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Calouletion of Receiving Tube Conatants

1. Introduotion

This report covers the work done in a study of receiving tube
characteristics begun in June 1946, and could serve as a starting point
for future investigations,.
2. Diodes

o investigation was made of diode charsoteristics. For a
disoussion of dicdes see Terman (1)2. |
3. Tricdes

(a) Amplificetion Factor

A numbsr of charts wers prepared which simplify the transition
from known tubes to new designe, and which slso may be used to calculate
the emplificetion factor of triodes quickly.

The charte are based upon the Salgborg (2) formula for
the esmplification factor. Use of theseo charts will probably demonstrate
e need for their extension or a chenge in their form in order to
simplify end enlerge the scope of their mpplication. The charts and
instructions for their uee may be found in Date Folder No. 6691ké. (§&)

Due to certain assumptions made in its derivation, the
Sal zherg formuls becomes inacourete when the grid-cathode spacing is

less then the grid wire spacing. This case was etudied by Fremlin (6)

*Rumbers in perentheses refer to items in the bibliography
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end a formula‘ror the ®eleotrostatic Durchgrifli?® was derived by him
for plane structures. This formule is so complex tﬁnt it i3 almost
unuseable, end ﬁill not be given hore. It does, however, demonstrate
that the emplification factor varies elong the cathode, rising to
maximumn valuoé vhen the portion considersd is directly under a grid
wire. .
(v) Plete Current and Mutual Conductence

The plate current and mutuel conductance of triodes have
been calouleted by the use of en equivalent diods. The platovof this
diode is piaced in the position of the triode grid, and the plate

.

voltege is given a8 (u Egi-Ep)k1+ u). The Child-Lengmuir Lew then
gives the plate current; and, by differentiation, the mutual conductance. -

Fremlin (6) hes demonstrated that this method is subject to

error; and that the plate ocurrent in plene structures 1s given by

- Y2
2 2.34x10° [Eg + 4t Ep) .
P- 4/ 3 3 : Uni A
['Qg 3_+_:£(‘g?§} 2. t Area

in whioch
lg ® grid-cethode spacing
lp = plate~-cathode spacing

and for circuler structures

3
107008 [Eq + 3 Ep) G

Ap= 7 Ak Ames . (1)
[(r, ﬁg) + 2 (/85) 3] 2 Uit Lerieh
*The "Durchgrif{®, from the Germen is literally trenslated as the ®reaching

through®; i.¢., the plate reeches through the grid. In a triode, the
*Durchgriff® ie the reciprocal of the emplification factur,
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where

rg = grid redius

rp = plate radius

ﬂ;; = ﬂ 2 from Lengnuir's emission equation based

on oathode end grid redii.

/fii,t (3% based on ocathode and plate redil.

Differentistion of eqe. (I) and (II) gives as the mutual
condustence of the plane structure

i 1%
gm= 3'50"'06[{:9*1-'7 E;F’_? i mhos (111)
. [ﬁ;fs +Z&L/QJF4/3_] o Unit Area.

and, for the circular strugture

22, 0x106L59 '*'#Ep] mhes (1v)
[ @é’cj)y&_’_.l_ rpﬂc )2/] 2 Uhlt Length

During his investigation Fremlin built an experimentel plane

gm=

structure triode in which the gride-cathode end plate-cethode spacing A
could be varied &t will. With this tube he checked the equations
for plene structures. Good agreement was obtained between measursd
and calouleted velues of the sharagteristics, even in the case of amall
grid-cathode spacings.

The writer attempted to correlate the results of eqe. (I) and (IXI)
with dete taken by Russ on an experimental plens tricde. The electrodes
of this tube wore discs of epproximately equsl diemeter. The celculabted
values of ip and gm, which were made using measured vélues of u end grid

contect potential, differed from the meesured values by ratics as great



@8 three %o one.

In eveluating these results ons must connidgr the possible
influence of edge effects. The Fremlin tube incorporated means for
aliminatiﬁg thie varisble, while the Russ %ube did not. In thc Russ
tube the length of the edge was much larger than thet of conventionel
tubes which suégesta that edge effects may pley en importent pert 1n'
determining the charecteristics of the tube. In apy event, it should
prove instructive to oblain experimentel results with a tﬁbo similar
to that of Russ, but with means incorporated to eliminate edge effects.
Such an investigation would help to determine the magnitude of the
orrors due to this variable. |

A comparison between caloulated end published values was
then mede for & number of oylindrioal element tubes. The dimensions
of the tubes wers teken from the factory drawings. The difference be-
twoen the oslculated and published values were os large as those found
in the plane structure tube. It wae thought thot in this cese the
errors were due principally te four feotors; first, deviation of the
struotures from circular form; second, the presence of the grid side
rods, with ettendent suppression of the flow of plate current through
ad jacent sections of the ;rid; third, deviation of the actual grid
contact potential from the values essumed; and fourth, deviation of
the aversge characteristics from the publishod values.

