u-ﬂ-‘ ;-L+v+l £ _'bl)

| Q5 T(+1) R |
and we thus find : : Sliare B |
S Ae 5 ve is fhe |
Isferetnatde s TR R fy s ey bperegmerie
| - K 55N |
| and {1+Lz+35 9£+-~-~-} ' l
|I..Egﬂ F(hab'ia
|
S 3 ol |
= JRjl+ 2> oS h
AR {1+ Fa eioS a2t 3 |
ete.
|
Thus, except very neat to Z=| (i.e« T->0O which has

already been dealt with), we may write approximatelj 3

ok € {“ﬁ(n-,sz‘j i kel et 2 )
iIt has not been felt of sufficient value to this work
ito examine this expression 11_1 further detail, but it

appeérs reasonable to assume, partly from the Iform of
the expression itself, and partly from the specialised
work already performed for L—>O ~end C—>oco , that
pGs) may with fair accuracy be replaced for all T by

a Gaussian distribution.
then

If this assumption, however, be granted we may,

readily derive a general expression for A‘C , Since
theoretical anslysis is amenahle to dealing with VY |
in general. Burgess, in tnpublished work, has

analysed the produet correlation factor for general T 1
[

We have then :
Yo = RE).R(t+T)
'But : i' |




F 123, _ 3 ol

" the gz iatrii '
Survher, assuming Geusgian distribution throughout for |

| Ur we show readily that :
e e e A .
| W= )

.. using H“l-) : _ ' | ‘
2
\h: R~ C"_“"———————Se-b) ‘
;or, normalising Ve so that V=l ., by dividing through |
. | .
by R?: |
i o et 5-(4) |
Burgess derives, starting from the general expression |
|
LEOI' P(Q,Ie;)dQ,dQ; (see equation (22 ) ), that ; !r‘
i A o 2 ,(where F is the hyper- f
| \lr‘ (-’“’2’I E) geometric function. i
|
= JC I 24 :
5 e = 3
| (+ o4t & z = |
Thus for the case of a Gaussian filter as assumed here |
T ‘ '
2= £ ; The powers of Z thus rapidly tend}

to zero as T[->wo.

WWhence as an overall approximation to give %:1 at T=0

we set ' e--w-‘ir.‘l:‘
ll-f = 'S{I == T}—— —_—— 5‘(47)

Expressions (40) and (47) have been compared (see |

igure 57 s The general agreement of shape is good,

Tlthough the value of 0 in (47) necessary to give a

ood fit throughout shows some divergenoe from that

%
derived in the. earlier work of this chapter; this is in
: |
#art due to the various approximations employed. :

| We also observe from (47) and (4o) that this I

gives as an "expected" approximate expression for Ag

Ay % %‘?;{1— e;“"‘“‘} - ———5-(48) |

l.-
: The scal and the velakively Small vangde of vaviation are such tha
E\t Shress ::o:ld :‘?af:l‘?:u numevicalvalue of T inlhis cRse; e aber comparison for At 1S [wuch move sy,
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| ; :
It iollowg in particular, as we should expect, that for
, Qg xT , in fact : ‘
At@_’o) * aJ'&tU’t-JR ‘

3 T;E(-Q)J_IEG"EF;‘__,__'___)__._.:5-@9) ‘
|which agrees closely with equation (3B), previously |

>0

- ¢
deriveds ‘For T-—>o0 we find Ay tending to a

A, = '%-,FEE __________ 5-(50)

|
iconstant value, as we should also expect, namely : i
Experimental confirmation of the eicpression fori

| At (x->0) has been furnighed earlier and that

for /A,  Will be provided below »

[.*:TMAPP"QK(M&HQU\& lcading to @7) being i Buch & Sense As alidintly to reduce
the coefficiant of B (zw6), namely by ‘9O apprer.]

Ga S sREFNEE RSB £ 8 68 88 &880 80E

S5« 44 O3 Bxperimental results for A-c .

