WS 16.1 CFA model

© 2018 Richard G Carter

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.

Data from H. L. McDowell, "Crossed-field amplifier simulations using a moving wavelength computer code," Plasma Science, IEEE Transactions on, vol
B0, pp. 962-979, 2002. The tube is not identified but it appears to be either SFD-261 or SFD-262

Data input Tube_type = "SFD-262"
Cell pitch Anode height Anode-cathode dist. SWS length Drift length Cell gap
p = 0.19cm L, = 1.194cm d,. = 0.216cm L.:= 11.75cm Ly=19cm w = 1l-mm
Frequency Phase shift/cell Interaction impedance Attenuation Input power Magnetic field
fy = 3.3GHz b = 95deg Z.=215Q Attn := 0.177dB-cm ! P, = TkW B,:=03T
Anode voltage used to check the formulae Transit time offset (cells)
and as a starting point for the solution

ng:=0
V, = 13.25kV SPOKE:= 0 0 = Rigid spoke model

1 = Guiding centre model
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Define the charge to mass ratio of the electron and the decibel

n=175910"".Ckg” ! dB=1

Calculate auxiliary data

Number of cells in the complete anode, number of active cells Vane thickness
L.+ Ly L.
N, = round| ——— N, = round| — N, =72 N, =62 t=p-w t =0.9-mm
p p

Calculate the anode and cathode radii and the normalised anode radius

LC + Ld I'a
r, = T =1, —d, R, = r_ r, = 21.7-mm I, = 19.6-mm R, =111
c
Calculate the voltage attenuation per cell and the cold loss
Attn 1
o= — o =2.038— A_ = exp(—a-p) A, =0.996 Cold_Loss := Attn-L, Cold_Loss = 2.08-dB
20-log(e) m

Calculate the number of spokes and the synchronous frequency. Note that for operation away from synchronism M, is not an integer.

wo = 2-7rof0 M, = Na ¥ wg = 2 n:= Mg M, = 19
2. M
Cyclotron frequency Calculate the circuit voltage at the input power
Vin W
we(B,) = 1B, Vin = 2 PinZe Vi = 0.549.kV A =0.041 () = 0.021

(c) 2018 Richard G Carter
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EQUIVALENT MAGNETRON

The CFA is modelled by assuming that each cell can be regarded as one cell of an equivalent magnetron having the same dimensions, anode
voltage and magnetic field. The anode current and the r.f. power delivered to the cell are computed from the equivalent magnetron with the same
local r.f. voltage on the slow-wave structure. The spoke properties are modelled using either the rigid spoke model or the guiding centre model.

Find the characteristic voltage and field and define the threshold voltage | Equations 15.22, 15.23 and 15.40 |
2 2 B 2
1 2 2 ] "W Te ] ‘B,
Vo= ST s B = 11 -—= V1(B,) = Vo -5 ! Vp=1598kV ~ By=0066T Vi(B,) = 13:kV
m n c 2 0
a
B
—Z =457
By
Find the hub radius and the normalised hub radius as functions of the anode voltage and the magnetic field.
I 4 T T 2 ’
mn 2 2 C a n 2 2 C -
Vab(r,,.B,):=—B, ~r, |1 —— |'In| — |+ =B, “r," | 1 - — Equation 15.2
( b z) 4z b 4 [rb] g b )
p )
) ] rb(Va’Bz)
rp(VasBy) = |b 1 Rp(Vy:B,) = — rp(VarB,) =20.0mm  Ry(V,,B,) = 1.024
C
I, < root(Vab(b,BZ) - Va,b)
return I‘b
Find the voltage and angular velocity on the surface of the hub [Equations 15.1 and 15.4]
2
V(v B)'—ﬂBzr(V B)21 r—cz wp(V B)-—“MVbiVﬁ,BZj Vp(V,.B,) = 168KV M—lll
bl\Ya Pz = 5Pz "b\VarPz) | T bl Ya'Pz) ~ b\ Ya-Pz) = 0% -
8 1p(Va:By) 1h(Va By) wg

(c) 2018 Richard G Carter
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Find the d.c. potential and the radial d.c. electric field

VO(r,V,.B,) = 1, ¢ 1p(Vy.B,)

