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CALCULATION OF CHARACTERISTICS AND
THE DESIGN OF TRIODES*

By
Yvuziro KusuNosE

(Electrotechnical Laboratory, Ministry of Communications, Tokyo, Japan)

Summary —The primary object of the paper is to present a simple method of
designing triode vacuum tubes. It comprises three parts; the first part deals with the
calculation of characteristics and constants of the triode from the electrode structures,
special considerations being taken for applying the formulas already established for
tubes of complicated structures. In the second part the derivation of various working
conditions of a triode from ils static characteristic is treated, in which the writer
worked out a graphical representation of d-¢ and a-c components of the anode working
current al various working voltages. 7The resulting dynamic characteristic diagram
©s applicable to any type of triodes in evaluating the working voltages, currents and
powers, whether the tube be used as an amplifier, oscillator, or modulator. The third
part presents the designing procedure for a lypical case in which the useé of the triode
s indicated and ils power oulpul is given. Iirst the working points are determined
on the dynamic characteristic diagram so as to give the required working condition;
then all the quantities arising in the operation are known in their relative amounts.
The type of the tube is selected belween the high-impedance type and the low-iin-
pedance one, which necessitales technical and economical considerations. Then all
the quantities are known in numerical values and characteristics of the tube are
determined. The electrode structures are calculated to give the required characleristics.

The present paper, being un abridgment of a paper published in Japan,' is
primarily intended for presenting a stmple method of designing triodes.

Part 1: Computation of Characteristics from
Electrode Structures

f | YHE well-known space-charge equation?
1. =Ge,3/? 1)

applies to diodes in actual cases, when it has a cathode of uniform
potential all over the surface or when the anode voltage is very high
compared with the filament voltage. This equation may also be
applied, in ordinary cases, if the anode voltage is referred to the neu-
tral point of the cathode, or when the filament is lighted by alternating
current.

* Dewey decimal classification: R 130. Original manuseript received by the
Institute, April 9, 1929. X

1Y, Kusunose, “Calculation on Vacuum Tubes and the Design of Triodes,”
Researches of the Electrotechnical Laboratory, No. 237; September, 1928,
(written in English). Published by Koseikai, No.1/1 Yurakucho, Tokyo, Japan.
(Price about $1.70).

2 I. Langmuir, Phys. Rev., 2, 450, 1913.
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Kusunose: Design of Triodes 1707

When the cathode consists of a filament heated by direct current
at a terminal voltage e, the above equation must be corrected for the
non-uniformity of anode-to-cathode potential difference along the
length of the filament, and the modified forms® are as follows:
for e, <e;:

1 AL 2
o= 3G—e? = §Ge,?/? <~—> @
s €
and for e, >¢;:
1 €s 5i2 € \ 5/2
= 1o eyl =100 | (2) - (2-1) 7] @
(7] e €y
The two equations may be reduced to a single one, as
e
io= e g (), )
€

The constant G which is to be called “perveance” is determined
from the electrode configurations, and in case of cylindrical anode,

A
G¢=2.33X10-5—- (5)
R

in which A =effective anode area; z,=distance of the anode surface
from the axis of the cathode, or radius of the anode in this case.

L
( m’
Xa L y
Jnode filament
Fig. 1—Effective area of plane anode,
All the quantities relating to dimensions are to be expressed in

centimeter units, and those relating to electricity in volts, amperes,
ohms, watts, etc., unless otherwise specified.

3 Van der Bijl, “Thermionic Vacuum Tube,” p. 64, 1920,
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The writer has found that the above expression of G is equally
applicable to anodes of plane forms, if the effective anode area is taken
as that area comprised in the breadth 2z, along the filament length
projected on the anode, as illustrated in Fig. 1.*

Tr10DE CHARACTERISTICS

In a triode, an anode voltage e, and a grid voltage ¢, produce as
their combined effect a certain strength of electric field around the
cathode, and the same electric field ean be produced if a single anode
exists at the grid suface and is at the potential*

_ea+kea
14k

where £ is the amplification constant.
The electron current is mainly governed by the electrostatic action

e,’

(6)

2,0~ -0 <3
(o]
(o]
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!
Fig. 2—Za=(Z1+25)/2
Zo=(Zs+7Z4)/2

of the system of electrodes, and if it be assumed that the two cases
above cited give equal electron current, the characteristic of the triode
* This has lately heen proved theoretically by N. Kato and S. Koizumi.

1021‘ W. H. Eccles, “Continuous Wave Wireless Telegraphy,” Part I, p. 338;
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will be expressed by the following equations which are obtained by
replacing e, in (1) and (4) by e,”:

i=(e,’31? )
!
_ageniz. o 5
1=3Ges 2 f (8)
ey
in which f(e,’/¢;) may he obtained from Table 1.
TABLE 1
i | st
0 | 0
0.25 0.031
050 0.177
0.75 0.414
1.00 1.00
1.5 257
2.0 1.65
25 713
3.0 9.94
4.0 16.51
5.0 241
6.0 32’5
8.0 53.0
10 74.0
15 138
20 211
10 622

In this case
grid surface area
(G=2.33X10"*

.2

and for cylindrical electrodes, grid surface area=2wx,l and anode
area =A =2rz.l, l being the effective length of the electrodes.
Hence

P

G=2.33X10"°

Tal,

in which z, and z, are the distances of the anode and grid surfaces
respectively from the cathode axis. But the writer found by experi-
ment that in case of triodes having cylindrical anode and grid, and a
cathode of other than a single axially-spanned filament, such as
V-shaped, the values of z, and z, in the expression of G should be
replaced by the mean shortest distances from the respective electrodes
to the cathode z, and z, which should be taken in such a way as
illustrated in Yig. 2.1
Then generally

A
: )

242,

G=2.33X10"°

t This can be verified by conformal transformation and integration as
worked out by S. Koizumi.
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U V-206 (r.c.A)

228-A (estern

S -5 3 (Nihon Musen)

Xg=2.0 2171 A=I03
XAg=0.98 247069 €=I|

A=173 ZFE120 A=148
Xg=1105 2F0.50 6215

XF=217 ZF2:46 A=146
X098 25067 €=I5

1 mA
F100

1
m
r500
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Fig. 3—Calculated characteristics of tubes with eylindrical anode and

V-shaped filament.

A
Caleulated with G =2.33X10°% |z

(

| %2;
| 4
Observed points z. |z
XX,
ANODE. GRID CATHODE
-5, .
v |7‘{M TP=—16 {
— o
3.15 c%u-.025 l
.56
=4 -2
Clungsten
Za=Xa=116 zgzxsa.zs " )

Fig. 4—Electrode dimensions and effective anode area of type UV204 tube.
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This expression may also be applied to tubes with plane forms of

anode and grid and in this case evaluation of the effective anode area
A should be made as deseribed before (Fig. 1).

z -
5| Fuvzos tgf
q
l

R

150

EERENC AN EEEEE
100 Gt - I A«fI

5ol

0 20 40 6o v eg
Fig. 5—Calculated characteristics of UV204.
z at eg =1500 v
Ohserved points,* ¢ “ =2000 “
0« “ =2500 “

Example 1: Calculation of characteristics of triodes by equation (8),
one with the value of G obtained from expression (9) (full lines in Fig. 3),
and the other with ¢ =2.32 X10™ A /z.z, (dotted lines in Fig. 3). Ob-
served characteristics (points in Fig. 3) show the validity of taking the
former expression of G.

