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III 

INTRODUCTION 

Purp<>se !?£ ~ stuey 

N'tJmerOUB. electronic devices utilize crossed electric and ,mag-

netic fields• but only the very si:q>lest of cases maq- be analyze cl by 

analytical methods. The purpose of this st.uey is to delmmstrate the use 

of a mechanical analogy and graphical methods in the solution of the 

mre complex problems of this type. Specifically'• these methods were 

employed to explain the phenomena. of negative transconductance .in 

crossed fields. To the best of the wr11ier•s knowledge, the graphical 

method derived in this stuey- is the first method, other than that of 

conformal. mapping, which enables one to plot the path of electrons in 

crossed fields• and the first atteqrt to apply a mechanical analogy to 

such fields in vacuum tubes consisting of nure than two elements. 

Transconductance in vacuum Tubes ------- - ·--- ---
'!'he transconductance (or mutual conductance) gm, of an 

electron tube is defined as t he rate of change of plate current with 

respect to a change in grid voltage. If the grid voltage is changed 

by the a11Durrt "1 ec, the resulting change in plate current, Ll it>,, 
is given by the relation, 

11 ·1b • gmAec 

Therefore, 

lim 

Ct> constant 

where 9b is the plate voltage of the tube. 
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There are at least two instances in which tubes exhibit 

negative . transconductance .. 1 
One case is that of a beam-power tube. 

'ale plate current can be made to decrease as the contro1-gtld vo.ltage 

increases prorlded that the space current is high enough so that a 

Tirtual cathode forms between the screen-grid and the plate. A nega-

tive transconductance also exists between the suppressor-grid and the 

screen-grid in a pentode tube. 

~ Di.scoveey _2! Negative TrSDBConductance ,!l! Crossed Fields 

During the development or an elec~ nuz meter for the 

Atomic Energy Conaniss1on. 2 it was noti.ced that under certain conditions 

of erossed .fields it was possible \o cauae the tube to exhibit a region 

or negative trensconductancet3 t hat · is• 'When .operating in certain criti-

cal regions or grid bias~ it vras possible to produce a decrease in 

plate current. with. a positive :imrease in grid voltage. Figure 1 s hO\lS 

the plate-elJlTeDt surface. under· such conditions~ studies ma.de at that 

time offered no explanation or the phenomenon. A search of literature · 

was cade by the patent o£fice of the Atomic Energy Commission which 

reported that there was no record of this effect having been obsel'"Ved 

previous to that time. On July 13, 19L9-, this material was de.classified 

and penniSsion was given to continue the stuqv. In 1950, the writer 

WBS awarded a grant by the Tennessee A.Cadellu Of Science and the .American 

Association for t he Advancement of Science to aid in the continuation 

of this research. 

~ Probable A;wlications !?! ~ ~rect 
i:rnatron Oscillator. 4 It was at once realized that a tube 

having a region of negative transconductance could be used as a 
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Figure 1. 

PLATE-CURRENT SURFACE FOR A TYPE 45 ELECTRON TUBE IN THE PRESENCE 
OF A MAGNETIC FIELD 
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stable oscillator. Most tubes in the past have depended for their 

operation upon secondary emission effects. It is believed that this 

tube will be superior to those which have been used because. there is 

no dependence upon unstable secondary emission. 

Frequency Tripler. The transfer characteristic curve is of 

such a shape that it Illq be approximately represented by the equation 

11> • 4bCec/a)3 ... .3b(ec/a) 

if t1').e axes are shifted so that the origin of the coordinate axes are 

as shown in Figure 2a. If an input signal, .ec • a sine.>t, is placed 

on. the grid* the .output will be · 

11> • 4b(sm3Gt)t) • .3b(s1n'"''t) • -b sin Jwt •. 

The tube J?Uzy"1 therefore,, be used as a frequency tripler provided 

that it 1B not necess&l"'Y to maintain a perfect wave form. 

Frequency I»Ubler. The ideal transfer characteristic 

curve for a frequency doubler would .have the equation 

ib • b [1 - 2(eel'a>
2

) 

since an input signal of ec • a cosr..>t would produce -an output of 
2 11> • b(l - 2 cos wt) • - b cos 2wt. 

Tlie portion of the characteristic curve between po~ A and B in 

Figure 2b very closely approximates this equati.on. 

Phase Shifter. As a portion of the characteristic curve 

is approximately a straight line having the equation iy, • - (b/ a) ec 

an input signal of ec • a sincu t would result in an output of 

ib • - b sinGoJt • b sin (n/2 +wt) 

Figure 2c. 
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Volt!§! Regulator. The degree of regulation or a voltage 

regulator i s a function of the transconductance or one or the tubes 

in the circuit.. 5 If a resistance having a value equal to the recip-

rocal of the slope o.r the transf er characteristic curve at ·its 

inflect.ion point is placed in the cathode circuit of the tube• the 
6 

effective characteristic curve dll have a region or infinite slope. 

If' a negative transconductance tube is so used in the regulator cll-

cuit• the theoretical regulation would be infinite as long as it is 

possible to operate on that portion of the curve. 

Potential control. The tube mq be used to trip a relq 

or similar device when a DC volt.age drops below or increases abo\re 

·certain limits. A portion of t he output voltage is used to provide 

grid bias as shown in Figure 2d. The significant fact is that the 

plate current or t he tube in:reases with either an increase or 

decrease in output supply voltage. 
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IV 

THE mv:ESTIGATION 

Actual Tube Characteristics ----
A type 45 power amplifier triode electron tube7 placed in 

the magnetic field generated by an electromagnet, as shown in Figure 31 

was used in this 1.nVestigation of negative transconductance in mag-

netic fields. Figure 4 shows the construction and dimensions of the 

elements of this tube. other tubes having different geometrical con-

figurations were llSed only in checking various theories of cperation. 

Figure 5 is a schematic diagram showing the circuit llSed 

in determining tube characteristics. The catbode-rq oscilloscope 

is conneeted so that the p.attern on the screen is a graph of the 

transfer characteristics of the tube. 

The normal transfer characteristics of a type 45 tube are 

shown in Figure 6. These curves show the variations of plate current 

with grid voltage for various plate voltages, the slope of which 

represents the transconductance of the tube,. which 1s alw~ of posi-

tive value. Figure 7 sh0118 the tube characteristics far variollB 

values of filament voltage. 

