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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.

Data from:
Thumm, M., S. Alberti, et al. (2007). "EU Megawatt-Class 140-GHz CW Gyrotron."
IEEE Transactions on Plasma Science, 35(2): 143-153.

Define the electron beam and the magnetic field

V, = 81kV Iy = 40-A 19 = 10.1'mm a:=13 Space charge SC:= 0 Cyclotron harmonic sn:= 1

Define the circular waveguide assuming propagation in the TEmyp mode

a:= 20.48 mm L. := 14.5-mm Q = 48650 Q= 1150 Azimuthal index mn := 28 Radial index p := 8

The section below can be collapsed to hide the details of the calculations
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Define constants

Charge/mass ratio of the electron n:= 1.758820088~1011-C-kg_ I Electron rest energy

Find the electron velocity allowing for space-charge potential depression

AV := | for ne 0,5 ug = ¢ 1 - 5
Va_« V, - AV vV, - AV
n 1 . —
VR
u
2
Incy 1+
A\
AV e scoo2— [ 2)Y
u ) A
n
AV
ug u, ug
u, = ug = oy, — =0.308 — =04
2 C C
1+«

Define the roots of the Bessel function for the cavity modes

Jnl(n,x) = d—Jn(n,x)
X

Define the first derivative of the Bessel function J, (x)

Zeroes of the Bessel function J' (x) for the TEmn,p
search for the roots. Trace can be used on the graph to find approximate values of the roots.

AV =0-kV

mode as a data table which can be populated as necessary using the equations below to

(c) 2018 Richard G Carter
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Approximate root x := 60 root(Jnl(mn, x),x) = 60.10147963373113000 | Equation 17.19 |
V=
0 1 2 3 4 5 6 7 8

0 0.000 3.832 7.016 10.173 13.324 16.471 19.616 22.760 25.904
1 0.000 1.841 5.331 8.536 11.706 14.864 18.016 21.164 24.311
2 0.000 3.054 6.706 9.969 13.170 16.348 19.513 22.672 25.826
3 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
4 0.000 5.318 9.282 12.682 15.964 19.196 22.401 25.590 28.768
5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
6 0.000 7.501 11.735 15.268 18.637 21.932 25.184 28.410

v =60.10147963
mn, p

Tangential field Radial field
0. 0.3
0.2
Jnl(mn, xx) 0.1 Jn(mn, xx)
0 . 0 0.1
*00 *00
0 0 0 O *
(ONO) — (ONO)
0.1 ol
-0. -0.
0 20 40 60 80 0 20 40 60 80
o o
XX,Umn’p,Umn,p': XX,Umn’p,Umn,p':

Showing the positions of the cavity wall and the annular electron beam

(c) 2018 Richard G Carter
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Cut-off frequency

]
XX = 0'5'(an,1 + Umn,O)
1
.n ] ] d L 1 ]
Given X<V XX>V fI(xx) = d—Jn(mn,xx) yl = |Max1m1ze(fJ,xx)| yl =1
2 2 XX
]
| rl
oyl 0 | = ]
r10 = B_mp T =1 Bmp'r()_l r10 =1-mm
Calculate the cyclotron frequency
n'B, We
we = fo=—
Calculate the Larmor radius and compare it with the guiding centre radius
U . .
o= — 1y = 0.14-mm Note: Theory assumes that the beam thickness is small
We compared with the guiding centre radius.

(c) 2018 Richard G Carter
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Plot the cold dispersion diagram with parameters normalised to the cut-off frequency and propagation constant

Bg = 4B, —3.9-Bp - 4B By oy, By u, snwg i
mp mp "~ Pmp Qb(Bg) = —=.— QC(Bg) = — Bmax = 2
mp © Brnp “mp
&
2 V, - AV =81-kV
o
El 1.5
S0
2 fip = 140.0-GHz f, = 134.3-GHz
@) 1 = ;
- /
/ /I
S0 - /
£ 05 £ -
Sl . f 21,
°© ST — =0.959 —— = 0.028
) L fmp 0
-2 -1 0 1 2
Beta / Beta_mp ’(V )2 —mnZ = 53.181
mn, p

— Waveguide mode

— - - Beam velocity line 2.1

— - Cyclotron mode 0 =0.028

----- Velocity of light line

[ Figure 17.2 for the gyrotron interaction | The section below can be collapsed to hide the details of the calculations
-

(c) 2018 Richard G Carter
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Coupling constant