Example 2: Evaluation of the effective anode area of a plane anode.
A triode type UV204 (manufacturer: Tokyo Denki Co.) has dimensions
as shown in Fig. 4. The effective anode area ohtained after the principle
described above is A =2X(8.45X(1.5+3.5)/2)=42.3 and for this area
G =0.446 X103, 1f, on the other hand, actual area of the anode surface is
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taken A’ =2 X(8.45X5.17) =87.3 and for this area G’ =0.965 X 10"%. 'T'he
characteristics are calculated by equation (8) for both and are plotted in
Fig. 5. Observed lata shows the validity of taking A =42.3.

The depiction of the anode-current grid-voltage characteristic
curves may be simplified in the following manner. First obtain the
numerical relation between 7 and (e,’/e), and from it the relation of ¢
to e,/ for a given value of ¢;. Thenassumee,=0,ore,’={k/(1+1)}e,,
and 7 versus e, curve can be drawn and this corresponds to the charac-
teristic for the anode voltage zero. In order to obtain a characteristic
for any anode voltage e, this curve for e,=0 should be shifted hori-
zontally toward the negative direction of the grid voltage by an
amount of e,/k in the scale of grid voltage.

It should be remembered that a slightest error in the calculated
value of & causes a considerable amount of error on the resulting
values of 7, especially at high anode voltages.

Example 3: Computation of characteristics of a triode tvpe 211A
(Western Electric Co.). Dimensions are shown in Fig. 6.

Calculations:
2.943.1
A=2% (5 .7x+) =34.2
4o =1,=0 .68 4g=2,=0.25

34 .2
G=2 33X _5106=0.469X10
3 X0 250 68 < e

/=90 2/5Ge > =0 .0051
i =0 .0051/(‘1) .
e

C'haracteristic curve representing the relation between ¢ and e,’ is
shown in Fig. 7, together with some observed points.

TABLE II
(e’ le) J(eq" le) e i '
0 0 0 0
2 4.65 18 0.024
4 16.51 36 0.084
6 32.5 54 0.166
8 53.0 72 0.270

Amplification eonstant calculated by equation (13) given later is
k=129

(LE 83 =27 =1 .8)
xU
while observed value is k = 12.8 at e, = 1,000 and ¢, = —45.
To draw ¢ versus e, characteristic curves, lirst assume e, =0; then
e,’ = {k/(14+k)}le, ore,=1.08 ¢, and Table I1I shows the result of calcula-
tion of the characteristic for e, =0, which is depicted in Fig. 8.
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‘TABLE 111
ea =0

i ey’ ey
0 0 0
0.024 18 19.5
0.084 36 39
0.166 54 58
0.270 72 78

For other anode voltages, this curve is to he shifted to the negative
direction by amounts as shown in Table IV.

TABLE 1V
23 ea/k
500 39
1,000 79
1,500 118

The resulting characteristic curves are drawn in Fig. 8 and are con-
sistent with the observed data.

The electron current 7 is the sum of anode and grid currents,
1=1a+1,. (10)

As long as the grid is negative 7,=0 and 7,=1¢, but when grid be-
comes positive, grid current begins to flow. In ordinary tubes, and at

Anode Grid Cathode A
w15 2.5 o
f 7

e 324-— P 25—

5D ==

Fig. 6—Dimensions and efiective anode area of type 211A tube.

low grid voltages where no remarkable effect of secondary emission
appears, the following formula® is applicable for estimation of the grid

current:

) ave,/ea
iu :‘Ya‘\/' u/e“ I“=_1_\/-g/ i
1+'Ya‘\/ea/ea

¢ H. Lange, Z. f. Hochfreq., 31, 105; April, 1928.

) (11)
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and hence
7

T 1+vaVe /e

e, X
= 1/log Z/log -~
.rC TC

(y.=radius of the cathode) are usually of the order: y=1~2=1.5 and
a=ratio of the grid conductor projected area to the grid surface area.

At e,=0, the electron current is totally absorbed in the grid if the
grid voltage is positive.

When the grid voltage becomes so high as to approach the anode
voltage, the characteristics are severely affected by secondary emissions
from the electrodes, and grid current usually increases very rapidly
while anode current falls off as shown in Fig. 9.

(12)

in which

Example 4: Calculation of grid current.

TABLE V
Observed data | Calculated grid current
Tube —————— —e————— —
€a € ia iy is=1.5a Veglea-1a
102-D 100 5.2 0.0046 0.0003 0.00025
(a =0. 156 100 8.3 0.0074 0.0004 0.00050
148 5.2 0.0065 0.0003 0.00029
148 8.3 0.0100 0.0004 0.00055
UV-199 20 6 0.0023 0.0002 0.00020
( -0 108 20 16 0.0040 0.0005 0.00058
k= 60 10 0.0038 0.0003 { 0.00025
100 16 0.0042 0.0003 | 0.00027
UV-201A 20 5 0.0025 0.0001 0.0002
(a =0. 105) 20 15 0.0095 0.0013 0.0013
k=7 60 5 0.0065 0.0001 0.0003
60 10 0.0113 0.0004 0.0007
UV-204A 1,000 30 0.172 0.011 0.006
a=0.16 1,000 60 0.274 0.019 0.009
k=256 5,000 21 0.220 0.009 ‘ 0.006
MT-9 1.000 80 0.305 0.027 0.031
a=0.245 ' 3,000 40 0.223 0.012 0.0094
k= 90 5.000 20 0.230 0.003 | 0.0033

AMPLIFICATION CONSTANT

Notations regarding the electrode dimensions are illustrated in
Fig. 10.

For r,&p<Kx,, and for planc-clectrode tubes,*

¢ W. Schottkey, Archiv f. Elektrot., 8, 21, 1919,



Kusunose: Design of Triodes 1715

Za
0 —=1
TZ T4
e e —_— k-1
" (k-1)
log ¢
2mr,
and for eylindrical-electrode tubes,’
log —
2mx, % z,
k= ; . (k—-2)
P 14
log—
2mr,
il e I-ﬁ:}:
|
{5
4
» 14 !
| ALl ey

Fig. 7—Calculated characteristic of 211A.

[z at e = 500 v

Observed points{* “ “ =1000 “
10 “ 4 =1500 “

If the condition r,<<p<Kz, is not fulfilled, the more general formula
for cylindrical-clectrode tubes is to be applied,®

21z, %o 27r,
—— log ——log cosh
Ty
o P (k—3)
2mr, .
log cosh ——— log sinh
P P

The formulas for eylindrical electrodes were originally derived for
grid wires parallel to the filament, but they are equally applicable to
grids of a spiral or a system of parallel wires spanned crossways to the
length of the filament.

7 M. Abraham, Archiv j. Elektrot., 8, 42, 1919. R. W. King, Phys. Rev., 15,

256, 1920.
8 F. B. Vogdes. Phys. Rev., 24, 683, 1924; 25, 255, 1925.
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Example 5: Calculation of amplification constant of a triode type
A BT (made at the Laboratory), which has dimensions as shown in Fig. 11.

z. =0 .20 z,=0.14 p=0.12 r, =0.0085
2 2 .
5 s g log 22 -0.155
14 14 x
By (k—2):
0.155
k=7 %o =3 2
CBXG 357
By (k—3):

_7.3X0.155-0.040 ,
0.0404+0.345

Observed value of k =2.9.