The tube was placed between the poles of an electromagnet 

with the plates of the tube parallel to the direction of the mag-

netic field and the grid was connected to the annode (ec • o). AS 

the strength or the magnetic f'ield was iooreased, there was a 

decrease in plate current. acc<XIq>anied by an increase in grid current. 
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Figure J . 
ELECTRON TUBE IN MAGNETIC FIELD 
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These variations for different valu of plate voltages are sho min 

Figures 8 and 9. 
ith Const.ant magnetic field strength (approximately 0 . 05 

webers per square meter) and plate potential (100 volts) , the grid 

potential was varied (from -20 to ~volts) . Figuro 10 shows the 

varitltion in plate current. The values of transconductance is also 

shown in this figure. Plate current-grid potential relations are sho-wn 

in Figure 11 for plate potentials of 501 75, and 'lOO volts. Figure 12 

sho the character tic curves for various magnetic field strengths 

and a plate potential of 50 volts. Figure 13 is an oscillogram of these 

tube characteristics for a constant plate potential and various mag-

netic fields. Fi 14 shows the effect of varying the filament 

volt e with a constant plate· potential and magnetic field. Figure 

15 shows the tube characteristics, 'both "th and "thout magnet, 

when the filacent potential is redueedto 1. 0 volts. Figure 16 gives 

the characteristics of a type 101 el ctron tube with a constant 

plate potential and ma.i~retie fi..,ld but with various filament poten-

tials. 

Assumptions 

In order to f'ormu:i:.ate a t heory as to the reason for the 

region of negative transconductance, it is necessary to· make some 

basic assur:iptions. The assumptions made are as :follows: 

1 . The initial velocities of electrons leaving the 
filament are essentially zero. 

2. Relativistic variation of "'S of the electrons 
ma;v be neglected. 
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Figtn'e 13. 
OSCILLOGRAPH OF PLATE CURREllT- <1lID VOLTAGE CHARACTERISTICS 

FOR VARIOUS VALUES OF B 
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J. Distortion of the magnetic field due to the non-
hoxoogeneous permeability inside the tube is 
negligible. 

4. Space-charge effects are ooglig:ible. 

Since the mer initial velocities of electrons leaving the 

heated filament are usually of the ordar of magnitude of one- half an 

electron volt, a,9 and as the potentials used in this tube are h 

greater th t his value, it is believed that the .assumption of zero 

t rmal. electron elocities is justifio Figure 17 shows the distri-

bution of initial electron velocities from an oxide coated filament 
10 

for operating temperatures . It may be seen that less than 0, 1 per 

cent of the electrons emtted from a. ca.tho of 1500 de ees K have 

velocities greater than one electron volt. 

The ratio ot t he electrostatic mass to the static mass of a 

particle11 J?Uzy" 'be expressed as 

mo/m • V 1 - (v/ c) 
2

• 

The maximum velocities of electrons obtained in this study is about 

5.9 x io6 meters per secon Therefor 

mo/m • i - [$. 9 x io6l 2 
• o. 9997 

3.0 x 10Sj 
an error of only 0 . 03 per cent if relativistic variation of mass is 

neglected. 

The third a.ss~tion is that the distortion of the magnetic 

field is not severe even though the plates of the tube are constructed 

of magnetic oaterial. Ans' distortion Trould be greatest near the plates 

t he elves and therefore ould produce no profound effect on the motion 
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of an electron until it. reached this regio There would be· some 

magnetic shielding of the space inside the plates, but a measurement 

of the flux density ins~de the plates failed to indicate any appreci-

able change in .field stre 

The assumption that the e.fiect of ace-charge on the mtion 

oi' the electrons is negligible might be questioned.. It might even be 

expected that space-charge would mdify the potential distribution in 

the tube under investigation more than it does in tube "thout the 

magnetic field. This is because the transit time associated with the 

electron paths is relatively lar and the electron will remain in the 

inter-electrode space much longer than .if the magnetic field re not 

present. With the electrons traveling in their longest path, hO\'teVer,, 

the probability of collision dth and consequent ionization of gas 

ioolecules is eatest. Tb.is w.Ul result in partial neutralization of 

the erlsting space-charge. Proof' of ionization is given in Figure 18., 

This is a photo aph of a type 10.1-A electron .tube wit h a magnetic 

field parallel to the plates. This tube was used instead of the type 

45 because the plate did not completely surround the filament. From 

Figure 151 it IDSN" be seen that wit h a constant plate potential and 

etic field, the negative transconductance of the tube is increased 

men the filament temper :ture is lo ere hen the filament teopet -

tm-e is lovered, there i 0 a decrease in space-charge. 12 TMs is also 

shown by the characteristic curve of a type 101- A t'l.lbo when operated 

at various filament volt es (Figure 16). As the effect under investi-

gation increases with a decrease in space-char ,, it can be asSUIOOd 
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Figure 18. 

PHOTOGRAPH SHOWING IONIZATION IN TYPE 101-A ELECTRON TUBE 

IN THE PRESENCE OF A MAGNETIC FIELD 
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that ace-charge is not the cause of the effect and ma:f be neglected 

as far as an expianation of the phenomenon is concerne Space-char 

probabl;y will be a factor in determining quantitative results . 13 

Laws of a<>tion of Charged Particles --- . --~ ------
ectrostatic Fields. By definition, the electric field 

intensity ( 8 ) at any point is the force (F) acting on a unit char 

(q) at that point. Therefore 

F•q G. (1) 

If E is the potential at each point in the field taken with respect to 

arzy- arbitrary zero of potential., the adi.ent of E is a vector oriented 

in the direction in bi.ch E changes IlX>St r.apiclly and whose magnitude is 

the rate of change of E with distance in this direction. Thus 

8 .. - dE (2) 

the negative si indicating that the force is exerted in a direction 

opposite to that of increasing potential. According to Newton•s second 

law 

(3) 

Assuming that charged particles are present in small enough number o 

that their presence does not change the force field (zero space-charge), 

the only forces erienced by the particle JD()ving in an acuated tube 

are those caused by electric, magnetic,, and gravitational fields . 

SUpposing that only an electrostatic field is present 
2 

F•q ~ ·mds 
dt2 
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or 
2 2 

d s/dt • - (q/m)(dE/ds). {4) 

Specifying this motion mathematically with respect to the customary mutu-

a.l:cy- perpendicular Cartesian axes 

x ·• (q/m) c;x • - (q/m){ <l E/ ci x) 

y • (q/m) &y '""' - (q/m)( ci E/ c) y ) 

z • (q/m) & z • - (q/m)( ci E/ ci z) . 

