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History

Invention from Rudolf Kompfner through Nils in1942-43 for Traveling Wave ti
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Frequency overview
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Micro wave amplifiers in our daily life

* Radio, TV , Telecommunication
» Radars, military systems

* Industrial applications

« Scientific

» Medical

« acceleration for fusion

* source for rf- heating

* microwave oven
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Technologies for Microwaves Tubes

> high frequency technology
> high vacuum technology

> high voltage technology
R vacuum electronics
R precision mechanics
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Micro Wave Tube Principles

third party

Basic Operation Principles:

< Formation and acceleration of an electron beam ( example gun,
- cold cathodes,..)

> Periodic bunching of electrons at defined frequency
- » Bunching start at rf input, or drive power or electromagnetic noise
D2 Deceleration of the bunch ( or reduction of relativistic mass) to

push  kinetic energy or potential energy into electromagnetic energy

Thale:

dified, adapted, published, translated

T Out coupling of the microwave energy through a rf window as
- output power
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Micro Wave Tube Principles

Equation of motion of a single Electron

The electromagnetic Lorentz Force F=q(E+vVvxB) leads with
Newton’s Force Law: F=m, dv/dt

or with relativistic mass: F=d(m, " v)/dt to the
equation of motion of a single electron: dv/dt = - (E + v x B) with n = e/m,

n=1.76 10 C/kg
or

rights re:

\ pul) hed

1.76 - 10 m2/Vs?
- There is an important consequence of the Lorentz force equation:
? Since the magnetic Lorentz force vector F, = q(v x B) is perpendicular on both, the
ézvelomty v and B, the magnetic field can not increase the kinetic energy of the electron
dE,,=F ds =q(E + v xB) v dt ; =0for E=0

(ds is the line path element along the trajectory)

because the scalar product of two orthogonal vectors is zero.
g A magnet field can only change the direction, but not the amount of the velocity!
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Micro Wave Tube Principles

Basic Properties of Electrons

Mass mg = 9.11*10- 31 kg
Charge g= -e =-1.60*10"° C
Spin s = (+1/2 or-1/2)h/2n

/magnetic Moment  pg = 9.28*10-24 J/IT

P=my*Vy =h/L= 2%e*m *U

Momentum 2

Related Force Magnitude
Gravitation F;, =mg*g ~8.9*10%¢ N7
Electrostatic Fc =q*E ®24"M0" N2

Spin
/Dipole in field gradient F,=grad -(ug - B)~ 7.4*1024 N 3
qQ-v®B

Lorenz Force F_ = ¥ 121013 N4

Gravitation 1
Electrostatic 2
Spin / Dipole in field gradient 3)

Lorenz Force 4

Conditions for Magnitude Calculations

Weight of electron at earth surface
Typical E-Field of 150 V/0.1 mm or 1.5kV/mm
Field Gradient of 0.1 T/ 10 mm

150 eV electron in a 0.1 T transverse magnetic field

=5.93105 /U (UinV)

Ve = ,ﬂZ-‘q‘/mO U

De Broglie Wavelength at 150 eV 2 A= 1/k = 1e-10 m,

(Planck's constant h =6.63e-34 J*sec)

= v./c>0.1forU=3kV =

relativistic correction
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Micro Wave Tube Principles

Examples of electron trajectories:

Here cyclotron frequency @ = n'B

Figures from J. Eichmeier, Moderne
Vakuumelektronik, Springer Verlag, 1981

z=d

s

=

N
-
N

B) homogeneous
magnetic field:
Helical Trajectory

A) homogeneous
electric field with
starting angles o
different E-fields :

E=0; B=Bz
Parabolic Trajectory vO: v,0, v,0
E=Ez; B=0 with: R=v0/o - cosa
v0: v,0, v,0 x= R - sinot
= w0 - t y= R (1- cosmt)

z=vz0-t-12-nm-t z=v0-t-sina

D) superposition of
crossed electric &
magnetic field

C) superposition of
parallel electric &
magnetic field:

E=Ez; B=Bz; E=Ey; B=Bz;
v0: v,0, v,0 VO : v,
with: - R=v0/e> * cosa x= -E/oB - sinot + E/B
x= R - sinot

y= -E/oB - (1- cosnt)
y= R (1- cosot)
z =v0 - t sina - 1/2nEt? Z= vy~ t
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Micro Wave Tube Principles

1) In all typical vacuum-electronic applications the effect of gravitation and electron
spin can be neglected, since the respective forces are many orders of magnitude
below the electrostatic and the Lorentz force.

2) The quantum mechanical nature of the electrons (de Broglie: Nobel Prize 1929) in
vacuum can be neglected, since even for slow 150 eV electrons the de Broglie
wavelength A=1*101m

is many orders of magnitude below the typical dimensions of the vacuum envelope,
But the quantum-mechanical effects appear for very low voltages and localised
interactions of electrons with other "particles" as phonons, photons, electrons and
neutrals especially in electron emission processes.

m
3) The relativistic mass correction m, =——2—=m,(1+V /V,)

V1-(v /c)?

should be applied for voltages V > 5kV (already 1%-mass increase at 5kV).

4) The equation of motion and the Maxwell equations apply to describe electron
beam motion in vacuum.

5) The magnetic self field of the beam current can be neglected in most cases
compared to external fields, which allows to introduce a scalar magnetic potential.

17
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Micro Wave Tube Principles

Relativistic Effects - important for Gyrotron

Normalised Mass and Velocity as function of normalised Voltage

1)
1) Graph taken from A.S. Gilmore Principles of Travelling Wave Tubes p.21 .
Py With Vn= myc?/e
Most Microwave Tubes
Operate Here Vn= 511 kV
1.54

Energy corresponding
to electron rest mass m
511 keV.

The relativistic mass as
function of the normalised
acceleration voltage:

my, =my (1 +V/V,)

m/m,
N

L280KV N Y.

0.001 0.01 0.1 1
Normalized Voltage ( V/ V,)
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Micro Wave Tube Principles - TWT

Electron beam

Electron gun Helix

Collector
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[] Micro Wave Tube Principles - TWT

5.5) "Golden" trajectory and beam envelope from a 150 mA, 7.5kV modified

Pierce
gun into a 1Immg¢ grounded tunnel, B,.,, =0.325 T

simulated with 2D-gun program and visualised with virtual reality shareware code by W. Schwertfeger TED, Ulm
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: g
From Busch theorem: m 6r +-—® =constant

T
large period due to cathode flux
(larger for lower cathode flux)

small ripple period in angular
velocity due to PPM flux period

Different scaling in r and z direction! r = 10x
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Micro Wave Tube Principles - TWT

Thermal emission, effect of work-function and applied field

Saturated Emission Current in A/m"2

g 110

js<TK,l.92-e-V,0—>
m,
v

js<TK,2.0‘e‘VAOG _>

M q.40°

- / = '

1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600

v
js<ﬂ<,2.o«e»v,1o6 _>
m,

1100 TK 1600
[ ] ]
Temperature /K
— Workfunktion 1.92eV; E=0V/m
—— Workfunction 2.0eV; E=0V/m
Workfunction 2.0eV; E= 10" V/m

cm?

100

1
is(T.6 .E) =A-T2exp| -2 exp(Ka(T)Ez)
kT
1
2
&3 )
4.1 ¢
Ka(T) =9
KT
Conclusion:

1) A decrease of the workfunction

by 0.08 eV increases emission by

a factor 2 or

2) reduces the required temperature
for the same emission by 50 K.

3) the electric field E can be changed
by 6 orders of magnitude without
increasing dramatically the saturated

emission.
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Micro Wave Tube Principles - TWT

Velocity spread ux(x) of thermally emitted electrons in a space charge limited diode

Close to the cathode
surface some electrons
have a negative voltage
because their thermal
velocity is not sufficient
to overcome the
negative potential barrier
in front of the cathode
(-0.5V).

If the temperature is
increased, the depth and
width of the negative
barrier increases such,
that the space charge
current is maintained
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[ Micro Wave Tube Principles - TWT

Thermal emission in a diode as function of temperature T and voltage U 1

Roumladungsbereich |
B m Iy A Raumladungsbereich (I1)
Kk (1) Uy >4 G i, i%t §nge
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Tknie 1
Temperature dependence Voltage dependence

Range | : Temperature limited emission according to Richardson-Dushmann-Schottky equation
Range Il : Space charge limited emission according to Child-Langmuir law

Range lll: Reversed field current
D Figures from J. Bretting, Technische Rohren, Huthig Verlag, 1991
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[ Micro Wave Tube Principles - TWT

Radio frequency power in interaction zone

60 |
s Bunching Attenuation Amplification
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Micro Wave Tube Principles - TWT

Motion of electrons in an electric field ’/‘I

= S AP PP

G S ZEAE
= ,/ 7%'
g7 =

Bunching of electrons in a moving electric field

- e
';...I........l.l....l.‘....‘...

€ — Velocity of slectron beam Cp —Phase velocity of travelling-wave

I\......'I

Delay-line (siow wave structure)
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Micro Wave Tube Principles - TWT
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Micro Wave Tube Principles - TWT

Electron beam, avi
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Single-stage collector

Radiating surface

Beam dividing spike

Thermally conducting
electrical insulation

Thermal insulation

Micro Wave Tube Principles - TWT

Electron velocity distribution

100
" n = Quantity of electrons
80 . ' Yot
1 60
n
s I CoUg TUgp
Uy Uy
20
[¢]

0 02 04 06 08 10 12
U/Uy

Efficiency, d.c. power and dissipated
power for single and double-stage
collectors

7O 70 = 1
w _— Pocin)

60 60 . P
=" PDCi2)
50 50 ,/-" :

P Pinii—_
] q0/=— . ap— -

0 5 10 15 20W25
P2 -

OPEN

Micro Wave Tube Principles - TWT

SelllU|x - 8000 V

Collector §
Us = -7750V

Collector 4
Uq = -7500V

Collector 3
_~U3z=-6750V
-

Collector 2
Uz = -5750V

Collector 1
~~ Uy ==5000V

Electron beam

Voltages referred to ground
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Micro Wave Tube Principles - TWT

Fig. 2 Total Efficiency as Function off Beam and Collector Efficiency

Simplified: 1)y = Npaam / (1 “Neot T Neeam = TICD”)
] 1980
single stage
@ collectar

@ 1943 - 1958
single stage
depreszed Collector

1359
@ tg s@ge
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10000% @ Shree smce
90.00% 10 depressed Collector
80,00% .

70.00% -
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3[',']']% 19900 1994
%g,ﬂgi L mana

uﬂm-a e osupere

04 04 03 0.2 0.1 0 1886 10 2000
Beam efficiency ®impmvehilelguet:rpnirisciencies
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Micro Wave Tube Principles

= Introductions
= Principle of Micro Wave Tubes
e Microwave Tubes & Applications

= Future
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I Multi Beam Klystron (MBK) - Function

Callactor
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High gain
High output power without
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High output power
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1,3 GHz, 470 MHz,
16 KW CW 34 kW peak 80 KW O

efficiency59 % Efficiency 70 %
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Klystrons

. Features:

- High efficiency and high gain.

: e High power performance, with a multipactor discharge-

. suppressing coating of titanium nitride on the output window.

. e long life and high -current-density cathodes.

f - High reliability, based on advanced high-vacuum, and high-

- voltage technologies created in the development of various type
of electron tubes.

= Applications:

. High energy accelerators/Medical accelerators

. Experimental nuclear fusion research facilities

- Medical accelerators

. Air traffic control radars

e Airport ground control radars

. Industrial microwave heating

oPEN THALES

Klystrons

Microwave tubes: High-power klystrons
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Applications Klystrons

E BEAM SYSTEM FOR STERILIZATION AND FOOD PASTEURIZATION

Medical and tood sterlitzation jcerasls, meat, spies, Ml sea fult.. ), pasiunization...

© Thales 2015 All rights reserved
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Travelling Wave Tubes

Cross-section of a travelling-wave tube with double-stage collector

1 T » > )
Yik blg2 - by Beam tocussing system bicy
Us —— s - Uci - Uce
1 o - e 2 — 600V
el = UGz T Uy 1130V
L 3500V T 33rov
- - -
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Travelling Wave Tubes

Electron Gun

K Cathode

G; Grid1 (focussing electrode)
G, Grid 2 (anode)

F  Cathode heater

H Delay line
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Travelling Wave Tubes

Delay Line structure

Cross-section of a helix delay-line Cross-section of coupled cavities
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Travelling Wave Tubes

Input Output

Waveguide transition to coupled-cavity
delay line
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Travelling Wave Tubes

Collector design showing electron trajectories for various velocities with the given magnetic
field distribution

ny

Electron beam Collector 1 Collector 2

Static focussing magnetic field

-
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The complete production spectrum L- to V- Band
With RF output power up to 300 W.

TWT- Amplifiers
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Travelling Wave Tubes

Comparison of the first 4 GHZ TWT and the state of the art

FirstTWT First Space TWT First European Imorproved New

Program TV Ground Link Telestar 1 TWT C-band ¢-Band
Symphonie

Manufacturer STC Bell Lab AEG Thales Thales
Year 1952 1962 1973 2002 2015
Frequency 3.6 —4.4 Ghz 3.7 -4.2 Ghz 3.7-4.2 Ghz 3.6 — 4.2 GHz 3,6 4.2
Output Power 2 Watt 2 Watt 13 Watt 115 Watt > 125 W
Gain 25 dB 40 dB 46 dB 50 dB 50 dB
Efficiency 1% <10 % 34 % 70 % > 12%
Nonlinear Phase ? 50 ° 50 ° 50° 50 °
Mass > 5000 g > 1000 g 640 g 790 g 900 g
Collector 1 stage 1 stage 1 stage depressed | 4 stage depressed | 5 stage depressed
Focusing System Solenoid PPM PtCo PPM PtCo PPM CoSm PPM CoSm
Cathode Oxide Oxide Oxide Mixmetall Mixmetall

51

Travelling Wave Tubes

52
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Survey on surface Radars

THALES

Freq Band L S C X Ku Ka
GHZ 1,26-1,36 2,7-3,5 54-59 8,5-10.5 15-18 33-38
Rel Bandwidth 3% 3-15% 5-10% 10 % 10 .-20 % 3-10%
Peak Power 4 MW 20 MW 1MW 120 kw 2,5 kw 1kw
Average power 12 kW 20 kw 20 kw 5 kw 200 W 200 W
Survey on missile Radars
Freq Band X X X Ku Ka W
GHz
Type Helix TWT CC TWT Magnetron TWT TWT TWT
Rel Bandwidth 2% 3% 600 MHz 20 % 3% 1%
Peak Power 20 kW 120 kw 220 kW 2 kW 1kw 0,15 kw
Average power 800 W 1500 W 200 W 400 W 200 W 15W
OPEN
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Travelling Wave Tubes

Airborne Radar

Microwave tubes ( magnetrons and TWTs) are used in airborne radar transmitters
in 2 categories:

> Multimode and multifunction radars
TWTs are widely used in coupled cavity or slow wave structure or helix design
> Terrain following radars, Generally with TWTS

Missles Seeker

slated, in any way, in whole or in part or disclosed to a third party

Requirements for microwave tubes ( magnetrons, Klystrons, TWTs) used active RF
missile seeker in small size, mass and high efficiency, short start up operation and
strong environmental conditions
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EMC Application
Need for very wide instantaneous frequency ) several octaves) in small size, mass and
high efficiency, Mainly TWTs used
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Radar applications
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Synthetic Aperture Radar (SAR):
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Extended Interaction Klystron(EIK)

TWT Klystron
Large bandwidth High power
High efficiency Very robust

EIK
Combin the benefit of both
Large bandwidth
High efficiency
robust
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Extended Interaction Klystron(EIK) - Function
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Pulse EIK CW EIK
3000 W 30to 95 GHZ 1500 W At 30 GHz
400 W At 140 GHz 100 W At 95 GHz
50 W At 220 GHz 30 W At 140 GHZ
5W At 280 GHz 1w At 220 GHZ
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~ Magnetron

Magnetron and Cross Field Amplifiers
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" Magnetrons

Features
g e Low spurious and low noise.
E e Small magnetic ficld leakage.
E e Low anode voltages.
e Compact and lightweight.
E « High frequency stabilily (especially in our coaxial magnetrons).

