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PREFACE ‘ SR

. e . e ‘

“ Blectronic Engineering”’ and “ Radio Electronies” have been written
as compamon volumes, though they have been produced as independent
textbooks. Together they represent a revision and extension of tbe

author’s “Electron-tube Cireuits.” It has been necessary to mc'lgde 2

certain amount of material that is common to both books in order to
ensure completeness and continuity of text material. “ Moreover, the
common material is the same in each book, in the interests of economy of
productlon However, the amount of duplicated material jas ‘been kopt-
to a minimum, consistent with the desire to have these books i dependent
and also to provxde a complete and continuous develop {2

This book has as its objective a detailed discussion of a large variety of
electronic circuits which are unportant in such diverse fields as radar,
television, electronic control and instrumentation, and computers.
Those circuits which have found applications priacipally in the field of
radio are not included in this book, though a number of circuits of interest
both in nonradio and in radio applications are included. Most~of the
text is devoted to the analysis of circuit operatibn. However, some of
the factors that must be considered in circuit and syatem syntheds are
discussed.

Wherever possible, the analysis proceeds in two stages. An effort is

. made first to present a physical explanation of the operation of the

circuits. If feasible, a mathematical analysis of the operation of the
circuit is given. Such mathematical analyses have a threefold objective:
(1) To illustrate the techniques of analysis. = Often, in fact, alternative

developments have been included to demonstrate different methods of -

analysis. (2) To deduce a solution which yields a deseription gf the
operation of the circuit. (3) To examine the effects of the various
parameters on the operation of the circuit.

In all analyses considerable care has been taken to include the requisit®
reference conditions for potential polarities, curreft directiohs, and
tesnsformer-winding senggs These are an easential part of any eircuit __..
d;agram, and without them fRe ultimate choice of a positive or negative

- sign would require a mgajor decision. -

Representative types of circuits of widedpread use and importanee have
been discussed and ana.lyzecf. It is not possible, of coyrse, to include a
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«digcussion of every pemsible type of cireuit of a given class. In fact, a
- review of the literature will disclose almost as many choices of cifcuit
paraméters or tube types as there are groups engaged in this work. In
=%, general, the principle of operation is deemed to be of the essence, rather
" thgn the choige of a particular set of parameters, and moet attention is

' pnd to a discussion of these principles of operation.
* S s Much of the material in this book has beep used in courses in glectronic
circuits and applications at Syracuse University. A aquerable amount
~3 of new material has been added to that ,pnmoully svailable in “Electron-
tube Circuits.”' Thus, not only has th,ere been an additipn to the con-
- thut of the chapters originally available, but an mtroductwn to solid-
. statd theory, the transistor, and the transistor as a circuit element is now

_ available, .

~— To provide the proper a.cknowledgment of the murce of much of this
material is impossible. * As noted in the preface to ““Electron-tube Cir-
- “clits,” mnE!PofﬁﬁsmatenalrepresentedmrcmtsmuseattheMIT
TRy Rudmt:on ratory during World War 1. Some of the circuits were
developed at thi laboratory, but many of thém were developments at &
number of American and British laboratories. In only. a fow cases was
the identity of the groups responsible for any given cirewit known.
Whmdxrectsonmofmfm’matlonhavebmnaed refemnoemgwen

-

. ] d
. for his helpful suggestions  reiating to cxmmis and 16, and to Richard
E. Gﬂdersleeveforhudmtmcempmofreadmgtheamrem
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‘CHAPTER 1 |
CHARACTERISTICS'OF, ELECTRON TEJBES

. 1-1. Electronic Systems. A unique definition of a.n ehptmmc system
as it will be studied in this text is not possible, owing to the. multiplicity
and complexlt.y of such systems. For the most part, ne eonszderamon
will be given to gommunication symms, as these am/ covered in the com-
panion volume, ‘Radio Eleetromos,’? although certain of the circuits
which are of 1mportanee in communication applicatiops are also of con-
siderable importance in essentm.lly noncommunication apphcatmns v
This text will confine itself principally to a study of a varigty of circuits
which form the building blocks of a tremendous array o eleetromc sys-
tems for all manner of applications. As part of the study, gome discus-
gsion will be included of the manner of connecting & variety.of such build-
ing bloeks to perform a specified sequence ( of operations.