If the initial ve1ocity, the position of a charged particle, and the 

potential distribution are knmm, the mtion of the particle JJ18¥ be 

(5) 

co letely determined in electrostatic fi-elds by use of the abov dif'-

ferential equations . 

If a eharged particle travels :fro.m position s1 to s 2, the 

kinetic energy acquired equals the rork done on the particle by the 

or 

(l/2)wy + qE:i. • (l/2)mv~ + qE2 (6) 

which is a statement of the conservation of energy. These equations are 

independent of t he electron path and nature of the potential fields . 

v2 • ~vf - 2(q/m)(E2 - Ei) (7) 

If s1 is t he point f rom 'Which the particle starts from r~st and Ei is 

zero potential 

•J-2{q/m)E • (8) 
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If the charged particle is an electron, 
-J.9 

q • - e • - 1. 602 x 10 coulo s 

m • 9.106 x io-31 kilo ams 

and v • 5.93 x ic5 .,J'E IiJ9ters per second (9) 

ere E is the potential in volts through which the electron has been 

accelerate 

Magnetostatic Fields. A charged partielc in motion eon-

stitutes an electric current of m ·tude C'f{, and as ,such riences 

a force · mose direction is perpendicular both to the direction of motion 

of the particle and to the direction of the field. The components of 

this force in terms of components of acceleration,. velocity, and m -

netic field are 

Fx • mX • q(B~ - Bzy) 

Fy • ii- • q(BzX - Bxz) . 
Fz • · m • q(Bxi - ryt) . 

(10) 

Since the force is alwczy's perpendicular to the direction of motion of 

the p ticle, the magnetic field can do no work on the particle nor can 

it ch e the speed or kinetic en gy of t particle. 

Only uniform magnetic fields will be considered in this study. 

If coordinate axes are chosen so that the z- axis is parallel to the 

direction of the magootic field and t e charged particle (an electron) 

starts at the origin with a velocity v 
0 

in the y-z. plane (Figure 19) /1 

the above equations ma;v be 'Written as 
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y 

Projection of path 
onx~7 

Projection of path 
on y-'L plane~ f---+--A=====~.-...-----,.,__ __ x 

z 

Figure 19. 

HELICAL PATH OF EL'SCTRON IlJ MAGtJC:TIC FIELD 
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Fx • e"BY • eBvy 

Fy • enX • - eBvx 

Fz • O. 

s Fz • o, the component of velocity parallel to the magnetic field 

remains v0 z being unaltered by' tho presence of the field. A force 

normal to the velocity component v0 y w.U1 exist, resulting in a circ 

(11) 

(12) 

(13) 

lar motio This force may be considered as a centripetal force t hat 

must equal the .centrifugal force dGvelopod by t he circular motion of 

the electron. Therefore 

(14) 

e R is the radius of the eircle hich is the projection of the path 

on the X-"J' plane and vxy is the projection of the velocity vector on 

the x-y plane, the path itself being a helix whose axis is parallel to 

the z- ax:is and displaced from it a. distance R along the x-axis. 

R • :zy/eB. (15) 

If the velocity of the electron was ca.used by a potential 0£ E vol ts 

and B is express d in bers per square meter, 

R • J . 37 x 10 -Ji/B meters. (16) 

The angular ·velocity of the electro 

w ·• v0y/R • eB{m. (17) 

The time for one revolution i 

'f:.:t • 2TI/uJ • '2I't:Ji./e • (18) 
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The pit.eh of the helix is the z ·stance covered in one revolution and is 

(19) 

If' the electron enters the magnetic field at right angles to it 

(voy • v 0 ) , the resulting path of the particle is a circle which lies 

in the x•y plane. 

Concurrent Electrostatic ~ ~agnetostatic Fields. fuen 

olectrostatic and magnetic fields simul.t ously influence the IIJ)tion 

of an electron, the net force i s the sum of the electric and tic 

forces wbieh would be exerted if each field acted independently. There-

fore 

Fx • .. ·• e( Gx - Byi + B,j) 

Fy • rrf; • e( Gy - BzX + B;x2:) 

Fz • m2 • e( Gz - ~ + ByX>• 
Since the coordinate ax.es are so cho ... en that the etic field is 

directed .along the -z. axis and the components of the electric field 

and & z are directed along the -x, -y , and 

respect.bely, the ove equations beco:rae 

Fx • m: • e( G x +BY) 
F • rrii- • e( f., - BX) y y 

F z • mZ • e( G z) . 

F • z •O 

and the electron will remain in the x-y plane. 

es 

(20) 

(21) 

(22) 

(23) 

(24) 



If the electric field is non- uniform, as is the case in most 

three element electron tubes, it is very difficult to obtain an analyti-

eal solution of the above equations. If, however, the field is uniform 

( as is approximately true in the case. of the plane electrode diode or 

a plane electr ode triode when the i d is at its natural pot entia1) and 

t he field is such that Gx and Gz are zero, the force equation may be 

itten as 

Substitut ing 

and 

i'1e h e 

.. . 
Fx • mx: • eBy 

W • eB/ m 

a • e 5 / m 

X • dvx/ dt • W Vy 

y • &ryf dt • a - w vx 

z • dvz/ dt • o. 
Differentiating (29) with respect to t :ves 

d2vy/ dt2 • - W (dvx/dt) . 

If (.28) and (31) are combined, 

2 2 2 
dvy/ dt • - W Vy• 

( 25) 

(26} 

(27) 

(28) 

(29 ) 

(30) 

(.31) 

(32) 

'lhich is the differential equation of simple harmonic motion having th 

solution 



y • A cos w t • C sin <:c.> t (33 ) 

Differentiating (33 ) ·th respect to t ves 

y/dt • - w A sin cu t + we cos w t . {34) 

When t • o, vx • vox, and from (29) 

So, 

Therefore 

Inte a.ting, 

dvyf dt • a - w vox • GU C I 
t • O 

c • {a/ w ) - . ox 

{35) 

y • ey cos w t +(a/~ ... Vox)sin wt (.36) 

2 
y • (vey/ w )sin w t + (v0x/uJ - a/w )cos wt +CJ. 

2 
If y • 0 en t • · o., Ci • a/w - v<DfOJ 

Therefore, 
2 

y • (vay/ w )sin "> t + (a/w - /w )(l - cos wt) (37) 

From (29) 

VX • (l/ w ) (a - dvyldt) (38) 

Differentiating (36) 

d!ly/ dt • - w oySin"' t + {a - w vox)cos w t (39) 

Substituting in (38) 

vx • (l/w ) [ a • w oySin wt - {a- t..J v0x)cos wt ] 

or Vx • oyein lc) t + a/w + (vox - a/w ) cos <A.J t . ( 0) 



Inte ating, 

x • - ( oy/4' )cos c..> t + at/ o.> + (l/c.u )( ox - a/c..J ) sin4' t + C2 . 