Continuous Wave Magnetron

Continuous wave magnetrons are used for
. plasma processing and in industrial
* microwave heating applications.

Plused magnetrons are used for various
radars such as weather radars and airplane
monitoring applications.
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Magnetrons
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Magnetron I

Used for terrestrial
communication

Or in the extreme low cost range for oven
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Backward Wave Oscillator (BWO)
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Main Application is THz:
range at 0,1 to 1,5 THz
with about 10 mW CW
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" Gyrotron for Fusion
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Gyrotron -Function
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External magnetic filed to
bring the cyclotron
frequency or harmonic
frequency in interaction
with the rf filed
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Development status of long pulse Gyrotron

Institution Frequency Cavity Output  Power Efficiency Pulse Fusion device
mode (MW (%) lengthis)
CPI1. TEMpo 1.05 31 50 D 1n-o
Palo Alto 0.6 k3| 10.0 D 111-I»
TEMg 0.9 33 (5D 1 800} WT-X
GYCOM-M TEMy; 0.93 3e 2.0 D 11-D
(TORIY, IAP), 0.5 35 5.0 D II1-D»
]'\r{_(:rm:'ﬂw, 0.35 33 100 D I1-o
Mizhny TEMpg 0,96 36 1.2 ASDEX-U
Movgorod 0.54 36 3.0 WT-AS
TEMgg 0.9 41(SDC) 21 ITER
0.5 40 (SDCY 300 ITER
GYCOM-N TEMyg 0.8 32 0.8 WT-A%
{SAE,UT. 1AP), 0.88 50.5(5DC) 1.0 W7-AS
M. Novgorod TEMy, 0.5 30 0.7 T 10
JAEA, TEMpy 1.2 IR(SDC) 4.1 JT 601-U
TOSHIBA, 1.0 A6 (5D 5.0 JT 60-11
MNaka, 0.5 34 (8SDC) 16.0 JT e-10
Otawars TEMy; 1.0 43.4 (S8DC) ROO ITER
e 45.5 (SDCy 3600 ITER
EHALI:S TEM;y, 0.53 32 5.0 TORE SUPRA
EA, CRPP, 0.35 23 111 TORE SUPRA
FZ_K. TEMy; 1.0 49 (SDCy iz WT-X
EUROPE 0.92 44 (S5DC) 1800 WT-
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" Gyrotrons

Features

- small collector thanks to the high efficiency of the Gyrotron.

. Creates a compact, low cost, and energy saving power supply unit
© and cooling unit, thanks to the high efficiency performance of the
Gyrotron.

Decreases undesirable X rays.

- Improved high-power performance, thanks to a uniform output

- distribution.

- unique long life and high-current-density cathodes.

High reliability, based on advanced high-vacuum, and high-voltage
technologies created in the development of various type of electron
tubes.
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- Applications

Plasma heating in experimental nuclear fusion facilities

- Plasma measurement in experimental nuclear fusion facilities
_- Sintering ceramics
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" Gyrotrons

Acceleration for fusion
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" Micro Wave Tube Principles

This document may not be reproduced, modified, adapted, published, translated, in any way, in whole or in part or disclosed to a third party

without the prior written consent of Thales - © Thales 2015 All rights reserved.
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Diversification:
Cold cathode amplifier
Electric propulsion
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Micro Wave Tube Principles

References for literature sources:

= Vacuum Electronics/ Springer/ Eichmeier/Thumm

= Moderne Vakuumtechnik / Springer / Eichmeier

= Thales internal prospects

= Data of internet

= Several article for TWTs

= From History to Future TWT Amplifiers (Bosch/Kornfeld)
<TWT presentations (E.Bosch)
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TWT basic operation principles
and building blocks

Rosario Martorana

‘& LEONARDO

AIRBORNE & SPACE SYSTEMS

rosario.martorana@leonardocompany.com

Slide 1

SCMO1 The Basics of Traveling Wave Tube Amplifier of 61

Introduction

EuMW 2016

Scope of this presentation is to give the basic
concepts of Linear O-type microwave tubes, with focus
on the Traveling Wave Tube. Obviously it is not
exhaustive, it gives some hints for future readings and
deeper study to whom may be interested and, may be,
wants to begin the job of Microwave Tube Engineer.

We are not so many !

J~ .
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Contents

Basic Interaction

Linear Beam Tube Configuration
Gap Interaction

Velocity Modulation

Velocity Modulation to Density Modulation: Applegate
diagram, basic and multi-cavities Klystron

Space Charge Wave Theory |
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Contents

TWT Slow Wave Structures
Space Charge Wave Theory Il
TWT Pierce Model

TWT Equations: electronic, circuit and
determinantal equations, Pierce’s parameters

TWT at synchronism

Periodic Structures: SWS characteristics &
Interaction SWS-Electron beam.

The Helix SWS
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The Microwave Tube

EuMW 2016
Microwaves Everywhere

The Microwave Tube is a form of
thermionic valve or tube that converts
the continuous DC Kinetic energy of
an electron beam, into radiofrequency
energy that Is used for high power
microwave amplifier or oscillator.

% LEONARDO e s
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Basic Interaction

EuMW 2016

Electron interaction with electric and magnetic field
is governed by Lorentz force:

F=-e (E+vxB)

e: electron charge

v: electron velocity vector

E: electric field vector

B: magnetic field flux density vector

% LEONARDO e’
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Basic Interaction

EuMW 2016

Mic aves Everywhere

Only the Electric field can change the particle energy
because the vector product v x B is perpendicular to
v and modifies only the direction of motion.

Therefore in order to convert kinetic energy of an
electron beam into RF an electric field has to be
considered: for example Ez(x,y,z,t) field for reducing
the velocity of an electron beam flowing along z axis.

The B field is useful for electron beam focusing.

_J/ Slide 7
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Linear Beam Tubes Configuration

EuMW 2016

A Linear O type tube, Travelling wave tube (TWT) or Klystron, is made of a number of separate
major elements:

>

>
>

Y

YV V V

«//‘ .
Slide 8
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Vacuum Envelope: contains the interaction structure or is part of it,
it may be part of the magnetic structure.
Electron gun: generates the electron beam suitable for the interaction
Magnet and focusing structure: produces the magnetic field necessary for electron beam
focusing
RF input: injects the low level RF signal to be amplified
Interaction structure: metallic line sustaining the RF electromagnetic field interacting with

the electron beam 1 2 a3 a 567 8
Attenuator: limits the gain, avoids internal reflections | | ]

RF output: extracts the high level RF signal J T AP
Collector: collects the electron beam after the interaction '“"‘m

Cutaway view of a TWT. (1) Electron gun; (2) RE
input; (3) Magnets; (4) Attenuator; (5) Helix coil;

(6) RF output; (7) Vacuum tube; (8) Collector.

AIRBORNE & SPACE SYSTEMS of 61
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Klystron

Interaction ps

Helix TWT

Electron Gun Envelope - Magnetic structure Collector Envelope
Insulating rod supporting helix

Slide 9
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Linear Beam Tubes Configuration

EuMW 2016

Microwaves Everywhere

Electron beam

Cathode opHmEmagnel Attenuator /Tube body
Heater u::\\ffi::fJZIiiiffZZ:/.":ﬂZI.':."ZCZI:ZZZI'ZI Collector
Heater __\.H .
supply $ - iig "
\ 7 Electron
beam
RF output
- Regulated
— | beam supply [+ l
7 = Collector
- supply |+
Produces the Electron beam Voltage Produces the CoIIectgr Voltage
for depressed operation

Slide 10
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Linear Beam Tubes Configuration

EuMW 2016
Microwaves Everywhere

The Electron Beam Supply, connected between cathode and
ground, produces the potential difference to accelerate the
electron beam toward the interaction structure. Here the
electron beam flows at constant axial velocity (in absence of
RF field); it is focused by the magnetic field, produced by the
surrounding magnets and magnetic structure.

The Collector Supply produces the potential difference to
decelerate the electron beam after the interaction region for
efficiency increase.

% LEONARDO e 1
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Gap Interaction

EuMW 2016

In linear type tubes, like the Klystron and the
Traveling Wave Tube, the interaction between the
electron beam moving along the axial tube direction,
z, and the RF filed takes place within a gap that
enhances the electric field in the axial direction.

% LEONARDO e 12
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Gap Interaction

EuMW 201 6

Electric field lines between helix turns

‘& LEONARDO S o SideDd
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Velocity Modulation

EuMW 2016

The electric field developed across the gap, interacting with the
electrons, produces velocity modulation of the electron beam itself
that in turn produces an induced current on the conductors of the gap
at the frequency of the electromagnetic field.

If the gap is part of a cavity, resonant at the frequency of the
modulating signal, electromagnetic energy is stored in the cavity which
in turn interacts with the electron beam.

If the gap is the space between two turns of a helix the induced current
travels on the helix; particular conditions must be satisfied in order to
obtain cumulative interaction and amplification.

‘& LEONARDO S o e
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Velocity Modulation to Density Modulation

EuMW 2016
Microwaves

Everywhare

Velocity modulation causes some electrons go faster some
slower than the DC unmodulated beam, and some with
unchanged velocity. The faster electrons overtaking the
slower ones participate to the formation of bunches along
the beam; the electron beam becomes density modulated. If
a second cavity is located where the electron bunches has
grown, greater current on the cavity gap is induced and
greater energy is stored in the cavity.

Radiofrequency energy is produced from Kinetic energy of
the unmodulated electron beam.

_«f/ Slide 15
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Velocity Modulation to Density Modulation:

EuMW 2016 The Applegate diagram

The Applegate diagram shows the bunching formation: on
the x axis it is reported the time elapsed since an electron
has left the modulating gap, on y axis the distance the
electron has travelled; so each line represent an electron
trajectory, the slope is proportional to electron velocity.
Crossing lines points give time and p05|t|on of bunches
formation.

Velocity of an electron passing
the modulating gap

oM .
u=u, [1+T sma)r]

Distance-time curves for the electron a veloaty-modulated beam ina

«// Bield ree deift space (Applegate dia l Slide 16
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Basic Klystron

EuMW 2016
Microwaves E

verywhere

Radiofrequency energy is produced from Kinetic
energy of unmodulated electron beam.
The basic two cavity Klystron is obtained.

Qutput Gap

\ /.- -\'-. e .a/’- N Input

SN

‘ J/I,------- /’r =
Input Gap "ﬂﬂﬁﬂ |

Basic klystron configuration shown by the Varan brothers.
(From: R. H. Vanianand S. F. Vanan, Jour. App. Phys... May 1939)

% LEONARDO side 17
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Multi-Cavities Klystron

EuMW 2016

Two cavity klystron is inherently a narrow band
amplifier. The addition of cavities to the basic
configuration allows wider bandwidth and higher
efficiency to be obtained.

Magnetic Field

RF InputJ —_— J I_RF Output
Cathode /////////////%

Collector
Intermediate Cavities

Basic elements of a five-cavity klystron.
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Klystron vs TWT interaction

EuMW 2016
Microwaves Everywhere

An important characteristics of the Klystron is that
the interaction between the electromagnetic field
and the electron beam takes place at discrete
position along the beam: the cavity gaps; and there is
no RF propagation along the drift tunnel

This characteristics makes the difference with the
Traveling Wave Tube where the propagation along
the structure takes place and interaction may take
place also.

Sz Slide 19
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Space Charge Wave Theory I-1

EuMW 2016

Nevertheless the differences between the Klystron
and the Traveling Wave Tube a common theory is
useful for explanation of operation.

The space charge wave theory

The bunches can be thought due to plasma
oscillations of the electron cloud.

J~ .
e HR Slide 20
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Space Charge Wave Theory -2

EuMW 2016

aves Everywhare

To understand plasma oscillation it is useful to consider first
an unbounded electron cloud not moving, uniformly
distributed in the space.

This cloud is similar to an elastic medium where the restoring
force is due to repulsion force due to the electron charge. If
the cloud is perturbed from its equilibrium state, the
restoring force trays to restore the equilibrium, the charges
overcome the equilibrium position due to inertial forces and
so on causing the build up of a wave like behaviour.

‘& LEONARDO S fo Siten
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Space Charge Wave Theory I-3

EuMW 2016

The unbounded electron cloud behaves like a elastic
medium, like the propagation of acoustic wave in an elastic
medium (air).

The natural oscillation frequency of the electron cloud is :

12
Yo,
= 2 T &

a

where: n = electron charge /electron mass
p, = electron charge density
= free space permittivity
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SCMO1 The Basics of Traveling Wave Tube Amplifier of 61
AIRBORNE & SPACE SYSTEMS



Space Charge Wave Theory |-4

EuMW 2016

Microwaves Everywhere

If the perturbation is produced on a moving electron beam,
superimposed on its own drift velocity, u,, a wave like
propagation of the perturbation itself is obtained, giving the
possibility to convert the kinetic energy into radiofrequency
energy, like it occurs in Klystron and Traveling Wave Tube.
The perturbation travels at the velocity of the electron
beam, u,, and a plasma wavelength can be associated.

_«// Slide 23
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EuMW 2016

(d)

Electron distributions during plasma oscillations.

J~ .
-- HR Slide 24
LEDN DU SCMO1 The Basics of Traveling Wave Tube Amplifier -

AIRBORNE & SPACE SYSTEMS of 61



Space Charge Wave Theory I-6

EuMW 2016

aves Everywhere

The electron beam moving inside the conductor drift tunnel
has its own natural plasma frequency that can be calculated
as modification of the unbounded electron cloud
configuration. This is called reduced plasma frequency
because it is lower than the previous one:

w,=w, R, R, <1 }\q=2T[uo/wq=2T[uo/waq

In any case the plasma frequency depends only the electron
density, p,, and on the configuration through R, .

‘& LEONARDO S o Sitezs
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Space Charge Wave Theory I-7

- — - — - 7
Electron Beam
uo
Cylindrical beam in a cylindrical tunnel.
w,=w,R, R,;<1 A,=2mu,/w,R,
% LEONARDO S o Sl
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Space Charge Wave Theory I-8

EUMW 201 6
waves Everywhe
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.9 T T ——
(USE UPPER SCALE) | t———T
o.a/ /;__._’""_,_._——* —
ey
° 7/1 ) “ = / %
) LS F—
B \\\\:\\ 3 =f5?.“\\\ - ////
= X, J-=1.2 )
SN\,
o L R
e i b / A /__/
NN y /
wq \
b 5\ 4

\
L
|

/y%

USE LOWER SCALE)

AN

N

[+] 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Beb

Plasma frequency reduction factor vs. beam diameter for a solid, cylindrical
beam of radius b in a concentric, perfectly conducting cylinder of radius a

G. M. Branch and T. G. Mihran, “Plasma Frequency Reduction Factors in
Electron Beams,” Trans. IRE ED-2, 3-11, April, 1955.
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Linear Beam / O-Types Tubes

EuMW 201 6
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The Klystron and the Traveling Wave Tube (TWT) are the two
major categories of microwave devices known as linear beam
or O-type tubes.

