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Principal parts of a TWT:

% Electron gun: electron beam formation

% Focusing structure: electron beam confinement
% Collector: collection of spent electron beam

& Slow-wave structure (SWS): excitation of slow RF wave for
Interaction with the electron beam

% Attenuator: suppression of oscillation

% RF input and output couplers
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Scope of the present lecture

v Classification of the TWT in the family of microwave tubes

v Axial electron bunching and near-synchronism condition

v Space-charge waves

v Coupling between the circuit and space-charge waves

v Pierce’s theory for the growth parameter and gain of a TWT
considering the coupling between the electron beam and the
slow-wave structure

v Extension of Pierce's theory to estimate of hot attenuation

v Extension of Pierce's theory to arrive at Johnson’s start-
oscillation condition



Identification of the TWT in the family of microwave tubes
% O type (TPO: tubes a propagation des ondes)

% Slow-wave type

% Axial bunching type

% Axial beam kinetic energy conversion type

% Distributed interaction type

% Growing-wave type

% Cerenkov radiation type



TWT is a Cerenkov radiation type of device

DC electron beam velocity is made close to but slightly greater than
the phase velocity of the RF wave supported by the structure (near
synchronization condition).

(1) This ensures the bunch of electrons in the beam to remain in the
decelerating RF phase of the circuit (slow-wave structure) on the
average transferring their kinetic energy to RF waves.

(2) This also makes the slow space-charge wave on the electron
beam to couple to RF waves making on the average the beam kinetic
power density to be negative and the electromagnetic power to be
positive corresponding to the transfer of beam Kkinetic power to
electromagnetic power of RF waves (Chu’s kinetic power density
concept).



Space-charge waves
Two forward (Hahn and Ramo) space-charge waves
Slow space-charge wave : v, <V,
Fast space-charge wave : v, >V,

One-dimensional small-signal analysis
A neutralizing presence of positive ions assumed

DC beam velocity = constant beyond a narrow high frequency modulating gap at
z=0

Formulation of a differential equation in perturbed part of volume charge density and
its solution for propagation constant of space-charge waves

* Current density equation  * Continuity equation

* Force equation * Poisson’s equation



Space-charge waves

J = pVv (Current density equation) <— J=pV <
- 0
oy + P _ 0 (Continuity equation) <— V.J + L
0z ot
oE =
s = P (Poisson’s equation) «— VE=£
0z &, g
dv, e
—L=— E, = nE, (Force/acceleration <
dt m

equation)

J=J,+J,;
P=pPyt P
V=V, +V,
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J = pv (one-dimensional) «—— ] = PV (current density equation)

s J=)+tdp=pto V=V Y,

Jo+di=(pp+ )V +V)) = oo + Vi + PV + oV «—— Jo = oV,

Ji = PoVi +Vo 01 + Vs = PoVy + Vo Ot | (small-signal approximation)

%:p0%+vo% — M B _5 — v.7.P_ g
0z oz 0z 82 8t ot
(continuity equation)
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Force equation

dv

dt = ek V=V, +V,
dv, e
“1oCE =pE
at m =
\dv@vdz@v@v SO _ v, v, _ v v,
=—L+(V,+V,) +V,—
ot dt 0z 6’[ 8 ot oz ot 0z
o, o, o 0
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Dp, =—p, 2\;1 (obtained earlier) [% +V, % = D]

Dv, =7jE, (obtained earlier)
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pL=1P0— et 12
— ° &,
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RF quantities vary as exp j(at — f52)

S jo C=jp
ot T o

0. 0 .
D = P VOE—JCO 18V, = J(0— BVy)

D=1 o, (recalled)
t jo, = J(@— V)
w— Ny, =to,

Dispersion relation of Hahn and
Ramo space-charge waves
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@ — N, =*®, (Hahn and Ramo space-charge waves)

Vv

a
— =B —> =4
a)ia)p _ 0 0
B = = L. F 5,
VO
@ 0, 0,

(phase velocity of space-charge waves)

p: — — VO: —
p oFo, P F B,

The upper sign

The lower sign

— Fast space-charge wave

= Slow space-charge wave



a)—,b’vo = ia)p (space-charge-wave dispersion relation)
V0 = O = = ia)p

In a frame of reference which moves with the dc beam velocity v,
an observer ‘sees’ a Doppler-shifted frequency «' given by




Dispersion relation of the beam-wave-coupled system (to be deduced later)