The effect of the grid side rods was then taken into acoocunt

by the method of Yeh (7), but large differences were still present.
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A semi~smplirical approach was then decided upon. Due to the
presence of the grid side rods, it was decided to regerd the tube sz a
plane triocde, with s central cathode, snd parallel grid and plete
structures on either side of the cathode. The cathode emlssion area
was taken, a5 a first approximation, %o be equel to the projected arce
of the cathode coating for each side of the-triode. The formulee for
the plene struétare tube, eqgs. (1) and (III) were then used. The
results were much better, espscially in the cese of tubes with Iai
ampl if'ication fectors. |

For comparative purposss, the charescteristics were alse

calculated with formules used by L. U. Hemvas (8), which ere

3
¥ L4:7X'O—6[ES+7ETEP] %2 Amps

Ay= _
P ln=r]li+k]¥%  Unitiength )
and
' <6 Le 1%
_22.0x108EgtaEpl®  ho Ko

9m [rg=-re] [_If;'{-]%’. Unit L-ength
The resulte of celoulstions made by the two methods are
tabulated below. In this tabulation a negative sign indicates that
the ealculated velue is less than the published velune. The percentege
orror given for each tube is the average of the percentage oirorw for

several different operating points.
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Comparison of Hemves end Fremlin Formulee

Tvpe | Hamves % Error | Fremlin % Error

6AQ6 nes 66,5 1 5745 ) |
12AT6 . 58,5 13.7 132 66.8 ) High u
6SF5 e 1.3 4.6 -20.9 ) Tubes
68Q7 Bt 6 52 11 %

638 s 0 9.4 0.5 )

606 a 53 8,8 @ ; Low u
9002 -40.6 -27.2 -21.5 -18 3 Tubes

The larger errors encountered in the high u tubes msy be due
in part to deviation of the grid contact potential {rom the value
assumed in the caloulations; i.e., one volt. It will be found, however,
that if the assumed contact potentisl is corrected tec a value fhioh
gives the corrsct plete current; the mutual conductsance caloulation
will remein in error. It would seem, therefore, that sources of error
other then deviation in the contact potential exist,

The remsons for these errors may be listed in part as:

1. Deviation of the tube geometry from that specified.

2. Mexwellien distribution of the emitted electrons,

not only in the megnitude of velocity, but elso in the
engle between the path and the cathode surfacs.
| (Notes The Child-Lengmuir formulae are based on the
assumption that electrons are emitted {rom the cathode

with essentially zero velocity.)
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3., Deviation of thoe oxponent from the value of three halves
usad in the Child-Langmuir Law.®
Another error in the equivelent dicde type of formule may be
shown as follows:
Let us divide eq. (III) by oq. (I), this gives us an ex=

pression for the ga/ip retio.

Im 2 ;
In. & = (vi1)
r 3lEy+4EL)

Eq. (VII) implies that the gn/ip ratio is inAopendent of the
tube structure 1’1' the amplification factor is mainteined constent.
Thie is contrary to experience reported by Hamvas thet the gm/ip
ratio is 1poreasod when the size of the grid wire is ‘decreased and the
grid wire spacing is decreasod the necessary amount to maintain the
u constant.

On this basis we may conclude that the use of the equivalent
diode with 1ts plate voltage determined only by the amplification fecter
end clectrode ‘voltagos of the triocde is not oompletoly correct, and
th;\t the dimensions of the grid structure should in some manner be
inoluded.

Mulbigrid Tubes
Only & beginning wae mede on the problem of multigrid tubes.

‘The methed of lHamves (8) may be used to evelusmte the equivalent diode

® The finite velooity of the omitted electrons causse the exponsnt

‘of the voltage in the plete current formula %o deviate from the value of

throe halves given by Child and Langmuir. This is most noticesble at small
plate currents. In fact, it will be found that the rolationship changes

from & power function to an exponentisl function at very low plate surrenis.
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voltags and the spaoe current, slthough the possibility of revision
to include the methods of Fremlin (5) exists.

- The ratio fo screen grid current to plete ocurrent must be
known in a@dition to the space current if the characteristiocs of the
tube ere to be determined.. Hamvas hes derived uﬁ expreasion for this
ratio from a number of quite remsonable assumptions. He gives for

the tetrode, neglecting secondary emission

, " 3
Aog Ma2Eeq+Ep /Z i
$9=C,[ flaBaatEe (i)

Vhere Cj is e function of the tube geometry
ug is the emplification factor of the scoreen grid-plate triode.

and for the pentode

i;ea:ca[ Ma (14 43) E sq +Efé | (Ix)
Ap "L+ u2)(i44s) Ep

Where up is the amplification factor of the soreen grid-suppressor
gr;d triode |
uz is the amplification factor of the suppressor grid-plate triode.
Roths and Kleen (9) divide the plate characteristio of &
multlgrid tube into two regions, one in which some of the electrons
injected into the screen-~plate space return'to the soreen, end ancther
in which all such slectrons are drawn %o the plate. In tho first

reglon they give the ratio of plate current to cathode current as

ie.r [Es
Ak Cj\/ & -
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snd in the second region, for the tetrode, the plate-soreen grid currsant

ratio am

; = |
-’,-'-P-:.‘CA = (X1)

Bg. (XI) is modified in the omse of the pentode to

e =, | aEp+ dEsg (x11)
Asg (1ta+d) Esy '

whore
« ie the "bumhgrn‘r' of the plate through the suppressor grid
d ie the *Durchgriff® of the screen grid through the suppressor grid.
From eq. (XII) Rothe end Kleen derive & semi-smpirical reletion-

¢

ship for pentodes,

o 1&} © (xum)

where b 18 a oonstent determined by the geometry of

the tube,
From eq. (XIII), since Rp = _QEp ., they get by integration
, 3 1p
ip = O £(Eg, Bsg) Y Bp (XIV)

where £(Zg, Esg) is a function of the control end soreen grid

voltages and ie independent of plate voltage.