If x • O en t • o, C2 • a/ e<J. 

Therefore, 
2 

x • (voy/w )(1 - cos {L)t) + at/ w + (vox/c,..> - ajcv )sin~t . (41) 

If it is assumed that t he initial velocities are o.f negligible magni-

tude, equations (41) and {37) beeome 
2 

x • (a/(,LJ )( <.V t - sin~t) (42) 

(43) 

which are the parametric equations of an ordinary eyeloi 

chanical .Analogy for Doterminil'.!¥ Electron tion ~ Cross d Fields 

The similarity bet een the motion of an electron in electric 

and magnetic fields and the rootion o.r a gyroscop as su sted by 

illiam F. OSgood, of arvard University. 14 A mo 

s motion as devised by A. Rose of the R. c. A. Labor :tories. 15 The 

m:>del used in this investigation is siz::dlar to that used by Rose except 

that an electron tube consisting o:t three ele nts is being studied 

instead of a two-element etron as was used by him. 

The equations of tion of the end of the axis of a gyr 

scope acted upon by a force non:ial to the axis will now be determine 

Figure 20 shows a scope which spins ·th a high angular velocity 

about its axi and is free to rotate about the fixed point o. Oxyz is 

a rectangular coordinate system fixed in space and OXYZ arc rectangular 
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Fieure 20. 

COOBDIHATES USSD IN GYROSCOPE AIJALOGY 
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axes fixed relative to the boey and moving ith it and such that before 

displacement the two sets or axes are coincident. OK is perpendicular 
•. 

to the plane of zOZ and is the intersection of the planes of XO'I and 

XOy. , ¢, and 1f are the Eulerian angles16 de.fined as follows: 

e • zoz, ~ • xOK, and 1f/ • XOK. 

If w 1, W Y' and wz denote the components or angular velocity of the 

boqy- about the axes OX, OY, and OZ respeetivel.y, Etilers geo etrical 

relations17 JJl88" be written 

is 

w X • cos 1/1 + ~ sin sin 7fl 
. 

w • sin ¥' - ¢ sin e cos 1f y . . 
cv z • 111 + ¢ cos e 

(43) 

The kinetic energy of a cynam.ical system with one point fixed 

(L4) 

and since for the oscope, Ix • ry, the energy equation mqv be written 

T • (l/2) [ I,c( W i + w ~) + Iz W ; J . (45) 

SUbstituting Euler •s relations 

[ 
.2 2 . . ·;2. 2 2 

T • (1/ 2) IxC cos If + 2 sin sin 7f cos ?(' + ~ sin sin 711 
·2 2 . . ·2 2 2 ) + o sin 11 - 2~ sin o sin 7f cos ?f + ¢ sin e cos ljJ 

+ Iz( -Vi +~ cos >2] 

• (l /2) [Ix( il + ;j si:r/ ) + r,,c ..; + ~ cos ) 2] . (46) 
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ange•s equations18 for the general ease of a rotating rigid boey 

fixed at its center of gravity are 

where F 1 Ffl, and F7t' are the forces 

arms of the three torques. 

L ; J.;1 and L_,,,are the moment 

a.king the following substitutions in Lagrange •s equations 

~ T -.2. • · · .z 
C) e • Ix{9' sin cos e) ... Iz(¢ V' sin G + ¢ sin cos ) 

c) T · 2 · . Z - d ~ = J:x(f6 sin e ) + I;; ( q) cos + ¢ cos e) 

(47) 

d ( ~ ~) • :fx(¢ sin2 e + 2 · · sin a cos e) - Iz( ·-if sin e - -i,i cos e di 
. - 2 

+ 2e¢ sin cos - ¢ cos ) 

• Ix~ six? a + 2(JX - Iz) · · sin o cos e 

+ Iz(~ cos2 e - ¢-i; sin + V eos ) 



Gives : 

cl T """"J1J • 0 
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c) T . • • 
c.) V • Iz ( qJ + fl cos e) 

d (J T) ·· .. Cit d Y .. 1z ( ?f - e <J sin e + tj ·cos e) 

~ T.o 
c)-¥ 

d (_ cl T) <l T .. ~ dt lT - ~• Ix - I,c(~ sin a cos e) + Iz(~ ,,sin + ( .sin e cos ) 

• • • • . • z_. 

• Ix + Iz'I~ sin e - (Ix - Iz) rp sin a cos e • Lefe (48) 

d !.: c) T.L ~ T . • 2 • . dt' \~T C> <J • 1-yfi sin e ~· 2<1x - :tz> rp sin e cos e 

+ Iz(¢ cos 2 e - 6 i;i ·sin e + ~ cos e) • ¥¢ (49) 

~ ( cl ~) - c) T • I ( ~· - 9 ~ s in e + ¢ cos e) • L F (5o) l' ~ ~ ~-zp z ' . v ..,, 

Neglecting the frictional force F 'IP 1 this la.st equation ~ be written as 

-· .. 
1;} - e <J sin e + tj· cos • o 

Integration gives 
. . 

'If) + rp cos a • a constant 

and from Euler t s third geometrical relation, -.,jJ + ~ cos G • w z 

this constant must be c:J z 
. 

and oJ z . o. 

(51) 

(52) 

(53) 
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If be restrieted to very small angl.es and I° is t he di.stance 

that the end of the gyroso e a.xis moves,. the following substitutions 

may be mad : 

Le • L, L¢ • L sin •f' , s in • ;:>/L, 
cos • 1, L . •j> - L e •/' (54) 

SO : 

rx·· + Iz~V ( f'/ L) - (Ix ... I z) ;; ( f / L) • LF. 