_FFOK B NO (j/Be_F)Z—i_ﬁs
r'-r; 1, JAar

i

(T =T (B, T + 5 = T f

4

(FZ _FOZ)((jﬂe _F)2 +ﬁ§) z_ﬂe

< I'~ B, =

\

(C° =L (8. -I)° + By) == B,

0

K,
NO
15,

(Kl

NO

V,, |, = beam voltage, beam current

K = interaction impedance of the
structure

RF quantities vary as
exp(—I'z) =exp(-]57)
Ly = jﬁo

B, = cold (beam-absent) propagation
constant of the circuit (SWS)

ﬁe (: w/VO) —
cold (beam-absent) propagation
constant of the circuit (SWS)

Vv, = Dc beam velocity



(7 =I5 (1B, T + 5 == ' (rwriten
! AN ° S~

|O — (0 (for weak coupling)

*-I; =0 (iB.-T) +p, =0
=+l =%]4 18, -T'=%]p,
l% r'=jp < I'=jp

p=1p F=jB.58,) — 1P=1L.7F5,)

(Cold circuit wave l

decoupled)

P=p.F5,

(Space-charge wave
decoupled)

The operating point of the TWT corresponds to the intersection between the w - S
dispersion plot of the slow space-charge wave and that of a forward circuit wave.



Fast-space charge wave

-

L slow-space charge wave
ity | L ;
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The operating point of the TWT corresponds to the intersection between the o - S
dispersion plot of the slow space-charge wave and that of a forward circuit wave.



Pierce’s theory for the beam-present dispersion relation of a TWT and the
interpretation thereof for the TWT gain equation G = A + BCN

Two approaches are used to obtain the two expressions — one being the circuit
equation and the other being the electronic equation, respectively, to obtain the
same quantity, namely, the ratio of the circuit voltage V to the beam current I.
These two expressions are then equated to obtain the dispersion relation of a TWT.

Vv
— = X (circuit equation)

|
v
|

=Y (electronic equation)

X =Y (TWT dispersion relation)



Circuit equation I_, X

" lee

[ — /
Input end Axial -distance

scale

Effect of the element of a modulated beam at a point on the circuit (transmission
line) is simulated by an infinitesimal current generator at that point.

The current generator ‘sees’ half the characteristic impedance of the
transmission line, being equivalent to two such characteristic impedances in
parallel, corresponding to two halves of the supposedly matched line. Such an
infinitesimal generator sends two circuit waves in opposite directions, one to the
left and one to the right such that the amplitudes of the circuit electric field
intensity associated with these waves are equal.

Z = distance from the input end of the line of a point P on the line where to find
the electric field.

X = distance from the input end of the line of an infinitesimal current generator—
G, to the left of the point P sending the circuit wave to the right and Gg to the
right of the point P sending the circuit wave to the left



I‘ X
=g lee

[z — /
Input end Axial -distance

scale

X=Z X=/
E(2) = E;exp(—B,2) + [dEq exp- By (z—x)+ [dE, exp— jB,(x—2)
x=0 X=2

(jER — Circuit field amplitude of the wave traveling to the right due to
an infinitesimal current generator G, to the left of the point P
(jEL — Circuit field amplitude of the wave traveling to the right due to

an infinitesimal current generator Gy, to the right of the point P

E. = Circuit field amplitude inputted to the line at z=0



X=Z X=/{
E(2) = E,exp(—B,2) + [dEq exp- By (z—X)+ [dE, exp— jB,(x—2)
x=0 X=2

dE, =<, (x)dx “
dE; = ¢ (x)dx > o SaY
dE, =dE; =dE=J(x)dx

E(2) = E, exp(— B,2) + [ C (0 dx exp— B, (2—x)+ [<(x)dx exp— 3, (x~2)

= [0 dx exp- i, (x - 2)dx
E(z) =B exp(—-]52) + 1+ 1, < X:O 4

o= [£(dx exp- 3, (x 2)0x

X=Z




X=1

E(z) =E exp(—JfG,z) +1,+1, (rewritten) |, = Jé’(x) dx exp— jB,(x—z)dx

|

X=/
dE . ol d 2= JSO0dx exp— i (x~2)ox
_ = — Ee - . :
dz 15,E; Xp( J:Boz)+dz+ dz X2 ’
dl, |
d_1: —jB,1,+<£(2)
dIZ . (Leibnitz theorem)
—2—iBl. -
| & 151, =€ (2) )
dE . - :
E :l_ J,BoEi exp(— J,Boz) _J:Bo(ll - Iz)
d’E