While time was insufficient to verify exporimentally any of
the above formulss it is evident the% much can be done te investigate
i:hairlvaliditya Az e preliminary step, data taken from published curves

was used to plet ocurves of ip/isg va.ﬁp: enéd ip/ik vs.(Ep. The
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plotted curves were essentilally broken straight lines, which would

satisfy egs. (X), (XI), and (XII). Similarly, plots of ip vs. Ep

wore made on semilog paper. In order to satisfy eg. (XIV) such

families of curves should consist of parallel straight lines. No
ocnclusive results were obtained. If any such curves aré to be used
a2 & besis for conclusions regarding the formulas presented, they
ghould be‘bnséd upon experimental rather than published information.
Besn Tubeg ,

Ro investigation was nade of beam tubes, but a partial survey
was made of the avalleble literature.

Terman (10) gives formulee for the potential distribution
between the screen grid and plate for various conditions of plate and
acreen voltage, These formulee, however, do not appear to be appliceble
to design problems. He also gives an expression for the maximum plate

current which may be pessed through the screen gride-plate region.

This is

- 7 3
23310 °[Esg + E2)” Ames (V)
APmax™ ‘Q;P Unit Arega

where lgp is the grid plate distance end the area
is mecsured in the same system of unite as lgp.
While the formulee given by Terman ere not identified as to
the kind of structure to which they apply, the form of the expressions
indicate that they asre applicable to plane structurs tubes.

Schade (11} gives an extellent exposition of the operation



and design considerations of beam tetrodes, but with little concrate

data.

Converters and lMizers

No work was done on converters or mixer tubes.

Countersigned \ E%oﬁ;{:f / 3. Kzﬁ‘fw%.:- 946
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Homgnelature

2 = "Durchgriff® of plate through suppressor grid
b-a oonatént

Cps Cgo Cgs Cp - constants

a4 - 'Dufchgrifr‘ of screen grid through suppressor grid
Eg « gontrol grid voltage

Ep ~ plate voltage

Esg - soreen grid voltage

ip « plete current

ik - cathode current

isg - soresen grid curront

ga - mutual ooﬂductanco

ig -\grld—oatppdo spacing to oenterline of grid wire
ip - plate-cathode spacing

lgp - grid-plate spacing

rg -~ radius of grid to centerline of grid wire

rp - iﬁside radius of plate

ro¢ - radiue of cathode over cathode coating

Rp - plate resistance

u - amplification factor
/923 - /92'from Langmuir's emission equation based on cathpda and grid radil

.;Q%P -/32 besed on cathode and plate radii



Bibliozrevhy

Diodes

Q)

Triodes

(2)

(3)

(¢)

F. B, Terman
*Redio Engineers Handbook® lat Ed. MeGraw-Hill Boolk Co.,
,
1943, pp. 286-289,
Givea curves of diede plate current for plane and oylindrical

diodes.

Bernard Sal zborg

*Formules for the Amplification Factor of Triodea® Proe.
I.R.E., Vol. 30, p. 134, lMarch 1942.

A methematicel derivation of the amplificetion factor of
triodes in which the grid wire spacing is comparable with
the grid wire diameter.

F. B. Vodges and F. R, Elder

*Formulas for the Amplification Constent for Throo Element
Tubes® Phys. Rev., Vol. 24, p. 683, December, 1924.

A methematical derivation of the amplificetion factor of

. triodee in which the grid wire spacing iz large in ocompar-

ison with the grid wire diameter.

Y. Kusunose

*Calculation of the Characteristics and the Design of Triodes*
Proc. I1.R.E., Vol. 17, No. 10, pp. 17061749, October, 1929.
Application of the work of Vodges and Elder (3) to actuel tube
structures with numerous examples.

A summary of references (3) end (4) will be found in Termen (1)

pp ® 304-307



-1 ‘-

(6) J. E, Fowler
*Amplification Factor Cherts for Triodes®, D. F. - 86914,
Electronic Tube Engineering Div., September 1946.

(8) o He Fremlin
*Calculation of Triﬁdo Constants®, Eleotrical Communications,
Vol. 18, No. 1, July 1939,
Derivation of plate current and mﬁtual conduotenoce formmlae
for triodes with experimental confirmation of-roaults.