A particular electronic system may impose a demand for electronic-¢ir-

. cuits to perform a wide diversity of oper&ﬁmns For example, & rela-

tively simple system might easily require the generation of waves of

. sinusoidal waveshape, of square waveshape, of triangular waveshape,

amplifiers which amplify with virtually no distortion, amphﬁers which
introduce controlled distortion, amplifiers which, produce contz;gllad blogk-
ing, and a host of others. Some bulldmg blocks may consist, of relatively
sgimple circuits, and others may require s relatively complex array . of
compomnts to achieve the desired end.

In order to present. the material in a reaaousbly logmaL ma.nner, the
following chapters. preaent the analyses of the uppm.tmn of 2 variety of
classes of electronic circuits, without regard for the” mﬂmﬂu a.pphca—
tions, but pn;mxpally according to the manner of operatmng,ngi &nslm
For, thuw 8 given chapter may contain circuits. which have*alto-
iffarenit applications. The choice of examples and problems will

U4

indicate in some neasure representative applications. Bome discussior™

will be included i such cases of practicel reasons which. might influence
the preference for one cu-q;ut over another for a.ehlevmg a specified
requirement.

1-2, Fundammt;l Considexpﬂons in Electxm Tﬂb« anore ene
undertnkee a study of cirouits that. moomctate electron tubes, it will Be
well to examine Gertam of the bhysxep.l pm;mples which- ggvern the opera-
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2 : ELECTRONIC ENGINEERING ~ {Caar. T
tion of these tubes. There are two important basic questions that relate
to such tubes, One relates to the actual source of the electrons and their
liberation: the second relates to the control of the electron beam. A
brief d:mon of these matters Tollows.. .

* %, mmssiox or mEcTRONS
1-3. Source and Control of Blectrons. "Accordmg to modern theory,
all matter is elestrical in nature. The atoms, which is one of the funda-
mentél boildiig blooks of all matter, consists of a'teritral cors or nuckeus
which is pesitively charged and which carries nearly all the inass of the
atort, BEnough negatively cliarged electronis- surround the nucleus so
that the atom is: elec.tricaﬂy neytral in its normal sfate. Since all chem-
ical substenoés consist of groups of these stoms which are bound to each
other, then all matter, whether it is in' the solid, the liquid, of the gas-
-eolis state, ig a potential snurce of electrons. All three states of matter

do, in fact, serve as 50 of electfons. A number of different proc-
eases perve Jo effect thie release of electrons, thdse which ‘ate of impor-
tance in'électron tubes being (1) thermionic e:masmn, (2) secondary emis-
sion, (3) photoélectric emission, (4) high field emission, and (5) ionization.
These processes will be consfdered in some detail in what follows. :
 ‘'With the release of the eléctrons, a means for their conttol must be
provided. S8uéh control is effected by means of externsily controlled elec-
tric fields or mngnetw fields, or both. These fields perform one or both
of the following functions: (1) control of the number of electrons that
leave the régmunear the emitter; (2) control of the paths of the electrons
after'they lenve the emitter. Control methiod 1 is the more common, and

- such acontrol method is mcorpora’oed in almost all efectror tubes except

those of the field-teflected variety.” The: cathode-ray tube is & very:
important example of a field-deflected tube, However, even in this Iat-
. ter case, & tomtrol of type 1 is incorporated to control the electron-tube
current, even though the subsequent motion is controlled by means of
elbetﬁeormgnuﬁcﬁelds orboth. -
4. Wc Bmission. ‘Consider mattér in the metallic state.
Metals afe most generally employed in the form of a wire or vibboi fila-
ment. ‘If such a filament contains eléctrons and if theee are relatively

“Tree to move about in the metal (and thiis is the case since the application
< of & small petentfat differéice between the enils of the wire will result in &

current flow), it might be dxpected that senwe electrons might ‘“leak”
out of the metal of their own accord. fos does not: oceur, however.
 Donsider what hkppehs to an electron a8 it seeks to escape frota a metal,
The' esciipiii, negatively charged election,will induce a ‘positive’ charge
on' ‘the rivedal. oTherb will then be a force of attraction between the
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induced ch rge and thie eleétron. " 'Unless thé escaping eléctress posssmses
sufficient energy Yo carry it ‘6ut of the rejion ¢f infidknee of tllix itvage
force of ‘#ttraetion, it ‘will' be Yéturned to the metal™* The minitaum
amount’ ofmgy that is required to release the electyol sigainst: this
attractive force is known as the work funetion of the, metal. This
requisite minimum amount of energy may be'supplied by any one of a
number of differant methods One of the mobt important methods is to
heatthemetﬂtoahxghteﬂapemﬁum - In this way, some of the thermal
energympphodtothemetdmtmsfermdfmthemafﬂmh&ted
metal crystajs' into kinetic energy of the electrons.

