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“For whatever may be said about the importance of
aiming at depth rather than width in our studies, and
however strong the demand of the present age may be

for specialists, there will be work, not only for those

who build up particular sciences and write
monographs on them, but for those who open up
such communications between the different groups of
builders as will facilitate a healthy interaction
between them.”
— James Clerk Maxwell



My presentation of two lectures is dedicated to
Professor Dr. Dr. h. c. Manfred Thumm
known as “Gyrotron Man” in India



| am thankful to Professor Dr. John Jelonnek,
the Institute Director, and all the teachers,
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giving me this prestigious ‘platform of
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What man ‘learns’ is really what he discovers by
taking the cover off his own soul, which is a mine
of infinite knowledge

— Swami Vivekananda
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Some broadbanding aspects in

m Slow-wave travelling-wave tubes

(i) Conventional TWT: Cerenkov radiation, longitudinal space-
charge-wave interaction, linear beam device

(i1) Slow-wave cyclotron amplifier (SWCA): Bremsstrahlung
radiation, Weibel instability based, cyclotron-mode interaction,
gyro-device

m Fast-wave travelling-wave tubes

(i) Gyro-TWT: Bremsstrahlung radiation, CRM instability based,
cyclotron-mode interaction, gyro-device

(if) Cyclotron auto-resonance maser (CARM): Bremsstrahlung
radiation, both CRM instability and Weibel instability based,
cyclotron-mode interaction, gyro-device



Travelling-wave tube (TWT) is a slow-wave device
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O TWT is also known as Kompfner tube named after the inventor, though
Lindenblad invented the device earlier than Kompfner

O Slow-wave structure is a periodic structure, typically, helical
U Electron beam is non-periodic and is formed, typically, by Pierce gun

O TWT is a Cerenkov device
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Sketch of the travelling-wave tube from R. Kompfner’s note book
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ing-wave tube amplification at 390 MHz over a 30 MHz band (U. S.

N. E. Lindenblad’s travell

Patent 2,300,052, filed on May 4, 1940 issued on October 27, 1942)

Helix wound around the outside the glass envelope. Signal applied to the grid of the electron gun

(also applied to the helix in other experiments). Series of permanent magnets (non-periodic). Pitch

tapered for velocity re-synchronization



Gyro-TWT is a fast-wave device

http://www.insight-product.com/Gyro-TWTv1.html
O Interaction structure is usually non-periodic, typically, a hollow-pipe waveguide
O Electron beam is periodic and is formed, typically, by magnetic injection gun

O Gyro-TWT is a bremsstrahlung device



Millimetre-wave consideration in conventional
microwave tubes

 Reduction of structure size
 Reduction of beam radius
Larger magnetic field for beam confinement for
¥ Smaller beam radius
Larger beam current
Smaller beam voltage
Larger beam perveance
Heavy solenoids or advanced magnetic materials are required

» Larger cathode emission densities entailing the risk of cathode life



Higher beam voltage can increase the beam power and also reduce the required
magnetic field but is associated with a reduced beam pervenace making it difficult
to contain thermal electrons, and has limitation arising from backward-wave
oscillation in wideband helix TWTs.

Lower beam current can reduce magnetic field but it reduces the beam power and is
associated with a reduced beam pervenace making it difficult to contain thermal
electrons.

Tight tolerances required for tiny interaction structures
Thermal management becomes difficult

Pressure fitting, instead of more effective than brazed-helix
technology that would be difficult to implement

Special thermally conducting materials, like Type I1-A diamond, for
dielectric helix-supports

Plasma spraying of beryllia on the surface of the helix



COMMERCIALLY AVAILABLE MILLIMETER-WAVE TWT’S

Commumication

Type | Frequency Range Power Output | Duty Cycele| Saturated Gain
814H 91.0-96.0 GH (10 kKW CW 25 dB
Space
Type | Frequency Range Power Output | Duty Cycle| Saturated Gain
944H 42.0-42.5 GHz 100 W CW 44 dB

Pulsed Radar And ECM

Type

Frequency Range

Power Output

Duty Cycle

Saturated Gain

U8IH

U3.0-95.0 GHz

12KW

(L5

so0dB

CW Radar and ECM

Type

Frequency Range

Power Output

Duty Cycle

Saturated Gain

920H

59.7-00,3 GHz

005 kKW

CW

35 dB




Millimetre-wave technology gap

O Difficulty of operating conventional microwave tubes at higher frequencies
arising from interaction structures becoming tiny, etc.