V(——B —

4
T
ve g Zn -] 2 bl =
4 rb rb

return 'V

if r<rb

+-B,

| Equations 15.2 and 15.3 |

EO(r,V,.B,) =

2

. 2
b2 1- (—Cj otherwise
Ty

4
I
E « —%-Bzz-r- 1 —( Cj if rSrb

r

I 2 I 4
b
E « —% B |1 - [—Cj otherwise

T rb

return E

Define the radial and azimuthal RF electric fields as a function of the normalised radius R = r/rc in a frame of reference synchronous with a rotating wave of

amplitude V,

DV (R“ + R “)

Rr n -n
(k) -r,")

0 otherwise

E(R.6,V,.V|.B,) =

vy (R“ -R “)

Rr n -n
 (r)-,")

0 otherwise

Ee(R,G,Vl) = -sin(n- 0)

-cos(n-6) + EO(R1;, V,.B,)| if R21 AR<R,

if R>1AR<R,

| Equation 15.18 |

| Equation 15.19 |

(c) 2018 Richard G Carter
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Rigid Spoke model

Find the conduction angle and the spoke phase in terms of the threshold voltage, the anode voltage and the r.f. wave voltage

) Vi(B,) - Va [ Equation 15.106 |
0c0(Va: V1:B,) = |0« —-acos R n-0.0(Vas Vin:B,) = 117-deg
0« % if Tm(6) # 0 040(Va- V1 .B,) = 050,(V,.V|.B,) 1:030(V,. Vip.B,) = 58-deg

Note: This angle is the physical position of the spoke in the rotating co-ordinate system in which it is stationary with respect to the
angle at which the wave voltage is maximum. It is assumed that electrons can only reach the anode if the local anode potential
exceeds the threshold potential. The angle defined by Vaughan is the phase angle with respect to the zero of the r.f. voltage. Thus his

phase is 6 = (n-es - %)

Guiding Centre Spoke Model

n —n
) ) [ fa Ty .
VV1(V ,r) =Viil—1| -|— =1 == Equation 15.17
1 1 I I I T
C C C C

Find the radial and tangential velocities at radius r and angle 6 in the laboratory frame

Ep(R,0,V E(R,0,V ,V.,B
0 1 T a’'1° "z

%{R.68,Vq By) = ———— vo(R.0.V, V1 By) = - = [Equations 15.112 and 15.111]
VA VA

(c) 2018 Richard G Carter
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[ Equation 15.123 |

[ Equation 15.123 |

Select the spoke model

6¢(Va: Vin:Bz) = |0 < 6¢0(Va: Vin:B,) if SPOKE=0 64(Va: Vin:B,) = |0 < 650(Va: Vin:B,) if SPOKE =0

6 < 0.1(Vy Vin:B,) if SPOKE =1 0« 641(V,. Vi B,) if SPOKE =1

(c) 2018 Richard G Carter
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Calculate the energy of the electron impact on the anode from the guiding centre equations
When this function is plotted against the spoke phase it is found to vary approximately sinusoidally
from a maximum when the phase is zero to a small minimum value when the phase is 180 deg.

| Equation 15.126 |

1 2 2
Via(Va,Vl,BZ) = Tn-(vr(Ra,es(Va,Vl,BZ),VI,BZ) + ve(Ra,6S(Va,V1,BZ),Va,Vl,BZ) )

Vaughan's estimate of the kinetic energy dissipated on the cathode divided by the anode current

0.04-V,

Vie(Va-V1.B,) = [Equation 15.127

sin(n~GS(Va,V1 ,BZ))

Calculate the electronic efficiency

Via(va’ Vl ’Bz) + Vic(va’ V1 ’Bz)

Ne(Vas V1:B,) = 1 - v.

Calculate the d.c. anode current

Via(Va’ Vin’ Bz)

=11.1-%

Vic(Va’Vin’Bz) _47.9

Ne(Va: Vin-B) = 84.2-%

The current is calculated at the base of the spoke which is taken to be on the surface of the hub. The charge density is equal to the hub charge density.