An exphmt expression relating the thermiomc-emlmon eutrent density
and the temperature of the metal can be derived,’t The expression so
denved has the form .

Ju. = A Tl wr . (1-1)

where Ay is 8 canatant for all metals and ha.s the value of 120 X .10
amp/(m?)(°K?) and b, is a constant that is characteristic’ of the metal.
The quantity be is related to the work function By of tbe metal by

b = 11,600Ey  °K _ (1-2)

It has been found experimentally that Eq. (1-1) does represent the form
of the variation of current with temperature for inost metals, although
the value obtained for 4o may differ materially from the theoretical value
of 120 X 10¢ amp/(m?)(°K?).

TABLE 1-1

- THE IMPORTANT THERMIONIC EMITTERS AND TEE
’ ‘ THERMIOMC—EMI%ION CONBTANTS ‘

A Emitter X Ao, amp/(n’)(‘K’) ‘ Ew,
Tungsten.................... Ll eoxaoe is2
_ ‘Thiorated-tungsten............. 8 X 10* 2683
Onda-matod. ...... P SN omxw l

It fmwsfrom Hq. (1-1) that metals that ha.ve & la’wwork fypeticn
will provide -copious emission at moderately low temperatumes.’ Unfer-
tunately, however, the low-work-function metals melt in some cases ud

wmmhem,atmmmmnmmmumbhﬁmm-

emission. The important emxtt.ers in present-day use are Wﬁm
thoriated-tungsten, and® e—eoa.ﬁed _cathodes. ' The: ﬂ:mmwems—
‘sion vonstants of these. are contained in Table 1-1.
' ‘Ame%ntmomdetaﬂndd’hcwnofthephﬂtmutk&ryofmeﬂ:udv&nm
Chap. 15. .
- Saperior nmbmwfer to uit-.ums nt the end ﬁmm
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Tungsten is used extensively for thermionic filaments despite its rela-
tively high work function. ]n fact, this material is partwnla,rlympm-
tant because it is vmtuany the only material that can be.used successfully
a8 the. ﬁlament in high-potential tubes. It is used in high-potential
X-ray. tubes, j mgh-potentml rectifier tubes, and in the large power-
aniplifier tubés that are used in radio- and communication applications,
It bas the disadvantage that the cathode emission efficiency, defined as
the ratio of the emission current in milliamperes to the heating power in
watts, is small. - Despite this, it can be opemtod at a sufficiently high
temperature, between 2600 and 2800°K, to provide an adequate emiasion.

It has been found that the application of a very thin layer of low-work-

- _ function _material on filaments of

;: . | tungsten will materially reduce the
¥ _ ? of] work function of the resulting sur-
% 16 |— $ ¥/ | face. A thoriated-tungaten filament
cE e . $A—.$F— is obtained by adding a small amount
§ 12 9‘}%*_@ - of thorium oxide to the tungsten be-
& ‘: RN «@(} ' fore it is drawn. Such filaments,
.6 D44 when properly activated, will yleld
34 VANV an efficient emitter at about 1800°K.
§ 2 — im 1t is found desirable to carbonize such
%0 20 50 ¢o &n emitter, since the rate of evapora-
Perunfmbdfi'amfpmr tion of the thorium layer from the

Fia, 1_:11 Oa:lxdode etil!licn_an curves of filament is thus reduced by about
an oxide-coated, a thoniatod-tungsten, g factor of 6. Thonated—tungsten
and a pure-tungsten filament. filaments are limited in application
to tubes that operate at tntermedtate potentials; say 10,000 volts or less.
Higher-potefitial tubes use pure-tungsten filaments. . '