O Difficulty of operating quantum mechanical devices like the laser in view of

& Decrease of quantum energy at lower frequencies according to the
relation E = hv

« Difficulty to retain population inversion at lower frequencies

Fast-wave tubes come to rescue!



Size of interaction structures

Slow-wave structure: Fast-wave structure:
Helix (typically) Cylindrical waveguide
(typically)
rya=1.6
l TE,; mode TE,, mode
k.a=3.832 k.a=7.016
= 164 _ 0.025 1
27 x10 l
Axial phase propagation constant Jii 2~0611 2~112 4
v=(p 2_k2)1/2zﬂ:9
VP
(under slow-wave assumption)

TE,, waveguide radius is (0.61A/0.025 A )~25 times helix radius
TE,, waveguide radius is (1.12A/0.025 A )~45 times helix radius



The mechanism of interaction of a slow-wave device such
as the slow-wave TWT is based on the property of an
electron beam to support

space-charge waves

The mechanism of interaction of a fast-wave device such as
the fast-wave gyro-TWT is based on the property of an
electron beam to support

cyclotron waves



Space-charge and cyclotron waves

Space-charge waves

Cyclotron waves
J=pv (Current density equation) Force equations along x and y for a
magnetic field along z
9, 9p_g (Continuity equation)
oz ot dv,, L=
m F = e(V X B)X
% _c E, =7E, (Force equation)
dt m dv,, .
% _ £ (Poisson’s equation) ! dt e B)y
oz &, E
RF quantities vary as exp j(at — fz) RF quantities vary as exp j(at — fz)
@
U p==
p — —
B=p.T8, @ OGRS | o, -—nB=|B
A Upper sign for the fast wave and
«w, lower sign for the slow wave
/Bp -
VO
V, =2V |77||P0| /
" wF o, ° w, = (——)"*
€o




Space-charge waves

P =Po+ P V=V, +V,
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Cyclotron waves

dv
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Space-charge and cyclotron waves

Space-charge waves

B =B.F B,
ﬂ:ﬂzﬁiwp :a)$a)p
Vo, Voo Vg V,

Cyclotron waves

w— PN, +aw,=0

B=p.+ P

0o o_0, 0Fa,
— =4 —=
Vo Yy VY

b=

Upper sign for the fast wave and lower sign for the slow wave
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Amplification of space-charge waves

» An electron beam of uniform diameter in a resistive-wall cylindrical
waveguide

 An electron beam in a rippled-wall (varying diameter) conducting-wall
cylindrical waveguide

 An electron beam of varying diameter in a conducting-wall cylindrical
waveguide

 An electron beam mixed with another beam of a slightly different DC electron
beam velocity (two-stream amplifier)

 An electron beam penetrating through a plasma (beam-plasma amplifier)

 An electron beam interacting with RF waves supported by a slow-wave
structure (TWT)



Intersection between
slow space-charge and circuit waves

o— N, +w, =0

Upper sign for the fast wave and
lower sign for the slow wave

&
Fast-space charge wave
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Intersection between
fast-cyclotron and circuit waves

w— N, Fw, =0

Upper sign for the fast wave and
lower sign for the slow wave

Waveguide-mode

2,22 2 =
m-BC-mcmuﬁU

o-f V- mc."'f=ﬂ |
. Beam-mode
C

Fast cyclotron wave

p—»



. Waveguide-mode Waveguide-mode . Waveguide-mode
dispersion relation + dispersion relation dispersion relation
@ mz—ﬂzcz— &= "0 ’
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Plots of beam-mode and waveguide-mode dispersion characteristics showing the operating point as the
intersection between these plots (Prepared by Vishal Kesari <vishal_kesari@rediffmail.com>)