(7) Chai Yeh
'The Effect of Grid-fupport Wires on Foousing Cathode Emiesion®
Proc, I:R.E.;, Vol. 30, No. 7 pp. 444-447, July 1946,
A mathematicel study which gives a formula to determine the
angle on the cathode over which emission is prevented by the
pressence of grid support wires.
Hultierid Tubes

(8) L. ﬁ. Hunvas
*Denign of Multigrid Tubes®. Sece appsndix.

(9) H. Rothe snd W. Kleen
*Stromverteilung® (Current Division) Die Telefunken-Rohre,
No. 6 pp. 1=23, March 1936. (In.Gormun)
A study of the division of aspace current between the positive
grid and the anode, with e study of pentode charagteristios.
Besm Tubes

(20) Termesn

(1) pp. 289-292

Formulae for the potentiesl distribution hetween ths screen



«l5=

gridAand plate in beam tubes, with an expression for the
maximum plate current possible for given conditions,

(11) 0. H, Schade
"Beam Power Tubes®, Proc. I.R.E. Vol. 26, No. 2, pp. 146-
169, Fsbruary 1938,

Description of operation and theory of beem tetrodo.



DESIGN OF MULTIGRID TUBES

This paper attempts to give a few formulae into the hands of the vacuum tube
designer, without the precisions of purely theoretical computstion. The derived
formulae hold only within practical limits and under clrcumstsnces which are common
when working on or with receiving tubes. They will give, under ordinary cireum- °
stances, solving such problems which the designer has to face dally, very accurate
results. - |

I, EMISSION CURRENT OF MULTIGRID TUBES

In the well known emission formula (Langmuir)

; I, =KE*

The £ 1is the effective plate voltage which was computed (Berkhausen)
in the following way:

There is 2 homogeneous electrical field in the nelghborhood of the cathode,
which should be marked 7/~ . If we disregard the influence of the space charge,
we can compute A for a distance  from the cathode as /£ = £Q

where Q is the charge upon the.unit length of the cathode. This Q might be
expressed in case of oylindrical diodes as -

) Gl=C&
where C 1s the capacity and £ the potential difference between the two electrode
In case of cylindrieml triode we can say similarly:

(2) Q=G le +QE

where 4%— and . are the capacitles of grid and plate,

while Ey and £, are the potentials of same,

Take ' ;
(3) f%=ﬁ
and with good approximation
(a) (=G + G

then we get (from 1 and 2)

LT S
: C o o
(also with 3 and 4) /£ = _C_.g EEM"C;’E'; = ERICﬁ +* .CLE‘/_’..
Cor - <
(5) & Cp /+ Z_;- /+ _Cérﬁ
£ = :é%{__ + D Ly



Barkheusen assigned a name to this "D", calling it "Durchgriff". The reciprocal
¥Walue of this "Durchgriff" is called amplification factor in the imerican liter-
ature. Let us use its symbol: « and thus

Lapoor J=i
Thus 5. can be written X
&+ a

the well known expression of the effective voltage .

In most of the cases A« 1s large compared with unity, thus some authors - Van der
Bijl, for instance - use the formulsa simplified

L
s ﬁEB:"' Eg £ s
Let us foilow a similar way when considering a screen grid tube

¢ G- oy s
and calling ?S._ﬂl ; Tﬁ‘ﬁ,z | and e ﬂj
and acsuming that C = Ggx G+ Cp , then

E = Sgle + & & +CEy
. Cgf*ﬁ CS+C/° = A
. C ()
WS S 42, & fr. .,
/"'Zi"‘—& /+5s 4 So _fc .,./.,s_.(.ﬁ.
.Y i S s s
5g ﬂl ES i -DIDQ EP
/+0,+» T3 ! +0,+ 1, /+,+0,0,

OOnsiderin; that ] and ]] are negligible in addition to unity we may

write:
V)
o g pddykbe + L0, £,
(6) /+17
Even D, 1s usuallysmall - 2-107 and thus it is possible to say ZAa7
& =Eg +D, Eg + LD, &,

the very same formula, that was used by Schottky for screen grid tubes.



We want to express 6. with the famillar terms of the amplification factor instead
of those of the "Durchgriff", therefore we will take

/ A
/A < and -172 = Jq, e .
and then (7) E ng -~ /‘“L ES +/4,/a,_ Eb JL*EL’" /“’*
/f;zz e
Observing this formula and comparing it with the well known formuls for three element
tubes, we see that the axpression

é;s /“2

took the place of the plate potential. There is a striking likeneses between the
following two expressions: -

e o E/o

The interpretation of this likeness is: (See figure).