4
807] T
P(Va,BZ) = TBzz 1+ (IB(V—CBZ)J IdC(Va’Vl ’BZ) = Rb — Rb(Va,BZ)

a’

| Equation 15.96 | [

n-p(VaoB,) Lo Vi Ry - Ry~

by

n

B,

Note: This equation does not make the correction
to the charge density proposed by Riyopoulos. return 1

| Equation 15.108 |

[0 if Vi <Vp(B,) -V

.(1 - cos(nﬂc(va’vl ’Bz)))

—n

a

Iie(Vas Vin:B;) = 104 A

n’

(c) 2018 Richard G Carter
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RF power delivered to the anode

P1(Va:V1:B,) = (Va = Via(Vas V1:B2) = Vie[Va: V1-B,)) 1ae(Va V1-B,) Py(Va Vin:B,) = 115.8kW

This is the power which would be delivered to the anode in an equivalent magnetron. This is used to
calculate the power delivered to one cell based on the local value of the r.f. voltage.

P{(V,,V,.,B
PC(Va’Vl’BZ) = M

N, Pe(Vys Vip:B,) = 1L61-kW

CALCULATE THE PROPERTIES OF THE CFA

The build-up of power along the slow-wave circuit is calculated by assuming that all the power delivered to a cell is added to the growing wave.
This ignores any power which is accumulated as a backward wave and emerges from the input of the tube. The arrays P1 and V1 hold the
forward wave power and voltage in the cells. The cells are numbered from 0 to (Nc -1).

An approximate correction for transit time effects is made by suppressing the interaction in cells 0 to n,. The result gives a roughly piecewisg
inear approximation to the curve of power growth along the structure

P1(V,.P;,.B,) = |P1 < Py

for ne ()..NC -2
V1 « (2-Z .-P1
n Y n

(Va= ViaVa V1, B2) = Vie(Var V1,-B2) oo Var V1,0 B2)
AP, « N if n>ng,
a

0 otherwise

Pl (Pln + APC)~exp(—2-0L~p)

return P1

(c) 2018 Richard G Carter
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The output power is the power in the last cell

Pout(Va-Pin-Bz) = P1(V,. Py B) Pout(Vas Pins B;) = 203-kW

out( a’ i’ a’ i’

a’ m’
P.

Py Vy Pi B,
Gain(V,.Pj;.B,) = 1040{Mj Gain(V,.Pj;.B,) = 14.6.dB
m

Calculate the wave voltage in each cell from the power flow

VI(Vy.Pip.B,) = [2ZP1(V,. Py B,
The anode current is calculated by summing the current drawn from the hub. Note that current is
drawn in all cells so that the total current is correct even when some of the current does not reach the
anode until later cells.

la(V,.Py.B,) = | for ne 0. (N, 1) Ly(Va P B,) = 1a( Vo, Py B, ) Iy(Vy: Py B,) = 234A
C
: Iye(Vas V1(Vy:Pips B, )ns B,)
n Na
N1
— Z In
n=0
return I
Calculate the power added electronic efficiency Pgen(Va,Pm,B ) Pout(Va,Pm,B ) P Pgen(Va,Pm,B )_ 196-kW
V,.P,,.B
ne(V,.Pip.B,) = Pgen{Va P B) ne(Vy.Pin-B,) = 63.2:%

Vala(Va-PinsBy)

(c) 2018 Richard G Carter
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Calculate the anode, cathode and r.f. dissipation. The first two of these ignore the effects of transit time

and use the local current

PA = | for ne 0..(NC—1)

P ¢ Ta(Vy. Pip. B, )n Vig(Vy. VI(Vy. Pip.

a’’in’
NC—l
P « Z P
NC n
n=0
return P

PC:= | for ne 1..(NC— 1)
P ¢ Ta(Vy.Pip. B, )n Vig(Va. VI(Vy. Pip.
N1
PN, Z P
n=0

return P

PL:= | for ne 1..(NC—1)
P ¢ PI(Vy. P B, ) (1 = exp(-2-cp))
N1
PNC « Z P
n=0

return P

Anode dissipation on each vane.
Element Nc is the total dissipation.

V. (V,..[2Z,208 kW, B
lVa ¢ 2 = 17.698-%

\Y%

a

Cathode dissipation for each vane.
Element Nc is the total dissipation.

V. (V. [2Z.208kW.B
idVa < 2 = 5.435.%

\Y%

a

Circuit loss in each cell. Element Nc is
the total loss.