Conditions for grazing intersection or coalescence between the beam-mode and

waveguide-mode dispersion characteristics

Dispersion relation for cyclotron wave

o— v, Fw, =0 (upper sign for the fast cyclotron wave)

Dispersion relation for fast cyclotron
wave: »

C()_/B\/O_a)c:o (Vo:Vz)

@ _ g

Beam-mode dispersion relation: o— v, —

(for beam harmonic s operation) (Vo =V,) so

‘D_)B V=

. Waveguide-mode
dispersion relation

mz—ﬁzcz— mfutz 0

" T Gyro-TWT

Beam-mode 4
2 2 dispersion relation
v, +V ‘e‘vo

= 1——t -1/2 :1+
7/ ( C2 ) Y mCZ

o, absorbs the relativistic factor vy if it
does not appear in the expression
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Beam-mode dispersion relation: w— N, - -0 [w. =]

Waveguide-mode
@ | dispersion relation
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Waveguide-mode dispersion relation: o®— g°c* —w’, =0
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Features of

conventional TWT and gyro-TWT

Conventional TWT

Cerenkov radiation type
Magnetic field for beam confinement

Larger magnetic field at higher
frequencies for beam confinement

Conversion of axial beam kinetic
energy

Axial non-relativistic electron bunching

Near-synchronism between DC beam
velocity and circuit phase velocity

Gyro-TWT

Bremsstrahlung radiation type
Magnetic field for interaction

Larger magnetic field at higher
frequencies for cyclotron resonance
Conversion of azimuthal beam kinetic
energy

Azimuthal relativistic electron
bunching

Near-synchronism between wave
frequency and cyclotron frequency



Conventional TWT

Electron beam velocity to be slightly
greater than RF phase velocity

Slow space-charge wave on electron
beam to couple to forward circuit wave

Space-charge-limited operation
Pierce gun

Smaller structure sizes at higher
frequencies

BWO absolute instability above the pi-
point frequency

(Continued)
Gyro-TWT

Wave frequency to be slightly greater than
cyclotron frequency

Fast cyclotron wave on electron beam to
couple to forward waveguide mode

Temperature-limited operation
MIG

Relatively larger structure sizes at higher
frequencies

BWO absolute instability above a threshold
current that depends sensitively on the
applied magnetic field



Dispersion relation of a conventional TWT

(B, - BB, - (B, B)’)=-2B,"C°

C3 _ KIO
4V,

For weak coupling, the right hand side of the dispersion relation is zero.

£ = =L, (Cold circuit forward and backward propagation constants)

B =p.F B, (Propagation constants of space-charge waves)



Dispersion relation of a gyro-TWT

say, _ — el Non 'Hy (0 - %)

k, —8° -k )@-Bv =
(" ~F* kYo~ v~ ——
m? 2
Ko = =535kl Hi e = Jen ik 02t |
t
I.,f.  : hollow beam radius, Larmor radius N, : no. of electrons per unit length
I, =Nole| v,
7, = Y m: waveguide angular harmonic number
C s: beam harmonic mode number

For weak coupling, the right hand side of the dispersion relation is zero, giving
k, ’—p%—k’°=0 (Cold waveguide-mode dispersion relation)

S,

w— PV, — = 0 (Dispersion relation for fast Cyclotron wave)

w— PV, +w, =0 taking the upper sign, and interpreting V, =V, and s =1



Pierce-type gain expression G =A + BCN

For the beam-wave coupled system, RF quantities vary exp j(wt —I"2)

as

Conventional TWT

_F:_jﬂe +ﬂeC5
B ="

VO
525+ jb) =]

Prn - TEq, Waveguide-mode
propagation constant

Cubic dispersion relation

O=X+]y
51:X1+jy1

Solution with the
positive real part

Gyro-TWT

—I'= _j/an +1BeC5

—sw, /
B, =t

VZ
5(5+jb)* = ]



Conventional TWT

b= IBO _IBe
p.C
G B
21

=54.6%,

G=A+BCN

A=20log,, -

A
(1—51)(1 51)