: . dl, dI
— _ 2E- . . 1 2
d22 ,Bo I eXp( J,Boz) J,Bo( dZ dZ )




d’E . I
" =R (- 14,2) - 1At~ S ewiten

d d
Z J ; e ipl e (2)
d2E 2 | | E:jﬂo 1_4{2} |
57 - P [Eiexp(=156,2) - (1, + 1,)]-2)5,¢(2)
l E(z)=Eexp(-1542)+1,+1,
d’E =—S°E 2 ]
dzz __:Bo (Z)_ J:Boé/(z)
l dE={(xX)dx=_(z)dz
d°E

. _dE
_IBOZE o 2]130—
dz

dz*




5 dE Let us find dE/dz in terms of beam current i
— _,BOZE —-2jB— <~ and circuit interaction impedance K
In terms of the axial voltage V the

(rewritten) interaction m;pedance Kis:
2EdE = 282°KdP <— E2=28°KP «_ K =_E M
l 2,82P
E.dE, |
dp, = R-—R
dP = E?E —» " BK| — dP=dR,+dR = ERS'ER LB
T o/ dP, _ﬂ— <— dE, =dE, =dE
0 J
(propagation constants of beam-wave dp = E + EL dE
coupled and cold systems are equal) ,3
0

dP = Increment of circuit power at a point due to a modulated beam element of length dz

dPy = Increments of circuit power due to the wave sent by the infinitesimal current
generators to the left of the point

dP, = Increments of circuit power due to th wave sent by the infinitesimal current
L
generators to the left and to the right of the point



dp = E +ELdE
. K
/

dP =Increment of circuit power at a point due to a modulated beam element of length dz

(rewritten)

From another angle of view:

dP = power lost by the beam element of length dz
= Power lost by half beam element of length dz/2 experiencing E, +
Power lost by half beam element of length dz/2 experiencing Eg

= (=eE,v,)(nNar dz/2) + (—eE..v, ) (na dz/ 2)

=—e(Ez +E )v,(nadz/2) ">\ n = electron concentration

o = beam cross-sectional area
J, = nevl}

| =J,o

l - e = electron charge

P=—i(E, + EL)%




E +EL

. dz
dP = dE (recalled —_ i lled
:Bo % ( ) dP=-i(E; +E,) , (recalled)
St B gE_ e, +E)
By K l
dE  B,°Ki d’E . dE
E:_ o2 N — :_,BozE _ZJ'BOE (recalled)

d2E L
dzz :_ﬂOZE—I_JﬁgKI




a°E_
dz?

l «— d?/dz? =I'?<— RF quantities vary as exp(—I'z)

= ,6’62 E+ ] ,Bg’ Ki (rewritten)

I'?E =—B°E + jf°Ki <— RF quantities vary as exp(—I'z)

|

(C° + B)E = iAKi

l%

v
|

E—_oV/0z=TV!|<— d/dz=-—I"<— RF quantities vary as eXp(—Iz)

i K

(C°+ )T

le‘ I, = jﬂo’rzro

v_
i

IT,K
(F2 o 1_‘02)

(Circuit equation)



Electronic equation
J, = PV +Vop, (recalled)  «— V,?,p,?

Electronic motion in the presence of the circuit electric field intensity E
plus the space-charge electric field intensity E,

N, dzav_n(E+E) —> ﬂ—FVﬂ—?](E-FE)%V Vy, +V,
ot dt oz ot 0z
ov, ov, ov, ov, oA
—L4v,—L+v,—2=n(E+E)~— —+(,+Vv)—=n(E+E
oy, 2y (B 4E) < T o) T =n(ESE)
le— ignoring V,0V, / 0Z RF quantities vary as exp( jot —1z)
/
0 0 0
—+V,—)V,=n(E+E,)) < —+v,—=Jo—-V,[
G I ME+E) = 5ty =
,1(E+E)

o~V DVy=n(E+E)) —

Jo—v,I"




(rewritten)

Ji = PV + Vo, (recalled)  <— v,=" P ?