In an actual triode in which anode and grid are plane, the cathode
is not actually plane but is a filament arranged on a plane surface and

11-

%" =% “3’% e +ioo”
g
Fig. 8—Characteristics of 211A.
Calculated (1500 O
Observed at e; ={1000 *
500 x

accordingly does not strictly conform to the condition from which the
formula (k—1) has been derived. But by irying the formulas on actual
cases, the writer found that the formula for plane (k—1) is applicable
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for a tube with W-shaped filaments, while it gives somewhat larger
value for tubes with V-shaped filaments. The formulas for cylinder
(k—2), if applied to these tubes, give lower values than observed.
Comparing the two formulas, we find that they are different only in

i
”_f: 85V 1
i§=12.24
T = 1‘,“-0- 19
A v
o
Q .
& la
E nA(LL),-—-
b/ \qouetes A7
v U 2=
30 R
21307 e
5 o e 1000V .
’ lq

e
-0 -a6__20 0 N B T TR T 7 R R T T VT R T

Fig. 9—Observed characteristics of UV204 showing the
effect of secondary emission.

terms of z4/x,, and the writer suggests that for approximate calculation
of k for plane-electrode tubes, the formula for eylindrical electrodes
may be applied by multiplying a faetor ¢ which depends on z./z, and
the shape of the filament as given in Table VI.
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TABLE VI

) ~ VawuesorC -

Cylindrical-electrode tubes; C =1
Plane-electrode tubes;
with grid of a mesh: Cc=1
with grid of parallel wires:

c
2a/% W-shaped filament V-shaped filament
7 1.0 1.0
2 1.5 1.3
3 1.9 1.6
4 2.4 1.9
5 2.8 2.1

The formula (k—3) is a more general form of (k—2), and this is
to be taken as a standard formula. In this formula (log cosh 27r,/p)

o | 2P
gxf. o
%2 T

: Q.=2T

! | 37;1
anode cathode axis

Fig. 10

is of the order of 0.1 and is small compared with (2rz,/p log z./z,)
which is usually of the order of 10 to 100, and so the formula may be
reduced to a simpler form:

2wz, Za
c— log —
D Ty
k=————- (k—4)
2mr,
log coth —-
4

Example 6: Calculation of amplifieation constant of a triode type
UV203 (Tokyo Denki Co.) which is a plane-electrode tube with a cathode
of W-shaped filament as shown in Fig. 12,

2.=0.49  2,=0.19 p=0.12 7, =0.0085
212 .05 2™ _0 445 —P=2.25 log =0 .412.
Ty z,
By equation (£—1),
1.60

k=9.95% 19.6
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and by equation (k—2),
0.412

k=9 .95X——=11.6.
><0.353 !

Equation (k —4) gives
9.95%0.412X1.74
= =185, =1.74
k 0.467 3 (=179

and the obiserved value k£ =15.9.

Example 7: Calculation of amplification constant of a triode type
UV201A (R. C. A.), dimensions of which are given in Fig. 13.

2=0.34  7,=0.17  p=0.102 7, =0.0033
2 2 .
%105 22033 -2 303 logZ=0.301
» P 277, z
By equation (k—1),
1.0
k=10.5X— '~ =9 .4
X5 30%0.482
by (k—2),
0.301
=10 5% =3,
k=10.5X 593 =31

and by (k —4), as the filament is V-shaped ¢ =1.3 for z:/z, =2.0 and

10.5X0 .301x1.30_8 i
0.505 o

Observed value, k =8.2.

In the above formulas grid is considered to be formed of parallel
wires only. But in actual cases supports are usually added and in some
cases grid is constructed of wires weaved into a mesh.

The writer brought out the following deductions in erder to make
the formula equally applicable to these cases.

In formula (k—4), the quantity 27x,/p means the “total active
length of grid wires per unit axial length of the grid” in a cylindrical-
electrode tube, because 27z, is the length of one turn of grid wire in
circular form and 1/p is the number of turns per unit length. This
quantity is to be denoted by L,, thus for a grid ef closely-wound spiral
wire

2T,

p

Example 8: Amplification constant of a triode type RE-84 (Tele-
funken) which has a grid of spiral wire of wide pitch of winding. (Fig. 14.)
If the value of L, =2xz,/p is taken, i.e. if the grid is assumed to be formed
of circular rings spaced at the pitch p,

g
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2, =0.263 2,=0.126 p=0.25 7,=0.025 o 3.14

L3 14X0 323

= ———— -3 .06 .

If, on the other hand, actual length of the spiral grid wire per unit axial
length of the grid as defined above is taken,

S —

Ly 1/1+ ( fﬂ) -3 30
P

3.30X0.323

YRk el ae
0.25

4.4

The observed value k =4.5 proves that the latter is more consistent.
For a grid consisting of a square mesh of very thin wires
4z,

p

but when grid wire is not of small diameter, effect of overlapping of the
wires should be considered. At each crossing point of two wires, active

Anode Grid Cathode

0

—’1 27

2
o Xg=.14
d; =.017

Fig. 11—Dimensions of type ABT tube.

(Hotiatid LingsZin )

Xao

length of one wire is reduced by an amount equal to the diameter of
the wire, and as the number of crossing points per unit axial length of
the grid is 2rz,/p? (Fig. 15),

47z, 2wz, ]=41r1'g <1 rg)'

[1ﬂ=

s dy e

P p? P P



Kusunose: Design of Triodes 1721

Effect of grid supports should be considered in the same way and
for a grid of parallel wires,
2nz, st
= + s —

p p

L,

in which s is the number of grid supporting wires which are activein
influencing on the space charge, and st/p is the amount of reduction of

Anode Grid Cathode
3 , — 'lo
J./4q 1‘
l j='0’7 2.0
3 l
Tp=112 -5 4
E—'ﬁ*:d__} (Tungsten)
Aa=.49 Xg=-19

Fig. 12—Dimeunsions of type UV203 tube.

effective length of the grid wires due to the grid support covering a
portion of each grid wire (Fig. 16).

For a grid made of a mesh, the effect of supports may not be con-
sidered, as the total length of the wires is very large, and moreover the

Ancde Grid Cothode
[—2.-0- ﬁ__
; ad 2 .L.
| %4 p=.102 |
Y v
ti;c.o/oé 4-1—,
0
m C;D Thorialed
_g— ( tsr:jsten )
=. jg=,/7

Fig. 13—Dimensions of type UV201A tube.

increase of L, due to the supports is usually canceled by the reduction
of it due to the support covering a portion of the mesh.

The quantity 2wr,/p in formula (k—4) signifies m-times d,/p or
“r-times the ratio of the grid conductor projected area to the grid
surface area,” and this ratio of areas being denoted by a,
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grid wire projected area per unit length of the grid
1r ~ .

ra=
27z,
Anode Grid Cathode
t
525 E(OUUP0T) —
‘ e
I-— 1.51 —4 h\‘-;{>=.2,5 ~—— 183 —

175 ——

@xa=.263 Xp= 125
qpl;:.OS

Fig. 14—Dimensions of type RE84 tube.