PANC
=151-%
Va'Ia(Va’Pin’Bz)
PCNC
=53%
Va'Ia(Va’Pin’Bz)
PLNC
=139 %

(Va' Ia(Va’ Pins Bz))

PLNC =43.2-kW

PANC 4 PCNc = 63.2. kW

(c) 2018 Richard G Carter
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Energy balance calculation to check the accuracy of the results

Pout(Va:Pin:B;) + PAy +PCy +PLy

c c € _975%

Va'Ia(Va’ Pin’ Bz) + Pin

Revised calculation of dissipation from electron impact based on energy balance. Note that this calculation does not
give the share of the dissipation on the anode and the cathode, nor the distribution along the slow-wave structure.

P;
P, = 71.1-kW =229.%

c (Va'Ia(Va’Pin’Bz))

Py = Va'Ia(Va’Pin’Bz) + Pip - Pout(va’Pin’BZ) ~Ply

(c) 2018 Richard G Carter
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Stored results for 3.1 GHz ( Phase = 82 deg; Zc = 32.3 Ohms) and 3.5 GHz (Phase = 109 deg; Zc = 14.32 Ohms. This data was
obtained by using the scaling factors for the SFD-261 in McDowell (1978) without any allowance for transit time effects.

11.6 0.0 44

11.8 2.9 27.0

12.0 7.6 65.3

12.2 11.8 99.5
13.2 0.0 4.4

12.4 15.8 133.3
13.4 55 52.6

12.6 19.8 167.7
13.6 15.6 140.5

12.8 235 201.3

Va3l:=| 13.8 | kV la31:=] 227 | A Pout31 := | 202.8 | kW Va35s = kV [a35 := A Pout35 = kW

13.0 27.0 234.1
14 29.2 259.8

13.2 304 266.6
14.2 354 315.2

13.4 33.7 299.0
14.4 41.5 370.3

13.6 36.9 331.6

13.8 40.0 364.5

14.0 43.0 397.8

14.2 46.1 431.6

(c) 2018 Richard G Carter
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Experimental data for plotting

Experimental data from McDowell (2002) Fig.4

3.3 GHz 132 13.1 90.1
X ' y1 kV y2 kW : 17.6 v 13.4 , 117.3
ex31 = ex31 -~ ex31 -~
27 13.2 39 12.6 28 95.2 215 13.6 148.0
36 17.6 44 13.0 37 125.9 25.4 13.7 175.2
44 21.5 48 13.2 46 156.5
52 25.4 50 13.4 55 187.1
132 12,6 95.2
3.1 GHz
27 13.2 46 13.1 26.5 90.1 Tox33 = 17.6 Vo33 = 130 P33 = 1259
36 17.6 51 13.4 34.5 117.3 21.5 13.2 156.5
44 21.5 53 13.6 43.5 148.0 25.4 13.4 187.1
52 25.4 55 13.7 51.5 175.2
3.5 GHz 132 12.3 79.9
27 13.2 34 12.3 23.5 79.9 17.6 12,6 102.0
1 = \Y = P =
36 17.6 39 12.6 30 102.0 ex357 | 5 s ex357 | 54 ex35 7| 576
44 21.5 43 12.9 37.5 127.6
44 215 43 12.9 37.5 127.6 215 12.9 127.6

(c) 2018 Richard G Carter
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Minimum input powers for spoke formation at various anode voltages Data for power growth with distance from fig.7 in
computed using the trajectory model below McDowell (2002)
0 4.5
is Pou(12.75kV,3.5kW,B,) 1 6
6.0 Poyg(13-kV.6kW.B,) 2 7.5
. . 1 3 12
Pinlim := | 10.0 Poutlim := Pout(13'25'kv’ 10'kW,BZ) —
14.0 kW 4 17.5
: Poye(13:5°kV,14kW,B,) s »
20.0 160
Pout(13'75'kv’2o'kw’Bz) z:=| 6 |cmPpk:=| 37 [—
7 49 102
Plotting parameters
8 60
Va:= 124-kV,12.6:kV.. 14.4-kV ? 70
10 79
Val = 114KV, 11L6kV.. 13.4kV nl:=0. (N~ 1) 1 90
11.8 99

Va2 := 13.4.kV,13.6-kV.. 15.0-kV Pin := 5-kW,10-kW .. 40-kW

(c) 2018 Richard G Carter
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Tube_type = "SFD-262" P, =7-kW B,=03T fy =3.3-GHz SPOKE = 0

Comparison with the experimental results in McDowell (2002). Note that the calculated curves at 3.1 and 3.5 GHz are stored results calculated using the
rigid spoke model without any allowance for transit time effects.

