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This Mathcad 14 worksheet is designed to accompany the author's book "Microwave and RF Vacuum Electronic Power Sources", Cambridge University
Press (2018). The section, equation, and figure numbers refer to the corresponding sections, equations, and figures in the book. Data input fields are
highlighted in yellow and output fields are highlighted in green.

This resource is provided free of charge by Cambridge University Press with permission of the author, but is subject to copyright. You are permitted to view,
print and download this resource for your own personal use only, provided any copyright lines are not removed or altered in any way. Any other use, including
but not limited to, distribution of the resource in modified form, or via electronic or other media, is strictly prohibited unless you have permission from the
author and provided you give appropriate acknowledgement of the source.

The contents of this sheet are provided for educational purposes only and no warranty is expressed or implied that they are suitable for use as professional
design tools.

This sheet implements the equations in

A. H. Falkner, "Double stream flow in the smooth-bore magnetron,”

Proceedings of the Institution of Electrical Engineers, vol. 120, pp. 959-961, 1973.
(See Section 8.5)
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Find the anode radius as a function of Ec and J by finding the value of R where dR/dt = 0.

Ra(Ec,J) =

Find the envelope of the minimum value of Ec for a given Ra

E (R,) =

(RO)3 0 Ry 0

Y « AdamsBDF(R,0,4,100,D)

y<—Y<l>

dy « Y<2>

for ne 1..100

Ra « Yy
(break) if dyn <0

Ra« 0 if n =100

return Ra

E, < 0 if Ry =1
for i€ 0..250
E, < 0.25 - 00014

(break) on error J1 < Jc(Ra’ Ei)
E. < Ei

return EC

0
— =R
dTt 1
de
— =f(Ec,J,R,7T)
dTt

Equation 8.84 is expressed as a pair of simultaneous
first-order equations.

This calculation is for a diode that is cut off so that equal
and opposite currents J, flow.

Find normalised cathode current J for given R, and Ec

J¢(Ry Ec) = |J <005
Jo « root(Ra(EC,J) - Ra,J)

return Jc

I(Ry) = |0 it Ry =1

Jc(Ra , Ec(Ra)) otherwise

Calculate J for values of Ec decreasing from 0.25
until a point is reached where there is no solution
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Ec:=0,0.01..0.3 RRa:=1,1.1.2
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0.8 Compare Figure 8.12 which is a copy of the figure in Falkner's paper.
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\ Note that it takes a long time to compute this figure so it may be
06 / disabled if it is not required.
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g As the cathode current is increased for fixed anode radius the
yd electric field at the surface of the cathode falls. Thus the points on
04 the envelope curve represent space-charge limitation.
e
~
~
02 ——
0
0 0.1 0.2 0.3
E'c
»»x Ra=1.2
Ra=14
g88 Ra=1.6
oo¢ Ra=1.8
eee Ra=2.0
— - Envelope

(c) 2018 Richard G Carter




WS 8.3 Cylindrical crossed-field diode.xmcd, p.4

Langmuir's equations for space-charge limited flow.

Y(R) = In(R)
BA(R) = ~(R) — 0.4~(R)” + 0.0916667-~4(R)” — 0.014242:(R)"* + 0.001679-(R)” = 0.000161-~y(R)°
2 3 ;
=T -4 PRy
9 \ BA(R) R2 CL 9 132 RZ

Calculate the radial current in a cut-off diode normalised to the Child-Langmuir current. When R tends to unity the
ratio must tend to that for a planar diode.

JJ_JCL(R) := ]0.358 if R=1 R,=1,11.2
JI(R) . 0.4
otherwise
JoL(R)
0.38]
— 0.36]
@)
HI
' ——o—1
0.32
Figure 8.13
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Investigate the effect of different choices of parameters on the space-charge hub in a cut-off diode

The normalised cathode field and cathode current may be set to the values for space-charge limitation or other values as desired.

Normalised radius of the hub Ry, = 1.6

For first order trajectories the minimum cathode field and the space-charge limited cathode current are

E¢(Ryp) = 0.20400 J1(Rp) =0.56817
Normalised cathode field Ec := 0.20400 Corresponding normalised cathode current J C(Rb,Ec) =0.568
Normalised cathode current Jc = 0.56817
Acceleration ORR, ) = o —R 4+ 22 10T Equation 8.84
3 R R
R
Transit time for zero radial acceleration Ty = L sz L Ec T = 3459
Jc 2
R
b

Solve the differential equation for the electron motion. The columns of the solution matrix Y are, in order: 1, R, dR/dt

ool

D(T,R) | _1 o  Ec Je7
0
3 R R
(RO) 0 0

RI « rkfixed(R,0, 10,100, D)

return R1
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Electric field as a function of radius E = n B r.r, 1 1
r 4 z ’2 R4
Zero order hub ErO(R) := R — L [ Derived from Equation 8.69 | nE. E=rl1 1
3 I = , = _——
R r.a; R
First order hub Erl := | for ne 0..100 [From equation 8.82] B JT+E
Jc-(Y<O>)n + Ec R
Er & —mF—F—F—
n
(Y<1>)n
return Er
Plotting ranges R1:=1.0,1.05..2.2 yl:=0..3
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Normalised charge density as a function of radius

2
w
The normalised charge density is represented by P
2
wL
Zero order hub png(R) := 2-| 1 + L Equation 8.67
R4
, 2 1 dR
J+ - Z _p chR_
First order hub pl:= | for ne 1..99 [ Derived from Equations 8.78 and 8.83 | gwr. 2 dt
2
@)1 1 9 pdR
P, < Jc-|:(Y )n J, = a)f R 17
return p R,
10 =2 J; RdR=2rJ’
Q=2r IR =2rJ.7,
2 —— Zero order rIR
g 3 —— First order 1 drt
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Normalised hub charge per unit length

Ry,
Zero order hub

1

First order hub

Qy(Rp) = 2-w-Jr 2-(1 + %j-R dR

Qo(Rp) = 13.631
R

Ql(Rb) = 2.71.(Rb2 _ Lz - EC(Rb)J Ql(Rb) =12.349

Ry,

Ratio of charges

Note:

The last sentence of the first paragraph on p. 307 of the book is incorrect.
The graph to the left shows the charge in a first order hub is always less
than or equal to that in a zero order hub. The flux of the electric field
external to the hub is the same in both cases. But, because the flux of the
electric field on the surface of the cathode is non-zero in a first order hub,
the application of Gauss' Theorem shows that the hub charge must be
reduced in that case.
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