The main differences between Klystron and TWT are:

°The microwave circuit is non-resonant in TWT, while
resonant circuits are used in klystrons.

°The wave in the TWT is a propagating wave , the wave in the
klystron is not.

°The interaction between the electron beam and the RF field
in the TWT can be continuous over the entire length of the
circuit, or concentrated in gaps like it happens in the klystron.
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TWT Slow Wave Structures

EuMW 2016

Microwaves Everywhere

In order for the interaction between the space charge wave can take place a
slow wave circuit is necessary so that the electromagnetic field phase velocity,

Vo 1S close to electron beam velocity, u

Slow wave circuits examples:
Helix
Ring and bar
Coupled Cavities
Folded waveguide
Ladder

SWS are periodic along their axis: combination of translation and rotation
makes the structure coinciding with itself. This characteristic makes the
electromagnetic field periodic and the structure can be studied on basis of the
elementary cell.
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Slow Wave Structures

EuMW 2016

Microwaves Everywhere

Continuous Interaction SWS

Loops Replace Bars
in Ring-Loop Circuit

‘_y_.l

(k)

(a)
/f (MO0
— o L “ i s
(b)
o Contrawound Helix

T T — {a) Ring-bar and (b) two-tape contrawound helix circuits.

Discrete interaction (gaps) SWS

A staggered-slot fundamental backward wave circuit. (Adapted from: Power
Travelling Wave Tubes by J. F. Gittins, published 1965 by American Elsevier, Inc.»
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Slow Wave Structures

EuMW 2016
Microw:

aves Everywhere

Cover Plate

Folded waveguide that permits electron interaction below the velocity of hght.

In-line Channel

Ladder-core structure with dual in-line ¢oupling channels.
{Adapted from: Bill G, James, MSN & C7, September 1986.)
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Space Charge Wave Theory -1

EuMW 2016

Everywhere

The fundamental aspects of the propagation of the bunches
can be understood by considering an analogy with acoustic
wave propagation. In the next figure a back-to-back acoustic
transducers launch acoustic pressure (and density) waves in
the air. The waves result from motion of the diaphragms in
the transducers, which periodically compress the air. The
waves propagate to the right and to the left at a velocity that
is dependent on air pressure. With increased pressure, wave
velocity increases.
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Bt  Space Charge Wave Theory II-2
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Microwaves Everywhe

Comparison between acoustic waves and Space Charge Waves

o
i/ \

(a) Air Column with Acoustic Waves

Back-to-Back Acoustic Transducer

/ Nonintercepting Grid

a6 & &
- *e " 9
coneafiee @ @
L s N & 9

sl

i!li!i!‘

.e

(b) Electron Cloud with Space Charge Waves

Arrangements for launching (a) acoustic waves and (b) electron density (space charge) waves.
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Space Charge Wave Theory II-3

EuMW 201 6
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A grid is shown inserted in an electron cloud that is not
moving. Let’s assume that the grid does not collect electrons.
As the voltage on the grid oscillates from positive to negative
and back to positive again, electrons are attracted, then
repelled and then attracted again. As a result, the electron
density near the grid is alternately reduced and increased
and electron density waves are launched to the right and to
the left. The velocities of these waves are dependent on the
electron density. With increased density, wave velocities

increase. These electron density waves are called space
charge waves.
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A2,
b

Acceleratin
/ Fiold 2 ~a
= Electron Bunch
e
e \
—
o)
A LA

/ - -—
g— —
Electron Bunch e -
<— /™~ Decelerating =~ \

(a) Field (b)

Axial field that bunches and extracts energy from beam (a) as beam enters circuit
and (b) after interaction has occurred.
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Space Charge Wave Theory II-5

EuMW 2016

Next, let the electron column move to the right at a velocity that is
much higher than the velocities of the space charge waves. The moving
electron column is, of course, an electron beam. Both space charge
waves are moving to the right with the beam. One is moving faster than
the beam and is called a fast space charge wave. The other is moving
slower than the beam and is called a slow space charge wave. The
bunches produced by the decelerating field constitute a slow space
charge wave.

The energy extracted from the electron beam in slowing electrons to
the bunch velocity is transferred to the circuit field, thereby producing
amplification of that field. The mutual interaction of the beam and
circuit results in an exponential growth of the circuit voltage.
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Space Charge Wave Theory II-6

EuMW 201 6

waves Everywhe

As the interaction process continues, more electrons are slowed to the
bunch velocity and space charge forces within the bunches continue to
increase. Eventually, these forces become large so that a portion of
each bunch is retarded in phase enough so that it leaves the
decelerating field region and enters an accelerating field.

Electrons in the acceleration portion of each bunch extract energy from
the circuit field. Eventually, as the bunches continue to fall back in
phase, energy extracted from the circuit wave becomes equal to the
energy supplied and the wave on the circuit stops growing. At this
point, “saturation” is said to occur and the signalamplitude is
maximum.

‘& LEONARDO S o Sl
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Space Charge Wave Theory II-7

EuMW 2016

Two Space charge waves travel on the electron beam:

Slow space charge: B = B, + B,, phase velocity < u,

Fast space charge: B = B, - B, phase velocity > u,

Bezw/uo quBqu szwp/uo
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Pierce Model
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J. R. Pierce developed the theory of TWT, based on a transmission line
as model of the SWS circuit with impressed current flowing very close
to the circuit modelling the electron beam. The model brings to a 4"
degree determinantal equation giving the eigenvalues of the coupled
electron beam — circuit system.
The analysis is generalized so that it can be applied to any of the SWS
considered before. The line has distributed inductance and capacitance
per unit length of L€ and C€. The beam with current i, is assumed to
pass very close to the circuit and the current induced in the circuit is

=i, (Ramo’s theorem).

iz

I
Le : B
T T T
) C D
.“ ,, L EDNHRDU . Transmission line Tuuds] for a slow wave circuit, - Sl|de 39
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Electronic Equation
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Another approach starting from the definition of, total velocity u,,, current,
i Charge density p,,, and convection current i, = P « Uy »  applying the

continuity equation arrives, after linearizatiation and approximations, to the
so called electronic equation.

All RF quantities are supposed Total quantities Continuity Equation
sinusoidal in time and with Uiot = Uo + U divi=-(dp,0t)
exponential dependence along the .

. . . . ttot — —Io + 1
propagation direction z:

e (jwt-r2) Ptot = —Po T P

The propagation constant I'is a
complex number

jBeIoEzn

2
V,,[(r — jB)? + g—g]

Relating the convection current to the field on the circuit

2~ LEONARDO | | Side 40
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Circuit Equation
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The action of the circuit on the electron beam is obtained by defining
the concept of interaction impedance that is a measure of the capacity
of the circuit to interact with the electron beam.

The result is the circuit equation:

2
E,, = f,;ﬁ - I?,“’: Circuit Equation
Where K, = [|E.. 'S

55.2PS is the interaction impedance of the nth

circuit harmonic
r,=a+jB, is the circuit propagation constant of the nth harmonic (losses + Jphase constant )

_‘J/‘ Slide 41
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Determinantal Equation

EuMW 2016

The propagation constant, I, is the unknown in the electronic
and in the circuit equations. In order the two equations to be
satisfied simultaneously one is substituted in the other and
the elimination of Ez/l results in the following 4t degree
determinantal equation:

The solution of which gives four values of T.

2] BB ToK I,  Determinantal

(Ir*—T 2)[(1‘ — JBe)* + U2 2V, Equation

«// .
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Determinantal Equation
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In order to maintain a physical meaning between the model and TWT
operation Pierce defined the following 4 parameters:

(= Ii;;" Small Signal Gain parameter
2
o = . Space charge parameter
40C%?
b= PBn—Be_ % — Von Velocity or synchronism parameter
B.C 0,20
d = 76“ Loss parameter
3

V, Beam Voltage, |,Beam Current, u, Beam velocity, w, Reduced plasma frequency

w = 2nf, B, =w/u,, phase velouty of nth circuit harmomc B,=w/v

Vphn phn

‘& LEONARDO S o Sided

N S T SCMO01 The Basics of Traveling Wave Tube Amplifier of 61

b
s

Determinantal Equation
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With the definition of the 4 parameters the circuit propagation
constant o and the propagation constant I can be written as:

T, = jB(1 + Cb — jCd)

T = jB.(1 + jC9)

where 6=X+jY is a complex number related to the propagation
constant I whose real part gives the growing or decaying factor and
the imaginary part gives the phase factor

Consequently the determinantal equation can be written in terms of 4.

«//‘ .
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Determinantal Equation: synchronous case

b,
g

EuMW 201 6

waves Everywhe

A very useful condition is that for which:

b=0, QC=0, d=0

called synchronous case without losses and space charge
forces.

The determinantal equation is simplified a lot, this case is
very instructive for physical understanding also for the
general situation where the three parameters are different

from zero.
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Synchronous case: the four roots

EuMW 2016

The four roots are complex or pure imaginary; the resultant wave is a
linear combination of the 4 exponentials:

A(Z) - Al*e-l’lz + Az*e-I’ZZ + A3*e-r3z +A4*e-r4z

I & r2 complex
o s B V3
-T(1) = -jBe-j 5=+ B.C ——
§| Slow Forward 2| Slow Forward
; ﬁ ;: -r1) H -
-T'(2) = -jB.-j Ez— - BC —5 § £
—‘-\"‘*——___

Distance Distance

-I'(3) = -jBe * jB.C

Fast Forward
-r(3)

Fast Backward
—r(a)

-I'(4) = +jB: -jB. ——

Amplitude
Amplitude

<u, i=1,2

Distance Distance

o= w/Im 1]

~
> U 1234 3 & 4 pure imaginary

«// ,
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Synchronous case: the growing wave
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The wave corresponding to I, is called “growing wave”; it is the wave
producing the gain in the TWT. Independently on the values of b, QC
and d, there are always four waves because the determinantal
equation is of 4t degree.

The growing wave will predominate as long as the electron beam flows
down the tube axis.

The synchronous case is also important because it shows that even if

=»6n_ﬁo=uo_ Pn
BOC ypnc

the phase velocity of the space charge growing wave is lower than
electron beam velocity for obtaining energy transfer from the
electrons to the RF wave.

This results must be true regardless of the values of b, QC and d.

‘& LEONARDO S o Sited
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b

=0 implying thatv,, =

Small Signal Gain
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G=-954+473CN dB

Asymptotic Expan
G=-954+47.3CN dB\‘-
25

b=0, QC=0, d=0

0 0.1 0.2 0.3 0.4 05 0.6
CN

Power gain in a TWT for the synchronous case with zero loss and ng cha lge.
{Adapted from: Traveling Wave Tubes, hy J. R. Pierce, :o|3 glﬂ 1950 hy 1) Va
Nostrand Inc.)

Where: Cis the gain parameter, N the number of wavelength,
-9.54 dB is called “initial launch loss” because it is due to the
fact the electron beam takes some length for starting the
interaction (beginning of velocity modulation).

«// .
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Wave velocity and Dispersion
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For amplification to occur in a traveling wave tube, the axial component of the
velocity of the wave on the RF circuit must be close to the velocity of the
bunches of electrons in the beam. If, as frequency is varied, the velocity of the
wave on the circuit moves away from the electron bunch velocity, gain will
decrease. As a result, the variation of circuit wave velocity with frequency is an
important consideration in the design of a TWT. A circuit in which the wave
velocity varies with frequency is said to have dispersion or to be dispersive.

A waveguide is a dispersive circuit, the TEM mode in the coaxial cable is not
dispersive because the phase velocity equals the velocity of the light in the
medium independently of the frequency.

SWS are periodic along their axis: combination of translation and rotation
makes the structure coinciding with itself. This characteristic makes the
electromagnetic field periodic and the structure can be studied on basis of the
elementary cell.

.‘J’ Slide 49
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Periodic Structures: Floguet’s theorem

EuMW 2016

SWS, like the coupled cavity structure or the helix are periodic along
the axis. This characteristic makes the electromagnetic field periodic, it
can be expanded in space harmonics and according to Floquet’s
theorem the structure can be studied on basis of the elementary cell.

If the field in the unit cell is given by E(x,y,z) , H(x,y,z), in a cell located
at a distance equal to the pitch, p, it is given by:

e E(x,y,z-p), e H(x,y,z-p) Floquet’s theorem
Since the structure is periodic the field has the form:

E(x,y,z) = €™ E (x,y,2) H(x,y,z) = "> H (x,y,2)

where E (x,y,z) H,(x,y,z) are periodic functions of z, with period p.

«// .
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Periodic Structures: space harmonics
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Microwaves

Everywhere

A periodic function may be expanded into an infinite Fourier's series,
therefore the field can be expressed as:

Ap(xy,z) = Z Apn(x,y)e—jszzfp
being A,(x,y,z) the electric field E/(x,y,z) or the magnetic field H,(x,y,z).
The harmonics amplitudes A,,(x,y) can be found applying the usual
methods for solving this type of problems, the result is:

oo

2 n1Tz

A(lelz) = e-rz Ap(X,y,Z) = ZAPH[X yle — ] Z Apn(X y)e
where: I = jB for lossless SWS
B,= B+2n1/p
«//‘ .
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Periodic Structures:
i zoe phase velocity & group velocity

The A,.(x,y) are called space harmonics; B = B+2nn/p is the phase
constant of the n,, harmonic; since n can take positive and negative
values B, can be negative.

The corresponding phase velocity is:

Vpn = W / B, that will be negative with B,

The group velocity, representing the “velocity of energy transfer”, is
the same for all of the harmonics:

V,,= d w/dB, = (dB, /d w)* = (dB /d w)*= Vg

Harmonics having phase velocity and group velocity in the same
direction (same sign), are called forward, otherwise are called
backward wave and my be used for traveling wave tube oscillator.

«// .
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Periodic Structures:

b,
g

EuMW 2016 field configuration & the

waves Everywhe

For a given field configuration

E(lelz) = e_rz Ep(XIyIZ) H(XIYIZ) = e_rz Hp(XIYIZ)
an infinite number of space harmonics A (x,y) is necessary for
reproducing that configuration; each space harmonics travels with its
own phase velocity, but the group velocity is the same for all of the

harmonics because it is related to the total field as a whole.

The field configuration depends on the structure type:
Helix, Ring and Bar, CCTWT and so on

‘& LEONARDO S o Sides
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Periodic Structures:

b
s

EuMW 2016 interaction with the electron beam

s Everywhe:

For amplification to occur in a TWT, the axial component of the velocity of the wave
on the RF circuit must be close to the velocity of the bunches of electrons.

The interaction with the RF circuit takes place with the space harmonic having the
phase velocity close the electron beam velocity.

Another important characteristic of the SWS, introduced in the small signal model of
the TWT, is the interaction impedance that is a measure of the force of the
interaction between the SWS and the electron beam.