C3 KIO

4V,

K

Gvyro-TWT

5 54.6x,
1-Cy,

_ (14 /50)1/2(Vt /C)Zkt2(1+a0)Hm,—s

7(L- m° )32 {kalv, /c) B,

2,2
k,"a

vV

a, = V—t: Beam pitch factor

yA



Some concepts in widening slow-wave TWTs

Zero-to-slightly-negative-dispersion structure
for wideband performance

Anisotropically loaded helix
Metal vane/ segment loaded envelope
Inhomogeneously loaded helix:
Helix with tapered geometry dielectric supports such as
half-moon-shaped and T-shaped supports

Negative dispersion ensures constancy of Pierce’s velocity synchronization
parameter b with frequency

Multi-dispersion structures for wideband performance



Constancy

of b with
frequency Vo =V

with 5 Vo =V, Vo =V, v, 1
negatlve = V C — V KI /4V 1/3 — K1/3 I /4V 1/3
dispersion : p (Ko /4V5) (1o 74V,)

Negative dispersion: v, Increases with frequency

Vo =V, decreases with frequency

Vo =V,

decreases with frequency

Vo

— Numerator of the expression for b decreases with frequency

K decreases with frequency and hence the

— Denominator of the expression for b decreases with frequency

b remains constant with frequency



Conventional TWTs with multi-dispersion, multi-section structures

Small-signal gain equation G ~ BCN

N==I C = (KI, /4V,)"?

fl

0

G ~ B(Kl,/4V,)"®

G is proportional to K**f |



G is proportional to K3 f |

Gain-frequency response:

Lower gain at lower frequencies as G is proportional to f

Lower gain at higher frequencies as G is proportional to K13,
the latter decreasing with frequency

Conventional structure: If you had increased the length I, then the gain G would be
compensated at lower frequencies f. However, then the gain G would become very
high at higher frequencies f.

Therefore, let us arrive at the design of a helical slow-wave structure the effective
length of which is large at lower frequencies, which at the same time becomes

relatively smaller at higher frequencies. (The design should ensure that the gain
IS not enhanced at any frequency to a high value causing oscillation in the device).

The answer lies in a multi-dispersion, multi-section helix TWTs!



One positive-dispersion helix section of length |, synchronous with the beam only at
lower frequencies and the other nearly dispersion-free helix section of effective
length length |, synchronous with the beam both at lower and higher frequencies.

Effective length increased to |,+ |, at lower frequencies
Effective length reduced to |, at higher frequencies (since the
section of length 1, goes out of synchronism at higher
frequencies

Gain is proportional to KY*f |

We have to control (i) the nature and the amounts of dispersion of of the
sections by suitably loading the sections and (ii) the lengths of the two sections

Select structure sections such as segment loaded helices of controllable
dispersion

Analysis should be capable of finding the dispersion and interaction
Impedance characteristics of the structure sections, say, with metal
segment loaded envelopes and their control by structure section
parameters like segment dimensions and relative section lengths.



Two-section configuration with one of the sections providing a double-
hump in the gain-frequency response

One of the seconds provides a double-hump peaks while the second section
provides a single peak between the humps in the gain frequency response

Twystron

The first section is a klystron providing a double-hump gain-frequency response.
The second section is a TWT providing a peak between the two humps of the first
section in the gain-frequency response.

Gyro-twystron

Two-section Gyro-TWT
Two-hump peaks result from the beam-mode dispersion line intersecting
with the waveguide dispersion hyperbola at two points.
One may use two dielectric loaded sections, one of which should provide a
single peak between the two peaks provided by the other section, in the
gain-frequency response.
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t Tools Table Window Help

Arbitrarily-shoped
dielectric support

Metal envelope Metaol envelope
Quler helix surfoce Sheath helix

Sheath helix

[nner helix surface

Cross section of a helical slow-wave structure supported by arbitrarily shaped identical

dielectric bars (a) and its equivalent analytical model (b).
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Waveguide-mode
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o-p Vz-mc."y=0 |

Methods of broadbanding a single-stage

gyro-TWT _ /

e Controlled dispersion characteristics of the waveguide for wideband
coalescence with beam-mode dispersion characteristics