‘ , The screen grid tube - C - might be considered
( as a three element tube - A - where the plate
15 ie in place of the screen grid and the plate
- voltage ls computed as the effective voltage
in - another - three element tube - B - where
A the screen grid took the plaee of the control
grid*

This interpretation enables us to find & suit-
able formuls for pentodes

/noZe  *The way Barkhausen arrives at the emission formula for screen grid tube is very
similar to ours ’

; Let us call
& & A4, for amplification factor between control and screen grid
§ Ha v v " " screen and suppressor grid
Paw Rt " " suppressor grid and plate

and write 7, in the following form: 2
A dht B
P .
‘/"'Oﬂ’( /7"/“/




’

Egol *
“p M3
Pentode = /.,./(,41

i
and then, as per analogfam é?e~j7

The effective voltage formula can be computed by simple reasoning for tubes with
any number of grids, as follows:

Let us write the triode formuls #Hws <o
X /f-/u

and consider the tetrode es a combinetion of two triodes:

'

1. Cathode - Sereen grid - plate
. 2. Cathode - control grid - plate in place of screen grid

In the first triode: (
£, X2 b

2 !+ .
In the second: iy bg +E£,
‘ ¥ ¢ /:i*-’-cs.p__ M Eg + /4—/14,_; _
&5 1+ p, s =
- L At bt Eg 4 £,
L Orp)itm,)

L

The same reasoning for peantodes:

1. Cethode
2. Cathode
$. Cathode

Grid #3 (suppressor) - plate
Grid #2 (screen) - Plate in place of Grid #3
Grid #1 (conmtrol) - plate in place of Grid #2

Then in tube 1,

£ = M, £y + Ep
\
. ‘3' P /-ﬁ/(43
In tube 2. £ M ‘ . . 5
| Frzp s L22T T A
/#;A(Q ]
In tube 3. ' @p

E; = /“‘IEI + /‘("'é; * /o
12,3,/ X";_—’\

P 2
- kY G VA 2 (It ) £
N T s LN

¥
Q
T
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We used the expressions "Control, Screen and Suppressér Grid" But the grids can
be for any purpose, of course, for instence: :

#1 - Space charge grid
#2 - Control grid
#3 - Screen grid

The same reecs oning holds also for tubes with n grids (n + 2 element tubes), Then
the formula:

E /4///*/‘" T4 3) (/%")E‘ */“3 (/*/“A) (/*/“m)f oot UL, E E "'f;:,
78 TLAYtpn) o (11 pan)

The tetrode is a four element tube, therefore,

#=p =2
-and the formule
£ M (FMDE, +uy E, + Ep
w = (/-/-/u,)(/-f-/a_‘_)

This is a more precise formulas then 7, because. there we assumed thah ;fg is very
small., Taking the same assumption here, we get:

A / gk
T+, =/ e /'*YAJZ ;}://‘4‘
é-l.y=/4,51+ %LEZ /74, /L(E +£2+ 78;.
I+ AL, /A,

z —
2 +/

the formula which we derived previously

Having derived the effective voltage formula, the emission N\ of the tube cen be
computed: ]; =KL 2

where £ is as given above

In tube designing, however, the emissior, et a whole, interesis us but little., It
1s the plate current, and its changes to which we have to pay our attention

II. PLATE CURRENT OF MULTIGRID TUBES

In & multigrid tube
T2 ely+ ooyl -k £

where ' E’ /4,(/%,,).,.(/7«,.)5, Fo Lt B A Ep
T Gl




()

i ol

In a screen grid tube N=2

and, since the control grid (grid #1) is generally negatige wrgeinrst the cathode
thus not drawing any current , = =
. Lg =4y 4, /
The ratio of the sereen grid current-and plste current depends upon the dimen-
sions of the screen grid and the plate and the voltages used. Actual tests
show, however, that this ratio is independent of the conmtirol grid voltage. Let
us cell the ratio of the screen grid current to the plate current B. Then

J'S=£+j;.-ﬂf£)j;:0+_8)_/; ;

' The pure scientific derivation of this B function leads to very great difficulties

Therefore, we will attempt to make re.scnable assumptlons in order to arrive
at a formula, which will enable us to figure out the ratio close enough for
technical purposes

1st assumption: The current-tsking capacities of grid

#2 end plate are proportiomal to their
active surface. The active surface of
the grid is the crosgs-sectional surface,

"multiplied by a factor due to the space-
charge around the grid wires, that of
the plate is the actual surface, 1ess
the shadow effect of the grid

Let i
~ - radius of grid #2 (center to center of wire)

7 - radius of plate

£, - length of grid #2

4~ - length of plate

d, - diameter of grid wire
M, - turns per inch of grid #2

a - factor, showlng the growth of the grid wire
due to the space charge ‘

We cen express our first assumption:

B (' 2("'77d 73 ZQ \_( dd,_ ’”’\-la’fz. .
]TQL - 2w, T, n, 4, !, é; = tpy Ay 71 4
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) Let us take that plate and screen grids have the same length. This can be
supposed, the more so, since the additlomal pari of the grid hapg very little
effect upon the ferformance of the tube. But then

_B:(’am"-_. n’;_
’ /

—Arn, Y

2nd assumption: The ratio of the currents is inversely
proportional with the square of the
radius, which expressed:

B(ﬁ__
2 5

3rd assumption: The ratio of the eurrents is proportionel e
with the 3/2 power* of the ratio’acting Of e
voltages which assumption can be expreseed

5 - ( A ;-"Ep 5/2
LR )E,

All three assumptions combined will give us:

j FoAgm, o [l +,./%
’ /—Ayma C"/“;)EP

et»+% *The 3/2 power is universal in emission problems. - :

A can be estimeted from actual measurements, and since all other quantitias are
known B can be calculated -