B.= (B+2nm/p) phase constant of n,, space harmonic
Vo, =w/B, phase velocity of n,, space harmonic
K. =f£§:;}ljgs interaction impedance of n,, space harmonic
(,/ Slide 54
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B Helix SWS:
”Eumwzmls The E.M. Field & the Space Harmonics

Microwaves Everywhere

The E. M. field in the helix SWS can be expressed in cylindrical coordinates (r,0,z) as:

oo
B, > €A, oIy r + By pKmp)e™

iy By = f;ﬂ[e—fﬁ" *(An I, ,+B, K. )e™]
Hz = Z: g-jﬁ" Z(Cﬂ Iﬂ 3T + Dn Kﬂ 1")65119 - """"“—‘w#Oﬂ {e_j-s" z(cn In L + -Dn Kn r)e_fﬂ\? ]
n=-c0 1T : ‘
B g s N
E, and H, are the component along the Eon =;§—:[e #o(An In s+ By Ky p)e™)
axis expressed in term of t_he space L R e 4D, K)o
harmonics; on the right it is given the jﬁ%
expression of space harmonics of rand 6 Hy = =[e%(Co L, +Dn K )
components E, Eg H, Hg. -e:"w"f*]
A, B,,C,, D, are coefficients determined E‘f; e Ay Iy o+ By Kn )
by boundary conditions e ]
I(y ,r) (I'), K(y ,r) (K') are modified Bessel . ___:;f_g_ﬂ”_[e—jﬁ“ (Cy I o+ Do Kn.)
functions of 1., and 2, 4 type (derivatives) 'T“jﬂﬂ‘]"
. i
being v, =V(B,2-K.). 4 LU0 oibex(4, I, +B, Kb,)
Y n n,r Ed n,r
an (B+2nn/p) _ejﬂii]
Vs .
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Helix SWS: Dispersion Diagram
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Approximate Brillouin diagram for the tape helix, with tany = 0.125,

In this approximation, changing the pitch angle changes only the lower extent of
the forbidden regions. The branches are numbered as to the order of

the space harmonic.

2 Slide 56
S LEUNHRDU SCMO01 The Basics of Traveling Wave Tube Amplifier g

AIRBORNE & SPACE SYSTEMS of 61



B, Helix SWS:
“Eumw_zms calculations with CST MWS Suite

On the axis (r=0) of the helix only the space harmonic n=0
exists and only E, and H, exist.

It is responsible for the amplification process, for this reason
it is important to calculate: the phase velocity, v, and the
interaction impedance, K:

Von/C=0.11 + 0.22 (c is light velocity in vacuum)
depending on TWT electron beam voltage,
operating frequency.

K =100 + 40 QQ depending on the frequency, i.e. 6 + 18 GHz.

_‘,’ LEONRRDO _ _ N Slide 57

AR AT SCMO01 The Basics of Traveling Wave Tube Amplifier of 61

, Helix SWS:
EMW2015 calculations with CST MWS Suite

Fundamental Harmonic (n=0) Phase Velocity vs Frequency

Frequency | GHz

Fundamental Harmonic (n=0) Interaction impedance vs Frequency

Perce Impedance | Dhm
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. Helix SWS:
j v calculations with CST MWS Suite

Microwaves Everywhere

Fundamental Harmonic (n=0) Dispersion Diagram

Frequency (Made 1)

W

N
\ \
AN

nle

— - ] » o 0 80 100 120 140 160 180
/ phase

T AT Backward Harmonic (n=-1) Dispersion Diagram

b s 7 T
A
Approximate Brillouin diagram for the tape helix, with tany = 0.125, Frequency (Mode 2)
In this approximation, changing the pitch angle changes only the lower extent of
the forbidden regions. The branches are numbered as to the order of 1
the space harmonic.
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Summary
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Microwaves Everywhere

e State of the art

Vacuum electron devices toward THz frequencies

e Slow Wave Structures for millimeter waves
* Folded Waveguide
* Double Staggered Grating
* Double corrugated waveguide
e  Photonic Cristal assisted SWS

e Fabrication techniques

* Future perspectives
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The challenges
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* Wavelength shorter than 3 mm (100 GHz)
* Fabrication processes with high accuracy and precision at micrometric level

* High quality cathode to generate cylindrical electron beam or sheet electron beam with
high beam current and narrow diameter

* Reliable and repeatable assembly
* Low beam voltage e-gun (10-15 kV) for portability

e Control of the surface roughness of the metal walls to reduce the losses
(100 nm skin depth at 0.6 THz, not more than 50 nm surface roughness)

* High vacuum level (10”7 Torr)

Slide 4
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VEDs - state of the art
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1 mW 1 THz BWO (THALES)

141 mW 0.85 THz

(Northrop Grumman)

Power (dBm)
5

W

1.02 1.03 1.04 1.05
Frequency (THz)

50 W 220 GHz (UC Davis)

5
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29 mW 1 THz (Northrop Grumman IVEC2016)
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Traveling wave tubes —1

Backward wave oscillators

SCMO01 The Basics of Travelling Wave Tube Amplifiers

EuMW 2016

crowaves Everywhere

* Folded Waveguide

* Double Staggered Grating

* Double corrugated waveguide

e Planar Helix

* Photonics Cristal assisted SWS

SCMO1 The Basics of Travelling Wave Tube Amplifiers

Sheet beams

VEDs

Vacuum Defined
f fine Mesh Generation |

High current
Low current density

Low cathode loading Baig, Ivec 2011
Demanding magnetic focussing

Cylindrical beams

High current

High current density
High cathode loading
Easy magnetic focussing

Reed, IVEC 2010
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e Supports a cylindrical electron beam

e Good interaction impedance in
forward and backward wave regime

e Easy to realize by micromachining or
photolithographic processes (UV-
LIGA, DRIE,)

e Easy assembly

e Fabricated up to 1 THz

Slide 8
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* TE,, mode
e Easy coupling
* Good interaction impedance
e Wide frequency band
e Cylindrical electron beam
e CNC milling or UV LIGA
* Fabricated upto 1 THz
Northrop Grumman IVEC 2016
Slide 9

SCMO01 The Basics of Travelling Wave Tube Amplifiers of 21



EuMW 2016

Microwaves Everywhare

e Supports a sheet beam
e Suitable for high power
* CNC milling or UV LIGA
e Fabricated up to 0.346 THz

* High interaction impedance

UC Davis

Slide 10

SCMO01 The Basics of Travelling Wave Tube Amplifiers of 21

Planar Helix
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* Very wide band
e Helix type

e MEMS technology

e High interaction impedance

NTU — Singapore
IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 58, NO. 11, NOVEMBER 2011
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* Open structure
* Same electrical behaviour of corrugated waveguide
e Easy assembly

e Sheet electron beam

e CNC milling and UV-LIGA

R. Letizia, IEEE Trans. On Electron Devices
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Design Corrugated waveguides
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* The operating frequency is mainly related to the period
* The period of a corrugated waveguide is a function of the
beam voltage, the frequency and the phase shift

1100

=
i

1000 4 —DispersionCurve || 4
oo -~ - 10KV beam-line &
- -e- - Interaction impedance|

=— Losses

$5.93 % 10°\/V,

16

T
5 B =

T
(13) souepadw) uonoesa|

Frequency (GHz)

Where V, is the beam voltage
fis the frequency

®=k p/m is the phase shift wl i

L A |
o N a2 o o

T
125

~
=3
S

k. pin

If Vo=10kV, f=1THz, ®= 0.5n tthe periodis p=15pum

To operate at low beam voltage for portability is necessary
to have an adequate fabrication technology.
This equation apply to all the SWS derived from corrugated waveguide
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FWG dispersion curve ) L=h+ ﬂ,‘p/z

2
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s
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1/
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M H ‘_h_h_—"‘_‘—'——-—
Beam line

[FE

023

o
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Technique Accuracy Surface roughness
UV LIGA 3-5um >30 nm
Deep X-ray LIGA 3-5um >30 nm
DRIE 1pum >30 nm
Nano CNC 0.5 um >10 nm
DRIE Deep Reactive lon Etching )
CNC Computer Numerical Control Source UC Davis
LIGA Lithography, Electroplating, and Molding
Slide 15
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UC Davis Precision Nano-CNC
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£l Tungsten
Carbide
[FOnmR,

Diamond
Tooling
[Cho nmR,

developed by DTL, a subsidiary of DMG-Mori-Seki
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CNC milling 0.346 THz DCW
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Double Corrugated Waveguide for 0.346 THz BWO for plasma diagnostic in collaboration
with UC Davis, US, and Beijing Vacuum Electronic Research Institute, China

| BSafddanddnanarddan ameoam
| ASNsEEurnano oo o oa e
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it  Deep X-Ray LIGA for 1 THz TWT
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™ .-.l,es-r-":?::'-f‘ '-\m A g
Opther Project

Soleil Synchrotron
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UV - LIGA
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Thick SU-8
Photoresist
1. Exposure 2. Deeply Patterned

Resist

Chemo-Thermally
Remove Resist

4. Finished All 3. Electrpformeg
Metal Structure Grating with Resist

Electroform

Metal SEl 5kV  WD10mmSS50 43 SO0pM ——
3 layers Jan 11, 2016
& Planarize
SU-8 Mold

J. Micromech. Microeng. 20 (2010) 125016
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Future development
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e Low cost fabrication

e Compact power supply

e High interaction structures
* High efficiency

* Multiple beams

Slide 20
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Thank youl!
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For the most recent advancements in Vacuum Electronics follow:
www.vacuumelectronics.org
www.tweether.eu
Traveling wave tube based W-band wireless networks with
high data rate distribution, spectrum and energy efficiency”

wy @h2020tweether

W @ClPaoloni
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Materials and techniques in
TWT manufacturing
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- Materials and techniques in \@;esa

TWT manufacturing
EUMYY 2019

Summary
* Electron guns and linear beam magnetic focusing
¢ Cathode Technology

 Helix interaction structure

* Collector
* Vacuum Technology

e Breakdown
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Electron guns
&
Linear beams magnetic focusing

- m&m&m

TR
/7 MYMYXYN
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Electron guns

EuMW 2016

Focus Electrode

Electron Beam

The electron gun in a microwave tube is
used to form the electrons from the cathode
into a beam suitable for interaction with a
microwave circuit.

Most of these guns are designed using

guidelines set forth by J. R. Pierce and are

known as “Pierce guns” handling the following two basic problems:

1. Electrostatic repulsion forces between electrons tend to cause the
beam to diverge.

2. The current density required in the electron beam (Region 3) is
normally far greater than the emission density that the cathode can
supply with an acceptable life expectancy.

Slide 4
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- Electron guns -

cuww 2016 | ANEAK circular section beams

ves Everywhere

Focus Electrode Equipotential Surfaces

The gun is divided into three regions.

Region 1: Spherical cathode disk, focus electrode
designed to produce equipotential surfaces
that are nearly spherical, with the same
center of curvature as the cathode. Electrons
flow toward the center of curvature of
the cathode.

Electron Beam

Region 2: Because the anode must contain a hole to let the electron
beam pass through, equipotential surfaces bow into the
anode aperture. A divergent electrostatic lens exists that
produces a defocusing action on the electron beam.

Region 3: The electrons have escaped from the accelerating field of the
cathode-to-anode regions and are drifting under the
influence of space charge forces. Thus, the electrons in the
beam follow universal beam-spread trajectories.

| Roberto Dionisio | TEC-ETE] SCMO1 The Basics of Travelling Wave Tube Amplifiers Slide 5
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Beam control techniques
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Cathode _ Modulating
Tt Anode
Focus Grid
Electrode e
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Cathode

Nonintercepting Grid

Intercepting Grid
‘_'con_trol
Shadow } Attached & Grid
Grid -3 Shadow % :;‘:;
end TEIS
R —

Nonintercepting Grid
with Dimpled Cathode

e Grid potential is positive with respect the cathode (negative to switch off
the beam) leading to current interception with excessive heating of the grid

at high duty cycles.

Shadow grid configuration minimizes current interception
Slide 7
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Electron gun assembly structure
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C I FE Cathod
/B :,:Lm::
1

B

“prp
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uropean space Agency
of 72

| Roberto Dionisio | TEC-ETE] SCMO1 The Basics of Travelling Wave Tube Amplifiers



%= Linear beams magnetic focusing

EuMW 2016
Microwaves i;u'l! ry where
_/ Electron Trajectory Magnetic Flux Lines
S ] h\‘\/ = ~ k‘
. Cr?ace_ o Focusingj _ AN = N -
arge Forces ? o > < ———
Forces ] ~_- N ~—
Force Directed Radially Inward/*

* In linear-beam tubes, the focusing forces are provided by a magnetic field
aligned with the axis of the electron beam.

* The magnetic force on the electrons is in the reverse direction from the
uxB

* The magnetic flux level that produces a magnetic force that exactly
balances the space charge and centrifugal forces is called the
“Brillouin flux” level, commonly denoted by Bg.

11/2
Bp = 0.83 X 10_3m [T] (a=equilibrium beam radius)

*  When the actual magnetic

flux level differs from Bg the

electron beam starts to expand e
and compress (scalloping) * B<Bg B>Bg

Slide 9
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. Focusing with Periodic Permanent
Magnets
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B= chosz—"z

z
Magnet

Pole Piece

As a beam enters the field of a magnet section, the forces on the electrons let
the beam start to rotate and the interaction of the rotational motion with the
axial field produces a radial force that compresses the beam.

As the beam leaves the magnet section, rotation stops, focusing forces vanish,
and the beam expands under the influence of space charge forces. The beam
then enters another magnet section with the field in the opposite direction
from the previous one. Then the beam rotates in the opposite direction, but is
focused just as it was in the previous section.

Slide 10
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Focusing with Periodic Permanent

Magnets
EuMW 2016

Microwaves Everywhere

The overall result, as the beam traverses the alternating field of the PPM
structure, is that its rotation oscillates back and forth, producing alternating
periods of magnetic focusing and beam expansion (beam ripple).

Below the difference between beam ripple, which results from the periodicity
of focusing, and beam scalloping, which is the oscillation of a beam that is not

in equilibrium.
Beam Envelope with Ripple

The weight reduction of a PPM focusing system, when compared with a
solenoid or a unidirectional magnet, can be one to two orders of magnitude
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“* Cathode Technology
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Microwaves Everywhere

The cathode is the source of electrons for the electron beam in
every microwave tube.

The current density of electron emission from the cathode ranges from
milliamperes to tens of amperes per square centimeter of cathode area.

An ideal cathode should:

* emit electrons freely, without any form of persuasion such as heating
or bombardment (electrons would leak off from it into vacuum as
easily as they pass from one metal to another);

* emit copiously, supplying an unlimited current density;

* last forever, its electron emission continuing unimpaired as long as it
IS needed;

* emit electrons uniformly, traveling at practically zero velocity.
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s Electron Statistics and Emission

Processes
W 2016

a8 Everywhere

Elementary particles in general can be classified as either bosons or fermions
depending upon whether they have integer or half integer spin, respectively.

-E
« Bosons obey classical Maxwell-Boltzmann (M-B) statistics: fy;z = € [kpT

1
 Fermions follow Dirac-Fermi(F-D) statistics: frp = —E-Ep

1+e kBT
These statistics define the probability a particle occupies an given energy state

10 T T
; ~ . Maxwell-Boltzmann | < Distributions have very nearly the same high energy tails.
1 b 4+ During thermionic emission the cathode is heated to high
temperature to increase the high energy tail of the
distribution and promote emission.

Fermi-Dirac

Density of States (DOS)

01
* M-B statistics is completely valid and the classical concept
of temperature applies.
1 L 1

n'mo.sy 0995 1 1.005

Energy/IFermi Energy
| Roberto Dionisio | TEC-ETE]  SCMO1 The Basics of Travelling Wave Tube Amplifiers European Space Agency Slide 13
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%~ Fields Near the Cathode Surface
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The total external potential, @, is the sum of applied and image fields for a single
electron, and peaks approximately 2 nm from the surface.

Electrons can escape with energies greater than the work function or those with lower
energy can tunnel through the barrier.

* For thermionic emission, the escaping electrons must have energies greater than
the barrier.

* For field emission, electrons tunnel through the barrier.

N ' e The temperature of the electron gas in the
iy bulk material affects the probability of

g |

§ I emission and the emitted electron energy
o] . . .

B T f distributions .

§ = work function, @, Eﬁonky . . .