RF quantities vary as exXp( jot —172)

ok . . :
828 — ';)1 (Poisson’s equation) <— RF guantities vary as exp(ja)t —FZ)
| |
TE- 2N E=— /0 0J, :_% (continuity equation)
g, l 0Z l ot
= _TJ,
/ Jwgo o= jo
J l
E+E n(E—= )
v :77_( y —ly,= Jog, | —s J; = PV, +V, 0, (recalled)
Jo—Vel Jo—~V, I
N
E_ 1
] Pl ja)go)w ['J,
= Vo .
Jo—V, I Jo




J=— A% Dy (recalleq)
Jo—V, I Jo

wt=npy/€=Inlpol/ €0
< Jo = PoVy

L. =wlV,

E=TV

Ja(( ja)—vol“)2+a)§) =],V

Jo =1
Joax =1,

vV (ja)—VOF)2+a)§
i jﬁe’?ior




PREVE ST
¥: (ja)— 0 ) B (rewritten)
I J,Be77|or
L. =wlV,
B, =w,lV,
- _ >
ly = _‘lo =—l,
Vo2 = 2‘77’\/0

0 1\2, P2
\_/:(Z\/OJ[(J'Be D) +'Bpj (electronic equation)
I




V_  TT,K
i (T°-T))

(Circuit equation)

\

v :(Noj[(jﬂe—F)2+ﬁ§
i

15T

(Electronic equation)

lg

LK () (BT +5,
-7 \ I BT
-TT,K A, (JB-1)+5

C+T,)[C-T,) I, iBT

(Beam-wave coupled dispersion relation of a TWT)

J



Gain equation from the beam-wave coupled dispersion relation of a TWT

~TT,K N, (JB-D)+p5,
(F"‘Fo)(r_ro) B Io jﬂer

(rewritten)

(beam-wave coupled dispersion relation of a TWT)

Fourth-degree equation in the propagation constant I

RF quantities vary as exXp( jot —12)

In an isolated circuit (slow-wave structure), there is one forward wave and one
backward wave (1 forward + 1 backward).

On an isolated electron beam, there is one forward space-charge wave and one
forward space-charge wave (1 forward + 1 forward).

In a beam-wave coupled system, it can be intuitively guessed that there would be
1 forward wave +1 backward wave + 1 forward wave + 1 forward wave
= 3 forward wave + 1 backward wave.



—FFOK _2\/0 (jﬁe_r)z_l_ﬁpz)

(rewritten)

(F"‘Fo)(r_ro) - Io jﬂer

(beam-wave coupled dispersion relation of a TWT)

(C* -I)(iA. —T)* + B;1=0

l |, =0 (weak coupling)

=1L, =£)5 =555,
(1 forward + 1 backward (1 forward + 1 forward space-
circuit wave) charge wave)

(Circuit and space-charge waves are decoupled)



In a beam-wave coupled system, it has been intuitively guessed that there would be 3
forward-wave + 1 backward-wave solutions to the following dispersion relation:

- 2 2
-TL,K 2, (A —_F) + 5, (rewritten)
(F"‘Fo)(r_ro) Io J;Ber
We look forward to the solution for
RF quantities vary as exp( jot —I2) the propagation constant of the
beam-wave coupled system
Three forward wave solutions: close to that of the beam (I"= j£,)

—I'=—)B.+Co6 Co<<1(C, ¢ are dimensionless quantities)

,Bo =,Be(1+bC) (,Be — C’)/Vo)
_ ,Bo _ﬂe _ Vo _Vp

BC  v,C

(b = velocity synchronization parameter)

T~ )f)



'~ ]p,
—T'=—jB,+pCo(Co <<

d = Loss parameter
\

I, =4Cd+jf (Cd <<1) < Pe = @lNs
-pB, Vo~V (Velocity
B = B.(1+bC) (b= Po CIB = (i/ Cp) synchronization
P P parameter)

I, = A,Cd + jB,(1+bC) (bC << 1)
jIBe_FZIBeC5
'+, =)0+ ]6.0+bC)+ £,(Cd -Co) = 24,
I'-T,=—C(0+d + jb)

—FFOK _2\/0 (jﬁe_r)z_l_ﬁs

(F"‘Fo)(r_ro) - Io jﬂer

35



C3= Kl,
) -ThL,K 2, (I8-1)+p5, AYA

(C+T)T-T,) I, jgr 5 |

Qc=—to
45,C*
w QC = Space-charge
(6% +4QC)(jS+ jd —b) =1 | (Cubic dispersion parameter
relation)

<= |b=d =QC =0| (Special case)