Two frames each of Mthermal® and "shot"
fluctuation were analysed in detail and the experimenta'l
_ |data are presented as Figures 58,59 ,60, and6l. 1In

order to remove the varying e®ffeets of receiver
amplification ete., the "after-effect" factor At has

been "normalised". That is to say, all &t have been

aivided byt , where T, 1is the unit of time-
e l ddealr with i this sechion

measurement and is almost identieal in every framen
(2.2 to 2.87 x 1072 secs). This normalised after-

S =
effect faetor 8,, is thus defined as : Ox*= AT,

Bl ) | in all cases). The general shape of Sx_

]
|! |
| is the same in all frames, and a simple empirical
that might be of use in future

| expression for 5;

work is found to be 8,:(,_)= A{I—E T
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Thus for Frame 4: Series Jd, for example, we
£ind
§ s R
x(&)=2-7l{l—-€ "'}-._.... , with T=4-494x10 " sec.
We have in addition already derived an approximate
theoretical expression for Ay as equation @48)

ibased on the assumption of Gaussian distribution for all

LT s We may readily compare Am with experiment
ifor one or two cases. These are tabulated below ;

| __Frame J :é_-! (AM)n,. (A., Exp. %ﬁ%
| 4: Series J. 9.0 4.55 4.6 1.01

| 7: Series J. 9.6 4,85 4,6 | .98

iproviding the confirmation of equation (SO) promised
aboves S;r_ as derived from equation (49Q) is also

plotted on Figures SR , and &9 , for these two Frames,

oveall is seen to be , |
The,agreement sppeess—rsther better for the "shot" |

fluctuation than for the "thermal® fluectuation. This

| should |
statement me= be considered in conjunction with the '

discussion below on the variation of 52 between the two
clagses of fluetuation; one must, however, always bear
'in mind with caution the fact that alien disturbances
are more lilc'ely to enter when observing thermal noise
from & tuned circuit of (necessarily) high dynamic

|impedance than when observing "shot"™ noise by injection|

lof = *oilsiderably jneredsed inherent magnitude of

| fluctuation from a saturated diodes Pfgcbuhcns have of couvse
been taken,as discussed in Ca.p4 to minimise any Such d;.s}uvbame Sesalso

For record purposes &n extracted sheet of 523.
ldetailed numerical data for a part of one Frame is
|g1v°n on page (/120).
e




20.

Extract of detailed numerical data on fluctuation

envelope.

Sheet & (observation 51-100 inclusive)

relevant to Frame 6: Series J.

N2 | ROIRs: ARz | Ay | Bl A | Rl e |IRve Do | Rezo | Ao
Sl 20| 40| 20| 49| 29| 39| 9| 39| (9| 40| 120 76| %6
2| 40| 49| o9 40| 00| 41| O1| 66| 26| \78| 138 T3 33
% 49| 40| 09| 39| 10| 39 1o 77| 2%| 184| 135 40| ©9
4 | 40| 39| ol| 41| o1| ee| 26| 1000 60| 148 108 30| 10
5| 29| 41| o2| 39| oo| 77 38| 140 w-1| 80| 41 37| 02
6| 4 3.9 02| 66| 25| 00| 59| 178 137| 60 -9 36| 05|
T 39 66| 27| T7T| 38| 40| 100'1| 184| 14S| &5 26| 40| o1
8 6'e 77 (B2 100 34| 78] W2 14-8 82 5-9 o7 59 a7
9| 77| 1wo| 23| 40| &3] 184| 107 80| o3| 44| 33| g0 03
60| 10-0| 140 40| 78| 78| 148 48 60| 40| 60 40| 105 05
1 14-0| 78| 38 184 44 80| 60| €5 78| Te| 64| 135 Q5
2 17-8| 184| 06 148 30 6-0| -8 59| 119 73| 105 150| 28
3| 184 148 36 80| w4| &s5| Ww9o| 44| 40| A4-0| 44| 47| 31
g 148 80| e8 60 &8l 59| 89| 60 88 ig li-a I:-S ga

8:0 60| 20 65 I'5| 44 36| T6| o4 ; 31 140 -Q
6 60 65| 05 59| ©O1| 60| 00 T3 '3 36! 24| 120] &0
7 65 59| 06 44 21| 716 1-1 4-0 25| 240 | sl 138l T
8 59 44| 'S 60l o 73 1-4 30 29| ©9| 00| 5.0 9
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4s foreseen above, a possSibly interesting ;

| feature emerged from the computations.

| Large values o

While 5 x for

f X veried considerably from sheet %o

| sheet (say 50 observations). of data within one frame

end varied from frame to frame, on the other hand 53

| differed little from sheet to sheet, but showed rather

interesting variations between the different frames.