5 E dwocdscnory 1 ¢ The reduction of the barrier by the applied

field is called the Schottky effect and plays a
: . L . ) central role in all emission processes,
Blectron Density of Stafes _ | Distance from Cathode (nm) especially field emission.

Applied
Total

M E Distribution  —

05

F-D Distribution
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Thermionic Emission

W 2016

a8 Everywhere

An electron can escape a metal if it has sufficient kinetic in the direction of the barrier

2
: m 2
to overcome the work function 2% > eBuwork = Vx > ’_eq’work
2 m

Then the thermionic current density for a cathode at temperature T is given by

. N 3 —Pwork T
Jthermionic = noe(vx) =npe f VyfrpdV = ] = A(l— T')Tze /kB

2ePwork
V> / o

Richardson-Dushman (R-D) equation for
thermionic emission where

em

* Ais the universal constant 4 = ———
2m“h

n(EEqn,
55

5 T=3000degk e« A=120 amp

cm2degK?

rT 1T T 1T T T 1T 1T 177

- T=300degK
=10 . -

1o T=2500degk ¢ (1-r) accounts for the refection of
=1z 1 1 L

1o 1 12 14 18 18 electrons at the metal surface.

Energyi(Fenmi Energy)

The exponential dependence upon temperature of the R-D equation illustrates how
thermionic current rises rapidly with temperature, and with decreasing work function
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Lt Space Charge
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The effect of the negative charge of an electron is to reduce the potential that is
present in the absence of the electron. As the electron emission rate is increased (by
increasing temperature, for example), the potential is further decreased.

The electron emission rate is limited by the density of electrons adjacent to the
cathode surface.

When the electric field at the cathode surface is forced to zero by the electron cloud
near the cathode surface, the emission is said to be space charge limited.

(c)
Equilibrium

Relation between voltage and current in a space charge
limited diode is governed by the Child-Langmuir law

(a)

Field=0

Potential

(b)

3
I=kvV'/a
) bistance where Kk is a constant depending on diode geometrical
Cathode characteristics only.
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%= Thermionic diode
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Mechanisms dominating current flow in a thermionic diode

! | i i
! | L
| : -
w P
= ! 1 E gl |
S I %] E i
' 'S o |
t Space Charge [/ ! : 2 ' Feld
£ Dominated /| : ' | Emission
T i Temperature | ' Dominated
© ,  Dominated | !
! | i I
' 'Schottky, !
| | .
! 1 ] |
! Ly 1 |
Anode Voltage
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Impregnated dispenser cathode
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Microwaves Everywhere

Emitting Surface Impregnated Tungsten

/ Cathode Pellet

Molybdenum
Retaining Ring

Molybdenum Body
Diffusion Barrier -""'f’
— Alumina Potting

Support Sleeve — Material

| Filament
Heater/

Cathode Lead ———f&

_ a— Support Flange

U™——— Filament Lead
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Impregnated dispenser cathode

types

EuMW 2016

B-type: the pores of a porous tungsten pellet are impregnated with a
compound of BaO, CaO, and Al,O5. Barium is released when the
impregnant reacts with the tungsten. The freed barium migrates to
the surface of the porous tungsten to form the emitting surface. It
provide emission densities of several A/cm?, operating at a
temperature of 1,100°C or higher.

M-type: B-type with a film several thousand Angstroms thick of osmium,
iridium, or ruthenium applied to the surface. Compared to a B
cathode, the effect of the film is to reduce the work function
~0.2eV and the cathode operating temperature ~90°C (dependent
on film metal)

MM-type: B-type with tungsten pellet containing particles of the enhancing
metal (i.e. Scandium Oxide).

| Roberto Dionisio | TEC-ETE]  SCMO1 The Basics of Travelling Wave Tube Amplifiers European Space Agency Slide 19
' of 72

)= Impregnated dispenser cathode M-Type

fabrication

Porous billet:  Small grains of tungsten are pressed together under high
pressure and sintered at a temperature of over 2,000°C in
hydrogen atmosphere for 1 to 2 hours to form porous billets.

Cathode pellet: Machining to the desired shape of porous billets with pores
filled with a plastic material to facilitate. After machining, the
plastic is removed.

Impregnation: The porous matrix is filled by melting a compound containing

BaO, CaO, and Al,O;. Cathode surface is cleaned by removing
the excess impregnant. Polished Surface

1_\\\)::@ //xf’/’

Coating: Sputtering 2,000 to
10,000 A thickness layer
of osmium-ruthenium

},,,,,. e——
.- \\\ \ \ ;:9’ -~

A

Coat sintering: Firing in hydrogen mprognan/ Tungsten
—| |-=—1micron rains
atmosphere for several | 0001 —— |
m | nutes Grain avg. dia. = 4.5 Avg. interpore distance ~ 6
Pore equivt. dia, = 3p Thickness of emissive layer
~3x 10% poresicm?® < 1 atomic monolayer (~ 4 A)
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Work Function Distribution

EuMW 2016

Microwaves Everywhere

The rate of diffusion of barium to the surface, along with the energy of
desorption of barium atoms from the surface (which controls the evaporation
rate), determines the surface coverage.

The work function of the cathode depends on the fraction of the cathode

surface that is covered by barium along with the work function of the metal
substrate.

The work function of a cathode is not a single valued quantity but instead has
a distribution of values because the energy of desorption and the work
function vary from grain to grain.

M Cathode
\
= B Cath
g / athode
=
1 I 1 I 1 I 1
1.7 1.8 1.9 2.0 21 2.2 2.3
Work Function, e (eV)
| Roberto Dionisio | TEC-ETE] SCMO1 The Basics of Travelling Wave Tube Amplifiers Slide 21

European Space Agency

of 72

%= Work Function Distribution

ves Everywhere

FSCL Region
n Effective Work Function (eV)1.73 175 1.77 179 181 183 185 187
g 100 y
; E 71 Calculated TL &
H ! ; S 4 Emission Curves o
5 Miram Curve S 8 g
g g 607 // 0.5
51 = ] .
£ - o ,ﬂ
§ --- Patch Characteristics E 40 1 & M f(ewu.s
——— Composite Cathode 8 T 0.2
Characteristic o 201 01{ PWFD
(Roll-Off Curve) B 01 )
£ 1.7 1.8 1.9 ep (eV)
] Q- T T T r u T T d
e 1080 1100 1120 1140 1160 1180 1200 1220 1240
Cathode Temperature Cathode Temperature (K)
0.57 0.5
0.4 . 0.4-
Life (hours) | Life (hours)
=03 5 0.3
2
= 0.2 = 0.2
0.1 0.1
0 T T T T T T | 0 T T T T T T —
175 1.80 1.85 190 195 200 205 210 175 180 185 190 195 200 205 210
Work Function, ep (eV) Work Function, eq (eV)
Best-of-class
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Types of emission degradation

mechanisms
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1. Gradual decrease in perveance, that is, space charge limited emission
decreases with time

Usually due to the gradual depletion of the barium supply in the
impregnated tungsten pellet. The rate at which barium diffuses to the
cathode surface decreases, so the barium coverage of the surface
decreases and work function increases

2. Change in work function distribution with time and without dependence on
changes in cathode temperature
It results from a change in the base metal work function with time. This
mechanism applies to coated cathodes and is attributed to the diffusion
of tungsten through the coating

3. Change in work function distribution with temperature as well as with time
It is attributed to an insufficient supply of barium, a change in sticking
coefficient of the barium to the cathode surface or to external
poisoning.

Slide 23
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Operating temperature

EUMVY 2916
, FSCL

o
€ .5: The result from barium depletion is the
] . .
'.5' E: movement with time of the roll-off

o .
o O: curves toward higher temperatures

AT :4—
Temperature

Ideally, the operating temperature should be chosen so that end of life is
determined when the cathode current in a tube has decreased by an amount
that causes one of the operating parameters of the tube to fail to meet
specification. In this case the “knee” temperature is the temperature that
produces that cathode current.

Slide 24
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Cathodes for space

EuM 2018
. 10° Emission Density (A/cm?)
e Life > 10 years (90,000 hours) (EN
. Switch ON/OFF cycles > 250,000 10% T
* Minimal evaporation rate 10 . 8
* Resistance to shock and vibration % T
« Low heater power 314 %
« High reliability and predictability 10 &
128
M-type cathodes are limited to 4 A/cm2 s 900 1000 1100 1200 1300
emission density. Cathode Temperature (°C)

Life of an M-type cathode

New materials are requested to reduce the work function and thereby increase
the emission density, which would vastly simplify the focusing of the fine
electron beams needed in higher-frequency millimeter- and submillimeter-
wave tubes.

Cathodes made from nanocrystalline powders of scandium oxide and tungsten
resulted in a robust emitter with a work function of 1.43 eV
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Cathode-Heather assembly structure \&iesa

\
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cathode disc o cathode cylinder
heater .
r cathode support
potted AI203 cylinder
r3 . |
Sl | heat shield
porcelain | '[ L
support cylinder N s positioning
cvlinder

|
|
. .. I heater down-lead
nickel piping —:- porcelain
|
I

* Support element operating at 1000°C

* Minimize Power losses

* Minimize cathode surface mechanical displacement

* Withstand thermomechanical stress due to switch ON/OFF
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Helix interaction structure

RFin RFout
I I
I
input section I output section
Gain attenuation
___._--—-————""‘“'\\ 7
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Helix slow wave structure

 The helix of a TWT is a relatively delicate structure. As an example the helix
of a 200 W Ku-Band TWT has 1.5 mm outer diameter and it is made of
0.2 mm by 0.35 mm tungsten tape.

* Two dielectric materials are widely used for supporting the helices of TWTs:
beryllium oxide (BeO) and anisotropic pyrolytic boron nitride (APBN).
Unfortunately, their dielectric constants is high.

* To minimize the loading effect of a ceramic support structure, it is
necessary to minimize the amount of ceramic material used. As a result,
thin rectangular or T-shaped support rods are often used
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“%= Helix slow wave structure
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Polished Diamond/
Polished Tungsten

] U7
R 102,
150 \ Deng .,
g . . Ground Beryllia/ 4 Timg -5
Polished Diamond/ : U -
Ground Tungsten Polished Tungsten \ ai%% ~ Barrel‘\-\‘ AT=aC
b 3
100 - I5ss  Copper ™~ Support

Ground APBN/

T 1
1 Polished Tungsten - ungsten

-~ Helix
Re’h'!f,(%

I tungsten
-

Interface
AT =12°C

] 0.4
50 - esg, AT=9C

\ Polished Beryllia/
Ground Tungsten Interface

] 0.1 - 5ot \ AT =17°C
0 T T T T T \ a PIC Pyrotyye
0 5 10 15 20 25 30 i) \ Boren iy,
) 0.04 + "4 Nitice, ¢ « 5 0
Contact Pressure (kpsi) 3 es ar b
200 800

0.2 4 Anisotropic Pyrolytic Boron Nitride, € = 5.2

Thermal Interface Conductance (Wicm?2 °C)
Thermal Conductance (W/cm2 °C)

0.02

4(;0 660 10l00
Temperature (°C)
 Thermal resistances of the interfaces between the helix and the support
rods and between the support rods and the barrel are the predominant.
* The temperature drops across the interfaces are extremely dependent on

the pressure applied to the interface.
» Also, the surface finishes of the materials in contact are important.

 Diamond has an outstanding thermal conductivity and there is a strong
interest in using it for Q/V band TWTs.
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7= Helix slow wave structure
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* Because of the large thermal drops at the support rod interfaces, the helix
and support rod structures in high-power helix TWTs must be assembled
using techniques that minimize the thermal interface resistances by
increasing contact pressure and reducing surface roughness. A limit is
reached, however, when the forces are high enough to distort the helix
excessively. For helix strength, the material normally used is tungsten or
molybdenum.

* One technique used is the hot insertion:

* The helix and rod assembly are machined with tolerances for an
interference fit with barrel at ambient temperature

* During assembling the barrel is heated up to allow the insertion with low
friction.
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Collectors

Electrons must be collected after the interaction process.

Electrons kinetic energy at the time of the impact is converted to heat.

Role of the collectors is:

* reduce impact electrons kinetic energy (power recovery)
» dissipate heat generated

| Roberto Dionisio | TEC-ETE]  SCMO1 The Basics of Travelling Wave Tube Amplifiers European Space Agency

%7 Understanding power recovery
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I
|

IC
0

No power is provided by the
10 kV supply because there is
no current flowing to it

* With 10 kV applied to the anode, a 10 KW electron beam is generated

¢ As the beam enters the collector, it is slowed down and the electron velocity
drops to zero as the electrons land on the collector

* No heat is generated in the collector and there are no other losses and so
no power is dissipated
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Electron energy distribution

A\ H
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v - Veolt - . -
||k Question: what if we apply V.o = Vinee?
|
Vt:=Vk_V<:oII I
« : A,-A, = Power converted
These electrons are ~ | A into RF + losses
reflected back into | A |
the RF circuit o As = Max power
back . ' recoverable by a
(backstreaming) single stage collector

anee Vk I\
A2
Vcoll
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Multistage collector “\&l‘;esa
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Secondary emission can cause:

* Escape of secondaries from the collector, which may result in excessive
noise, signal distortions, and heating of the RF circuit

* Current flow between collector electrodes and resulting in the reduction of
collector efficiency

Electrode # 4 —% =
~93KkV=V, :

Electrode # 3 —»

---- Equipotential Line —TTkV
—— Electron Trajectory
—=— Secondary Trajectory Electrode # 2 —
- 3.7TkV
E'“T‘;‘;ekfﬂ Surface ion texturing to reduce

the “apparent” secondary
emission yield

Body at 0.0V —,
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Vacuum Technology

A microwave tube to operate properly, requires that a high or ultrahigh
vacuum must be maintained throughout its life.

As a result, special techniques, processes, and materials must be used.

| Roberto Dionisio | TEC-ETE]  SCMO1 The Basics of Travelling Wave Tube Amplifiers European Space Agency

Vacuum Technology
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Units of Measurement
1 torr 1 mmHg = 1.33 x 102 pascal (atmospheric pressure is 760 mmHQ)
1.33 mbar = 1 torr

In microwave tube work, it is rarely and perhaps never necessary to know
pressure to an accuracy better than a factor of two or so.

It is safe to remember that
1torr ® 1 mmHg = 1 mbar
Ranges of Operation
760 torr to —1 torr Rough vacuum
1 torr to ~10-2 torr Medium vacuum
103 torr to —10-7 torr High vacuum
< 107 torr Ultrahigh vacuum
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Degree of Vacuum
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Molecules collide with each
other far more frequently
than with vacuum
chamber walls

Molecules collide with
chamber walls more
frequently than with each
other

Rough Medium High Ultra-High
| —— | ——|
10184 104 O @
& ©
1064 102 1 E-E
L]
o
§ “ _ - 10~ §
g 1041 E é g
> = | -2 s
-'E 1012 10 2 § 1° *
o
£
= g - 1
%‘ 104 10 4
< 5 | 102 1 min
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Sources of Gas

ves Everywhere

Desorption

ﬁfusmn
Virtual Leaks
Permeation -
Real Leaks
Backst‘rreaming

Vaporization
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Permeation

Results from an electronic interaction between a gas and a
solid. The only appreciable permeation rate of interest for
vacuum-tube design is H, through iron and iron alloys

Diffusion

Movement of one material through another.
Desorption

Release of gas molecules from a surface
Vaporization (sublimation)

Phase transition from the liquid phase to vapor (phase
transition from the solid phase to the gas phase)
Virtual Leaks

Release of gases chemically or mechanically
trapped inside the vacuum envelope

Real Leaks

A pore in the wall of the vacuum envelope
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%7 Diffusion
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Microwaves Everywhere

In vacuum tubes, we are concerned mostly about the diffusion of gases
through the metallic parts of the vacuum envelope to its interior surfaces.
There, the gas is desorbed and contributes to increase the pressure inside the
tube.