The formula, however, will not cheeck, meinly begause the secondary emission was

not taken into comsideration. We wlll not attempt to find a formula for computing

the effect of the secondary emission, but will consider it as a factor, which

combined with A, will be called m ir our further investigations. This m is a semi-

constant, which either does not chanze at all or but slightly with slight changes

of the grid end plate comstruction, does not change with the control grid voltage,
‘ and, ehﬁa‘es considerefly with the screen grid and plate voltages

We will see in the third pert of this paper, how this m should be eatlmqted

Thus, the formula of the plate curremt for the screen grid tube will take the following

form ' : b z/j/A /75ﬁ&)£? ? o, £, 1#151/7
Le 1+, ) (11,

2 my e [ 0 Ex *& 7%
/Ay n, e
s P 3 ‘<??uz)¢%
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Having the formula for the plate current, we can get the mutual conductance by

differentiation.
G A
m &,

Exactly the same method can be used when computing pentode characteristics
the plate current will be (since the suppressor current is generally 0):

PRI WYL
[ (1141 )17 1)

i 5 [l s :
[—dymy Vo [ (15ug) A py) Ey

In order to simplify the expressioms, we will imtroduce:

Z,v = plate curremnt for screem grid tube
I, = plate current for pentode
Gy = mutual éonductsnce for screen grid tube
6, = mutual conductance for pentode
Ev = effective voltage for screen grid tube
Ey = effective voltage for pentode
P4y = ratlo of screen grid current to plate current
in screen grid tube
ZBy = ratio of screen grid current to plate current
in pentode
k74
i) Z‘ =K _EL
Then we have: 4 By *! p
S
if w2t
/ v 3Y -l % -
Pt (N
(34 2 -Bw +/ /-f/u,
£
G 2~ 2 k'—!—' A
v b, /4,

As for plate resistence and amplifig:tion factor: AB,, 1)
___/. 3 Dlty L/<[ 2 (I+/44;)//*/4d,7 —E.IV ?Ep

?\v a P (‘BH’*/) y"’)
/ S 22w i) -£,
— = SX¥ - 2K £3 e 7y —
7?’ 2 E, @y-fl) ‘
e B ) ,
HMw = GIV?'V W Bt E >(.B,r+r)
(Hpa )12 25,,
Y R v L £ 300

CtaXsp )iy D &,

Then
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Thus, we have all the formulae which are needed to caleulate tetrodes

and pentodes (it is a comparatively easy matter to extend the formulae
for sextodes, septodes, etc). Still, their use is very limited until

we have the method of finding the vslue of B. This method, with a few
other very important fa€tors should be diecussed in the third part of

this paper

: III, PRACTICAL APPLICATION OF THE FORMULAL

‘Though, in many cases, the ehove derived formulae will give results, which
are very close to the readings on manufactured tubes, still, it would be
entirely wrong to expect perfect results in every case, There are so

many factors which were not tekern into consideration

Some of them were left out in order to save very complicated computstions
as for instance, cooling effect of cathode comnection ocurrent taking cspacity
of plate and grid lesds, gas remsinders. Some were left out because they

‘ carnot be expressed mathematlcally; for instance, the influence of the

’ different coating materiulq, ectivating process, unevenness in manufactur-
ing, etc.

To compensate for these uncontrollable variables, I use the following method:

Let us suppose, that we have a triode, the dimensions and electirical char-
acteristies of which are known. We have to change the grid diameter, for
certain reasons, ard want to know what changes are required in the number

ol of turns of the grid in order to maintain the origimsl amplification factor.
I take the simplest formula to compute the amplification factor (Van der Bijl:

Mm = CArn?*+/

and substituting the known vslues for u, d, r and n, compute the C, whlch is
not exactly the same for every type of tube. Then with this C I will compute
i the new necessary n. This method is much more accurate than Teking C = 33
(the factor given by Van der Bijl for c¢ylindricsl construution) because it
takes the special individual chsracteristic of the tube into consideration .

PRASNARIAANA

When computing tetrodes or pentodes, we have several such constants in our
formulee. It will depend upon the problems we have to solve: Which of these
constants (or semi-constants) shall be figured out. . For instance, if we want
or are golng to change the ratio of the screen grid and plate current, the
first thing shall be to find the actual value of m. In amplificatlon factor
problems the 3 (B+/)

, Jd &p
constant will be important. CSometimes K has to be checked, etc

s
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The first thing undoubiedly will generally be to determine the real control
grid woltage. Ve know, that the voltage we apply to the conirol grid is

modified by the contact paotential,

That is, a tube with <3 volts on the

grid end having a contact potential of 1 volt positive, will act as a tube
with 0 contaet potential operated with -2 volts

In the examples we used the followimg method to determine the voltage which

has to be added to the measured control grid voltages:

) 4 Let the control grid unconnected and measure the plate current

2o Connect control grid and adjust its voltage so that the plate

durrent should be the same as read previously.

This voltage

will be the ome which has to be added to the grid voltage but
; For instance, we read -1.4 volts, the
A ‘ used grid voltage is -3 volts, then the reasl control grid
j voliage is -3 + 1.4 = -1.6 volts

with opposite sign.