(Oxice Craled )

For a grid of a mesh or of a system of parallel wires,
Loyd, Ly

Ta=

2z, Ty

If the parallel wire grid has supports,

2z,
Support

iy
L Covered
e Supporl

th—

14 [
ﬁi )

—

of

e
Fig. 15

Example 9: A triode type TA08/10 (Philips’ Lamp Works) has a grid
supported by a thick wire. (Fig. 17.)

Za=0.64 2,-0.24 p=0.112 r,—0.014 log===0.436.

Ty

Without considering the support:
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2
il C=0.79 k=31.6.

2
L= 18 8w

Considering the support: s=1,{=0.092

2 t L,—s)d, +st
L,= ”"+s(l——’)=l3.4 ,ra=( 0 =%) "43=0.93 k=43.
p P 2z,

Observed value: k=46.
Example 10: A triode type MT-4 (Marconi Co.) has a grid of a mesh
as shown in Fig. 18.

&

iz
|

T—
—f— i(—“—’P-H ZM
ey

]
[T

T ]|| _’|

Tig. 16

og 22 =0.368 .
T

(4

2.=2.17 z,=0.93 p=0.13 r,=0.011

Without considering the overlapping of the grid wires,

4 L 90 X0 .368
Byt 6 el ] 08 200 s
P Ty 0.105

and considering the overlapping;

4 L 81 X0 .368
”x"(l—ﬁ) GOX0.81 =81 wa=—22—0.96 k=

14 L 0.129

Observed value: k=210.

=230.

Lym

The formula for the amplification constant finally attains the form;

2,
¢ L,log—
Ty
- (13)

:]o_g coth ra

The estimation of L, and wa is summarized in Table VII.
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TABLE VII
Grid construction . L, I na
. X | | ndg Lorg
Wires parallel to the filament n or ——
| 2z, z4
Parallel wires or spiral, no 2rxy ndg Lyrg
support — Or ——
P P zg
Ditto, with supports in the 2rrg t (Lg—3)dg+st
path of electrons sl 1— ) - —
P P 2z,
Square mesh, with or without 4y g | wd, d, Lgry
support —1 L=~ = -—) or -
J— VN 4 . P g

These are equally applicable to tubes of either cylindrical or plane electrodes.

The amplification constant is mainly governed by grid construction
and depends little on anode area and filament configuration. Main
factors determining & are z./x,, p/z,, and r,/p, and similar tubes of

Anode Grid Cathode

1
1286 472
' mm@ |
‘ — /P=.112 .": <——332 ‘;’
284 ly=.028 £+.092 (G Tin)

S=1

@xj=-z4

Fig. 17—Dimensions of type TA18/10 tube.

643

equal relative dimensions will give equal values of k£ whatever the size
may be. k is affected by grid eurrent at positive grid voltages and by
the non-uniformity of grid action along the length of the cathode at
very low anode currents, observed value of k being slightly reduced in
both the cases.

FLEcTROLYTIC METHOD OF DETERMINING A

By the amplification constant % is ineant that the electrostatic in-
fluence of the grid upon the cathode is k-times that of the anode.
Electrostatic field in a space assumes similar distribution as stream
lines of electric current that would take place if the space were filled
with conducting material. The amplification constant may thus be
determined by means of a model as shown in Fig. 19, in which only a
single section of grid wire is taken, as this is sufficient for the purpose.
By taking the ratio of electric conductance of grid-to-cathode to that
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of anode-to-cathode, after the bridge is balanced, the amplification
constant is known as

Table VIII shows an example ohtained by the simplest structure as
shown in Fig. 19, and calculated values are given for comparison.

Arnode Grid Cathode

—4.34—+ 7

p=-13

Fig. 18—Dimensions of type MT4 tube.

TABLE VIII
Za g : g k obei kcalcj
4.0 3.0 3.0 0.125 1.4 1.27
10.0 3.0 4.0 0.125 3.2 3.45
10.0 2.0 4.0 0.250 5.4 5.09
10.0 4.0 3.0 0.250 10.0 10.3
7 3.0 2.0 0.250 21.0 20.4

That the cathode configuration gives little effect on £ could be
evidenced by trying various forms and arrangements of the cathode
conductor.

In designing a triode with very complicated structures that do not
permit calculation, this method of predetermining the value of & will
save much the effort of evacuation and readjustment of completed
tubes.

MutuaL CONDUCTANCE AND ANODE RESISTANCE

The mutual conductance ¢ for given anode and grid voltages e, and
e, can be obtained by differentiation of the characteristic equation, thus
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u=aiu=€0'l*'i[fv'm (6" —ep)*]
" de, e de,
S (\/ : f) 14
L 'l-l—lc €, 4 \/e ( )
in which
o,,-l-ke,,
e =——

This is strictly applicable when grid current is not appreciable.

The mutual conductance is principally governed by the perveance
G which is proportional to the anode effective area and is inversely
proportional to the electrode distances.

CuS0s  Grid C°ZZ§:ode Anode
solu:t“on- \ [
N
X — "
a,;;; \mx,\, 4,
Raraffin k—xg _,L<__ X!

Fig. 19—Determmatxon of the amphhcatxon constant by means of models.

The anode resistance » may also be obtained as de,/di,, but it is
more convenient to calculate it from the known values of k¥ and ¢ as

r=— (15)
g
Example 11: Calculation of mutual conductance and anode resistance
of a triode type T-100 (Marconi Co.).
From the dimensions shown in Fig. 20.

7,=1.15 1z,=0.44 p=0.095 r,=0.0075 A=2rzal=23.9

Leale. =52.7 Ze=1.15—0.08=1.07 Z,=0.44—0.08 =0 .36
k
¢, =10 (rating) G =0.127X10"3 1 .5G1~+k =0.187 X103,

(1) To obtain g and » for ¢, =1,500 and e, =0,

e, =27.9 Ve =5.28
52.7
9=0.187 X 10734 .81 =0.00090 r= "' =585,000.

0.00090



Kusunose: Design of Triodes 1727

ohserved values: ¢=0.00089, r =540,000.
(2) For e, =2,000 and ¢, = —20,

e, =17.7 Ve, =4.20
¢ =0.000675 r=78,100
ohserved values: g=0.000675, r =71,000.

SATURATING PART OF THE CHARACTERISTIC

Saturation current I, depends on the material of which the cathode
is made, and for a given material it depends on the dimensions and
working temperature of the cathode. General characteristies of the

Anode Grid Cathode

33
2
Xa=1.15
Zo.=1.07

Fig. 20—Dimensions of type T100 tube.

three types of cathode, i.e. tungsten, thoriated tungsten, and oxide-
coated cathode, were already published by many authorities and no
particular mention is made here.

The point at which the anode current begins to saturate occuars at
an equivalent voltage ¢, such as

I, \2/3
_(G>

If the cathode consists of a uniformly emissive surface of equal
potential all over it, the characteristic would sharply bend to safurate
as soon as the voltage reaches the saturating voltage e,. But in actual
cases, slow bending of the characteristic curve is invariably observed,
which is eaused by the non-uniformity of filament temperature as well
as the voltage drop along the filament. The expression of electron
current considering the latter cause only is as follows;® in a range of
the voltage tending to saturation: e, <e,’ <e,+e¢;
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D]

11
i =—G—[e3/2(5e," — B3e,) —2(e, —e)*12] .
4 (/

This expression does not fully represent the saturating part in
actual cases, and the non-uniformity of emissive power of the cathode,
especially due to the cooling of the ends, is by far the important factor.
Even in an indirectly-heated tube the bending takes place very slowly.