15 250
14 /,/*/’/ 200
= /0;/6/0 V/ = "
Z / P ﬁ?o/o/ 2 o/
o 13 " = 150
oh /0/}3//‘2/- oy ¢
= /0/ /‘f/% %
> o+ Calc 3.1 GHz ~ ¢+ Calc 3.1 GHz | |
2 — eee Calc 3.3GHz | | g 1o eee Calc 3.3 GHz
Z a++ Calc 3.5 GHz 3 as+ Calc 3.5 GHz
1 oo Expt 3.1 GHz | | 50 oo Expt 3.1 GHz | |
ee0 Expt 3.3 GHz ee0 Expt 3.3 GHz
aan Expt 3.5 GHz a2 Expt 3.5 GHz
10 ‘ 0 ‘
0 10 20 30 40 0 10 20 30 40
Anode Current (A) Anode Current (A)
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Anode Voltage (kV)

Performance chart at 3.3 GHz and P;, = 7.kW Transfer curves at 3.3 GHzand B, =0.3T showing the

limiting input power for spoke formation calculated using
the trajectory model below.

15 400
/ o
| A
y M/ A//M
//e/ ] S 30 /
<
/e/e/ <) | e
13 o= o
0 % Le//e/
/e/ / 2 20 0'7
A/ :
M/A/ = § / //
— s /" | [eeva=1275kV]
. eoe B2=032T], K o0 Va=1325kV
ec6 Bz=030T aaa Va=13.75kV
asa Bz=0.28T — - Limiti i
| m‘ntlng Pin
10
0 10 20 30 40 % 10 20 30 40
Anode Current (A) RF Input power (kW)
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Power growth along the slow-wave structure at 3.3 GHz, 13.25 kV and 0.3 T
with results from McDowell (2002) fig.14 for comparison

250 \
44 Rigid spoke
a2 Moving wavelength
200
=
=
5150 A
3 /
2.
—c% 100 /
= A
b~
S
ia /
50 /
0
0 20 40 60

Position (cells)

Figure 16.21

(c) 2018 Richard G Carter
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CALCULATION OF THE PROPERTIES OF THE EQUIVALENT MAGNETRON

using the guiding centre and electron trajectory models. Double symbols are used to indicate the specific parameter values being used. The anode current
of the equivalent magnetron is calculated using the SPOKE selected above. The RF voltage is determined by the forward power is specified here. The

results show the development of the spokes as the forward power is adjusted. The conditions under which spokes can just form can be determined. It is
found that some trajectories circulate endlessly.

VV, =V, BB, = B, VvV, = 13.25kV
P = 11.kW VV, = [2Z,P; VV| =0.69-kV
SPOKE =0 SPOKE-= 0 for rigid spoke o= 14(VV,. VV{.BB,) I =122A

= 1 for guiding centres

Specify the number of trajectories to be traced per spoke, the angle of the magnetron to be simulated, the maximum solution time normalised to the
synchronous frequency and the number of output data points, and define the initial conditions

N = 48 plotangle := 60-deg Tmax := 10 nmax := 500

&

Determine the dc and rf voltages and the cylotron frequency from the model selected

we_ws = 48.4 wb = wy(VV,,BB,)  my = 1p(VV,,BB,) RRy = — ng = NyMg—
s Te n

lot:
WC_WSs = -M n, = 152
w

Calculate the guiding centre trajectories for plotting

1

f(r.6p) := W VO(ry(VV,.BB,). VV,.BB,) = VO(r, VV,, BB, ) ...