Computing the K im the emission equation, I used the constant given by
Langmuir (0.00000233). Instead of using the inside diameter of the conmtrol
grid, however, I used the distance between coated surface of cathode and
inside of grid, snd not tekenm imto consideration the /3% of the origimal

formulea

Computing the partial amplification faetors of the grid, Var derBijl's

—
>

All distances are given in 1nche§. and currents in amperes

formula wae-used, teking 33, its constant for concentrical comstruction

Let us compute the plate durrent of a 224 tube as first example. The data is:

dl
d2
h nl
n2
; , 1l
Yy \ re
! % #y
rg
rp
B
Bl
B2
Ep

LU

W3 a poupb 8p e

008"
.006"
86

56
625"
.045" -

.075%
.145"

.406"

.182

=3 + 1 =2 =2
90

180

Computing the partial amplification fac}ors:

i, = 33x,006 x,070 x26° 4/ 2002
2 ~ 33x,006 x/R6/ xs6€*+1 <= /63

Ma
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The effective voltage:
~10,2x/64 32 + 63590+ /$0

£y = ‘ /102 x/6 4 =627

The plate- current:

' %
T 6,27
J‘ = 2/33)(2_// )(/625' ’ i = 5 o
» 4030 x 0 ® xl,/ng/ i 0405

Observed plate current: ,oo4oo0
-Anoﬁher example: Cohpute the plate current of the b 7tube:

dl = .003"

a2 .004"-

43 .008"

nl = 46

n2 = 40

nd 19

re .026"

rl 042"
| re = . 140"

rd 210"

rp 408"

1=~ .625"

El s =3 + 1.4 z -1.8

ER2 & 100

B3 = 0

Bp = 250

B =z .25

| SR (I TR N B S |

]

The pig{?al amplification factors:
/ ¥ U,z 33x. 003 %, 09§ Y46 +/ =22
AT B3 x.004 %.072 x40* +1 = /€

Mg = 33x,006 x,196 x/19* +; = /%

The effective voltage: :
L =2 x /7 %/ @t xlExs00 F RS0 g &

Ev': ! 23X I7%/6

The plate current

A
T 2.33x20 %, 628" 24>
o~ ,016 x/0€ /726

T, 00/73
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Observed plate ecurrent: .00200
iWhen designing a tube, we gener 1lly face problems like the following:

4n experimental tube has its plate curremt off, what should be done in
order to bring the plate current to its proper value?

In problems like this, the operating voltages are set, the length and dizmeters
of the different grids and plate should be changed but slightly. We usually
try to change the pitch of the control grid first and make other changes only
if we cannot get the proper characteristic.

Let us take as our next example a power pentode. A few sample tubes were made
with the follewing data:

m, = 24
X « .002513 (computed)
pl = 3.4 (computed)
M2 = 9.4 (computed)
pé = 2.3 (computed)
Il = -17.5 + 1 = -16.5
T2 = 162.5
83 = 0
Ep = 162.5
I2 = .0013 (measured)
Ip = .023 (measured)
B - .0565

The effective voltage is:
349 x10,4%x3,3x/65 +24x33x/62.5 + (625 = 9 44

LC:/: ) 4.4 x/0,4x33

The plate current computed (to check the formuls):

ez
244
L, % oe2sE ooz =084

which is very close to the messured plate current. The tasek was to change
the turns per inch of grid #1 so that the plate current should read .017.
We proceeded as follows:

K will not change, neither will B. The only chenge wlll be in‘the amplification
factor #1. Thus we can write: Y
4

3
’ ,do06257/3 ’
=~ ., 0/7 3
IV 7 . /. oS&S é’:

2/
£,z fot2xtos6s 703 —~/o4x33a S, + D43 3K 2 ¢
¢ 0002573 ‘ - Q’,«-/u,)/a,415,3

M. = 3,97
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This is the amplification factor needed im order to get .0l7 plate current.
But then the proper turns per lnch can be computed thus:

3/97 =33 )(10‘)3)(,04/4'11-/
N> 27

‘

-

‘Tubes were mﬁdn with 27 turns per imch. The observed plate current wes .017 -
exactly what we aimed for.

Sometimes it will be very herd to figure out the amplificatlon factor of a
grid, as that of the control grid of a soscalled varieble A/ tube

Our next example will be such a tube, the 58, This tube is made exactly like
- the 57, the data of which was given in our first example, the only difference
being that the piteh of the comtrol grid is not constsnt. It wes desired to
know the empdification factor of such a grid. Since the combined plate and

" sereen grid current was measured az 00863 amps:

3
f s.00863= 000572 [~17x/exléH /# xskx 708 +2£i]
s ‘ /7 x /6 x(7+ M)

out of which the amplification factor:
; M, 2l 8

As soom as we have tiis figure - all the rest being known - we can compute
the mutual conductance of the tube: »
6‘ 3 .000 572/-7//'-9;«/7)(/6 x46 +/éxlbx/00 * 2850 x /%l

= — — : O045¢E
A NP 12,5 x194/6 Jz.g 7 BN ER

while the observed Gm = ,001600.,

Since the mutual conductance:

27
é;h = —'7;g§~

the negative value of the square-root had to be taken,

This mutual conduetance checks excellently, if we consider that the mutusl
conductance of tubes, made in regular production will vary 30-407. Mutual
conductances, when figured with data as given in our first exemple, for
instance, will show lower valve than when mzasured '

Let us return to the 57's

4
. A £ 22
5,,, = 2K 525 23 T ,007055

\

while the published mutual conductance is .001225.
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Celeulating the 224's we get .000882 instead of the published 1050.