Thus teking Frame 4: Series J (238 observations

of R in all), we find the following :

Frame 4: Series J ("Shot" fluetuation):

Sheet At‘ Ata s
51 (50 obs®8.) | 1.30 | 2425 | 1.73
2 (50 obs.) 2.13 | 3.68 | 1.73
3 (50 obs.) | 1.44 | 2.68 | 1.86
4 (50 obs.) 1.87 | 3.15 | 1.685
5 (38 obs.) 1.76 | 3.07 | 1745

Overall Sa. = 1l.72.

and for the other frames examined

Frame 6: Series J ("Shot" fluctuation):

Sheet Ar, Ar,_ 32
1 (50 obs.) 92,8 | 160.2| 1.74
2 (50 obs.) 95,3 | 157.8| 1655
3 (B0 obs.) 73,8 | 121.0| 1l.64
4 (50 obs.) 132.3 | 217.4| l.64

c |
Qverall Oz = 110!’?0
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Frame 7: Series J ("Thermal“fluotuation).
|
|

' At 8& |

'1 (50 obs.) 82.9 126.0 1.52

| Sheet At

a

2 (50 obs.) 94,1 184:5 | 1:.%8 Overall 8,= 1.46,

] (50 ObSI) 98-8 l5l|l 153

Freme 8: Series J ("Thermal"fluctuation).

Sheet At. Atz 5&
|

[
1L (50 obs.) lol.5 | 156.1 1.54 ]

|
2 (50 obs.) | 125.2 | 212.9 | 1.70  Overall 8= 1.5.

3 (50 obs.) | 146,7 | 227.5 | 1.55 |

|
4lthough the variation in 82 between the first two |
(thermal fluctuation) anmi the last two (shot fluctuation)
can only be regarded as a just possible significant
indication, it is mentioned here, because as pointed out
previously, the original incentive to this particular | :

investigation was a desire to see whether any obgervable

difference could be found in the correlation for the two
limiting classifications of the fundamental phenomenon.
It is very much hoped to carry this work further at a

latér date, but here we simply observe that a reduction

in (Sa means an inherently more rapid time‘-variation

in the envelope; that this is so may readily be

appreciated by considering the exaggerated sketches |
|

of figures (62 ) amd (G3). |
|

e . e
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Figure (62) ' ' Figure (G3). |

Tt is clear that in (62) Up=2wv;, throughout except at |

the (relatively infrequent) "turning points®™ of the i

record, and .% in this case 4, = 2A, (1,640, s N
On the other hamd in (63) A, will be little differeut !
from [\, , since the "turning-points"™ are relatively

frequent compared with the fundamental interval of

pbgervation T.'l , 1Le€s in this case 8,_’.*:] R Inter-

rmediate cases will, of course, be represented by the

ransition of Sa from & to l.

We further remark that in the writer's opinion
Lome further evidence of this effect exists in a visual
1anmination of the actual fluctuation records fseefo\r(:omﬂwris:m
igures 40O and 4| ) and that this was observed in fac%-‘b
Fefore the detailed numerical examination was carried out.
, It must be obgserved that on the strict basis of
he theory as developed by Rice, other writers and in l
his thesis, the correlation is solely determined by the

scroscoplc parameters of the system, such as 0, T, etg.

he fundamental events in the theory are simply regarded)
|
natever the prime source, throughout as entirely

independent, instantaneous, 'shocks' to the system. G i

i

he possible indication here is later confirmed one would

have to recognise that perhaps some greater degree of
|

_'_v_:—-*
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|correlation existed when thermal agitation is manifested

in certain electrical elements as compared with others,

iusing here the generic term thermsl fluctuations to
cover all forms of_the Brown;an motion of electric charge.

| U

|
|
| : ;
|We should, however, re-emphasise that it is certainly
| _

Inot suggested that this would account for the very
significant general “space-charge reduction" of valve
!fluctuations, this pbint having been perticularly
Eexamineﬂ in the Appendix to Chapter &, It might,
!however, be contributory, for example, to the observed
"rounded-off" progression of ]?2 to its limiting value
under saturation conditions =~ rather than a relativel&
gudden transition - as inﬁicated; to some extent, by
\the observations on the photo-electric cells paftly_
directed to this end.