1) by dielectric lining the metal wall of a circular waveguide
— Method entails the risk of dielectric charging that results into heating
iIf the dielectric is lossy
I1) by metal disc loading a circular waveguide

— Optimisation of the disc parameters brings about the desired shape of
the structure dispersion for wide coalescence bandwidth for wideband

device performance

e Tapered waveguide cross section and profiled magnetic field
— Device bandwidth is increased
— Device gain is decreased due to reduction of the effective interaction length
at each of frequency zones of the bandwidth

Beam-mode
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Disc-loaded Circular Waveguide

Fi !l:j’jl’!—!){ FA {7
. T/ /[ U/
—1l__ __D _____ ______(})_ ______
/1 Ve
Beam-absent (cold) analysis

- Clarricoats and Olver Surface impedance model
- Amari et al. Coupled-integral-equation technique
- Esteban and Rebollar Modal expansion technique
- Choe and Uhm Field matching technique
- Kesari et al. Field matching technique

considering

higher order propagating wave space harmonics in disc-free region
higher order standing wave modal harmonics in disc-occupied region
finite disc thickness

Field Matching Technique for Dispersion Relation

Field Boundary Integration within Elimination of Dispersion
expressions |:>conditions E> limits of validity |:>field constants ':> relation

Place of work: CRMT, BHU Vishal Kesari, vishal kesari@rediffmail.com



Infinitesimally Thin Disc-loaded Circular Waveguide
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Place of work: CRMT, BHU

Vishal Kesari, vishal kesari@rediffmail.com



Disc-loaded Circular Waveguide having Finite Disc Thickness

10.0 =

Comparison of dispersion
characteristics of a disc-loaded circular
waveguide obtained by field matching
technique with those due to Amari et al.
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-3 -2 -1 ] 1 2 3
Fol
Comparison  of dispersion and azimuthal

interaction impedance characteristics of a
disc-loaded circular waveguide, excited in the
TE,, mode obtained by field matching
technique with those obtained by HFSS

Place of work: CRMT, BHU

rDJ"rW =07

al L fr,, =0.4 s
T i, =0.1 ’

Vishal Kesari, vishal kesari@rediffmail.com



Disc-loaded Circular Waveguide

Dispersion and azimuthal interaction impedance characteristics of the disc-loaded circular

waveguide typically for the TE,, mode, taking disc periodicity as the parameter
(Broken curves refer to circular waveguide loaded with infinitesimally thin discs)

Place of work: CRMT, BHU Vishal Kesari, vishal kesari@rediffmail.com




Circular Waveguide loaded with Alternate
Dielectric and Metal Annular Discs

TM&?&!

o M
I I le"is!ecm'c'
L — 4 -

e :-:-:%:-:-7’/ B

) Metal Dielectric &{
", " IDielectric &7

Place of work: CRMT, BHU

Dispersion characteristics of a circular
waveguide loaded with alternate dielectric and
metal annular discs showing wider coalescence
bandwidth of TE,, mode than that of TE,
mode excited conventional metal disc-loaded
circular waveguide (broken curve)

5.4

oty = 0.7 —— TE,,
5.2 LfrW =03 TE
TDieIectric"frW =0.4

2 =1.0

o1

LA

1
0.0 0.5 1.0 1.4 2.0 24 3.0 3.5

|
P iy

Vishal Kesari, vishal kesari@rediffmail.com




Tapering the Structure Cross-section

bandwidth is increased
device gain is decreased due to reduction of effective interaction length

! 1

- - th |
Fy _y waveguide-wall radius of p™ step [
! iﬂmj_f In

L, axial length of p™" step l Nl .
disc-hole radius of p™ disc wl U e
rD,p - ] .
T disc thickness of pt" disc ) ol dise
p . 1.
total number of discs in tube length — &I
p = e

Tapered Disc-loaded circular waveguide and its analytical model

Place of work: CRMT, BHU Vishal Kesari, vishal kesari@rediffmail.com



Gain-frequency Response

Phase propagation
constant from
cold analysis

Gain-equation
of a Gyro-TWT

Gain-frequency
response of a Gyro-TWT

Place of work: CRMT, BHU

G (dB)