5=-i] —— -T=-jf+ACS

|
p
I
|
S
_|_
=
O
>

36



Special case: b=d =QC =0

5, =+/312-j1/2) |
S5, =—312-j@/2)
5, =]

'

RF quantities vary as exXp( jot —1'z)

< _F:_jﬁe +ﬁeC5

T, =4.CV3/2— j,1+C/2) +—— GrowingV

~T,=-BC~3/2-jB,1+C/2) Decaying (b=d =QC =0)
-1, =—]4,(1-C) Neither growing nor decaying




Growing-wave component:

~I,=B8C~3/2-jB.(1+C/2 . =wl\v,
B 18.(1+ )/ po=w b—d—0C —0)

Phase velocity =/ [,(1+C/2)=v,/(1+C/2) <V,

Decaying-wave component:

-T,=-BCN3/2-jg,1+CI2) _ B =oly —d=0C =
2 (b=d=QC=0)

Phase velocity =/ ,(1+C/2)=v,/1+C/2) <V,

Neither growing- nor decaying-wave component:

-, =—jB.(1-C) (b=d=QC=0)

Phase velocity = w/ £,(1-C) =V, /(1-C) >,



Solution of the dispersion relation for the fourth backward-wave

component
—FFOK _2\/0 (jﬁe_r)z_l_ﬁpz)
(F"‘Fo)(r_ro) Io jﬂer _r:_jﬁe +/8eC5
/ Forward-wave component
=15, +p.Co

Backward-wave component
(4t propagation constant )

b=d=QC=0 —> §,=—+— —> —I,=jB.+BC3, = jB1-C3/4)

Phase velocity =w/ B,(1-C*/4) =V, /(1-C>/4) > v,

e
L. =wlV,

Fourth backward-wave component
neither grows nor decays

If the structure is perfectly matched, the fourth
wave is not excited to a significant extent.



Gain equation of a TWT

Ji((jov D)’ +w;) =iB,nI IV (recalled)

l

— jﬂeﬂjor
' (ja)—VOF)2+a)§

E=TV
2
J/ a)p :77p0/‘90>
a)/VO:ﬂe
J
n(E——1-) s T
V,= L) (recalled) —> v =__ "1 (s 1)

Jov,[ Y (B, -T) + B,



v, =—1 LUL=T) ' (rewritien)

Vo((iB. =T)*+ ;")

_F:_jﬂe_l_ﬂeCén
2
<— QC= 'B :
4, °’C
\ Fz]ﬁe
In
= V
Y o 4ch
° 52
V
V' =
N 1+4Q2C
o)
Vl Jn V’ _—S VloC\L
v.Co o




jIBeU‘JOF

= > 2V (recalled)
(Ja)_vor) +a)p . 3
—I'= _Jﬂe +ﬂeC5
2
ﬁe = C()/VO QC _ 'Bp
—w, v 4p,°C?
B, =w,lV, P
I'~ 5,

jﬂen’JOF

1

V(A -T)+5)

N




Circuit voltage

At a distance z from the input end:

V (2) =V, (0) exp(—T;2) +V, (0) exp(—T,2) +V, (0) exp(T;2)

_r:_jﬁe+ﬁeC5
~L=—jf,+BLC(4+ iy,) |
—I, ==+ B.C(X% + 1Y)

S O=X+]y
51:X1+jy1\
F 0, =Xt )Y,

_FS = _jﬂe + ﬁeC(XS + jy3))

\% (Z) = Vl (O) exp(ﬂecxlz) EXp— jﬂe (1_ Cyl) z
+V,(0) exp(£.Cx,2) exp— ] 5. (1-Cy,)z
+V3 (O) exp(ﬂeCXBZ) EXpP— jﬂe (l_ Cy3) z

53:X3+jY3,

A4




Input conditions (Z =0)

Vinou =V4(0) +V,(0) +V,(0)
Vl, input = O ( (Z — O)
‘Jl,input — O

At a distance z from the input end:
\% (Z) — Vl (O) exp(ﬂecxlz) eXp— jﬂe (1_ Cyl) A
+V,(0)exp(B.Cx,z) exp— jS.(1-Cy,)z (recalled)
+V3 (O) exp(ﬂeCXBZ) eXpP— jﬂe (l_ Cy3) Z



V

v 4QC
2

input

=V,(0)+V,(0)+V,(0) <«— V'=

l 1+

Vi (0) |2 (0) V, (0)

Vinpu = (V; (0) +V, (0) +V; (0)) + 4QC (-2 Y

53

)

V !