I) ( f / L)
2 

+ 2( :fx - Iz) . ~ v /L) + :tz [~ - eijJ (f / L) +"Yi] • f FrJ 
or 

also substit uting 

and . . 
coz . ¥ +¢ 

Ix [ 0 - i/( f / L) J + Iz( (J/ L) ¢ wz ·• LF 

Ix( fJ / L) [¢ ( jJ / L) + 2"] - Iz ( f / L) e (()zco f Ff6 

L .. - f 1 + ( Iz/ Ix) f ~ wz 111(t~e/Ix) 

L [ ~ (f / L) + 2G¢] - (Iz/ Ix) L e <.:>z • (L2FrJ/Ix) 

f -('~ 2 
+ (Iz/Ix) f ~ - UJ z• Ct2re/Ix) 

.• . . . 2 
f rJ + 2f ¢ ... (Iz/ 1x_)f "'z • (L Ftj/1x_) 

(55) 

(57) 

(58} 
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. ch conpletely scribe. the motion of the end of the gyroscope axis 

for s 1 values of • 

Changing to rectangular coordinates by making use of the 

relat·ons19 

x • -;5eo tJ + f ~ sin tJ (59) 

y • f sin tJ + f ~ cos tJ ( 6o) 
.. .. ..2 .. . . 
x • -<13·- f' ¢ )cos tJ + Cf ¢ + 2 f' rJ)sin rJ ( 61) 

Y • C/ - f {lsin rJ + (f' ~ + 2f ~)eos rJ (62) 

MUltiplying equation (~7) by cos rJ~ 
z. 

.. .:;_ . L F cos tJ 
(f ·-f ~ )cos rJ + (Iz/1x)f <J w2 cos rJ :• fx (63) 

and multiplying equation (58) by sin rj,. 
2 " ·· · • . L F¢ sin lO <jJ ¢ + 2f fl)sin ¢ ·-· (I:/Ix~ C<> z sin ¢ • Ix (64) 

Subtracting (63) from (64), 

Similarly: 

~ 

~ - {lz/1x_)UJzy • ~ 
Ix 

(65) 

(66) 

If point A is one end of a long permanent magnet having pole 

strength v , and is subjected to a magnetic field B., these equations 

ID.a:! be written as: 

.. x. (67) 
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2 
.. LBy v I . 
y ·• I;x: - (Iz J%) CU zX (68) 

z .• o (69) 

The equations or motion of an electron have already been found. 

From equations (21) , (22}, and ( 24) we mciy write : 

x • ( e/ m) Gx + ( e/ m)Bfr 

y • ( e/ m) 6, y - (e/ m)BX 

( 70) 

(71) 

(72 ) 

I t mi;zy- be seen t hat these faro sets of equations me identi cal in for 

The follmrl.ng gives the correspondence wllich exists bet"we.en the para-

meters . 

Electron t ion Gyroscope t i on 

(e/ m) 6 x 2 . L Bx v / Ix 

(e/ m) & Y 

(e/ m)B 



Application££~ gy;-osc?Pe Analogv; 

A model or the electrode configuration of a type 45 tube " as 

constr cted by substituting the poles of an electromagnet for the c thode 

and annode or the tube, as sho m in Fi e a . The negative ends of 

long, thin alnico magnets re placed bet en the poles of the elec 

m et in the proper positions to represent the · ds of the tube. 

A long permanent magnet ua.s f astoned to one end of a gyros cop 

axis and a small incandescent 1 fastened to the other end so 

that the path of t he light would be similar to the path of the end of tb3 

m et . As the po ition of the gyroscope eh ed,. the path of the end 

o.r the magnet as determined by photo aphing the motion of the light. 

e speed of the gyroscope was determined by vhe use of a stroboscope. 

The negative pole of the small t on the end of the gyro-

"'C e axis ~as inserted between the poles of the electro et near the 

negative pole and then release The path oft · negativ pole, and 

hence the path 0£ an electron, could be determined as described above. 

The effect of a change in plate volt of the tub could be determined 

by varying the strength of the electromagnet. The off t of strength 

of the crossed magnetic field coUl.d be determined by varying the speed 

or the oscope. 

The small magnets \'lhich represent the · ds of the eL ctron 

tube re remove The model as then that of the tube with id at 

natural potential., which would be at a positive voltag equal to one• 

third t hat of the plate volt!!\ e . The gyroscope as ·ven a spin of 

3000 r . p . and release The ends of t axis described a path 
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f, 
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proximately cycloidal in shape. This repeated with decreasing 

speeds or the gyroscope. At a speed of 1400 r .p. , the magnet 

attached to the gyroscope axis reached the positive pole of th electr 

agnct. Fi 22 shows the path for eds of tho gyroscope varying 

from ,3000 to 600 r . p . At speed of 1.550 r .p. m • ., the end of the axis 

missed the posit ive pole end returned to the ncgati pole. This 

repeated sever& times at that spe d the positiv pole never 

reached. These conditions then represented a crossed magnetic field 

of ., ficie.nt stren h to keep all electrons from re bing the plate 

of the tube. Figure 22b sho a single photogr h at this spee 

It m-q be seen that this path 1s not exoctly cycloidal. The 

reasons ~ be any of the follou:J.ng: Friction in the bearings of the 

oscope support,. difficulty in releas · t ie gyroscope • · t ut an 

initial velocity, no · orm:l.ty of the tic field, and f ,ailure to 

have t he gyrose , light, and et in perfect. balance. For 

the"'e reasons,. together with the fact that it was in:possible to deter .... 

mine accurately the pole trength of the ts used £or the id 

and the e1eetron, no attempt e to nake qualitative anal.ya 

by e of the gyroscope analogy. The gyroscope is sufficiently ace 

rate" h ver, to delil>nstrate the fact that trans£er characteristic 

curves as ,ere obtained for crossed etic and el ctric fields is 

th t hich mi~ be ected under such conditions. 

For operation of the ~ under the conditions previously 

described,, th t is,, •th id at one- third of plate volt and the 

magn t stren h r resented by- sp d of 1$50 r . p . of the gyrosc e, 
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Figure 22. 

PHOTOGRAPHS SHCNllNG VARIOUS SPEEDS OF GIRoSCOPE 
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point J!ltzy' be located for the th retical trans.fer characteristic curve 

of the tube. (Fi e 23) 

ext, tbe small ts representing the id of the tube re 

inserted., These e or ~uch strength to represent q id volt of 

proximately zero. itb a gyroscope speed of 15.50 r . p. 1 th end of 

the axis as released at arious positions along the neg tive pole ot 

the electromagnet. Figure 24 shows the resulting pat • This shm'm 

clearly that J.lUilV of the electrons roul.d reach the plate of the tube if 

t grid at this potential. Therefore, paint B should be placed at 

some point on e vertical axis of Figure ~3 . 

If it ere possible to make the ts whicll represent the 

id sufficiently negative, the et on the end of the oseope axis 

uld be repelled with uf.ficient force so tM.t it would e?' get past 

tho id, and hence never reach the plate. Point C ID;:q then be placed 

at so point on the negative end of the horizontal axis, giving a 

curve ihich must have the general. sh CBA as shown. 