The rate at which gas diffuses through metals is an exponential function of
temperature so the use of heat (baking) to accelerate the diffusion process is
often used as well as outgassing the parts or sub assemblies during the
fabrication process.
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Microwaves Everywhere

Gas molecules adhere to surfaces within a vacuum envelope are said to be
adsorbed on the surfaces. The source of this gas can be the atmosphere
within the envelope or diffusion or permeation from the walls of the envelope.
Gas-free surfaces in vacuum can become covered with gas molecules very
quickly. For example, at a pressure of 10-° torr, the time required to form a
monolayer of gas on a gas free surface is only one second.

The rate of desorption is an exponential function of temperature so baking is
very effective in removing desorbed gas.

Many adsorbed gasses are too tightly bonded to surfaces to be set free by
baking. These can be desorbed by electron impact. As a result, many
microwave tubes are operated with a pump attached for several hundred
hours with the electron beam being used to assist in the outgassing process.

| Roberto Dionisio | TEc-ETE]  SCMO1 The Basics of Travelling Wave Tube Amplifiers Esropean Shace Agency Slide 42
' of 72



“¥= Virtual Leaks
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Some examples of sources of virtual leaks are:

* A weld joint that is made on the outside (atmospheric side) of the vacuum
envelope. Dirt or other contaminants, which are trapped between the welded
parts on the inside (vacuum side) of the joint, release gas that slowly leaks
into the vacuum tube.

* A screw that is used to fasten a part in an electron gun. The threads of the
screw have not been properly vented and so gas that is trapped and not
completely driven out during bake-out is slowly released.

* An inadequately outgassed part inside the vacuum envelope. Gas from the
part slowly diffuses into the vacuum envelope.

* During thermal cycling, a microscopic crack that develops on the inner
(vacuum side) of a ceramic insulator. This crack exposes a tiny gas-filled void
and the gas slowly leaks into the vacuum envelope.

Virtual leaks are avoided by following good design practice, eliminating
gas traps, and properly processing parts.

There is no external test that can detect a virtual leak.
Slide 43
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Real Leaks
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Examples of pores are voids caused by impurities or inclusions in the wall
material or cracks caused by thermal or mechanical stress.

A hole size on the order of at least 3 molecular diameters (~=10A or 10-7 cm) is
required for pore leakage. Smaller holes are likely to be plugged by large
molecules.

Thus, pore leakage is unlikely to occur below a 105
leak rate of about 10-1> torr-liters/sec for a
1-mm-long pore. (1 torr-liter/sec = 1 cm3/sec
at standard temperature and pressure). At this
leak rate, the pressure in a dormant TWT with
an internal volume of 0.025 liter would
increase to about 107 torr in one year. At this 10
pressure, there is high likelihood that proper 107 15‘%@%;?”:[“) 0t 1
tube operation would not be possible.

-
=
L

=
&

Flow Rate (torr liters/s)
= =
L L
@ 2

N
h

Thus, even the smallest pore leak is unacceptable for most applications.
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%7 Microwave Tube Materials
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The most important factor in achieving and maintaining an acceptable vacuum
level is the use of the correct materials for fabricating a tube. The primary factor
considered in selecting a metal for use inside the vacuum envelope is vapor

pressure
= — =
e dif 3|5
Sc5Zeqlz, | 8 528585 SpgjEss
EZzeae e%g-:%ggs £2E HE 55§ 38
z238|833/638EE2|228 fazizan air|eon
Heater u u ]
Cathode EENE u u [ B u [ ] [ § [ ]
Grids ] (N ] =
Anode [ |
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Attenuator [ ]
Collector | |
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Vapor Pressure (torr)

2 Melting Point
s Solid £ Liguid

I 1 1
0 200 500 1,000 2,000 3,000 5,000 7,000

Temperature ( *C)
Example: Zinc (Zn). At low temperatures, the vapor pressure is reasonable (10-° torr at
100°C). At a somewhat elevated temperature (400°C), the vapor pressure is only 101 torr.
This shows why brass (which contains zinc) must not be used in a vacuum system that may
be heated. If brass was used and baked at 400°C or higher, zinc vapor would permeate the
entire system
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Vapor pressure of elements
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Vapor Pressure (torr)

© Melting Point
— — Estimated
s Solid £ Liguid

T T T T T T T

T T L] T
0 200 500 1,000 2,000 3,000 5,000 7,000
Temperature (°C)

Example: Barium (Ba). At a cathode operating temperature of 1,000°C, the vapor pressure

of barium is over 1 torr. Thus, excess barium (over ~ monolayer) on the cathode surface

evaporates very rapidly. This evaporated barium may eventually deposit on insulating

surfaces and cause electrical leakage or breakdown. To remove excess barium, a new

cathode is often placed in vacuum and operated at a high temperature before it is placed in a
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%7 Joining Techniques
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Microwaves Everywhere

Microwave tubes fabrication requires dissimilar materials to be joined together with stated
mechanical and thermal properties. In addition, joint of parts belonging to the vacuum
envelope must be “vacuum tight”

* Materials must be properly selected and cleaned.
* Metals may be joined by brazing or welding
¢ Ceramics may be joined to metals by brazing

Solid fluxes cannot be used because they may become trapped in joints and then produce
virtual leaks, that is, they very slowly leak out of joints and produce contamination.
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Brazing
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Aicrowaves Everywhere

“The joining process of two metal parts with a third one having a lower melting point is
generally known as soldering”

Brazing is defined as the metal joining process in which melted filler metal is drawn by

capillary attraction into the space between the closely adjacent surfaces of the parts to be

joined.

* The temperatures required for brazing are very high and it is important to properly control
the variation of temperature with time.

* Brazes must be performed in vacuum or in a reducing atmosphere of hydrogen because
fluxes cannot be used

T(°C) Ag — Cu system

1200
L (liquid)

Liquidus .

i i
____________________________________ o 1000 i
r i

Stage 3

800 +
Te 80 715 918
4— Cooldown '

600

Temperature

400

atp |

|l— || |- 47 200 v 4 L
64% 32%

Percentage of Braze Cycle
| Roberto Dionisio | TEC-ETE] SCMO1 The Basics of Travelling Wave Tube Amplifiers

20 40 60 C.80 100
Composition, %wt Ag  glide 49

of 72

European Space Agency

Brazing
EuMW 2016

Aicrowaves Everywhere

* The ideal braze joint

The full fillet

Ally difusion _

Soiid sclution loops

Mor-tontinuous dendrites

Amarphous malkrix

Erosion

Overbrazed

Blow Holes

Voids

Partial Alloy Melt

Underbrazed H
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Welding
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e Tungsten inert gas (TIG)
* Laser

Maiting Point

+ Resistance L
. Metal B
(spot welding)
Temparanrs 2
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5 Everywhere

Solidified weld

; Solid-ligqud transition zone

e

Pt b A bbbl d Al A A A 1500

Grain growth
(CGAHT)

i 1100
Recrystallized

Peak temperature, Tp 7 C)

Ohver-tempered

0 000 0
i
i
i
]
il
i
i
'
|

Laser weld

Flange —a

Tack Weld
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Ceramic-to-Metal seals
W 2016

o5 Everywhere

Ceramic-to-metal seals are made by first
metallizing the ceramic and then brazing the

metallic part to the metallized surface or using , Vi Ml Leyee
. . Interface
active filler alloys. e |~
AlOz
012 Room T Joining Te
49% NiFe/  kovar a<a .
010 / " One of the most important factors to
£ 42% NiFe /' R0 (64% Dense) = Cormmic . .
£ 008 | 7 /"7 a0 w550 Dense) ) be considered is the thermal
z /i Filler Alloy i
§ 008+ 7 | expansion of the parts. In some cases
g 7 Meta . .
i 004 1 7 the metal element is designed to be
/
202 1 7 t t flexible in the region of the braze.
’ T Resiual ¢ . After Joining
0 200 400 600 800 1000 1200 Stresses
Temperature (°C) l ﬁ l
i
. . Ceramic Back-up Ring
In a butt ceramic-to-metal seal the metal is / praze
sandwiched between ceramic pieces that are '
massive enough to force the metal to expand \

Metal Ring

and contract with the ceramic
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Microwaves Everywhere

Bake-out is the process of heating a tube to facilitate evacuation. As pointed out
previously in this appendix, the rates of diffusion and the desorption of gases
vary exponentially with temperature, so heat is used to aid in the evacuation
process. The bake-out temperature commonly used in the microwave tube
industry is ~500-525°C. The tube to be evacuated is connected to a vacuum
pump and heated until the desired vacuum level is obtained.

Electric Oven\ / Bell Jar

- Mass filter
He partial pressure @ ) Faraday
T %
up to 10-12 torr can I — =<1

be detected

Electron|multiplier —
Electromelax
preamplifier

HY
supply

RF
generator
% Quadrupole controlier l
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Pinch-off

EuMW 2016

ves Everywhere

By squeezing the tubulation with a special tool, the internal mating surfaces of

the copper can be forced to flow together to form a cold weld. In its crudest
form, the tool is similar to a manually operated bolt cutter with the cutting edges

replaced by cylindrical tungsten carbide bars.

Because the manual squeeze-off (pinch-off) operation with the tool that is much
like a bolt cutter is highly operator dependent, an automated system is normally

employed.
Cold Weld
Copper Tube Cylindrical
Jaws of Tool
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The basic breakdown mechanism (discharge) is
caused by collision of charge carriers in the gas
volume and interactions with the electrode surfaces o “@
(Townsend mechanism).

I
oo oo

A

—1

i,

|
-

Electron High-Power

Gun RF Elements Collector
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Breakdown
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Microwaves Everywhere

Whether or not breakdown will occur depends on two factors:

1. The applied field level and local field enhancement effects;

2. The breakdown field of the medium (gas, vacuum, liquid, or solid)
Breakdown fields for various media

¢ Gas — tens of V/cm to 10° V/cm depending on pressure and type;
¢+ Vacuum —~ 0.5-3x%10° V/cm;

e Liquid ~— 0.5-1.0%106 V/cm;

¢ Solid ~ 0.5-1.0x10% V/cm.

Field (Uniform)

Field enhancement 1,000 Vicm
* Parallel plate:1000 V/cm /
At inner conductor of 50Q2 coax line: 17050:"; ______ '
500 em
1560 V/cm 230 ''''''''''''''''''' ' .
B =1.56

Maximum Field 1,560 V/cm

Minimum Field 680 Vicm

50Q coaxial
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Under ideal conditions, the breakdown field for vacuum exceeds that of all
media including liquids and solids, and may be 10 MV/cm or higher. The upper
limit results from field emission from the negative electrode.

In practice, the field at which breakdown occurs is two to three orders of
magnitude below the upper limit.

400 -
For many vacuum tube applications, Microwave Tubes
s ., . AT 200 4 * Short Pulse
Kilpatrick’s criterion” is used as the = & Long Pulse
guideline to the maximum electric 10l °F"
. . =] i
field that can be used in vacuum. = .
} =t
@
8 40+ Gridded Tubes,
E ThW Cathodes
w i
20 N Gridded Tubes,
Oxide-Coated Cathodes
10 1 L] T 1 1 U 1
0.1 0.2 04 1 2 4 10
Electrode Spacing (cm)
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Electron Ty — E=0
Flow ) ) ) Energy Profile
High § Microprotrusion E > ~ 3x107 Viem
Equipotentials > /

_ Vg o E Electron
_________ \\.\- TSR w Wave Function
_________ R

——- T i e e e
y JP\ N AN pn
I J \J YV Distance
B ~ 100 Metal «—— | —» Vacuum
Tunnel effect

Field emission can occur in at average field level of ~10° V/cm
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DC Breakdown by microprotrusions

EuMW 2016

Field emission is modelled by Fowler-Nordheim equation

Jo = C1E26_C2/E

v e=via 1= 4 (S2)' 7 b () = imac, (5 - 25(2)

Decreasing Electrode
Spacing, d

Inliv?
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DC Breakdown by microprotrusions
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Microwaves Everywhere

How to distinguish field emission current from leakage current (ohmic losses)?

Vi) =+ ()

. L. ~ -~ ~
Field Eﬂmlssmn M Vapor Vapor
-— NV e - 1/V Cloud Cloud ~
™ § PRI - '§ P Xal o
z EpFoi L | B =] ST -
= Conduction 8 TR 1 o <
= N1V e +In1/V
e Electron Stream @ @ Electron Stream @
.l S ~ o
Cathode Initiation Anode Initiation
| Roberto Dionisio | TEC-ETE] SCMO1 The Basics of Travelling Wave Tube Amplifiers European Shace Agency Slide 61
' of 72

DC Breakdown on insulator surfaces

ves Everywhere

The interface between a metal, an insulator, and a vacuum is one of the
weakest points in a vacuum device, for electrical breakdown.

This interface is called the “triple junction™.

@ lons

() Neutrals

Electron
Emission

Metal

Cathode

[ LA RS e

Triple Junction —{

T o e e T-?-m]
Lo Electrode S

F— vacuum % Dielectricﬁ
Ideal Contact Contact with a Small Void
| Roberto Dionisio | TEc-ETE]  SCMO1 The Basics of Travelling Wave Tube Amplifiers European Space Agency Slide 62

of 72



DC Breakdown in gas
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Electrical discharges in gases are extremely complex

Townsend Normal Abnormal

__ Discharge __1 _ Glow | Glow ~ Arc _ < 3 Steel Electrodes
J— Y
. : >
- ! = N 0;
@ / 4 2
E :” i H ; 14 Coz H
s | | ’ i g ’
! 1 o
F E 2
@ 03 -
1072 10 10® 105 10 102 1 102 ' ' j
Current (A) 01 1 10
Pressure x Distance (torr-cm)
Paschen curves
Q: How to check tube vacuum integrity after prolonged storage?
A: Make a Hi-Pot test measuring leakage current
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In its simplest form, this discharge occurs when electrons move back and
forth between two electrodes in synchronism with an RF field. If the secondary
emission coefficient of the electrodes is greater than unity, then the number of
electrons involved in the process builds up with time.

LILAL

The theory of two-surface electric-field multipactor has been presented by
Vaughan.

Multipactor depends primarily on the peak RF voltage, the frequency of the RF
and the gap width.

There are several combinations (zones) of voltage, frequency and gap width
that can produce a multipactor discharge.
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" RF Breakdown (Multipaction)
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In the N = 1 zone, electrons move back and forth between the surfaces in
synchronism with each half cycle of the alternating RF.

In the N = 3 zone, the electron transit time across the gap corresponds to 3/2
cycle of the applied RF voltage.

In the N = 5 zone, the electron transit time across the gap corresponds to 5/2
cycle of the applied RF voltage.

3.0
55° From Normal Incidence
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g
S 05 .

0 - - . . . . - :
0| 500 | 1000 1,500 2,000 2,5!:1!{1 3,000 3,500 4,000
Impact Energy (eV)
El Em E2 fx e (GHz -mm)
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Time=0 = Particle trajectories

N
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%7 Avoiding Breakdown
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By design:

» Don’'t exceed maximum electrical field strength E,,

[k\lf}“r";‘]xm] Typical safe operating range

1-2 Air (ambient)

5-8 High insulating and pressurized
gaseous insulation (SFg)

0.5 -2 Solid insulating material (AC voltage)
1-10 Solid insulating material (DC voltage)
0.3 - 0.6 Solid insulation creepage path

1-10 Vacuum insulation

* Use appropriate electrode materials
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By design:
« Use appropriate geometries to minimize field enhancement (B)
(i.e. radii should be as large as possible)

 Numerical FEM: verify that sharp
edged shapes and curvatures of the
analysed model are sufficiently
meshed.