Caleulation of this part of the characteristic is very difficult as the
temperature distribution must be known, and moreover the emissive
power of the cathode is affected by various unexpected causes. The
writer finds no need of caleulating this part as it is of little practical
importance for the designing.

In the original paper numerical examples of computation of charac-
teristics on about fifty types of diodes and triodes were given, being
compared with their observed characteristics.

Part 1I: Determination of Operations of a Triode
from its Static Characteristics

WORKING ANODE ('URRENT

The operations of a triode as an amplifier, oscillator, modulator,
etc.,, can be determined from its static characteristics for a given
circuit arrangement, and strict and elaborated theories in this respect
have been published by many authors. The following discussion is
intended only for a rough estimation of the operating conditions,
simplicity being aimed at with an accuracy sufficient for the designing
purpose.

The static characteristic of a triode comprises two parts:

1st Part: the anode current is determined from the approximate
relation,

G
g e he) = et heg) . (18)

ioa=Ge,’3?=

2nd Part: anode current reaches saturation, and forms the upper
limit of the characteristic.

The characteristic curve is assumed to have a shape as depicted
in Fig. 21 with its sharp bending point at the saturating voltage E,.
When the characteristics are simplified in such a manner, all the tubes
will have the similar curves, and if we express the anode current in the
unit of the saturation current I,, and all voltages in the unit of satu-
rating voltage K., a simple and universal representation of the triode
characteristic is obtained.
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Let E,=grid steady voltage,
E.=anode steady voltage,
€, =grid alternating voltage in maximum value,
€.=anode alternating voltage in maximum value,

P!

-

i s ! o i iV

5
(ea+k€9)/Es
Fig. 21

positive directions being taken in the direction of direect current
(Fig. 22). The load connected in the anode circuit is assumed to act
as a resistance R at the operating frequency and to produce no potential
drop by the d-¢ component of the anode current.

\

;ta
r I
} |
' '
! K| &a
!

i) —L—=s]oJoofeo
Eg Ea

|
|
l
|

Fig. 22

In ordinary working conditions €, and E, are generally in opposite
phase, and if the instantaneous value of the grid voltage is repre-
sented by

eo,=E,+E, cos wt
anode voltage will be
e.=FE,—E, cos wt

and for a given tube, instantaneous value of anode current will he
determined by
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e.t+key=(E,+kE;)+(kE,—E,) cos wi.

Thus in Fig. 23, a steady voltage E.+kE, determines the working
point p on the characteristic and the alternating component k€, — €,
gives the amplitude of oscillation, the working point being the center.

< k- .
/]s
.5;
P .
’ .
OI l x
I
< kR
- s h
S
l,Ea-kagl
. ES
Fig. 23*

The variation of anode current due to this oscillating voltage is sinu-
soidal when the amplitude of voltage is very small, but becomes dis-
torted when it is large.

Let I,=mean value or d-¢ component of the anode current,
I.=fundamental a-c component of the anode current, in
maximum value, positive direction being taken as that of
direct current.

For an infinitesimal amplitude of oscillation,

di,
IL=————(LE,~E.)
d(ea+ke,)
and for a constant anode voltage,
di, 1 di. g 1
d(eatke,) k de, k 1
and
I kE,—E.
¢ r

this gives the well-known fact that the triode circuit ecan be repre-
sented by an equivalent circuit as shown in Fig. 24, regarding the a-c
components of working quantities.

* The symbol Ia in the illustrations is designated by Ia in the text.
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For general cases, the writer obtained the wave forms of the anode
current, and calculated the d-c and a-c components of the anode
current by the Fourier analysis. (Fig. 23)

Dy~namic CHARACTERISTIC DIAGRAM

The result of caleulation of the d-¢ and a-¢ components of the anode
current at various working voltages is summarized in a diagram shown
in Fig. 25. This diagram is universally applicable to any particular

S

r

R

Fig. 24

triode as long as voltages are expressed in the unit of its saturating
voltage E,, and currents in the unit of the saturation current 7,. These
quantities taken as units can be obtained from the static characteristics
and E, can also be caleulated from the following relations:

L\ G
ne(LY" @

5 =’(ET)W

The dynamic characteristic diagram represents the surfaces of
I./I, and I,/I, as determined by the voltages (E.+kE,)/E, and
(k€,—E.)/E., and comprises the following regions of practical im-
portance, as designated in Fig. 26.

TABLE IX
Regions Working point Working range of anode Practical value
| current
A On the slope of the static | Entirely in the slope, not | Distortionless amplification
| characteristic Limited
Self-oscillation practicable
B Ditto. Limited by zero line. and effectively subjected
to modulation.
C Ditto. Limited by saturation. Ditto, but with lower ef-
ficiency.
D Ditto. | Limited by both zero-line | Self-oscillation or anuplifica-
and saturation. tion with large power.
| At zero anode current with | Lower half-cycle entirely | Power  amplification  of
E | highly negative grid | suppressed, upper peak modulated waves.
| not limited.
| Ditto, upper peak limited | Self-oscillation or amplifica-
F Ditto by saturation. tion of large power with
| [ high efficiency.
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It should be remembered that this diagram has been derived under
the following assumptions:

(a) static characteristic has sharp bending toward saturation,

(b) anode and grid voltages vary in sine wave form and just in
opposite phase,

(¢) grid current is not appreciable,

(d) load connected in the anode circuit does not produce appreci-

S
(R&y—8.)/Es

Fig. 25—Dynamic characteristics.

Thus the diagram is not strictly applicable when there is consider-
able grid current flowing, which takes place when the maximum grid
voltage E,+E, becomes comparable with the minimum anode volt-
age E,—E, In such a case the anode alternating current attains a
drooping characteristic at high excitation as shown in Fig. 27.

EXPERIMENTAL VERIFICATION

The dynamie characteristic diagram was obtained by experiment
in the following way. A triode was used as a radio-frequency power
amplifier in a circuit shown in Fig. 28. The static characteristics of the
tube are shown in Fig. 29, from which the necessary quantities for the
units were calculated as follows:

1,=0.071 E.=1.220 k=25.

During the experiment, under constant filament current, E, and
E, were varied and at each step of variation, I, and I, were observed
with variation of I’ and ;. Calculations were then made as follows,
I L 1 A /
€u= ’ ‘\I:A":i — I(:="‘ 8«1: I :
wC CR (R w wC,

In the actual case, w=3X10°(\ =628 m) and high-frequency re-
sistance of the oscillatory circuit was 3 ohms so that R =34 k’. Hence
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(k€,— E,)/E, could be calculated for each value of (E,+kE,)/E,, and
1./I,and I,/1,were plotted against (k€,~ E,)/E,to obtain the dynamic
characteristic curves. :

The resulting curves are shown in Fig. 30, which are in conformity
with the theoretical diagram in Fig. 25 in the main.