«[rz - (rb(vva,BBZ))ﬂ

wyn'B,

+VV1(VV1,rb(VVa,BBZ))«cos(n«GO)+ ¥

(c) 2018 Richard G Carter
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00(r) = dL -acos(f(r,0))

€g

(G-

1
04(r) := —-acos|

deg n

)

01(r) == Loacos f 1r,1
deg 6n
05(r) :== Loacos f r,s—ﬂ-
deg 6n

Electron trajectories in the presence of the hub space-charge
Derivations of the working equations in a frame of reference rotating with angular velocity w

1 T
02(r) —oacos(f(r,—)) 1 T
03(r) := —-acos| f| r,—
deg 3n deg n
06(r) L acos| f| r T 07(r) == € acos(f(r 0
deg "n . deg »rel

2 4 4 ’ >
d—:—r[ﬁj —ZrQYﬁ— a)f——iEr—rﬁiB -r ,iBZ d r2ﬁ+r2a) -_°.F +rw£
dt dt dt m, dt m, m, dt dt s m, 0 < it
2
d’(r/r, de de . do¢ . ’ A
( ‘2) L +2L- L 62 e L T4 2r£ﬁ+r2d ? +2ra)sﬂ=—irEg+ra)F£
d(or) r\der)) rdley) r mor " rodop) o dt dt  dt dt m, dt
. 209 4
d—R—R where R—r/r and T=awt ¢ __ 1] e @, |_dr +2 dr __do
e y
{ w} mair, ar?
(0+1){0+1 } ‘_E 0 _ ¢ g _llpip9-2 |
a)s mOa)s T, dr n”loa)‘2 R r. R a)s dr

)

(VV,.VV].BB,)))

(c) 2018 Richard G Carter




WS 16.1 SFD-262 Model.xmcd, p.20

Specify the initial conditions for the trajectories

Rl:= |for i€ 0,4.4:(n,~1)

R, < RR;,

R. .« 0
i+1

i
Ri+2 Al (Z-H

wb
R« — -1
i+3 wg

2

! plotangle
e

return R

Set up the differential equations of motion for the electrons

D(T,R) := | for ne 0,4..4(n, - 1)

D «R
n n+1

D . < Rn-(Rn+3 + 1)-(Rn+3 +1- wc_ws) -

<~ R

Dn+2 n+3

-1
Dn+3(_R_‘ 2 ‘EG(Rn’Rn+2’

n (.US -I‘C n

return D

Solve the differential equations

VVl) —Ri-

Definitions of the variables

When the forward power is small spokes do not form
and no electrons reach then anode. A small increase in
the initial radius is sufficient to allow spokes to form.

Rn = —
0= .
drt
R2 = 9
R3 =d—9
drt
ll E(R R _,.VV,. VV/.BB,)
2 nN"'n n+2’ & 1:2Pz
ws -rC
(2 +2R - wc_ws)~Rn+l

Y = rkfixed(R1, 0, Tmax, nmax, D)

(c) 2018 Richard G Carter
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The first column of the solution matrix Y is the normalised time. The following columns in
groups of 4 are the radius, radial velocity, angle and angular velocity of the electrons being

tracked.

When a trajectory is intercepted by either the cathode or the anode set all subsequent values

of the matrix to the values at the point of interception

YY = | for ne O,4..4~(ne— 1)

intc < 0
inta < 0
for ie 1..nmax
R

break if Y. <1vY. > 0.99R
i,n+1 i,n+1 a

for ie ii..nmax

Y. «— 1 if Y. <1
i,n+1 ii, n+1

i >
Y, . © Ry Y, L 2099R,

Yine2 < Yiine2

Y043 € Yiines

Yinta € Yiinwa

return 'Y

Unpack the solution matrix to give matrices of the variables at each time step

Re = || for ne 0,4..4-(ne— 1)

n
nn < —

for ie 0..nmax

R. «~— YY.
i, nn i,n+1

return R
6.:= | for ne O,4..4-(ne— 1)
n
nn ¢ —
for ie 0..nmax
0. «~—YY.
n i,n

i,n +3

return 6

dR:= | for ne 0,4..4-(n, ~ 1)
n
nn < —

for ie 0..nmax

dR. «~— YY.
1, nn i,n+2

return dR

do:= |for ne 0,4.4:(n, 1)
n
nn < —

for i€ 0..nmax

do. «~—YY.
n

i,n i,n+4

return dO

(c) 2018 Richard G Carter
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Find the fraction of trajectories intercepted on the anode and the cathode

Fa:: na(—O FCZZ na<—0
for ne O..ne—l for ne O..ne—l
naena+1 if R =Ra naena+1 if R =1
nmax, n nmax, n
0y 0y
return — return —
Ne Ne

Calculate the total impact energies of the electrons striking the anode and the cathode
divided by the number of electrons striking the anode. This procedure means that the power
dissipated on the anode and the cathode is obtained by multiplying the energies in electron volts
by the dc anode current.