Edge of Approximation edge of Adequate meshing
HV Structure with “realistic radius of radius
insufficiently modelled  insufficiently meshed correctly modelled
and meshed! and meshed.

Shield
=

J’]l — Cathode Support

|[|———=—= Equipotentials
« Shield triple junctions

Insulator

Shield

Slide 68
of 72

| Roberto Dionisio | TEc-ETE]  SCMO1 The Basics of Travelling Wave Tube Amplifiers Esropean Shace Agency



%7 Avoiding Breakdown
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By design:

» Use appropriate geometries to reduce below unity the apparent secondary
emission

Multipactor Discharge
(With No Slots)

View A A

Klystron output cavity
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By electrode surface preparation:
* Microscopic polishing

* Final cleaning

By electrode surface conditioning:

=
: J\x |
|
3 l | 1$Vy
1 I 1
I : p—'Lq._JI |3,V3 i
I 15,V !
v, 7 ;
Vi
5 1
S ™
U
w1
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References for literature sources

 A. S. Gilmour, Jr.
“Klystrons, TWTs, Magnetrons, Crossed Filed Amplifier, and Gyrotrons”,
Artech House, 2011.

« W. H. Kohl
“Materials and Techniques for electron tubes”
Reinhold Publishing Co, 1960

¢ ECSS-E-HB-20-05A
Space engineering “High voltage engineering and design handbook”
ESA

 ECSS-E-20-01A Rev.1
Space engineering “Multipaction design and test”
ESA

 Data of internet

 Several article for TWTs
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Traveling Wave Tube Simulation
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)
Start with one Pitch -

The phase velocity of the
wave along the circuit is a
necessary input for the hot
test. It can be evaluated by
analyzing a single pitch
using the eigenmode solver.

Also see:
Online Help\Contents\Examples and Tutorials\...
..CST MWS Examples\Eigenmode Analysis Examples\Slow Wave.

CST - COMPUTER SIMULATION TECHNOLOGY | www.cst.com

Open CST MWS

Choose an application area and then select one of the workflows:

Accelerator Components
D Vacuum Electronic Devices

&

X ,r‘(‘:v")'l H‘ﬂ'fﬂ B

EMC 7/ EM

Next > Cancel

CST - COMPUTER SIMULATION TECHNOLOGY | www.cst.com




Select Solver

Particle Gun TWT, BWO Magnetron Klystron

Vircator

Slow Wave Structure Coupler Hot Test

EO Eigenmode

CST - COMPUTER SIMULATION TECHNOLOGY | www.cst.com

Ui
Set Units -

Create a new template

CHARGED PARTICLE DYMNAMICS | Vacuum Electronic Devices

Please select the units:

Dimensions: mm

Frequency: GHz M
Time: ns w
Temperature: Kelvin v
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Import Structure

Simulation Post Processin

Home @ Modeling |

@ | Background
o & Material Library ~
Import/Export]
T @ New/Edit -
Import aterials Shapes
Sub-Project... r e m
| 3DFiles *|3D General
| 20/EDAFies »[ - SAT/SAB (RL - RZ3).s %J
E:q:prt STL...
3D Files L4 0OBJ...
& IGES (up to 5.3}...

Recent Places

Lookin: || Training -

QT mE

MName

u gridded_gun_plus_magnets.sat
u quadrupel_medified.sat

C mporzocsc =

I
|_1 twt_training.sat
Desktop
Libraries
.!.:ll
Computer
N@k File name: twi_dispersion_diagram -
etwor
Files of type: [ACIS SAT/SAB Fies ("sat; *:sab) - [ Cancdl |

Copy file to project Healing Import sheets
Scale to current unit Import attributes [ ] Import hidden shapes
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Define Materials

&

B Materials
i | Hide
@  Show
Show All
..... £@ Anchar F M Transformm...
""" 8 Wires Change Material Folder...
----- Cd Voxel D
- Lumped X | Delete
g Plane W, Rename
{ig Farfield £ —
O Field Sol Add to Material Library...
g Pors Update Properties from Material Library...
Execitati
g Field MI: u Local Mesh Properties...
@ Voltage E|W Properties...

Vacuum and PEC are
already predefined

[Material Parameters: apbn [zl

Problem type:  [Default -

General | Conductivity | Dispersion | Thermal | Mechanics | Density |

(General properties
Material name:

Material folder:
Type:
Mamal -
Epsilon: Mue
512 1
Color
_l 14 Transparency  100%
Draw as wireframe Allow outline display
Draw reflective surface Draw outline for transparent shapes

Add to material library

(o J[ cancel J[ apoly J[ rep |
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Boundary Settings

Set up periodic boundaries in z
direction and parameterize the

phase shift.

m

Boundary Temperature | Phase Shift/Scan Andles
Boundaries | Symmetry Planes | hemnal Boundaries
Apply in all directions
erin: electric (Bt = 0) - ¥mat electic (B = 0) -
Ymin:  electric (B = 0) v Ymac electic (Et = 0) -
Zmin:  periodic » Zmax: periodic -
.
Cond.: |1DDD | Sim | Open Boundary... |
[ ok || cancel |[ Hep |

m

Boundaries |  SymmetryPlanes |  Themal Boundaries |
Boundary Temperature | Phase Shift/Scan Angles
%: Deg.  []Scan Anges:
Y Deg.  Theta: Deg.
z Dea. | Phi Deg. @ij::d
(oK J[ Cacad J[ heo |
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Frequency Settings

Home Madeling Simulation
1
@ Frequency g_ @ l
| |
= Y

Background
Waveguide Discrete Plar
@ Boundaries Port Port  Wa

Settings Source

”
Frequency Range Settings

Fmin:
0.0

Fmax:
10

i
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Set Up Eigenmode Solver

Home Modeling Simulation Past Processing View

B2 Slow Wave userdefined Watch =

@ This macro defines specific post processing options for slow wave
Macras structures,
Assumptions:
amn Eiacto - Parameter "phase” is used for periodic boundary phase shift
Calculate s - Results will be available after a Parameter Sweep of "phase”
5 Construct b —
Fi 4 Do you want to enable those postprocessing steps?
ile
Matching Circuits »
Materials 4 Yes Ne
Parameters 4
Report and Graphics k
Results k
Solver L Check GPU Computing Setup |
Wizard - E-Solver > ‘ Define Slow Wave userdefined Watch |
Edit Macro F-Salver 4
Open VBA Macro Editor LSoher »
Make VBA Macro... Mesh »
Import VBA Macro... Monitors and Probes 4
Edit / Move / Delete VBA Macro... Ports »
RCS 3
Sources 4
T-Solver ¥
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Run Parameter Sweep

Home Modeling Simulation Post Processing View

A

= X Delete

| ~n@ | @ E @ 2] Optimizer |
53 Copy EED [7 Par. Sweep

Paste ) Units Problemyl | Setup Start )
%Copy\«’lew < Type Solver~JJsimulation & Logfile ~ ‘
Clipboard Settings imulation
Eigenmode Solver Parameters E
Solver settings Start
Result watch
Meshtye:  [Hexahedral - —
[ ] Optimizer... Userdefined
[ ] Start

Method: oM -

Par. 5

. Swesp
() Choose number of modes

automaticaly 0. 1 GH)

(@) Frequendies above 0
Store all result data in cache
-factor calculation — —
e Newseq, | [NewPar...| [ Edit.. | [ Delete | [ zdn. | [ pelete |
[ |-
Calculate external Q-factor A

Consider losses in postprocessing only

Adaptive mesh refinement Defines the phase shift of the field
[IRefine hexahecral mesh | propertes. . between the periodic boundaries and

T therefore the order of the mode.
D Use sensitivity analysis Properties...
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Results

£-E& 1D Results

| @-F3 Convergence
ﬁ Power Flow
ﬁ Dispersion Diagram
[E3 E=ds Amplitude

Phase velocity / clight

—&— Mode 1
~Ea Pierce Impedance

0.17 -

0.14

Frequency / GHz
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Results

E-[& 1D Results

ﬁ Convergence

E3 Power Flow

£ Dispersion Diagram
+-[ Eaxis Amplitude
i1 Group Velocity Pierce Impedance / Ohm
i Phase Velocity 120

—— Mode 1

100 4

80

60

40

20

Frequency / GHz
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Traveling Wave Tube Simulation

Cold Test

Purpose:
Obtain cold test coupler
properties
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Open CST MWS

Choose an application area and then select one of the workflows:

Accelerator Components
D Vacuum Electronic Devices

o

Space Application

B8 0 WA A

EMC 7/ EMI

Next > Cancel

CST - COMPUTER SIMULATION TECHNOLOGY | www.cst.com



Select Solver

Particle Gun TWT, BWO Magnetron Klystron

Vircator

Slow Wave Structure Coupler Hot Test

© Time Domain
T

‘ W Frequency Domain ‘
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Specify Units and Other Settings

Create a new template

CHARGED PARTICLE DYMNAMICS | Vacuum Electronic Devic

Please select the units:

Dimensions: 4 \ Y

Frequency: GHz M
Time: ns Y ﬁ
Temperature: \ | Kelvin ) M Create a new template

CHARGED PARTICLE DYMNAMICS | Vacuum Electronic Devices

Please select the Settings

Frequency Min.: 0 GHz

Frequency Max.: 7 GHz
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Import Structure

“ Home ‘Modeiingl Simulation Paost Processin

'ﬁ. Background @e6- B
i i =

o Material Library~ |~ —
. o [DQB [P

Import paterials Shapes

| Sub-Project... x m
|k 3D General
| 2D/EDAFiles ¥ | ﬁ

SAT/SAB (R1 - R23)...

Lookin: |, - e ﬁ + [~
E:q‘.-nrt STL... in Training . Ef
3D Files 4 OBJ... = | bl
- [ D twt_training.sat
3
2D Files IGES (up to 5.3}... RecentPlaces | | 0\ drupole modified,

! D idded_gun_plus_ sat

Desktop
Libraries
Computer
%’ 4 n r
Netwerk File name: twt_training -  Open
Flesoftyoe:  [ACIS SAT/SAB Files ("sat: “sab) v [ Caneel |
Copy file toproject [l | Healing Import sheets

[FScale to currentunit [ Import sttributes
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Structure
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Define Materials

(Material Parameters:apbn | (|

216 Materials
. Problem type: [Default -]
g | Hide General | Conductivity | Dispersion | Themal | Mechanics | Density |
@ Show General properties
Show All Mateial name:
By Transform..
Change Material Folder... Material folder:
% | Detete [
- Plane Wi Rename Type:
--[i Farfield § T Nomal M
ﬁ Field Sou Add to Material Library... Epslon: Mue:
ﬁ Ports Update Properties from Material Library... w12 1
[ Excitatio _ :
-3 Field Mo @ Local Mesh Properties... -
7 i or
g Voltage c| @ Properties... M 0%  Tmnsparency  100%
Draw as wireframe Allow outline display

Draw reflective surface Draw outline for transparent shapes

Vacuum and PEC are
already predefined

Add to material library

[ ox [ cencel J[ mpoy J[ teb ]
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Materials

Material apbn
Type Hormal
Epsilon 5.12
Mue 1
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Define Background and Boundaries

Home Maodeling Simulation Pt D L SR
| Frequen [
 riaurs I} @rams | B \D Y
|- Background e

Backgmund Waveguide Discrete FPlane

Particle Waveguide Discrete i
o Boundariesl} Sources = Port Port '- SRR | e toir e
Settings | Sources i
Background Properties Boundary Conditions ﬂ
Material properties
Material type: E Boundaries | Symmetry Planes | Themal Boundaries | Boundary Temperature |
PEC - Properties... Apphy in all directions
[ Multiple layers Close in:  electric (B = 0) »  Mmax elechrc (B =0) -
) Help
Surrounding space i © electric (B = 0) ~ Ymac electic (B =0) -
Apply in all directions
Lower X distance: Upper X distance: in: electric (& =0 ARl =ctric (Et = 0)
0.0 0.0
Cond.: {1000 Sém | Open Boundary... |
Lower ¥ distance: Upper ¥ distance:
0.0 0.0
Lower Z distance: Upper Z distance:
0.0 0.0 [ ok J[ Cancel |[ tew |

Default is PEC, then you need to In most of the PIC cases electric .
boundaries are quite fine. Especially since

model the vacuum. Otherwise they later on can serve as return path for

change_ the background and model crashing and emitting particles in order to
metallic parts avoid static charging.
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Ui
Define Excitation o

@/ | o pickPoint - | D__—_)
B Pick Lists = =4

Maodeling Simulation

Picks Properties
- | &) Clear Picks il o
|
| Pick Points, Edges or Faces |- Waveguide | Discrete  Flane
Port Port Wave
a —9 [:? sSources i

In most of the PIC cases
waveguideports will serve
nicely for excitation and
absorption. Depending on the
structure also discrete ports
can be useful. But they only
serve for TEM type modes.
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Define Excitation

Position

¥min -4.9080 - 0.0

Zmin:  -1.56 - 0.0

[ | Free normal position

Reference plane

Distance to ref. plane:

Mode settings
Multipin port

[single-ended

Impedance and calibration

e o ]
Name ’1 ']
Apply

Label

_
Marmal; X @y z
Orientation: @ Positive  (7) Negative
Text size: .—D— > large

Coordinates: () Free (T Fullplane @) Use picks

¥max  -4.0920 + 0.0

Zmax: 0.33 + 0.0

Ypos: 6.5

Mumber of modes:

[EN]
L =
Ensure shielding

Electric hd

Polarization angle
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Define Excitation

Repeat the procedure for second coupler to obtain:

2

ﬁ. Puarts

part1
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Modify Mesh Creation

e

Special Mesh Properties - Hexahedral E

Global _ : :
Refi Sni Discretizer
Praperties -
Mesh type
- - ) o
Mesh Properties - Hexahedral u [Moma‘.lc '] Enhance FPBA accuracy
) Parallelization

e e o ]

Mear to model:  Far from model: [Ma:d'run '] 12 = threads
Cells per wavelength: 15 % 15 Apply

Use same setting as near to model Poirt accuracy enhancement: 0 % %
Cells model bo: -| 20 [N/ B
[ = xedge ] j j Lrin Gap represertation tolerance: | 183

Minimum cell

[Fraction of maximum cell near to model

v] 15

S|

[V]Use same setting in all three directions

Statistics

Smallest cell: M
0.2 23

Largest cell: Ny:
1.23 20

Number of cells: Nz:
65,208 157

Use same setting as near to model 3
D . (=

Use singularity model for PEC and lossy metal edges
Convert geometry data after meshing

Use TST cells

|| Use subgndding

TST*s are not supported by CST PS. In
order to see exactly the PS transmission,
it needs to be switched off. For more
information on TST see Advanced
Meshing Strategies in Online Help.

Connectivity information
Always exclude PEC regions

ok J[ Gose ][ ooy [[ Hep |
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Local Mesh Properties

Just refine inner part of helix.

Rectangle Selection
Unselect All

Hide
Hide Unselected

Ctrl+H

Show

Show All Ctrl+U

Electrical Connections L4

Local Solid Coordinates L4

Slice by UV Plane

Separate Shape

Ctrl+T
Ctrl+Shift+A

Transform...

=

Align...

Change Component...
Change Group...
Change Material...