1)  disc-hole radius, to spread the device
gain over a wide range of frequencies
without regard to the gain value

1)  waveguide-wall radius, to compensate
for the gain values that would be
reduced at the band edges due to
tapering of the disc-hole radius

“““ Smooth-wall waveguide
Discloaded waveguide

Non-tapered

Vishal Kesari, vishal kesari@rediffmail.com




Interaction Structure

Smooth-wall circular waveguide
without tapered cross section

Smooth-wall circular waveguide
with tapered cross section

Disc-loaded circular waveguide
without tapered cross section

Disc-loaded circular waveguide
with tapered cross section

Smooth-wall (Disc-free)

Non-tapered —
Cross section

Increase in device bandwidth
Tapered by 35% at the cost of 7.2 dB
cross section  (33%) device gain

Bandwidth (3-dB) Gain

4.8 GHz 24.0 dB
6.5 GHz 16.2 dB
5.0 GHz 31.5dB
7.3 GHz 19.4 dB
Disc-loaded

Increase in device bandwidth and
gain by 4% and 7.5 dB (31%)

Increase in device bandwidth by
52% at a little cost of 4.6 dB (19%)
device gain

Place of work: CRMT, BHU Vishal Kesari, vishal kesari@rediffmail.com



Broadbanding techniques

Conventional TWT

0 Homogeneous dielectric loading
cannot shape structure dispersion
for wide device bandwidths

O Inhomogeneous dielectric
loading by tapered-cross-
section helix supports can shape
structure dispersion for wide
device bandwidths

U Anisotropic loading by
azimuthally periodic metal
vanes provided with the
envelope can shape structure
dispersion for wide device
bandwidths

Gyro-TWT

O Homogeneous dielectric loading can shape
dispersion, and can provide wideband
coalescence between the beam-mode and
waveguide-mode dispersion characteristics
and consequently wide device bandwidths

O Two-stage homogeneous dielectric
loading can widen gain-frequency
response

O Anisotropic loading by azimuthally periodic
metal vanes provided with the waveguide
wall cannot shape structure dispersion for
wide device bandwidths



Broadbanding techniques (Continued)

Conventional TWT

O Axially periodic disc loading
cannot shape structure
dispersion and cannot
widen device bandwidth
but can enhance device gain

Gyro-TWT

O Axially periodic disc loading
can shape structure dispersion
and can widen device
bandwidth

O Waveguide cross section tapering can
broadband the device at small gains

O Axially periodic discs plus tapering the
waveguide cross section can
broadband the device at large gains



CARM, SWCA, and Gyro-TWT

Beam-mode dispersion relation

w— BV, —sw, ly=0 S is the beam harmonic number
0=pV, +sa,ly=aw, Doppler-shifted cyclotron angular frequency
Aoy = B AV, -2 Ay

Av, s caused by Weibel instability due to Lorentz force on electrons
In transverse motion in transverse RF magnetic field

Ay 1s caused by energy exchange between electrons with transverse motion
In transverse RF electric field



CAy

/MAV, =eV, x B, At=eV, x(B,d + B,d,)At

eV, x(B,d, +B,3
7

AV 0) At

z

Let us express magnetic field quantities in terms of electric field
quantities with the help of Maxwell’s equations

B, a, ra, CH
~ oB 1 0
VXEZ—E N Fa/ar 0160 oléz =—E(Brér+Bgég+Bzé’z)
E, rg, 0




3 3, 3,

Zlolor  8l60 oloz :-%(Brar +B,d,+B3,) | Ay =SV x(Bd +Ba,)

z

E [E, 0 il

r

r- component of magnetic field: —aai = —a;tr = —JPE, = joB, =B, = L
/4 @

¢-component: 1B _ 9B, _ifE =—jaB, =B, = BE,
r oz ot 0,

ym yMeo yMe



Ay B <3 xE . efl(V,-E)A, —(V,-&)E ] _eplV,-E)a]
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R
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M
V -4 =0
Aoy = fAV, —> % Ay