1|nput_o (Z_O) < V, o€ —

l o)
V(0) Vi) Vi)

o 0, 05




VI

Jl,input =0 (Z — O) < J oC y
V;(0) V,(0) V,(O
Uy = 0 0+, )+, @)+ 4 (%, Vo @ V: O
/ 51 0, 53
v l (recalled)
V’ 0 V’ 0 V’ 0 ' ' '
151(2 ) + 252(2 ) + 3552 ) =0 Vinput :\/1 (O) +V2 (O) +V3 (O)
Vinput :V (O) +V (O) +V (O)
Vlnput __V (O) +V (O) +V (O)
V/(0) , V;(0)  Vs(0) | )
5, 5, 53 (input conditions)
AORACRACN
o) 0, o




V.
Vl,(o) . input

il

o>

V.

j "\ Vmpm

=V,(0)+V,(0) +V,(0) ]
nout = Vi (O)+V (O)+V (O)

¢ (recalled)

5 V/(0) , Vi(0) , V5(0) _
T e s

2
V.
VZ,(O) . 5 input
i
0, 0,
V.
Vs, (O) _ input

il

Three equations
can be solved for V.

V

123(0) 1+

input l

AORACRACH
5, J — 5, 5, 5,

O3

vi=—Y

4QC

V/(0) =

il

I(l 5, /5)(1 5 /5))

> v1(0)=[1
1_5j

2



Vou =V (1) =V, (0) exp(-T3l)

| = interaction length
/

O =X+ ]y
e
_rl — _jﬂe +ﬂeC5l — _jﬁe +ﬁeC(X1 + Jyl)

/‘ Considering the growing-wave component

Vour =V (1) =V1(0) exp( £,Cx 1) exp— | 5,(1-Cyy)l

4QC

(recalled)

V1(0)=(1 I j .
(1- 5/5)(1 5,13)

1

Vout = Vin (1+ 4QC /512)( ) X eXp(,Berll ) eXp— jIBe (1_ Cyl)l

(1-5,/5)1-35,15))




1

V. =V (1+4QC /s’ exp( B.Cx. 1) exp— jB.(1—Cy,)I
out |n( + Q 1 )((1_52/51)(1_53/51))X p(ﬁe 1) p J/Be( yl)
i (rewritten)
G =20log,,|-** = A+ 20log,,(exp(B.Cx,)) (Gainin dB)
1
A=20log,.|(1+4QC /57
00+ 4QC 1) 553 5757

G = A+20 log, (eXp(B,0x,1))logy, e = A+ 20Cx (logy, €) ()



G = A+ 20 log, (exp(B.Cx.0))log,, e = A+20Cx, (log,,e) (BI) (rewritten)

™
| =2
A = 20l0g,,|(1+4QC / 52)( L | P =
(1=5,18)1-5,15,) |
\ N@2~z/p,)=I
G = A+20Cx, (log,, €) (2 N) = A+ 407 (log,, €)x,CN !
NA, =1
l <— |B=407x(log, e)x, ~54.6x N = number of beam
N wavelengths in the
G = A+ BCN| (Gain in dB) 5 =% + iy, interaction length |
N
01,0, 0

AN
(52 +4QC)(jo + jd —b) =1



Special case: h=d =QC =0 — V,(0) =777

. 4Qc

Vl(O) — (

in (recalled)

:Ia 5/5x1<sunj

le— QC =0
=J3/2-j1/2)

1 _ . A
Vl(o):[(1_52/51)(1_53/51)Jvm% 52—. 3/2—j1/2); (b=d =QC =0)

l 03 =]

%(©="2 (b=d=QC=0)




Special case: h=d =QC =0 —s  V,(0)=??7?

V,(0)=|1+ 4QC 1 V. Three equations
2 522 1-06,16,)A-5,16,) ) " can be solved forV/,, ,(0)

l% QC =0
5, =+/312-j1/2) |

1 _ . o -
v2<0>{(1_53/52)(1_51/52)jvm% 5,=—3/12-jW/2)} (h=d =QC =0)

l 53:j

V,(0)=Yn| (b=d=QC=0)

W |<




Specialcase: p=d =QC =0 —  V,(0)=7?7?

Three equations
can be solved forV/,

4QC 123(0)

V3(0)=[1 I j
(1- 5/5)(1 5,15,)

l% QC =0
=J3/2-j/2) |

1 N B R
V3(0){(1_51/53)(1_52/53)jvm% 52—_ 3/2-j(1/2); (b=d =QC =0)

l 03 =]
V.