APPLICATION OF THE DIAGRAM

In Fig. 31, the dynamic characteristic diagram is shown with its
left side extended to another diagramn in which the ordinate gives

Fig. 26—Dynamie characteristic surfaces.

currents in the unit of 7,, and the abscissa gives voltages in the unit
of E,. In this part of the diagram a group of straight lines starting at
the origin represent the external resistance R in the unit of the mean
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anode internal resistance 7 which is derived as #= E,/1,, and hyperbolas
give the contour lines of power, unit of which is to be taken as E,I,.

To explain the use of the diagram, assume that a triode having
saturation current I,, amplification constant &, and saturating voltage
E,, is to be used as an amplifier with an anode circuit impedance R, and
its operating conditions are to be studied. First calculate the unit
quantities 7= E,/I, and E,I, from the given E, and 7,. All the currents,
voltages, resistances and powers are to be expressed in the units of
1,, E,, 7and E,I,, respectively. In the following explanations quantities
expressed in this manner are taken instead of actual values.

Let the anode voltage be E. and grid voltage be E,. Calculate
E.+LE, and the corresponding dynamic characteristic curves of I./1,
and 1,/I, are found on the diagram such as the lines oeg and def in
Fig. 32. Draw a line oh to represent the given external impedance.
For a given grid exciting voltage €, calculate kE, and take this

k&= bu
Fig. 27

quantity on the right abscissa such as the point 7; from 7 a straight
line is drawn parallel to the resistance line oh and let this line intersect
with the dynamic line oeg at p; then this point p gives the working
point on the dynamic characteristic. The reason is as follows: the
ordinate of p represents I, and let a level line through p intersect with
the oh line at j and with the ordinate axis at k, then ok=I, and
tan <jok=R. Therefore jk=I1,R=E,, but pj=35i=kE, and thus the
abscissa of the point p is pk=pj—jk=kE,— E, and is in conformity
with the dynamic characteristic curves which have been expressed by
the abscissa of kE,— E..

The area of the triangle ojk gives 1€, or 11,2k and represents the
power output, which can be read by means of the power contour
hyperbolas numbered at the top. The steady component I, is obtained
by drawing a line vertically from point p to intersect with the I./I,
dynamic line at a point q. Take dd equal to E,. A level line through ¢
intersects with the vertical line through a at I, and with the ordinate
axis at m. Then oM =1,, and the rectangular area omla is E.I, and
represents the anode power input to the tube which can be read from
the position of the point ! on the contour hyperbolas numbered at the
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left end. The efficiency of power conversion can be caleulated from
the two power values as n=31I,2R/E,I,.

When the triode is used as a self-excited oscillator,® the grid voltage
€, is in definite relation to the anode voltage €, as determined from
the circuit conditions. In an example shown in Fig. 33, I, is determined
from €, by a dynamic line ops, while I, and external impedance
R=L/CR determine E,=I,(L/CR) and this induces an e.m.f.
€,=E.(M/L) in the grid circuit. Hence I,/E,=CR/M is a straight
line, the inclination of which is tan—! CR/M as shown by a line ol in
Fig. 33. Thus the dynamic characteristic curve ops gives the relation
in which I, is determined by €, from the tube characteristics, while
the excitation line ot gives the relation in which €, is determined by

Output Circuit

Oscillator

High Tension
Generalor

Fig. 28

I, from circuit conditions. Then the point of intersection p shall be
the working point of the self-oscillator. If the coupling becomes loose,
the excitation line is shifted to left and finally will not interseet with
the dynamic line, and in this ecase oscillation cannot be produced.
The regeneration can be cxplained in the same diagram.®'% When
regeneration is applied, anode circuit is coupled to grid cireuit but not
so close as to produce oscillation, such as a line ot’ in Fig. 33. If the
regenerative connection is not made, for a certain grid voltage such as
ou, the anode current is 5. But on regenerative condition, a line is to
be drawn from the point u parallel to the line ot and the intersecting
point w on the characteristic gives the working point. The reason is
that the level line from w intersecting with o!” at r and with the ordi-
° H. G. Moller, “Elektronenrohren und ihre technischen Anwendungen,”

1920.
10 . H. Lange, Phil. Mag., 750; October, 1925.
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nate axis at z represents the grid excitation which is the sum of the
originally impressed voltage o =rw and the voltage induced by the
anode current z. The ratio of regenerative amplification to non-
regenerative one may be expressed by oz/up.

Now these ideas can he applied to the dynamic characteristic
diagram as shown in Fig. 34. Comparing the figure with Fig. 33,
resistance line oh corresponds to the ordinate axis of Fig. 33, and the
abscissa representing k€, corresponds to that of Fig. 33. The excitation
line ot in Fig. 33 is obtained in Fig. 34 by taking the quantity kE,/I,
from the point  to the right on the level line as a point ¢, and by con-
necting this point to the origin;in other words { (k€,/1.) — R} /7 shall be
taken on right abscissa as z; in order to obtain the excitation line of.

[ a, [t .{‘,{ i i
wv-204 Uv-204 ; /
e-85v ) Iim0.071 A ”'/
y=12.2R F=17200w /)

¥
Eg= 1220V

03

ot

i e
w0 % e B E) ® e b, o 300 1000 1500
eg Cathey

Fig. 29—Characteristics of type UV204 tube.

The point of intersection of the excitation line with the dynamic
characteristic curve gives the working point p and all the other quanti-
ties can be derived in the same way as explained before. In Fig. 31
(kE,/1,). means that the quantity is to be derived from the circuit
conditions.

The modulation of a self-oscillating tube consists in altering the
anode or grid steady voltage with audio frequency, hence producing the
corresponding variations in the amplitude of oscillation. This means
the variation of E,+kE,, other things being unvaried. Thus, for ex-
ample, if anode voltage E., is varied in sinusoidal wave form as shown
in Fig. 35, E,+kE, will vary accordingly and the dynamic charac-
teristic curve is shifted up and down. The excitation line of remaining
unvaried, the working point p must travel on the ot line and the oseil-
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lating current varies its amplitude in accordance with the variation of
the anode voltage.

Applications of the diagram have been [urther illustrated by
numerical examples in the original paper. The diagram gives a bird’s-
eye view of various working conditions.

Part III: The Design of Triodes

WorKING PoINTS ON THE DYNAMIC CHARACTERISTICS

The design of a triode to satisfy specified conditions can be accom-
plished in the following way, which shows a typical case where the use
of the triode is indicated and its power output is given.

Optimum working points can always be found on the dynamic
characteristic diagram for any particular use of a triode. These opti-
mum conditions which the writer conceives to be appropriate are given
below.

TABLE X
Use of Triode | (Ea+kEy) [ Es I/ R/r
Low power amplifier | 0.3—0.5 0.2-0.3 1.0
Distortionless power amplifier or {
modulator 0.3—0.5 0.2—0.4 2.0
Oascillator or power amplifier for 3
radio-telegraphy | —1.0 0.55 1.0
Self-oscillator for radio-telephony 0.3 0.35 | 1.2
Power amplifier for radio-telephony, 1
amplifying modulated wave 0—0.2 0.25 1.0
Ditto, amplifying eontinuous wave
and subjected to modulation 0 0.3 1.5

If the above three quantities are decided, the following may be
directly obtained from the diagram:
P kE, £ 1,
El, E. E I
Moreover E,/E, can be roughly estimated according to the use of the
tube and in relation to the value of €,/E,, and from this the approxi-
mate values of E.I,/E.I, and 7 can be found.