VVia = Vi «— 0

for ne O..ne—l

Vi« Vi + Tln‘[(rc“s'anmax,n)z + [ra.ws.(denmax’n + 1)ﬂ iR, o .TRa

Vi

return

ne'Fa

VVic = Vi «— 0

for ne O..ne—l

Vi« Vi + Ti]‘[(rc“s'anmax,n)z + [rc.ws.(denmax’n + 1)ﬂ if Renmax,n =1

Vi

return

Ne Py

(c) 2018 Richard G Carter
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Impact energies

. 1 2 o) . 0.04-VV, no,
V_ia(6) := Tn(vr(Ra,es,Vvl,BBz) + vg(R,,64,VV,, VV |, BB, ) V_ic(6y) := W 4 VaV1:B,.0) =1~ o
Define quantities for plotting
vV, V1(BB,)
VVval(®) =1+ -cos(n-0) |-2 R, =111 RR, = 1.024 0:=—,-0.99- .. V= ——2
VvV, v,
Rigid spoke model trajectories r:= 11y, 1.0002 11y .. 1,
Ty I,
0 — ( wy BB,
r Te AT(0) = dr
RR(r) = — ~1 ‘ r
T s = | 1"03(VV,. VV|.BB,) deg Rs:= | R, Bol —0.VV,
C
-1
n-6.(VV,,VV{,BB,)-deg my r,(VV, BB,
T

(c) 2018 Richard G Carter
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Fractions of electrons landing on the anode and the cathode. If the sum is not unity then see the trajectory plots below for
further information. The integration time Tmaxcan be adjusted if necessary.

F, =0.125 F, =0.816 F, + F, = 0941

Guiding centre trajectories Electron transit times with the theoretical transit time for the
rigid spoke centre

\
\ 1.1
75
0.021 g
~~ : =t
g \ e
= =
7] (]
= 2
3 = 105 =
g =
= / £
3
//
0.02
L
0 30 60 90 120 150 180 0 2 4 6 8 10
angle (degrees) Integration time (Tau)
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Pr =11-kW Ng =48
" L i
o FY —— Trajectories
. T\ ..
I ---- Rigid spoke
/ \ s+ Guiding centres
K \ +o+ Guiding centres
Il ‘\
] \
] \
] \
] \
] \
Il ‘\
1.05 } \ =
1 \
]
i \
[
1
]
]
1
-90 0 90 180 270
Phase (degrees)

Figure 16.20
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Compare the results from the three models

[Trajectory tracking|
VVia
Anode impact energy —a =11.4-%
VVic 7 7.9
Cathode impact energy —a =1.7-%
Current fraction returned to the cathode ¢ = 0816
-1 VVia + VVic
Ne2 - vV, —
Neo = 80.9-%

Electronic efficiency

Rigid spoke model |

050 := 6(VV,. VV{,BB,)
6c0:= 6.(VV,,VV{,BB,)

V_ia(0s0) —115.%

Va

V_ic(0s0) 4.8.9
- =4.07

a

o(VV,,VV{,BB,,6c0) = 0.691

V_ia(0s0) + V_ic(0s0)

Nep:=1- vV
a

Neg = 83.7-%

Guiding centre model

Os1:= 631(VV,,VV{,BB,)

Ocl:= 6,1(VV,.VV{,BB,)

Vi

Vi ia(Bsl) _ 10.5-%
Va

V_ic(6s1) —4.0-%

a

oVV,,VV|,BB,,6cl) = 0.740

V_ia(6s1) + V_ic(6s1)

Vv,

Mep=1-

Nep = 854-%
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Plot the trajectories of the electrons

180

—— Electrons
— Cathode
---- Hub
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