Delete Del
F2

Ctrl+C

Select Object->
Right Mouse button

Rename

i!ll.'/;

Copy

Paste Ctrl+V

e
@  Object Information...
@ Local Mesh Properties...
Material Properties...
& | Properties... Ctrl+E

) Local Mesh Properties - Hexahedral [

MName: ITI
PEC:solid2_1 I
Apply
Consider for simulation
Updat
[¥] Consider for bounding box Eee
Mesh group: L Cancel
meshgroupl - [_ Help ]

Automesh and simulation settings
Consider for refinement
Material based refinement
Snapping settings

Consider for snapping
Intervals in x, y, z:

0 % 0

[]] []]
g FE
Mesh refinement settings

Use edge refinement factor
Use volume refinement factor

Maximum mesh step width settings
Use step width and extend range

ﬁl)(:

Extend x range by:

0.25 27

Dy: Extend y range by:
0.25 2.7

Dz: Extend z range by:

kO.ZS 0
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Final Mesh

The structure should now have
approximately 1 Million mesh cells.

X plane
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Home Modeling Simulation Post Processing View

@ Frequeny | _I]_ @ w [ signal - | [ voltage Monitor
Background Sl ¥ Field Import [8] current Monitor

‘Waveguide Discrete Plane Lumped Field
EF Boundaries | Fort Port Wave Element J’s Field Saurce ~ Muonitor @ Field Probe
Settings ! Sources and Loads Maonitors
Time Domain Sclver Parameters E
Solver settings
Mesh type: Accuracy:
[Hexahedral ~|| -30.0 ~ Jas
[F] Store result data in cache Par. Sweep... For good S-Parameters and

fields normally the
e electromagnetic energy
Mode: [l Calaate portmodes enly inside the calculation domain
[ Superimpese pane wave has to be vanished or at least
decayed up to a certain limit.
This is the normal stopping
criterion for the T-Solver.

Stimulation settings y

it

;

£

S-parameter settings
[]Mormalize to fixed impedance S-parameter symmetries

Ohms | S-Parameter List... |

Adaptive mesh refinement

EHE

Adaptive mesh refinement | Adaptive Properties... |

Sensitivity analysis

Use sensitivity analysis | Properties... |
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Start Solver

Time Domain 5olver Parameters E

Store result data in cache

Stimulation settings

Soure o

Mode:

S-parameter settings
[ IMormalize to fixed impedance

Adaptive mesh refinement

Adaptive mesh refinement

Sensitivity analysis

Use sensitivity analysis

Solver settings
Mesh type: Accuracy:
[Hexahedral ~| 300 - dB

Inhomogeneous port
accuracy enhancement

Calculate port modes only

[] Superimpose plane wave
excitation

S-parameter symmetries

| S-Parameter List... |

| Adaptive Properties... |

| Properties. .. |

Special Time Domain Solver Parameters E

Steady State | General | Waveguide | ARFiter | Material | Solver |

Maxdmum solver duration:

[Number of pulses

-8

Default

In case a cold test of the
structure should be done with
the aim of investigating the
couplers, the simulation should
be stopped before the multiple
reflected signal arrives
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Start Solver

Stimulation settings

soce pe

Mode:

S-parameter settings
[ I Mormalize to fixed impedance

Adaptive mesh refinement

Adaptive mesh refinement

Sensitivity analysis

Use sensitivity analysis

Inhomogeneous port
accuracy enhancement

Calculate port modes only

|:| Superimpose plane wave
excitation

S-parameter symmetries

| S-Parameter List... |

| Adaptive Properties. .. |

| Properties... |

Time Domain Solver Parameters E

Solver settings
Start
Mesh type: Accuracy:
[t I
Store result data in cache

Acceleration. ..

E

g

fy Model...

SE

EHE

Special Time Domain Solver Parameters u
Waveguide | AR-Fier | Materil | Solver
General settings
Port mode solver: [Standard (defaut) -]

Absorb unconsidered mode fields: [Momaﬁc {inhom. ports only}) + ]

Port operator

- Inhomogeneous port accuracy enhancement full S-Matrix)
Number of frequency samples: 20
Consider dielectric losses

- Broadband for inhomogeneous ports

[[] Activate for generalized port mode solver anly)

- Mode calculation frequency: Fmin

35 ,—07

Line impedance adaptation before solver run
b ax. number of passes:

[ ok J[ Camedd J[ ko |

Saves some time and gives the
actual matching to the circuit.
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1D Results > Port Signals

Time Signals
EI@ 1D Results 1 n il
B3 5-Parameters i i H i i | H ' oL,1
& Referenceimpedance o o | [\ 4 I e ] _ 02,1
Dsf ----------- e S e S
e e
e S e
) A R R A R T . R S
-0.2 f t t f
0 0.5 1 1.5 2 4 4.5

Time / ns
Simulation has been stopped before next
reflection reaches port 1

=> Only coupler influence is investigated

)
1D Results > S-Parameters o

S-Parameters [Magnitude in dB]

£ 1D Resuls : § : P [s1,1: -8.5412587[7 2;
jjjg el L A peosenenseneoes peosrensneoes peossensnens ro152,1 1 -1.3443254 [ oo ‘
-3 Reference Impedar : : : : ' :

£ Balance
. [E-E3 Power
i ®-Fa Energy

Frequency / GHz

At the frequency of interest, the coupler works alright.
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1D Results > Energy

Field Energy / dB

- 1D Resuls 0 ———_ T
ﬁ Port signals 1 H ! \ Energy [1]
ﬁ S-Parameters : : : :
ﬁ Reference Impedance 0 LU R e e e i et i Al e
. -F3 Balance
EI Pawer T T T L e
lomm
S T8 S S S N _— —
) SRRSO UUNPHRIOR SURPHAAIS UOUSPURAS NOUSPORAN SORUSPUO SSOMMSPRRS SISRSIOS SISO
-}l L .h,.-
T e S B
e
T S S O S N U S SO
-a0 f f t f t t t t
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Time [/ ns

As given also as message, the energy criterion
has not been reached.
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Workflow

= Choose an Application Area.

= Create your model.
= parameters + geometry + materials

= Define ports.

= Set the frequency range.

= Specify boundary and symmetry conditions.
= Define monitors.

= Check the mesh.

= Run the simulation.

= Stop simulation before reflection arrives.
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Traveling Wave Tube Simulation

Hot Test

Purpose:

Obtain Gain, Investigate
eventual interceptions of
particle and circuit
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Change Problem Type

File Home Modeling Simulation Post Processing Vie

Koeete | AD | {;’% EJ <] Optimizer | |
| 9

53 Copy - m 7 Par. sweep

3 Units Problem Start ) |

.ﬁ Paste - Type ~| Simulation~ § Logfile ~

Clipboard Settings |7| High Frequency |’

Mavigation Tree Cable [ obtaining the di
ﬁ ‘Components Low Frequency =
-8 Groups | Particle Y[ pic '5
ﬁ Materials | ———— ——. i
E s Thermal Tracking [}
ﬁ Curves Mechanics Wakefield
LR wre _————
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Define Particle Source

Mavigation Tree
=-5d Componerts Select circular face or edge for source

Home Modeling Simulation Post Pr
: |
@ requency |i| \Ii] ‘
=

Background
. Particle | Waveguide Discrete Lur
@ Boundaries SOources= Port Port  Ele

[& | Particle Area Source...
| (E Particle Circular Source... |
[ | Particle Import Interface...

Settings

@ apbn

9 PEC #— | Particle Point Source...
-85 Vacm
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Define Particle Source

[Define Particle Source on Circle [zl

General

Mame; partidel
Preview

PIC emission model

| BE - I l Edit... il Help
Emission cirde

Outer radius: Use pick

Inner radius: Invert picked normal
Xeenter: -2,2000000103: xnormal: [0 |

e R N
e -

i

Emission density Radial dependency

Lines: 5 [Consiznt v]
Emiss. points: &1 Edit...

Particle properties

Charge per partide: | -1.602177e-019 C
Mass per partide: 9,109390e-031 ka
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Define Particle Source

Phase velocity / clight

f N 0.2 T T T ; - T
Define DC Emission Model [ : 1 : : : 1 | : —8— Mode 1
0.195 +- ; ] d
Kinetic settings
| oK I 0.19
Kinetic type: Beta - 0.185 -
Kinetic value: 0.16 0.18
Kinetic spread: 0.0 %o Help 0175 1
Angular spread: 0.0 2 0.17 4
Current settings 0.165 1
Current (abs): 10e-3 A 0.16 1
- Y 0.155 -
Rise time: 0.1 _ H : H H H H | 0
More >> : ' | | | : '
0.15 : l : : : ; l :
L - 0 1 2 3 4 5 |5.855 7 8 9

Frequency / GHz

Particles are in synchronism with the wave (velocity is slightly higher in
order to provide energy transfer from beam to wave).
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Ul
Define Focusing Magnetic Field -

| Simulation Post Praocessing View

B W % e
= m Source Field ~ =
Waveguide Discrete Lumped —

Port Fort Element
Sources and Loads

JJJ Analytic Source Field...
Import Bxternal Field...

Define Analytic Magnetic Source Field E
Type: B-Field along w/z axis

Posih'onl EB-Field | - | Insert |
Field vector Delete Value
K 0.0 T " Deletz Al |
¥: 0.0 T Import...

l 7: (0.5 i Export...

EIEH
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Define Particle Monitor

Home Modeling Simulation
ﬁ Frequency [ K m @

| 1

Background =)

ﬂ Boundaries

Particle Waveguide Discrete Lumped

Post Processing View

fﬁ_‘? Signal -

m Source Field =

ﬂ Static Sources ~

2l Cptimizer

-

Sources~ Fort Port Element
Settings ! Sources and Loads
Mavigation Tree
ﬁ, Components
-6@ Groups

Labeling

Mame:

position monitor 1

Settings
Start time:

Step width:

0.0

.._ [ Par Sweep
PIC on | Field Start = .
Monitor ~| Monitor- | Simulation (& Logfile =
[E] PIC Position Monitor... I ke
| PIC Phase Space Monitor...
PIC 2D Monitor... -

1

0.25

End time:

0.0
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Define Phase Space Monitor

Muodeling Simulation

@ Frequency | K g @
] |
Background L=

Particle Waveguide Discrete

@ Boundaries Sources~ Part Part

Settings
Navigation Tree
ﬁ Components

Post Processing View

ﬁ_e Signal -

m Source Field =

Lumped

Element E Static Sources =
Sources and Loads

71l Optimizer

L 8 ¥ Par. Sweep
FIC Position Field Start = ;
Maniter ~ Monitor= | Simulation (¢ Logfile ~
Solver

PIC Position Monitor...

P]C_Ph; Space .I;';I-:milur... % !

| PIC 2D Monitor...

Mame: pic phase space monitor 1
Cancel

Abscissa

Type: Position -|

Component: ()X ()Y @Z () Abs

Ordinate

Type: Energy =

Caompaonent: ¥ ¥ Z @ Abs

Time settings

Start time: 0.0

Step width: 0.25

End time: | 0.0 |
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€

Define Excitation Signal

Right mouse button

f2  New Excitation Signal... [k
Load from Signal Library...

Excitation Signals

&

-l defautt

Excitation: signall ﬁ
L Mame and type definition m
0.8 Signal name: signial1
Apply
Signal type: Sine step -
06
: : [ Edt.. |
E E [use relative path
0.2 i 1 "?" [¥]Use local copy only
01 i Signal settings
Ttotal: 10 Phase: 0.0
-0.2 1 4 i
\ Frequency: 5.855 Trise: 0.1
0.4 HHHHAHHHEHL B SIRIRLY 4 81E
Chirp rate: 0.0 Amplitude:;
0.8 ! : [ Periodic signal
1 ; ; ANNEENANERRRRARENRSRREAN
0 1 2 3 4 5 ] 7 8 9 10
Time / ns
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G

Define Excitation and Input Power

Home Maodeling Simulation Post Processing View
@ Frequency | K \Ib‘_? \ [ signal -
i W
Background m Source Field =
Particle ‘Waveguide Discrete Lumped
@ EBoundaries ‘ SOuUrces - Part Part Element E Static Sources ~
Settings Sources and Loads |

Particie in Coll Solver Parameters

Solver settings

Simulation time:

C___J

TD stimulation settings

Store result daja

1D Plot

2l Cptimizer

[ Par. Sweep
PIC Position Field Setup :
Monitar - Maonitor |,Sohrer | & Logfile ~
Maonitars U Solver

Time shift
|sgr(0.1) 0.0

Power avg. t

0,05

£l Port 1
[~ Port2

Port 1 is fed at the carrier
frequency with 100mW peak
= 50 mW avg. input power.

Acceleration...
Calculate modes only
Static field stmulation settings Simplify Model. ..
[ElectricField  Factor: | 1.0 | [ Ssettings... ]
[ |Magnetic Field ~ Factor: | 1.0 | [ Settings... ]
V] AnalyticField| Factor: 1.0 Settings...
Help

[ClExternal Field  Factor: | 1.0 | [ Settings... |

Simultaneous exdtation

[V] Activate Automatic labeling

Label:  1[sgr{D.1),0.0,signal1]

st | -

Excitation offset

@ Time shift () Phase shift Phase reference frequency: I35 |

i

il

y
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Start Solver

Solver settings

Simulation time:

5

TD stimulation settings

Particle in Cell Solver Parameters E

Store result data in cache

Acceleration...
Calculate modes only
Static field stimulation settings
[ElectricField  Factor: | 1.0 | [ Settings... |
[ |Magnetic Field  Factor: | 1.0 | [ Settings... ]
[V] AnalyticField  Factor: 1.0 Settings...

Help

[|External Field  Factor: | 1.0 | [ Settings... ]

Analyze Results
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a @ 1D Results

Time Signals
i -F3 Collision Information 0.6 : : : :
{ [~ Emission Information :
i @[3 Paricle Sources : : : ;
¢ @[3 PIC Phase Space Monitor RF In RF OUt : : l : :
. G- Solver Statitics [PIC] R 7 i SRRt AL SASE IS SR SRt i ’ ----- HE
0.2 1--|H-fH y

0.6

i

'l5 ‘

L

1.5 2 2.5 3

Time / ns

i[sgr(0.1),0.0,signall]
o1, pic
02,pic
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Evaluate Gain

0.6 . . . . d=1.§§52 .

i i —— i1[sqr(0.1),0.0,signal1]
; ; ; ; : o1, pic
PR R S 1 R0 11 1R G
oz LA AL
0
0.2
T L |
06 5 i i i i i i i i
0o 05 1 2.5 4 45 5
Calculator i
Eoveson Caadate Tube shows 4.6 dB gain.
Rzo l:g(o.sqzsqfo.mszs.)ﬂog(m)
esult:
4,6933754754345
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Interception of particles and circuit?

Bﬁ Components

5l emission
10 solid2_1
0 solid2_1_1 2
I solids
o solidé

x

- 1D Resuts .
B Pot signas If any particles would
-3 Energy . .
£ 53 Colision Infomaion be intercepting,

solid2_1 would also
have an entry in the
collision information.

=> No Interception

CST - COMPUTER SIMULATION TECHNOLOGY | www.cst.com



Trajectory
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Phase S Monit .
Velocity modulation, entry energy and loss of mean
energy can be seen in the phase space plot.
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Workflow

EuMW 2016

Choose Application Area.

Create your model.
= parameters + geometry + materials

Define ports.

Set the frequency range.

Specify boundary and symmetry conditions.
Define field and particle monitors.

Define particle source and emission properties.
Define focusing field.

Check the mesh.

Define excitation signal and input power.

Run the simulation.

4633“““ CONFERENCE 2@, A
MICROWAVE

The 46th European Microwave Conference

Open discussion
concluding remarks

SCMO1 The Basics of Travelling Wave Tube Amplifiers