KK:= |z « Bmp'rL
d 2
J , 10 ) —7J , -
o au, (v = 1) | I()'ZO. n(sn. Brnp 1) d(z) n(sn.z) Equation 17.26
T™NgC Va Bmp-aJO(Bmp-a)
-7
KK =1.438x 10
Dispersion equation
2
2 2 2 Uz we 2 2 2 Equation 172
By - B _Bmp . gO_B.T_Sn.T +KK:( By -8 'Bmp = quation 17.25
by collecting terms, yields
| 2 ( e 2( 2 2 |
2u,| By - 2
uz 4 z\ "0 c 3 | Yz '(BO - Bmp) 2 1 2
— B+ B+ - KK- - ——snw.| |- ..|=0
2 B C b 2 Bmp BO C i B
C C
2 2 SII'(.L)C
2'“2'(60 6mp )'(60 T, j 5 5 sn-w ) )
+ . B+ (B() Brmp ) Bo — A + KK-By Byp
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Solve for the roots of the quartic equation in propagation constant (beta) for real omega

2'“2(602 - Bmpz)'(ﬁo -~

2
2 2 sn-w 2. 2| 4
T R

sn- W,
c 3

C
v(B) = uZZ(BOZz_ BmPZ)

C

sn-w,

2
1
- KK- Bmpz - (60 - —-sn-wc) -m2

BB( BO) = sort(Re(polyroots(V( BO))))

x1:=0.8,0.801..1.2

-m

C

-m

’Y'Y( BO) = sort(lm(pOI}’rOOts(V( BO))))

-132.797
137.532
365.239
422.331

polyroots(v( 1.001- Bmp)) =

(c) 2018 Richard G Carter
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Omega / Omega_mp

Real propagation constant

1.1\\ o
g
\ / o
oy
S~ =
1 @)
5
(D]
/ 5
o

0.9 /

0.8/
-04 -02 0 0.2 0.4
Beta / Beta_mp

Imaginary propagation constant

1.02]

0.98

-0.02

0

Beta / Beta_mp

0.02
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Solve for the roots of the quartic equation in frequency (Beta_0 = omega / c) for real values of propagation constant (beta)

w

2
(Boz gt Bmp2>‘(ﬁo _ B'% _ SH.TC) N KK‘(B()Z ~ 62)'Bmp2 o

by collecting terms, yields

C

Solve for the roots of the quartic equation

v2(PB) =

2:Bu, 2snw,
— .m
c c

4 2-B-u 2-sn-w 3 2’ 9 2
60 +(— CZ_ CBO+KKBmp _B_Bmp-'— CZ

2:Bu, 2snw, ’ 9 Bu,
2 |

i 2
Bu,  snw, 2 2 2 2| 4
{( . + . j (6 +Bmp)+KK-B-Bmp ‘m
2:Bu, 2snw, 2 N 3
( c " c j(ﬁ * Bmp )-m

2
B-u sn-w
{KK.Bmpz -8 - Bmpz ’ ( c " c Cj }mz

B-u

sn-w 2
e 2
+ .
c j Po

2
Sn-We 2 2 2 2
+ - j -(B +Bmp>+KK~B~Bmp}

BBO(B) = sort(Re(polyroots(v2(B))))

ANO(B) := sort(Im(polyroots(v2(B))))

(c) 2018 Richard G Carter
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x2:=-1,-099..1

Real frequency

Imaginary frequency

0.1
1.4

0.05
£ 12 )
o al
&0 &0
£ £ S
@) 1 o 0 ) —
~ ~
< <
&0 &0
[0} [0}
= =
S 08 o

-0.05
0.6
-0.1
-1 -05 0 0.5 1 -1 -0.5 0 0.5
Beta / Beta_mp Beta / Beta_mp
=
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Non-linear model

Based on the equations in B. Danly and R. J. Temkin, "Generalized nonlinear harmonic gyrotron theory," Physics of Fluids, vol. 29, p. 561, 1986.

Frequency f(; := 139.8-GHz

SEin Li= The field parameter is adjusted to give the correct d.c. current

Number of electrons n, := 60 Normalised field strength F, := 0.1032 B,=5.56T

The section below can be collapsed to hide the details of the calculations

u u w
Bro = — Blo = — - =0.959 W= 27
C C wmp
L
2.7t
Bro = 0.4 Bl = 0:308 A= T2 — =6.762
w A 1
. -
— 2
2 2
Bro 1 o . P10
W= > u plp(w) = B 1 __2.(2.W_ w ) | Equation 17.35 | plp(w) = Bl —|u - T
Bro
2
Bro L N2
= U | Equation 17.39 | £(Q) = exp{_(z—cj | Equation 17.45 |
Bp > p
sn-w, 2:8
8p:=1- | Equation 17.36 | - | Equation 17.40 |
w 2
Bro