V2(0) :V? (b=0d=QC=0) \V,(0)=V,(0)=V;(0) = =

Voltage is equally divided among three forward wave components at
the input for the special case: b=d =QC =0



Gain for the special case: b=d =QC =0
N\
A=20log,,|(1+4QC/57)(

G=A+BCN

= )

(1_ 52

\

A=20log,,(1/3)=-9.54 <— A=20log,,

G =-954+47.3CN (b=d =QC =0)
(Gain in dB)

16,)1-0,10,)

1

(1-5,15)1-3,/5,)

B = 407(log, €)% ~54.6% =47.3 «— x —./3/2 \

5, =+/312-j1/2) |
S5, =—/312-j(1/2)

Vo

0, = |



Extension of Pierce's theory to estimate hot attenuation

Lossy section is provided with the slow-wave structure to prevent the
device from oscillation due to imperfect matching

One attenuator section per about 20 dB gain of the device

Estimate of 'hot' attenuation for infinite 'cold' attenuation
Beyond the attenuator

Circuit voltage = 0 ('Cold' attenuation = oo )
RF modulation on the beam, however, remains.

We assume that the circuit voltage becomes null following the attenuator
of negligibly small length, though the RF velocity and the RF current
density sweep through the attenuator without any change:

b b b .

Vi +V, +V;=0 Superscripts 'a’ and 'b' represent the
b b b . s guantities immediately preceding and

Vi 7V V3 =V +V, +V; beyond the attenuator, respectively.

I+ +33 =3 +35+J;



Superscripts 'a' and 'b' represent
Quantities immediately preceding and beyond the
attenuator, respectively.

Subscripts 1, 2, 3 refer to
Three forward waves, respectively.

Attenuator length is negligibly small:

4

V)V Ve =V Ve AV —— Vloc% «— Vlocg «~— QC=0
A . YA . Ve VY LV
O 0, 03 0 0, 0

V’
0430430 =02 402+ — Jlm§% ), «— QC=0

b b b a a a
Vlz + V22 + V32 :V12 + V22 + V32
O 0, 05 o 0, O




Considering one of the forward-wave components (one that axially grows:

1 .
V. =V (1+4QC/5° Cx,)exp— jB.(1—Cy,)
out |n( + Q 1 )((1_52/51)(1_53/51))Xexp(ﬁe Xl )eXp J/Be( yl)
(recalled)
l <— QC=0
1 .
Vout :Vin ( ) X eXp(,Berll) eXp— Jﬁe (1_ Cyl)l

" -518)0-6,/3)

For the contributions from all the three forward wave components, and taking |, as the
distance of the attenuator from the input of the interaction length

l

2 1

Vl :Vin((1_52 /51)(1_53/51))exp(ﬁecxlll) eXpP— j/Be (1_Cy1)|1
a 1 1 _

P p L LSO L L LT

V' =V ( : )exp(B.Cx3l;) exp— 8. (1-Cy,)l

(1_51/53)(1_52 /53)



A . VA N VeV Vv
51 52 53 51 52 53
b b b a a a N\
\/12 + V22 4+ V32 :V12 14 V22 + V32 . Can be solved for Vlb
51 52 53 51 52 53
VS +V,) +V,=0

interms of V* ;) V' given by

(recalled) y l

1 . ]
V2=V ex Cx.l.)exp— 1-Cy)I
1 |n((1_52/51)(1_53/51)) p(ﬂe 11) p JIBe( yl) 1

1 .
VE=V. ex Cx.l.)exp— 1-Cy. )l
2 |n((1_53/52)(1_§l/52)) p(ﬂe 2 1) p Jﬂe( y2) 1
1

(1_ 51/53)(1_ 52 /53)

h'd

Vsa — Vin (

) exp(ﬂecx3ll) EXp— jﬂe (1_ Cy3)ll

(recalled) ~

:Bell — 27le (recalled)
>
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———

Hence, we obtain:

- : 2 _ 1
% :?IHEXP—(JZﬂNl) [geXp(ZﬂCNl(ler Jyl))_§

1 .
B g exp(zﬂCNi(Xs + Jys))]

X, =+/3/2,y,=-1/2

X2:_ 3/2,)/2:—1/2
X3:O’y3:l

exp(27CN, (X, + 1y,))

b=d=QC =0:

N

5,=~/312-j(1/2)
> < 52 =—/3/2- 1(1/2)

A

%

Taking CN, > 0.2 (practical values)
vl 2
vV,

3 'Cold"' attenuation = oo !