HicH-IMPEDANCE OR Low-IMPEDANCE TUBE
For a given power output I’, a=P/E,I, having been known, E,I,
can be obtained and next comes an essential problem of splitting E,J,
into the saturating voltage E, and the saturation current I,.
If one of any other operating conditions, such as anode voltage E.
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or anode circuit impedance R, is given at the same time, the problem is
directly solved.

If this is not the case, especially in the design of standard types of
tubes, most precise considerations must be taken for this from tech-
nical a nd economical points of view. This is the problem of selecting

1o— — —_— —
[ Uv-208

9 Observed { ii' ———

ot Ea= 1500~2500V

Fig. 30—Dynamic characteristics of UV204 tube obtained by
experiment at radio frequency.

the type of the tube between a high-voltage low-emission type, and a
low-voltage high-emission type. The general considerations on the
two alternatives, high-impedance tube or low-impedance tube in other
words, are as follows for a given power output:

TABLE XI
High impedance Low impedance
tube tube Remarks
Anode voltage high low «— Anode voltage must be within a
practicable limit, from standpoint
Saturation current low high of insulations of the tube and other
apparatus. .
Cathode power little large «— Lower filament power is prefer-
consumption able as overall operating efficiency
Circuit impedance high low becomes higher and anode radi-
Amplification constant high low ating area can also be reduced.

Anode power conversion efticiency is not very different when it is
considercd on the diagram as it is determined from the working points,
but in a higher voltage tube, anode voltage is more completely utilized
and net efficiency will be a little higher than lower voltage tube.

This problem involves not only the economy of the tube itself but
also that of apparatus with which the tube is to be used, such as output
circuits, anode source of power, amplifiers preceding the tube under
consideration, etc. The practicable limits in the values of E,, R,
cathode heating power, and relative amount of cathode heating power
to anode loss, should also be taken into consideration.

Regarding the oscillatory power output of a triode, the following
consideration is sometimes necessary. Output P, somewhat larger than
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the required value, has to be taken as the designing hasis in order to
take into account effect of the grid current, which was not done in the
derivation of the dynamic characteristic diagram. The grid current
affects the power output in two ways; first it reduces the anode current
and hence the output, and secondly it absorbs some portion of the
output in case of self-oscillators. An increase of 10 or 20 per cent of the
required value will generally be sufficient, according as the tube is use
as a power amplifier or a self-oscillator. More rigorous estimation of
grid excitation loss will be given later.

AMPLIFICATION ('ONSTANT

From equation (15),

G
’=(1+—/»‘)“2“E3H or (14+k)*=G2E?/1,2=G%3], (16)
and
P=ak.I,
hence
G 2
(14k)s = ({—) Es. (17)

(/ is not very much different with the type of tubes and is of the order
as shown in the following table. This is because G is determined by
the ratio of anode area to distances between electrodes, and in practical
construction of the tube there are limits in the attainable anode area
for a given length of the filament and for a given span of the filament
the distances between electrodes must not be brought too close to-
gether in order to prevent an accidental short-circuit of the electrodes
during operation.

TABLE XII
Tubes G

_——— = | No. of tubes m— ’ — —
Anode voltage I Electrodes 1 examined | Range i Average
6,000-10,000 ‘ cylinder | 14 I 0.08-0.4%X10: 0.15%107

200~ 5,000 | oylinder | 3 0:08-0.4 9.1

plane 15—0.¢ 3
below 100 ( cylinder 10 | 0.12-0.5 0.18
L plane b 0.28-0.5 0.33
Total average: G for plane electrodes, 0.35X1073

G for cylindrical electrodes, 0.16 <1073,
o and P having been known, and G being assumed, % is in definite
relation to E, as given by equation (17), and once F, is determined k is
directly obtainable.
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Fig. 31— Dynamic characteristic diagram.
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In case of oscillators, self or separately excited, power lost in the
excitation depends on the value of k. In a self-excited oscillator, this
power is converted from the output of the tube and too much exciting
power results in the lowering of the net output and overloading of the
grid. In a separately-excited oscillator or power amplifier, the grid loss

is to be supplied from the preceding tube. In these cases the value of
k may be estimated as follows; for the most favorable operation
delivering maximum power at a given anode voltage, the minimum
anode voltage E,—E, must be nearly equal to the maximum grid
voltage E,+ E,,' E, being negative, and this requires that

l‘ls - En = Eq+ Eu

or

K, (:‘,,_<A~E,, k€”>1
E. E. Jk

IE, E.+kE, E.
) (S5 (3
k, E, E,
T A (18)
(5)- ()
7 E.,
in which all quantities except E./E, have accurately been known. Thus

if k is given, E./E, can be accurately determined and E.l./E,l, and 7
are accordingly known.,

hence

. C. Prinece, Proc. I. R. E., 11, 280; June, 1923.
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For a rough estimation of the grid excitation loss in the above
working condition, the grid current may be assumed to have a tri-
angular wave form as shown in Fig. 36, and its peak value to reach

t
A t S
. 4
zf----- %
4
4
/
/
/
7 ~1CR
</ n 5~
4 V -
0 w 53
Fig. 33

11,. Of course this condition may not take place in actual case, but
this will not be far from it. The results of calculations are as follows:

Grid current d-¢ component, I,=ul,.
Grid leak loss (or loss in charging the grid
biasing battery), Wi= —uk,I,.
Grid excitation loss, W.=vE,I,.
Grid loss inside the tube or grid heating
power, W,=WwE,+uE),.
Grid leak resistance required, R,= —E,/I,=—E,/ul,.

in these relations E, is a negative quantity, and u and » are the func-
tions of —E,/E, or —(kE,/E.)/(kE,/E.) as given in Fig. 37.

If the grid loss inside the tube be allowed up to 1/b of the anode
loss, 1/b (EJJ.—P)=(E,+rE,)I, or

1(1«]61(, r > ( kE, kE’,,>1
A 2 ——tn—
b\ E.I, E.l. E. E. /k

hi nce

(19)
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If, on the other hand, the grid excitation loss is to be linited within
1/d of the power output,

P . kE P
—2vE,l, or k;d»( ")/( )
d E, E.l,

All the quantities in the parentheses have been known and the lower
limit of & can be determined from these relations. The exact value of
E./E, must be derived by equation (18), after the value of k is de-
termined.

It is advisable to calculate the required quantities for several values
of k or E,, and to select among them a most preferable one.

(20)

DiMENSIONS OF THE ELECTRODES

The main factor determining the anode construction is the anode
loss W, which may be taken as (E.l.—P). But in the case of ampli-
fiers or modulators for radiotelephony, the dead anode loss corre-

A % 3
g_a.
& o] k. 4
— = n
1N s
____________ e LT ;r_;,_k\—f——f—
P S, N aq e \
\\ N
\\ \\
AN N\
‘\ 5‘\ -
N AKX
a A 5
Fig. 34

sponding to the working point on the static characteristics, i.e.,
GE.{(E,+kE,)/(1+k)}3? must be taken as the anode loss, as this
amount of loss actually takes place when speech is not being trans-
mitted.

The allowable limit of anode loss is dependent on the material of
the anode and its cooling condition. The following data giving the
maximum limit of the loss continuously applicable to the anode may
be taken in the ordinary construction.

