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Motivation

* In a helix Traveling-Wave Tube (TWT) that has a bandwidth
exceeding one octave, the second harmonic of the input
signal could be amplified

* General interest in harmonic generation in bunched beams

Dispersion Diagram for Helix TWT
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Question:
What 1s the harmonic content?
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TWT Harmonic Content: Sources

[A] From linear orbits (charge overtaking, like 1n a klystron™)

avl,

[B] From non-linear orbits (e.g. ‘v, —, term in force law)

Turns out that [B] is much more important for harmonic
generation

ov ; i . . N .

Reason: v, 6_21 o e/ (2@0)t=j(2ko)Z g4 that it drives resonantly in time and in space,
ie., v = 2% — @0 4, the condition for synchronism
) ph(Z) - Zko - kO ~ 0- y °

*C.F. Dong, P. Zhang, D. Chernin, Y.Y. Lau, B. W. Hoff, D.H. Simon, P. Wong, G. B. Greening, and R. M. Gilgenbach,
“Harmonic Content in the Beam Current in a Traveling-Wave Tube,” IEEE T-ED, VOL. 62, p. 4285 (2015).



The Electronic Equation

d d e
(E + v(z,t) E) v(z,t) = ——E(z,t)

. _Ds 6+ ( t)a .
vz =5 =g ety s
Expand:

s =59+ €s; +esy + -,

vV =1y + v, + v, + o0,

E=Eo+€E1+€2E2+”'

¢ 1s an expansion parameter in harmonics



The Electronic Equation

e V- DC state
e ¢! Linearized force law

0 0 e
° (E‘l‘ vog) vl(Z, t) — _m_6E1(Z, t)
0 0
c 112, 8) = (5 + Vo) 512, 1)

e ¢2: 2" harmonic generation
6171

d 0
¢ (E‘l‘vog) vz(Z,t) - __Ez(Z t) V11— 3

651

0 0
¢ vz(Z, t) — (E‘l‘ vog) Sz(Z, t) + vla_
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Note: Second harmonic 1s generated. It 1s phase-controlled

by the input signal at the fundamental frequency.



The Electronic Equation  jte
(Continued)

» Write the N harmonic in E (z,t) as:

* ETL(ZJ t) — ECTL(ZI t) + ESCTL(ZI t)
4(nwo)2QCHy) St (2)el M@0t

e/me

= EC(TL) (Z)ej(nwo)t _|_

* E., = Circuit electric field
* E ., = Space-charge electric field



UNIVERSITY OF

MICHIGAN

The Circuit Equation
Excitation of circuit wave:

d -~ ] me 3 —_—
(E T F(n)) Ecan(2) == (nw0)* Ciny Sty (2),

Ly = JPpm) + Pem)Cmdm)
Bom) = ~29_ = ¢old circuit wavenumber

Uph(n)
nw .
Ben) = — = electronic wavenumber
Vo

C = Pierce’s gain parameter
d = Pierce’s loss parameter
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Test Cases

* Helix TWT with a mid-stream sever (2.667 < z < 2.921 cm)

Circuit Parameters

n n*m, K C QC b
1 2mn(4.5GHz) 111.27Q 0.116 0.281 0.337
2 2n(9 GHz) 8.97Q2  0.050 1.053 2.961

Beam Parameters

Vb IO Pb IO/\]b?j/2
30kV  0.17A V,I,=510W  1.035 uP



Resistive LLoss as a function of z
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—Uniform (Case 1)

—Non-Uniform (Case 2)
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Initial/Boundary Conditions

* The governing equations in each region are solved subject to
the appropriate initial/boundary conditions:

Pre-sever
Fundamental (n=1) 2" Harmonic (n=2)
sm(z=0)=0 Soy(z=0)=0
vin(z=0)=0 v(z=0)=0
Eqy(z=0) =Eq Ep(z=0)=0

2" Harmonic (n=2)
Sz~ = 2.667 cm) Sz)(z7 = 2.667 cm)
= s (zt = 2.667 cm) =Sy (z" = 2.667 cm)
v (z~ = 2.667 cm) V(2™ = 2.667 cm)
=1 (zt = 2.667 cm) = V(2" = 2.667 cm)

2 Harmonic (n=2)
Sm(z~ =2.921 cm) S (z~ =2.921 cm)
= s (zt =2.921 cm) =5S@)(z* =2.921cm)
V1) (z~ = 2.921 cm) V(i (z~ = 2.921 cm)
= v (zt = 2.921 cm) =) (z" = 2921 cm)

Eqy(z=2921cm) =0 Ex(z=2921cm) =0
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Case 1: Uniform Cold-Tube Loss
(1 dB/cm attenuation)
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RF Power [W]

Case 2: Non-Uniform Cold-Tube Loss
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—Analytical (Fundamental)
—CHRISTINE (Fundamental)

—Analytical (2nd Harmonic)
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Results: In Linear Scale s
RF Power Profile
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Conclusions

* A wideband TWT may have the 2" harmonic within its
amplification band and hence gain at this 2w, frequency
with input only at the fundamental w,

* The non-linear orbital terms, leading to e’ (200)t—j(Zko)z ,
resonantly interact with the beam mode at second
harmonic, (2w,)/(2k,) = v,

* The analytical formulation of the equations governing
the evolution of this 2" harmonic was found, including
effects of spatial taper

* Reasonable agreement between the analytic theory and
simulations using the CHRISTINE code was observed