The oxide-coated cathode is very efficient (about twenty times as effi- -
cient as tungsten) and provides a high emission current at the relatively
low temperature of 1000°K. It consists of a metal sleeve of konal (an
alloy of nickel, cobalt, iron, and titanium) or some other metal, which is
coated with the oxides of barium and strontium. These cathodes are
limiteg for a number of reasons to use in the lower potential tubes, say
alieut. 1,000.volts or less, although they do operate satisfactorily st higher
Q@kentm!s -under pulsed, ieonditions at relatively low-duty ey¢le. . They
are iissd almost exclusively § in memng-type $ubes and prcmde efficient

opera.twn with leng life." .
Cutves showing the relative cathode eﬁ ni tungsten, thoriated-
tungsten, and oxide-coated cathodes are i ed in Fig. 1-1. It will

be.seen that, ,tyngsten. has a cgnmderably lower efficiency than either of
the other two emitters.
The themuofnje “emitters in their pmtwa.l form i eleefmn tubes may
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Fio. 12 Typleal directly Pra: 1. Typmnl indirectly Béntsd
cathodes, e ,

Fia. 1-4. Different types of heat-shielded cathodes. (@General
Elcdru: Co. and Lowry.)

. be of the directly heated®? figmentary type, or of the indirectly heated

™ type, and in the case of gas and-vapor tubes the cathode may beof,the :

. hesat-shielded type. Typical filamentary cathodes are illustrated in Fig.

1-2. These filamentary cathodes may be of the pmtnnpten thori-
ated-tungsten, or onde-cmted type. : o
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~ The indirectly heated ¢athode for use in vacyum tubes is illustrated in
Fig. 1-3. Thsheaterw&!eiscontmnedmammmcmmhﬁorwhmhw
enckaed by the metal d#eve on-which the oxide coatiniglis placed. A
«  eatlislle assenibly of thit type has'such a high hm.teapwty that its tem-
pegature doesgot change with instantaneous vamtxon in heater current

o when' alternating; current is used...
. Heat—shlelded cathodes, which can be used only in g&s—ﬁﬂed elwtron
. tubes for reasons to be discussed in
Sec. 1-3,51 are designed in such a way
' qrto ch the radiation of heat
: emrﬂ in}m the cathode. This mate-
/riajly inopeases the efficiency of the
ou@mde, «Beveral different types of,
£ itllled cathodes are ﬂlustrated

d by ilh -ia: - the surface

vﬂth Thers are cert&ﬁ restric-
tions on the nature of the gurface and
the frequency of the-irpinging hght

place. That is, electron emission is
possible only if the frequency of the
impinging light exceeds & certain

‘ threshold value that depends on the
_ workffnﬁ&ﬁén E'w of the surface according to the equation

ek w

: ) wfv.T'-,;-zu-s)
T where e is the charge of the electron and & is Planck’s constant. The

corresponding threshold wavelength beyond which photoelectric emission
" eanngt take place is given by
= , _ ch _12400A
N =By T T Ew

whm A lq the angstrom unit (10~* cm). .For response over the entire
visible region, 4000 to 8000 A, the work functlon of the photosbnsitwe
surfaee must be less than 1.54 volts. 3

The essential clements of -a phmbdm m phmmsmﬂmde
surface and.a-eollecting electrggle vontained iit 4 glass envelége that/either
is evacuated or pontaink: an inert gas at low pressurs. - A phetograph of
sueh a phototuhamshown mFig 1.8; Tﬁemm\‘ber of phatoslectrons

(1-4)

for ‘such electron emission to take °

s

b
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puaquammﬂlmotwoﬁ mdaMMxMMBum
ary to use photocathodes of large aréa, s shown.. -

The cucrent characteristics of such phot@nbea for Mm m&lectmg :

potentials between the cathede dénd the collecting anode; with light inten-
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tube the current output for a given light mtenmty increasing with

inereased plate potential, whereas- tho output remains aenmbly censtant .

in the vacuwm phototube.

A gignificant eomparison of the outpuﬁiromtmo phomtmbasfmoﬁ the
vgcuum typ@and the other of the y»mled type, other characteristios
of the tubes being the same, is contained in Fig. 1-8. Note that the
‘Pphotocurrent for the vacuum phototube is,a linear function of the illu-
mination, whereas that for the gas-filled cell shows deviations from the
lihear at the higher illuminations. However, the grester sensmwty of
the gas-filled cell is clearly évident.