T re are electrons mu.ch uld go from the fil nt of the 

tube to the ends of the plate whose path uld not be aff cted by the 

presence of the magnetic field because the direction or the electron 

path is parall 1 to the etic line of force. A more detailed stuey 

of thi part of the plate current will be made later 1 but at this 

point it is suff icient to indicate that this portion of current mu.st 

hav a characteristic curv approximately' as shown by DEF. 

The curve represent the total plate ctn"rent w.ill be the 

sum of curves CBA and DEF or curve DGF. It will be seen that this 
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Figure 24. 

PHO'l'OCRAPH SHClVING <J!ROSCOPE MOTION AT 15S0 REVOLUTIONS PER MINUTE 
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curve has the same general shape of the actual characteristic curve 

of the tube under these conditions . (Figure 13) 

! Grs:>hieal thod f<:Jr Determining ectron Trajeetorie 

As previous:cy' stated, it is very difficult to obtain an ytieal 

solutions for electron motio in no -unifo electric fields. If the 

field is not ma.the · rtiically i"i d, such a. solution is impossible. 

Hence there i a need for a aphical method by which the electron paths 

llU1V be proxim.a.ted. Th method used in this stuqv comi-sts of co 

puting the instantaneous radii of curvature of the path and plottin 

the trajectories as a series of joined circul segments. 

It has been shmm that ~he force due to an electrostatic 

field acti on an electron is e &. • The component or this force per-

pendicular to the instant eous path is due to the component of the 

gradient of potential in that direction and may be expressed as 

If the electron is m in a curved path,, this normal component of 
2 force must equal the centrifugal. force, (t111 / RE) , actin on the 

particle. There.fore 

Assuming a negligible illl.tial velocity, the kinetic energy of t he 
2 . 

electron, ( / 2) , must equal the potential enerf.JS lost (eE) . Then, 

(73) 

(74) 

(75) 
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It has also been shov that the f orce due to. a magnetic field 

acting on an electron is Bev and that the instantaneous radius or curva-

ture due to th m etic field is (Equation 15) 

Ry • (m/e )(v/B) • 3.37 x 10-6 {i/B ters. 

The tQtal normal. force acting on the IOOVing electron is 

(76) 

Therefore, the instantaneous radius of curvature due to the combined 

fields is 
2 

R • -e"""S~N;.;;......+_B_w_ (77) -
This relation may be written as 

R • 2(v2/2)(~e) . , 
'l!N e; N .! 2(v /2) (m/e)Be 

But since, f:rom Equation 8, E • (v2/2)(m/e) ,~ 

(78) 

The instantaneous curvatur of the path m:zy be ruq>ressed as 

• GN J2E .! (e/m)(B/ v) (79) 

(80) 

n the potential distribution is ~ the curvature of 

the electron path due to the presence of a crossed electrostatic and 



etic field~ be determined from the above relations. igure 25 

is a nomograph for EquatJ.on 78, The following examples illustrate the 

use of this ehtll't: 

11--v.~mnle .!• Given: 1/ 6 N • 2.5 x 10- .5meters per volt. 

Ex le II • ............... _. -

E • 50 volts. 

B • 10-2 mbers per square meter. 

The fields are such that el.ther the 
electric or etio f ield . uld 
duce cloelatlse rotation. 

Fr point A on tho 1/ <S cale, a line is 
extended vertically to t he 50-volt lin at C 
and then horizontally to point D. Point F is 
located on E-scal.e~ a line is extended hori-
zontally to t he curve representing the proper 
magnetic field st.ren h, and then up ard to 
point H. A line connecting points D and H 
intercepts the R- scale at 0. 0012 giving the 
instantaneous radius of eurv :ture of the 
electron path in meters. 

' 5 
Given: 1/ G N • L..J x 10- meters per volt. 

E • 20 volts . 
-2 B • 1. 25 x 10 hers per square meter. 

The i'ields are such that the electric 
field uld produce counterclockwise 
rotation and magnetic field ould pro-
duce clockrtlse rotation. 

Procedure is similar to Ex le 1 . Points K, L, 
and ar loo :tod, corresponding to tho given 
values of 1/ c; n and E. By use of dividers, the 
point is located below O so that ON • O since 
the curvature due to the electric field is nega-
tive ( eou.nterclockvdse) . Points 01 P, and Q are 
located corresponding to the given values of 
and B. A line through points tl and Q intercepts 
the R eale at s, giving an instantaneous radius 
of curvature of 0,0041 meters . The center of 
curvature be located so as to produce 
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clockwise rotation of the electron. I! tho line 
were to intercept the negative end 0£ the R- scale, 
the center uld be so located as to give counter-
cloc · e rotation. 

· The values of 1/ 6' 1 ~ easily be determined by using a trans-

parent templet marked so as to give this value directly when placed over 

a plot of the potential fiel<.'4 This 'te let is shown in Figure 26. :rt 

is not necessa:cy- that there be any values marked on the templet if the 

l / e cale on Figure 25 corresponds to the scale of the potential fi ld. 

Values of 1/ G ll may be transferred from the templet to the graph by the 

use of dividers. The graph mey also be drawn so that the R-scale is the 

sams as that of the potential field, eliminating the necessity of read-

ing the values of the r dius 0£ curvatur but enabling one to set his 

compass at the proper radius directly from the •aph. 

Since the hical construction is only . proximate, it as 

first ed to plot the path of an electron in a uni.form fiel d so . that 

this path could be compared with the path determined by analytical 

means . Figure 27 shows the construction and results. 

aximum Displacement ~Uniform Fields 

s the process of determining electron paths by the graphical 

method is rather lo and tedious and also subject to so:oe cumulati e 

error, a shorter method w.i..11 be derived for use in the regions. Tihere the 

potential field is unif o In this stuey,, it is only necessary to knm1 

if an electron reaches the plate of the electron tube in or der to lmow 

nether or not it contributes to the plate current. Th method described 

here will enable one to determine the maximum y""""Component of di lacernent 

in uniform fields thereby determining if an electron will reach the plate. 
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A 

Directions= Place ter:irlct on plot of potential distribution with 
point 0 at position of electron and OA normal to equi-
potential line. Note point I3 where next equipotcrrtial 
line intersects OA. Follow horizontal line to point 
of intersection with line which is normal to electron 
path (C). The distance OC is the value of l/C and 
may be transferred by dividers to the nonoQ'.'aph 
(FiP1.lre 25). To detert:Jine values of l/C, .. , follow 
circle to point D and read value in meterk per volt. 