In closing vhis section, we emphasise that we

well appreciate that if such small differences in

are to be ultimately confirmed great care would have to|

|
be exercised in controlling the experiment under the

two conditions to ensure that no extraneous disturbing

effects could appear. In particular, of course, it
would be very desirable to try to increase the band-

swidth employed, although this of course will com=-

: plicate thé redording problem as discussed in the

Introductory Survey to this Chapter.

tllllllll..ll!llllllll‘ll.l
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S. 5 Analysis of detected fluctuation passed |

through filter of limited

bandwidth,.

|
The theoretical anslysis of the passage, through

| @ filter of limited response, of the output from a
diode detector fed with the fundamental fluctuation
was'briefly considered, since facilities existed on ‘
the Marconi Receiver employed for such experimental .
records. !
We agsume here simply that the detector follows
| the envelope, R(t) , of the input. Since we already
have an expression for the pro@uct correlation of
we may derive the power spectrum of R(t) by the
| theorem of Khintchine and Wiener discussed in the - ‘
Appendix to Chopter 2, ; :
T.8y 3 . i
X w0
w(f)= Lf;f%.ms:?nft.d‘c . end q’i:ofw(f)‘c"se"‘_ft'df |
(see also Rice, Paper A.,page 312?.

Wwhere : ‘

qrt: R({,),R(tﬂ:) , Where the bar indicates time=~

avereging, or, because of the stationary character of |

the fluectuations : !
|

Vg = of :-T El(t)- R.(t+T) P(R. R, t)aReR,
Then following Burgess (see equation P¢7) )&

we derive : |

E ~ 4ot o
R L;.ﬁ?-{“_f._z_} (omitting higher order terms
T

— ”—Wl&‘t"
< w(f): mR:[ Jewarfrdiy £ JET " cosBrfrar]
Using then the expression discussed in the Appendix %o




continuous Gaussian term.

1
I

centred about 1,000%/5 with no response to d.c. Thus

132, |

f
Chapter & for the first (undefined) integral, namely : |

f{:osaltftdt- ESC)C) (see also Rice,Paper A,p.‘alé)!.

]

W)= TR {48 + e FY | |

This indicates a power spectrum consisting of a d.c.

we have

term (represented by the impulse funetion) and a ‘

The low-frequency filter available. in the set

had a practically Gaussian response (see Figure 64 )

the correlation of the output fluetuation is given by
ﬂIf f w,(f) - Wf)eoo EItftd-} ,Wwhere W (f)- g GI:Q |

(. vg.d = Lo |
gra-a- fa(f .ﬁ)/ﬂ € 57¢wanftd‘f % ; 007‘5)!

In this case e_fﬁ? may be considered as practically
constant over the significant range of e U800 ; anﬁ
we thus find readily : |

e

We thus see that in this case the output will be a wavq

2
.CoS2RfT.E£ 2’&-‘1:

|
|

of sinusoidal character at 1,0009/g with an envelope :
fluctuating slowly at a rate solely dependent on the i
nature of the low frequensy filter, end amplitude i
dependent on both filters. Further detailed numericaq
Wwork was not embarked upon, as it appeared that no newf
results would be forthecoming; three photographs of [
recorés obtained are presented as Figures 65,66 , and |

Cf] . These are also of interest since they show a |

very strong analogy with the records obtained by
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ating i.f. noise.



Kappler with very light damping on his mechanical

systems
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SUMMARY,.

——————

In this thesis we have studied a number of
problems of electrical fluctuations whose common
initial origin lay in the fuﬁdamental significance of
"shot" and “"thermal" fluctuatians;

Pirst, a theoretical and historical study was

in thermionic velves leading to a unificafion of the
‘concepts of shot and thermal noise therein. In
particular we observed that the common origin becomes
most obvious when retarding field conditions obtain;
a theoretical and experimental afudy of the retarding
field region was therefore then undertaken, This

ineluded measuremehts to investigate and confirm the

&valve characteristics in that region and experimental
lobservation of the fluctuations under ftrue fetarding
conditions. The eriteria relevant to entry into the
region were also examined. As a by-product of the

experimental fluctuation meagurements, work was also
undertaken on photo-electric cells and an interesting
field of investigation is indicated by the results

10btaiﬂ9dl
Finally, detailed gtatistical examination was

theory in which satisfactory agreement was obtained;

ntal confirmetion of

this provided also experime

ipreviously known theoretical results. A possible

presented of the space-charge reduction of fluctuations

presented of fluetuation records with relevant derived

|
|
|
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inﬁipation of discrimination was observed between noisé

| generated by a valve working under saturation conditious

'events in the latter case,

and that generated by thermal agitation in a tuned |
‘circuit such that it might possibly be accounted for |
: - : |

by a certain degree of interaction between the primary

We should emphasise however, particularly in !
view of Chapter 2, that we are convinced that all these

phenomena should be classed as thermal agitation, the |

| terms Mshot noise "™ and "thermal noise" being employed

solely as a convenient classification indicating the |
|

electrical element wherein the fundamental phenomenon |

ig manifested.

|
[
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