53:j

2.1 1 J3 .3
=|—+—=exp—(22CN,~/3) + —exp— 22CN, (— — ] =

'Hot' attenuation ~ 20 log,,3/2 = 3.52 dB, though

59
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Extension of Pierce's theory for Johnson's start-oscillation condition
(H. R. Johnson, "Backward-wave oscillators, " Proc. IRE, June 1955, pp. 684-694)

Backward-wave mode: V,, is positive and y_ IS negative
g

I, = ]S, (cold circuit propagation constant)

By =pB.A+bC) I, =4Cd+ jB,(1+bC) (d=circuit loss parameter)

Forward-wave mode Backward-wave mode
-ThL,K 2, (8-D)+p,| +IT,K 2, (8-D)+p
(F+Fo)(r_ro) Io jﬁer (F+Fo)(r_ro) Io jﬁer

K is interpreted as negative (power
propagating in the negative direction)
causing a change in the sign in the
expression (with — K replaced by + K

(5> +4QC)(jo+ jd—b)=1 | (52 +4QC)(jS+ jd —b)=—1




That circuit voltage in the presence of loss would have to be less
at the input (gun) end than in the absence of loss has to be

interpreted with a change in the sign of d ~.

Forward-wave mode Backward-wave mode
(52 +4QC)(jo + jd —b) =—1 (recalled) (52 +4QC)(jo—jd-b)=-1
1 .
Vou =Vin(1+4QC/ 5, )( ) xexp( B.Cx1) exp— B, (1-Cy,)l
| : (1=0,10)1-05,/6) : (recalledl)
1 .
V. =V (1+4QC /5’ exp( B.Cx.1)exp— jB.(1—Cy, )l
out |n( Q 1 )((1_52/51)(1_53/51))X p(ﬁe 1 ) p Jﬂe( yl)
1 .
+V. (1+4QC/5,° exp( B.Cx.1)exp— jB.(1—Cy, )l
ln( Q 2 )((1_53/52)(1_51/52))X p(ﬂe 1) p Jﬂe( yl)
+V, (1+4QC /1 8,7)( L ) xexp(5,Cx1) exp— i3, (1 Cy,)

(1_51/52)(1_52 /53)



2
glemn Vou _| 0 +4QC (exp27CN6,)
\ (51 - 52)(51 — 53)

In

2 2
+( 9, +4QC j(exp 27CN &) +[ 9 14QC | (oxp27CNG,)
(52 o 53)(52 o 51) (53 o 51)(53 o 52)
«  Vu ~0 0y, 0,,0, are the solutions of
Vin 2 . . .
Oscillation condition (5 +4QC)(J5 Jd b) =-1

5, +4QC
[(51—52)(51—53)j(exp2”CN51)

N 5," +4QC
(52 B 53)(52 - 51)

5,. +4QC
(53 _ 51)(53 B 52)

)(exp 27CN6,) +( j (exp27CNo,)=0



The parameter QC may be interpreted as

1. 0 1, w, /v
C== P \2 _ = P 0 2
Q_QC_ 2V =100 = o)
N CN g rb2w3 Kl Kl ‘UHP ‘
) C3 — 0 , W 2 — 0
(a parameter independent —4\/0 D —80

of beam current |, and of

relevance to TWT beam- |

_ L1 _ 1
wave interaction) Pl =27 N; Iy = poV, = 2
b

w has to be interpreted as the frequency where the phase velocity of the
forward-wave mode of the SWS becomes equal to that of the backward-wave

mode. K has to be taken as the interaction impedance at this frequency.




One can find the solution for CN with the help of the following two equations

i)

(0 +4QC)(jo— jd —b)=-1 Parameters: d,b,QC = (%)(CN)
(i) Q_ 2V,
2 N &r°0’KI
[ o, +4QC J(exp 27CN &) folb @
(51 _52)(51 _53)
+( 9, +4QC j(epoﬂCN 52){ 95 +4QC j (exp27CN&S,)=0
(52 o 53)(52 B 51) (53 o 51)(53 B 52)

The solution for CN thus obtained may be interpreted as Kl
the start-oscillation current | in view of the relations: C3 = _O,Igel = 27N
0
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