1-8. Secondary Emisslion. It is possible for a partm!e, either an
electfon or a positive ion, to strike a metallic surface and transfer all or %
part of its kinetic erfergy in this collision to one or more of the internal
electrons. If the energy of the incident partmle is sufficiently high, some
of ‘the internal electrons may be emitted. 'Sevéral tubes have been
designed which incorporate secondary-emission surfaces as part of the
device, and- hxgl.xly sensitive photatubes have such auxiliary elements in
them. Frequently the seconda.ry -emission that exists is of a deleterious
nature. This matter will be, dxscussed in explalmng certain features of
. the characteristiocs of tetredqs B

1-7. High Field Emm The Ppresence of g very strong electnc field
at the surface of a metal will cause electron-emission. Ordinarily the
field in the average: electron tube is too small to- induce such electron
-emission. This process has been suggested to account for the electron
emission from a mereury-pool cathode in & mercury rectifier.

1-8. Ionization. The process in which an atom loses an -electron is
known as sonizaéion. The atom that has lost the electron iz called a
positive ton. The process-of ionization may occur in several ways.

Electron Bombardment. ~Cousider a free elestron, which might have
been released from the envelope or from any of the electrodes within the
tube by any of the processes discussed above. Suppose that this free
electron has acquired.enough energy from an applied field so that, upen
collision with a. neutral stom, it removes an electron. Follawmg this
actio®, two electrons and a positive ion exist. Since there are now two
electrons available; both may eollide with gas particles and thus induce
further ionization. Such a process as this may become cumulative, with
- consequent’ large electron release. This provess is very important snd
aceounts for the suocesaful operation efuw .and vaporfilled rectifier
tubes. Itisalso the basis of the gas amph&atlon in gas-filled phototubes.

EBhotoeleciric Bmission. 1 the gas is expesed to light of the preper
frequency, then this radidnt energy may be absorbed by the atom, with
mﬂtmgeleetronemmon. Thmpmceuisxmpontntmimtutmgmr-
tain discharges:.s .
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- Positive-ton Bombardment The collisien befvwaen a positive ion and a
neutral gas particle may result in electron release, in much the same

manner a8 by electron bombardment. This process is very inefficient

and is usually insignificant in normal gas tubes.

Thermal Emission. 1f the temperature of the gas is highgnough, sorge
electrons may become dislodged from the gas pal‘ttcles However, the
a8 temperature in electron tubes is generaily low, and this process is
norma.lly unimportant.

THE HIGH-VACUUM DIODE
. ' )

1-9, The Potential Distribution between the Elestrodes. Consider a
thermionic source situated in a vacuum. This cathode will emit elec-
trons, most of which have very little energy when they emerge. Those

- electrons which first escape will diffuse throughout the space within the
envelope. An equilibrium condition will soon be reached when, because
of the mutual repulsion between electrons, the free electrbnsdn the space

will prevent any additional electrons from leaving the cathede. The

equilibrium state will be reached when the space charge of the electron
eloud produm a strong enough electric field to prevent any- subaequent
. emission.

The inclusion ‘of & collecting plate near the thermionic cathode will
asllow the collection of electrons from the gpace charge when this plate is
maintained at a positive potential with respect to the cathode; the higher
the potential, the higher the current. Of course, if the thermomc emis-
sion is limited, then the maximum current pomnble is the temperature-
saturated value.

In addition to such a mmple two-element demce, wluch is the diode,
grids may be interposed between the cathode and plate. If a single grid
is interposed, the tube is a tiiode. If two grids are present, the tube is a
tetrode; three grids yield a pentode, etc. Details of the characteristics
sud operation of such devices will be considered in some detail in the
following pages.

-Consider a simple dlode Bonsisting of a plane cathode and & callectmg
plate, or andde, which is parallel to it. - It is supposed that the cathode
esh be heated to any desired temperature and that the potentml bgtween
the cathode and anode may be set at any desired value. It is desired to
examine the potential diftfbution between the tube elements for var-
ious cathode temperatures and fixed ancde-gathode applied potential.