(c) 2018 Richard G Carter
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2 sn'n-B,
AB(B,) := 2'[1 - j [Equation 17.40]
Bro

Define initial energies and angular positions

Note: The working variable u: for subscripts n = 0, 2, 4, etc u represents the energy (u) and for

vi= | for i€ 0,2..2(ne ~ 1)
subscripts n = 1, 3, 5 etc. u represents the angular position (theta).
V.« 0

1
T
— 3.

CERE Co = % Co=9571

return v

Define the coefficients of the differential equations

D(C,v) = | for i€ 0,2..(2-n, ~2)
S0 nt plp(v, -
D. « 2. 2 sl ‘Fy £(O- ( . -Jnl(sn,sn-plT(D.))-sin(’U. ) |Equation 17.41
! sn (sn—1) BTO 1 i+l
sn BTO
sn B (1 0.5-3 21))
2% sn! TO\ " — Y"PTO % -
. —sn| ——————— | F.-f(0) . . . Equation 17.42
Di+1 «— A v, —sn » ) F,-£(Q) > Jn(sn,sn plT(’Ui)) cos(ui+l) = |
D
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Solve the simultaneous differential equations
Number of integration planes  nmax := 10

7= AdamsBDF(’U , —QO , CO ,nmax, D)
The first column of this array contains the axial position, the odd numbered columns are the values of u and the even numbered columns the values of theta.

Unpack the array and calculate r1 =r/ rL

¢:= | for je 0..nmax vl = | for ie 0,1..(ne— 1) 0:= | for ie 0,1..(ne— 1)
Cj < Zj,() for ne 0..nmax for ne 0..nmax
S Vi € Zn 2 01 < Zn, 2. (i)
v 0

Tangential and electronic efficiencies at the reference planes rli= | for i€ 0.1..(ng—1)

for ne 0..nmax

M= [ for ne 0..nmax zl:= | for je 0..10 5
ne-1 21, < 0.1 L U Pro_
1 0 - . . -
N o« — Z vl . 2 n, i Equation 17.49
n n n,i zl
i 0o L_ 2) 2
c =By )y 1
N i N 2 Equation 17.48
(1 ~Buo )'”fo -1

Ne= 3T .
2.(1 - _j Equation 17.50
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Define the reference current for calculation of the normalised current

-1

2
2 0
sn Jn| mn + Rot-sn,v
sn

0”3 Q mn,p’
- 0238510 " [ L) 2(n-3) A P a Equation 17.53
R A No | O L. | .sn 2 2 2
0 €\ 2 -sn! |:(V ) — mn }Jn(mn,v )
mn, p mn, p,
F 2
L= a Equation 17.51 L =11 Equation 17.52
Ty
(LY oy L Equation 17.54 P = vV, 1 P =1007-kW
Qg=|—-—— Moverall = Me, 7~ g : out = Moverall Va''a out — ’
QL Q 10 Qg
Find the starting current and the minimum starting current
A 2
A=A Equation 17.57 LA = [ A2 el
XA = 9 - st(A W = 2| T ex Ao Equation 17.56
g S ’
2
1] sn L 4 exp| 2x,
m= ST min = :
2| - 2 WX, — Sn
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Efficiency

06 ‘ [ Normalised parameters
oo Transverse eficiency Q/-L—e\<

0.5/ |+ Electronic efficiency / N
04 7
0 [

.| / /

Results
0.2 /
/// V, = 81.0-kV

0.1 ‘/f/

0

0 0.2 04 0.6 0.8 1 T, = 54.4-%

Normalised axial position

I (A, p) = 0.028

Figure 17.16

p=11.1

SC

Il
(==

Ip=40.0A

=31.8%
nelO :

I (A, p)Ig =57.7A

F, = 0.103

I, = 0.020

L=

Pout

Imin

40.0 A

=1007-kW
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nl := O..ne—l

O

z1,=0 z1, =02 N, = 0.007-% z1, =04 N, = 449-%

o
[\

/

Figure 17.15
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Relative phase (deg)

180
//1
e
90
0]
=90
- 180 02 0.4 0.6 0.8

Normalised axial position

Figure 17.14
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Normalised starting current

0.1

0.08]

0.06]

0.04

BE2 mu =5

0.02]

oo mu = 10

o000 mu = 20

0.2 0.4 0.6

Delta

Figure 17.13

(c) 2018 Richard G Carter