TABLE XIII
- o Allowable loss
Materials (watt/em?)
Nickel w=3
Molybdenum 5
Tungsten 8

Copper, water-cooled 20
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The filament heating power W, must also be considered in esti-
mating the anode cooling area, as some portion of it will have to
dissipate through the anode. Suppose q part of the filament power is
radiated through the anode, then

Woralts
w

Az (21)
q depends on the degree at which the filament is hidden in the anode,
and in ordinary cases in which the anode is open on both ends, ¢ may
be taken as about 0.5. The writer deems it reasonable to take the ef-
fective area A explained in Part I, instead of the actual area, inthe
above expression.

> time

e
,

Fig. 35

In high-voltage tubes grid voltage also becomes high with respect
to the cathode, and appreciable distances must be kept between grid
and cathode in order to avoid severe electrostatic attraction. On the
other hand, in low-voltage tubes, z, can be reduced, and if the cathode
is made of W-shaped filament arranged in a plane, A may be greatly
increased without difficujty in construction. Thus for anode voltages
less than say 4,000 v, plane anode is preferable, while for higher
voltages cylindrical anode is advantageously applied.

The order of z, in the existing tubes is as follows:

TABLE XIV
Eg4 below 100 V X;=0.2-0.5
E; 100-1,000 0.3-1.0
E; 1,000-10,000 0.6-3.5
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The actual anode surface arca should be made as effective as
possible in order to reduce the mass of the anode material and hence
to minimize the absorbed gas evolving in the evacuation process, as
well as from an economical point of view. The plate should be as thin
as mechanically allowable, but not so thin as to avoid free conduction
heat, otherwise local overheating or melting may occur at accidental
overload of the anode.

Fig. 36

The anode area A and anode-to-cathode distance x, or 2, must be
in conformity with each other to satisfy the expression,

A
(f=2.33=10"%—.
2a2,

The grid construction is determined from the amplification con-
stant. When z, is given and other dimensions p and d, remain unvaried,
k is maximum at 2,==0.4 z,, and it is advisable to take this in order to
reduce the mass of the grid as well as to minimize the effect of non-
uniformity of z, on the value of k. Thus

k k cl,

2. 0.4 log coth Ta
log -
T,

The table in Part Iis to be referred to for the caleulation, and ranges
of actual values of L, and wa in existing tubes are shown in Fig. 39.
L, and ra having been determined, the next problem is to determine
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p and r,. This means a decision as to whether to use thick wires at
broad piteh or to use thin wires closely arranged.

It is preferable to take wa small in order to reduce the mass of the
grid and to facilitate evacuation. This is effected by thin grid wires at
comparatively narrow pitch, but in extreme cases mechanical rigidity
of the grid will be lost and deformation or break down will oceur during
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Fig. 37

operation by the heating of the grid. Fig. 38 shows actual values of p
and 7, in existing tubes, from which the general tendency can be ob-
served. Materials best suited for grid are molybdenum and nickel, but
the latter has a remarkable effect of secondary emission and often
causes the “blocking” of oscillators.

DEsIGN oF THE CATHODE

Design of a tungsten cathode to give the required emission is fully
described in the original paper, applying a chart worked out by
N. Kato' based on the data given by Forsythe and Worthing.!* There
have been presented various nther methods on the design of cathode,
and no explanation is made here.

For a close approximation of the reasonable life of a tube, which in

12 N. Kato, “Graphs for the Design of Bright-emitting Tungsten Filament,”
Circulars of the Electrotechnical Laboratory, No. 50; February, 1928. (Written

in Japanese.)
13 W. E. Forsythe and A. G. Worthing, Astrophysical .J., 61, 146, 1925.
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ideal case is the life of the cathode, an economical condition must be
dealt with in such a way that the total running cost of a tube is a
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minimum for a given power output. This condition is given by the
following relations: total cost per watt output per hour,
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1747

in which C,=cost of the tube, and C,=cost of electric power per
watt-hour. On the other hand, for the filament of a certain diameter
the life L depends on its working temperature, which in turn is de-
termined by the filament efticiency I,/W, at which it is operated, thus
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Fig. 30— Ranges of Lg(z) and wa(-) in existing tubes.

W\
]4= =_— e
(3,)

Minimum of the operating cost T occurs at a life

PEAE
Lo = /140 ...,._).
Poe (c,,z,

0'C'¢

For tungsten filament, the two constants o and ¢ are of the follow-

ing orders,™

4 H. Simon, Telefunken 7., Fig. 44 on p. 39; Octoher, 1927,

=2

¢

d/

0.005

0.020

0.050

¢

0.00034

0.0026

0.033



1748 Kusunose: Design of Triodes

It is preferable to design the filament to give a slightly higher value
of emission than desired in order to give allowance for the discrepancies
which might take place, as the emission is quite a variable quantity.

For tungsten filaments it is sometimes necessary to take a slightly
longer life than calculated, as a portion of the designed life will be lost
during the evacuating process by evaporation.

CONCLUSION

In the above discussions the fundamental principles involved in the
writer’s system of designing is explained. Many of the factors that
have to be dealt with from the practical point of view in the manu-
facturing are lacking, and further development is necessary in this re-
spect, but it is hoped that this paper will be of some use to manu-
facturers.

The writer wishes to acknowledge his indebtedness to E. Yoko-
yama, under whose direction the present work has been carried out,
and also to N. Kato, I. Miura, and S. Maeda for their assistance.

List of Symbols

A effective anode area (em?)

a ratio of grid conductor area to grid surface area
¢ conversion factor of k for plane-electrode tubes
d; filament diameter (cm)

d, grid wire diameter (¢cm)

e, anode voltage (volt)

e, filament terminal voltage (volt)

e, grid voltage (volt)

e,’ equivalent grid voltage (volt)

Es saturating voltage (volt)

E. steady anode voltage (volt)

€. alternating anode voltage, max. value (volt)

€., alternating grid voltage, max. value (volt)

¢ mutual conductance (mho)

G perveance

i electron current (ampere)

7. anode current, instantaneous value (ainpere)

i, grid current (ampere)

i, filament current (ampere)

I, anode mean or direct current (ampere)

I, grid mean or direct current (ampere)

I's saturation current (ampere)

I. anode alternating current, fundamental component max. value (ampere)
k& amplification constant

1. life of a cathode (hour)

L, ratio of total length of effective grid wires to axial length of the grid.
m number of points of support of the filament

n  number of grid wires parallel to filament
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pitch of adjacent grid wires between centers (cm)
power output of a triode (watt)

portion of the filament power radiated through the anode
anode resistance (ohm)

mean anode resistance (ohm)

a-¢ impedance (resistive) of the anode circuit (ohm)
filament radius (cm)

grid wire radius (em)

number of supports of grid wires which lie in the stream of electrons
thickness of grid support (c¢m’)

permissible anode loss per unit area (watt/cm?)
anode loss (watt)

filament heating power (watt)

grid internal loss (watt)

grid excitation loss (watt)

grid leak loss (watt)

distance of anode to cathode axis (cm)

distance of grid to cathode axis (cm)

mean shortest distance of anode to filament (¢m)
mean shortest distance of grid to filament (cm)
anode power conversion efficiency

et > @ < G <o
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