-Buppose that the temperature of the cathode is high enough to allow
some électrons to be emitted. An electron space-charge cloud will be
formed in the envelope. . The density of the electrons and the potential

[ ]
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at any point in the interelectrode apace ate relsted by Poisson's equation
BV _, o
pE =s {1-b)
where V is tige potential in vohn, pis the magmtude of the elmtromc—
charge density in coulembs per cubie meter, and ¢ = 10~°/36r is the
Permittivity of space. A mdy of this exgresmon will yield mgmﬁcmt
information.

It is supposed that the electrons that are emitted from the oathode
have zero.initial velocities. Under these conditions, the general char-
acter of the results will have the forms illustrated in Fig. 1-9. At the
tempRrature T, which is too low for any emission, the potential distribu-
tionis a hnea.r function of the distance from the cathode to the anode.
ThlsfollowsfromEq (1-5), sme%for

zevo-charge density,
%g = or %Z— = const’

This is the equatlon of a stmght
line.

At the higher tempemture T,, the
charge density pisnot zero. Cleaxly,
P '1.9 Toe pm mk ' on theanode-cathode potential, which is

16 ntial distribin externally controlled, will be inde-
l"ﬁ:';m‘if&” mthodm pendent of the temperature, and all
¢urves must pass through the fixed
end points. Suppose that the potential distribution is somewhst as illus-
trated by the curve marked 7. All ecurves must be concave upward,
smceEq (1-5), which msy be interpreted as a measure of the curvature,
ig positive. A positive ctirvature means that the change in slope dV /dz
between two adjacent points-must be pogitive. Moreover, the curvature
is greater for larger values of p, cormspandmg to the mgher tempera-
tures. It is possible te justify that the maximum current that can be
drawm from the.diode for a fixed plate potential and any temperature is
obtained under the enndition of zero electric field at the surface-of the
cathode Undcr these optimum cond;hions

. ° '. | dV

de

Thswndiﬁonisvdidunderﬂzempﬁondmm&vdomtmd
ernission of the eleet¥ons. -

1-10. Equations of Spece Charge. Amaxphmtwlstxwhmm
urrent coﬂocudandthcpommlthut wmhadbmthmde

LA atz-o : (1-6)

-
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andcathodempossible. In genersl, theementdenmtymamemre
of the rate at which the electrans pass through unit area per unit time
in the direction of the field. If v denotes the drift velocity in meters
per second, N is the electron densxty in electrons per cubic meter, and e
is the xeleoﬁonm ehame in. cmlomba,~then the current densit$ in amperes
_per square meter is

‘ J = Nev = go : a7’

Also, neglecting the initial veloexﬁy, the velocity of the electron at any
pomtmthemmelwtmdespwemrehtedtothepotemmlthrwghwhmh
1thufaﬂenbythefoﬂowmgexpm&on, whmhannadontheeomvs-

tion of energy: -
Yemo? = eV . (1-8)
By combining the foregoing expressions, there resuits
d’V JV-H
- to( 7'" );4 : (1'9)

[}
This is a differential equation in V ag'a fnnetton of z. - The solutum of it
is given by

eV’*

J = '2—% 2 E - amp/m‘ (1—10)
For electrons, and in terms of the boundary conditions V = E, at the
anode, there results it .
J = 233 X 10"‘ %, amp/m? - ' i fed
(1-11)
This equation is known as the 7 /mmu!.'.
Langmuir-Childs, or three-halves-
power, law. It relates the current

density, and so the current, with the Fio. 110, The - €5
applied poteritial and the geometry a. 1- volt-ampere charaeteris-
of the tube. It shows that the U°®°f5Wpiesldiods =
: Wmmtmmpemwtmmmmwmmm—
- tioh of the cathede. Thue, no matter how many eleetrons a cathodemay
be able to supply,. the geometry of the tuhe and theapplied potential will -
dmhmmmmmmw theanode. If
the eleetron mpplyfromtheﬁMgamﬂmted the-current may he loss
than the value predicted by By. (1-11)... - The cenditiops.are aomewhat
as represented graphically in Hig: 140 ‘e

For the case: of & tube thatepossesses ayhndtma} symmetry, & gimijax
analysis is possible. Thenesults of muhmcalmzhhnnhgd-m the fanow-
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ing expression for the current,

I = 146 X 10*‘ l“E;’ :amp . (1-12)
where I is th® active length of the tube and 82 is a qua.nttty that is deter-
_mined from the ratio r./rs, the ratio of anode to cathode radius. For
"ratios ro/7; of 8 or more, 8 may be taken as unity.