Figure 26. 

TIEPI,ET FOR Di~'I11n.m:nm 1/ e ·r 
l' 
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F<>r the condition of zero initial velocity,, the maximum y · alue 

of a trajectory mB3' be determined from Equation 43 which :ves 

.. 2a/ c.u 
2 

• 2(1:1/e)( & /B2
) 

• - ll. 38 x io-12 G /B2 meters. (81) 

Fi gure 28 sho this relation. 

If the initial velocity of an electr-0n is not zero or if the 

y-distance traveled beyond a. certain point after the electron gains a 

velocity and is moving in the direction <X is desired. the solution 

of Equation 37 is not. so s~le. For such conditions, the e1eetron 

reaches the maximum distance when 

Vy • oy cos w t + (a/fAJ - voX) sin c:.J t • 0 

Ol' when 

tan "" t • v gy: . • . o sin oe 
v0x - (;/ o.J ) v 0 cos ex - (a/w ) 

Ymax • (l/.:.> ) [ (a/,,, ) - vg cos "'- •/v~ - (2a/w )v0 cos oC + (a/c.> )2 ] (82) 

A aphical solution of t.bis equation will be given. Utilizing the fact 

that Equations 37 and 41 are the parametric eq :tions of troehoidal :motion, 

the rolling surfaces may be constructed providing that v and oG are known. 

FrOm Equation 40, it is seen that there is a constant x-component of 

velocity equal to (a/ w ) which represents the translational velocity 

(vr) or the circles that generate the trochoidal motion. '!'he radius of 

the rolling circle must thore!'ore be (vT/ tAJ ) • (a/o.}) • (m/e)( G /J:,2) 

(see Figure 29) . The radius o!' the tracing circle is vR/ oJ , a.nd 
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v ,. 
R 

cycloi n vR < T" the pa.th is a curtate cycloid and hen vR • vT• 

the path is an ordinary cycloid. 

In determining Ymax graphical.4'", all velocity vectors are 

divided by w in order that they · 1 c the same scale as t radii 

of the rolling and tracing circles. (Fi · e 30) •. The vector repro-

scmting the velocity is drawn v/"' • · (0.0337/B) ~meters long in the 

direction oe • 'Ihe translation~ velocity vector is dravm vT/ w • 

a/w2 
• o. 0569 6 /B2 

meters long. The rotational velocity vector is 

now determined. A line drawn fro the origin of this vector perpendic-

ular to the vector equal to it in length locates the center of the 

circles and radius of the generating circle. By .swinging the rad:i.us 

around in the y-direction,, the value 0£ y max is determined. 

Potential Distribution in Electron Tub ----------· - . -
Analytically,, the potential distribution in space due to 

system of electrodes is specified by Laplace ' s equation20 
2 2 2 2 2 2 

(c~ E/ d x ) + ( c) E/ J y ) + ( 2J E/ J z ) • 0 { 83) 

In order to determine the potential distribution in the type 45 electron 

tube,, it will be assumd that the · es of the fil nt end in the 

x-dircction and t he grid wires in t he z-direction. It will be asSUt:J.ed, 

also, t hat all point in the plane of t he f ilament ex~ plane) has the 

potential E• o. Therefore & z • - ( c) E/ c) z} • o,. and the above equation 

IDCJiY be expressed as 

cau> 
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This may- be eJq>ressed as a difference equation of . hich the differential 

equation is th limiting fo~ 

Figure 31 represents a two dimensiona}. configuration enclosing 

the region for which E is defin A rectangular coordinate net having 
21 a mesh tldth L'l .is drawn aver the are At points o,. 1, 2, 3; and 4 

the potential, E, will ~ave the values denoted by Eo1 E1, E21 E3, and E4 

respectively. It is evident that at point O 

and 

SUbstituting ¥1 Laplaee•s Equation 

2 2 2 2 . 2 [ _l ( rj E/ d x ) + ( d E/ ~ y ) • {l/ A ) E:J. + E2 + ~ + Eh - ~ • 0 ( 85) 

or 
(86) 

which states that the potential at any point,. o, is the average of the 

potential at the four surrounding points. '!he finite difference equation 

is w.ritten 

(87) 

• 0 when , E2, ••• Eo are the correct values. Conversely, 

if the values are not correct, Ro l• o. The quantity, RQ,. is called the . 
residual at point o. The numerical solution of the equation consiots of 

adjustments in the initial values (assumed alues) such as will make the 

residual vanish. 
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In is manner, the potential distribution in the type 4S tubG 

for vari ous grip. volt e~ and a plate potential or 100 volts as shown in 

Figures .32 to 41 as obtaine 

Theoretical Tube Characteristics ----- - -------
T'ao first step in dete:rmining e characteristics or the type 

45 tub in the pre.,ence of a et1c f icld is to plot the p ths of the 

electrons l eaving the filament under various conditions. ith a plate 

potential of 100 volts the i d at its natural potential. of +33 volts, 

the i'iel~ G y • • ( cl d y) , is constant and the olectron path has 

been determined by both the alytical and the graphical methods (Fig ... 

ure 27) . In this case) none or the electrons reached the plate en a 

etic field or 1. 15 x 10-2 bers per square meter as lied. no 
attempt made to determine the number of electrons intercepted by the 

It vdll be noticed thc.t for all values of id potential. the 

electric field is almst uniform in that region or too tube having 

potential or about 50 olts or greater. As the roce"s of d€termining 

tho electron path by t gr hie method is rather long and also 

subject to some cumulated error, and as it i s only necessary to know 

whether or not electrons re th2 ar.a:iode, the graphical method of 

determining Ymax will be used for the region beyond the 50 volt poten-

tial line. The electron trajectories beyona this point e not 

plotted accurately in the follovr.ing instances but only the oximate 

path is indicate 
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Next, the electron paths in a tube having a grid potential of 

+10 volts ere determine The electrons did not foll cycloid.al paths ,, 

but still none of them reached the plate of the tubes although some came 

very close to it. , n tho potential of th id as re :uced still more, 

.some of the electrons began to reach the plate. Figure 42 shows the 

electron paths for a grid of 0-Volts. In this case,, approximately &Y/, 

of the electrons which left the filament reached the plate. It can be 

seen that the gradient of potential is greatest just beyond the grid 

and if an electron reaches that point in the :tube, there is sufficient 

force due to electric field to change the direction considerably. 0£ 

course, it is impossible to St;zy' def initezy rlhether or not certain 

electrons will reach the plate, For example, an electron that leaves 

point A on the filament goes so near the grid that it ml.ght be inter-

c ted by the gri Likewise, an electron leaving point G might be 

deflected past the grid and reach the plate. 