Caleculating the power pantode mentionéd in one of  our previous examples, we
get .001510 for mutual comnductance, while the observed data is .001400.

Our next example will show the computation of the amplificatlion factor of a
tube. It is evident that the amplification faCtOP of a tetrode or pentode

is not independent any more from the plate woltage as it was in the case of

the triodes, since the ratio of the screen and plete current changes with

the plate voltage. In vain will we try to get the differential-quotient of

B, since 1t hzs a variable m which is an unknowr funetion of the plate current.
Therefore, we computed the differential quotient of B, thue: measurlng plate
and sereen curreat of the 57 tube at 260 and g40 plate voltage and taking
their ratio, we found

’Bzéo 2y REE ana B, =262

Then: AB ,262 —,258

A&, 240 -2 60

= — 0000

which is the differential quotlent at 250 volts. This could be done, because
the curvature of the B 2 £ (Zpy curve is very slight.

Knowing this differential quotient, the plate resistance can be compufed '

with the formula formerly given _db,,:) : = (B, +1)
K E -+ )1 A) (1 4) Y 2Ep
?y ( v -I~/).L
a
. 2 (:E; +/)
Ry = BKE””‘“ B, - £, RICAL
(1)1 pgy (14 43) 2 &

or substituting numerical values:

P . 2x/o 45‘ = 3,59ﬂaoo
P~ 3;572x/63 —L285 2,645 . 0007
é625¢€

and the amplification factor:
m TR, Em = 339 x/055 = 3575

The amplification factor ranges between 3000 and 4500 on manufectured tubes.'

It waslsaid, that the B is independent of the partiesl amplification fector of
grid #1. Then its differential quotient is also independent and thus the
same figure can be used on the 58 tubes:

‘ -
2 % /0 X 1 s &£9200,

Rp - =
i 3x572;247 _;/4'_2—05 +6,/%.0002 '
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end the amplificatlon fuctor:
M 3 892006 x 00/ 560 = /392

Obesrved Botween 1000 and 1400.

In our last example, we will confront & rare problem. It was desired to make
58's where the ratic of plate end sereen grid current should be different
from the usual. The turns per inch of the screen grid wss changed from 40 to
§6. The formula for computing the ratio of the screen and plate current wa
given: '

B = om i'_{i "/‘e /(9_(/7-/(43)5’- +E&, /&
/—an £ Q*/“z)(/+/aa) Ep ' \

Since only n was chanzed, the formuls might be written

B=C & S (1 A + Ey T 27
= (Vr pua)( 1% pay) By

Calculating thé partial smpdificatlon factor for 40 turns per inch

My =33 x,004x,070x40+/ /8, ¢

for 56 tubns per inch j
Mse = 33 x, 0049 Y,070x856 4/ =30

;
Calculating C from B = .25 and n =z 40: ’ 3
o 76,8x/6 x2 806 =

i otk i) c/ = 5¢

‘00 4 x40 /5,8 x16 x 100 +2 5%

Then

/—,0049xr56

- 3
,B 3 AL 004 x5 6 /"30,./6;&/00 +25¢]é:/595_
74 ’ B/x /6 %256

- 8ix tubes were made with these grids and B varied between .375% and .446,

with an avenage of ,397

|

¥ .

Since the derived formulae are based on theoretical assumptions, they hold
within very wide limits., Limitations have to be taken into, consideration
mainly on account of:



X
Y

1

1. Deviations ir menufacturing processes

2. Deviatlons from the constant .00000233
.8ince this holds only for cathodes,
the diameter of which ie much smaller
than its length and where ~ >/7 is,

) Ve
3, Deviations of the actual vslues of the

pertial amplification factors from their
computed values

\

If we are afrald, that on account of these devistlons we will get deceiving
resultes, we can eliminate them, with the method shown in the last example.

%

i Tem
The*shove paper was writien about sewem years ago and never published because
we did not succeed in proving the validity of the assumptions on which the
calculation of B is based.

- During the past years the writer and some of %his associasted (Dr. Kimball,

Dr. Wright, Dr. Jervis and others) trled im valn to evolve & sstisfactory
formula for B, The' main trouble with the one given in the paper is that
since it is a sehiempirdcal expression 1ts differential quotient hes very
1ittle meaning. ‘Hence, the caleculation of Rp and &4 is not adequate

Many other people emdeavored to find a formula for B (as f. hb.Schottky with
the “Telefunken" Company) without result

When using the formulge 1n conaaction with beam constructions, proper csre
should be exercised to take thie unusual properties of such tubes into con-
sideration : :

LUH: LRG

4-20-44
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