Attention is called to the fact that the plate current depends upon the
three-halves power of the platé potentidl both for the plane parallel and
slso for a diode ponsessing. cylindriesl symmetry. Tins is & general

relationship, and it'is possible to demotistrate that an expression of the -

form I, = kE% a.pphes for any geometry, provided only that the same
restrictions as impoged in the above deveélopments are true. The specific
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Fia. 1-11. Experimental results to verify the three-halves-power law for tubes with
oxlde-coated thoriated-tungsten, and pure-tungsten. filaments,

value of the constant k that exists in this expressmn cannot be analytically
determined unless the geometry of the system is specified.,

The dependence of the current on the potential for any tube may be
determined by plotting the results obtained experimentally on a loga~
rithmic scale. Theoretically one should ﬁnd if the expression I;. -= k&’*

is valid, that :
: logm I, = log;o k4 % 10210 E& ; (l‘w)

The logarithmiic plots for three commercial. tubas are shown in Fig. 1-11.

The type 10 tube is a triode and was converted into a diode by connectity

grid and plate together. The other tubes are diodes. It will be observed
that the logarithmie plots are straight lines alhhmlgh the sl@pes of these
lines are all slightly less than the theorefi

-1-11. Rating of Vacuum Diodes, Thecurrent and potentml mtinga of
& diode, i.e., the maximum current that the'tube may carry and the maxi-

~ mum potentml difference that may be applied between: amde md eath-

ode, are influenqed by & number of fa.etors

—
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1. A limit is set ta the tube current by the cathode efficiency of the

emitter. Thus, for a given inpub power to the ﬁ]fa.ment & maximum cur-
rent is speelﬁed

2. Thereis a maxlmum temperature limit to which the glass envelope
of the tube may be safely allowed to rise. This is the temporature tg
which the tube was raised during the outgassing process. 'This is about
400°C for soft glass and about 800°C for pyrex. For higher tempera-*
tures, the-gases adsorbed by the glass walls may be liberated. Owing
to this limitation, glass bulbs are se]ldom used for vacuum tubes of more
than about 1 kw capscity.

3. A very: imp yrtant limitation is set by the tempemture to whlch the
anode may rise, In addition to the fraction of the heat radiated by<the
cathode ﬂwi is intercepted by the anode, the anode is also heated by
the energy earried by the anode current. The instantaneous power
carried by the anode current and supplied to the anode is given by ey,
where g, is the anode-cathode potenﬁal and ¢, is the anode current. The
temperature to whmh the anode rises will depend upon the anea of the
anode and the material of its construction.

The most common metals used for anodes are nickel a.nd iron for
receiving tubes and ﬁsnfsslum_, molybdenum, and graphite for transmit-
tmg tubes. The surfaces are often roughened or blackened in order to
increase the thermal emissivity. The anodes of many transmxttmg tubes
may be operated at & cherry-red heat without excessive gas emission.
To allow for forced cooling of the anode, cooling coils may be provided, or
the tube may be immersed in oil, ‘The newer type of transmitting tubes
are frequently provided with radiator fins for forced-air cooling. Two
different types of transmitting tubes are illustrated in Fig. 1-12.

- 4. The potential limitation of a high-vacuum diode is also dependent
on the type of its construction. If the filament and a.node leads are
brought out side by side through the same glass press, some * sonduction
may take place between these leads through the glass. This effect is
particularly marked if the glass is hot, and the resulting electrolysis will
cause the glass to deteriorate and eventually to leak. The highest poten-
tial permissible between adjacent leads in glass depends upon the spac-
ing and upon the type of glass but is generally kept below 1,000 volts.
Higher-potential tubes are usually provided with filament leads at one
end of the glass envelope,; with the anode at the other end. R
. The glass envelope must be long enough so that flashover on the out-
side of the tube will not. oceu. Jna diode as a rectifier, no current will
exist during the time that the a.node is negative with respect to the eath-
ode. The maximum safe rating of a mctxivmg diode is known as the
peak-inverse-potential rating. e
.Commeré¢ial vactum dxodes are made which will rectify aurrent at high