Fi e 43 shows the electron paths in the tube n the grid 

potential is -10 vol ts. Here also, about 60% of t he electrons leaving 

the filament reached the plate. If the assumption of zero initial 

velocities re strictl;r true. it would be impossible for any electron 

to enter the shaded area since all points in this area have a negative 

potential. This would an that all electrons reaching this area rrould 

come to rest and ould then start anew. 

At a grid potential of -5 volts approximately 75% of the 

electrons reached the plate. n the grid as -20 vol ts, none of the 

electrons traversed the total distallC!e from filament to plate. Figure 44 
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shows the percentage of the electrons leaving the filament which were 

found to reach the plate at various grid potentials, 

It has been assumed that the plates of the tube were infinite 

pi~es and that the potential gradient in the z-direction is zero, Thi.s 

is a valid assumption as long as the electrons are free to go to the 

plates, Referring, however, to Figure 4, it will be seen that the plate 

of the type 45 tube completely surrounds the other elements of the tube, 

There is,, therefore, a slight potential gradient from the outside wires 

of the filament to the ends of the plate. rt is then reasonable to 

believe that approx:i.matel,y half' of those electrons which miss the plate 

of the tube will be accelerated toward the ends of the plate and also 

contribute to the plate current. The fact that s~ of the electrons 

reached the ends of the plate could actually be seen in the tube, The 

filament voltage was decreased until it gave of f very little light and, 

in a dark room, the plate of the tube could be .seen glowing with a blue 

color where electrons were striking it. When a magnetic field was 

applied perpendicular to the plates of the tube, the image of the fila-

ment could be seen. As the magnetic field was rotated, the image 

would move along the plate and when the magnetic field was parallel to 

the plates of the tube, the ends of the plate would glow, It was 

impossible to photograph this 1n the type 45 tube, but when a type 

101-A tube having plates open at the end was used, a sufficient 

nuni3er of eleetrorLS went to the rd.res ·;hich supported the plates that 

they glO'Wed brightly and may be seen in Figure 17. 
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Theoretical characteristic curves~ row be determined for 

the type 45 tube having a plate potential of 100 volts and subjc~ed to 

a magnetic field parallel to the plates of the tube. .. Dl Figure 45,, 
curve (a) slx>ws the plate current-grid potential relation when no mag-

netic field is present. .tpplying the percentages shown in Figure 44 
for a magnetic field of 1.15 x lo-2 webers per square meter• curve (b) 

is obtained• Which would be the theoretical transfer characteristic 

curve if none or· the electrons found their wsy to the ends of the plates. 
' 

It has been decide~ however• that approxima~ 50% of those not reach-

ing the plate proper will go to the ends. The total plate current ~ 

then be determined by plotting the curve ( c-) whose ordinates are eq al to 

one-halt the sum of the corresponding ordinates of curves (a) and (b). 

'The same procedure was followed in Figure 46 for determining the theo-

retical characteristic c'Ur'le for the tube when operated at a reduced 

filament voltage. 
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v 
CillCLUSIONS 

The general shape of the t heoretical characteristic curves 

obtained by both th~ mechanical ana1ogy (Figure 24) and the graphical. 

analysis (Figure 45) agrees with that of the actual characteristic 

eurves of the tUbe in the presence of a magnetic field (Figures ll, 121 

end 13). A qualitative analysis of the gyroscope analogy was not 

attempted, and there was very little agreement between the values of 

the theoretical curV'es and the actual char.ae.teristic curves llhen the - ' 

tube wa.c; operating at normal .filament ~erature. If a magnetic field 
-2 of 1.15 x 10 webers per .square meter had been applied to the tube in 

actual operation, there would have been very little change in its char-

acteristics and there would have. been no region of negative slope. If 

a much stronger magnetic field (sq 5.o x 10~ webers per square meter) 

had been considered in the graphical analysis, the results would have 

been zero plate current for all values of grid potential although there 

was actu.alzy a definite region of negative transconductance in the 

actual operation of the tube in the presence of such a magnetic field. 

These results are not surprising in View of the original ass~tions, 

principally that of negligible space charge. It was pointed out, 'how-

ever, that. space charge would probabzy affect the qaalitative results 

and cause a wide discrepancy between the actual and theoretical values. 

If this is the principal reason for a lack of agreement 

between the actual and theoretical values, it TQuld be expected that 

there might be some agreement when the tube is operated at a reduced 
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filament t~erature, thereby reducing space charge in the tube. Fig-

ure 46 show the theoretical characteristic curve at this reduced 

filament temper.ature. 

Figure 47 shows a conparison of the actual and theoretical 

characteristic curves of the type 45 tube when operated at a plate poten-

tial of 100 vol ts and at a .filament potential of 1. 0 vo.1 t instead of the 

normal 2.5 volts.- The sim:Uarity of the shapes of these curves Wl8' be 

seen. '!he differences in the values of the theoretical and actual plate 

current mq be largely accounted for as follows : 

1. It had been assmned that the plates of the tube were 

inrinite planes, but in reality they are open at the 

top and bottom permitting electrons to escape, which, 

in the graphical analysis, were assumed to reach the 

plate either by traversing the region between .tila-

ment and the plate, or ey being attracted to the 

ends of the plate. From the dimension of the plate 

of the tube (Figure 4), it mq be seen that if the 

electrons were traveling in cycloidal paths and just 

reae · t he plate of the tube, that bet'Ween 15% 

and 20% ·dll not reach the plate but w.lll go out 

either the top or bottom of the plates without 

contributing to the plate current. 

2. Some of the electrons will be intercepted by the 

grid w:i:res of the tube, thereby causing the " 

plate current to be less than that indicated by 

the theoretical values. 
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J. The initial velocities of the electrons are not zero, 

al though the assumption was made that they were of 

negligible value. 

4. Space charge is still present to some extent even 

at a reduced filament temperatm-.e. 

In view or the assumptions which have been made 1 and t he close 

agreement between the theoretical and actual values obtained when the 

tube was operated as nearly as possible in agreement with these ass~ 

tionsJ it is believed that the explanation of the negative transconduc-

tance <effect in crossed electrostatic and magnetic fields is a correct 

explanation of the phenomenon. 
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