Ay =7
Rate of change of kinetic energy with time

d . i B
E(7/mcz) =e(V,-E)) AV, = eplv, -E|)a,]
M@
(Weibel instability)

mc?(Ay) =e(V, - E,)At

e —
Ay =——(V -E,)At
4 mCz(L 1)

(CRM instability) S w,

2

/4

Awy = B AV, — Ay

ef .. = sw, € ,. = e’ sw, e o e
Aay, :ﬁM(VL.EL)At_ 7/2 - (VL.EL)At:[)/ma)_ 7/2 mCZ]At(VL.EL)

_— \

(Weibel instability) (CRM instability)




ef ,. = sSw, € ,. = e’ sm, e o =
Awy, = ﬂm(\ﬂ -E|)At - ?/2 — (V,-E At = [)/ma) T 3 mcz]At(VJ_ -E,)

(Weibel instability) (CRM instability)

e’ sm, e _ =
A60D :[ 9 2 ]At(VL i EL)
Moy~ mc
S®
‘<o % _Fo  F<l
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/

(Weibel instability)

If Weibel instability dominates
over CRM instability

2
ey *_ (F=D)
Mae ymc
p: 1 o’ 2
> — —2<C
o c° p

(0

Z<c

p

Vp<C

Destabilization of slow waves: Slow-
wave cyclotron amplifier (SWCA)

mm2

T~

(CRM instability)

If CRM instability dominates
over Weibel instability

2
Fo—t 8 (F~1)

2

ymc Ma

2
n) 2
—>p5 — L
C ,82

—>C

V. >C

Destabilization of fast waves:

Gyro-TWT



If both Weibel instability and CRM instability are present in
equal proportions (auto-resonance)

2

e e

ﬂ =Fw > (AQ)D ZO) S <w S@, —Fo
me e y ’

2
'8—2=Fi2 F<1
0] C ~
0] 1
— =C——
£ F

1

Vp:CF F<1

Destabilization of slightly fast waves:
Cyclotron auto-resonance maser



Some CARM features

Weibel and CRM instabilities are simultaneously present in equal

proportions balancing the effects due to each other leading to
auto-resonance.

Once the electron beam is phase-bunched, a large amount of energy
could be extracted without loosing synchronism (auto-resonance).

Mildly fast waveguide mode is destabilized V,>C
Requires lesser magnetic field due to large gv, Doppler shift

so, [y =0-pV,
(beam-mode dispersion relation)

Operated far from cutoff at a large value of the axial phase propagation
constant /4 and hence sensitive to beam velocity spread causing
Inhomogeneous broadening of the cyclotron resonance band

¥ Wideband coalescence between the dispersion plots giving wide bandwidths



CARM features continued

Operates at a lower beam pitch factor, higher beam voltage,
with higher power capability, and at higher frequencies

Higher efficiency, since the axial kinetic energy is tapped
Increased stability due to higher axial electron velocities

Reduced gain caused by axial bunching offsetting
azimuthal bunching

v Wider device bandwidth due to wideband coalescence between the
the beam-mode and waveguide-mode dispersion characteristics

Typical CARM Performance

10 MW, 35 GHz, 45 dB gain and 3% efficiency (1.5 MV, 0.25 kA)
10 MW at 125 GHz, 2% efficiency (0.5 MV, 1.0 kA)



Some SWCA features

L
-4 c-line

f
i
g
\ / SWCA
¢ .

sar, ; — =
a-fv, =0 & —fc —w,=10

Beam-mod97 Waveguide-mode
dispersion relatio dispersion relation

Vi

-

Weibel instability dominates over CRM instability

Slow waveguide mode is destabilized V, <C

Requires lesser magnetic field due to large AV, Doppler shift
so, [y =0-pV,

(beam-mode dispersion relation)

¥ Wideband coalescence between the dispersion plots giving wide device
bandwidths



Operates at a lower beam voltage,
with relatively lower power capability, and at lower frequencies

v Wider device bandwidth due to wideband coalescence between the
the beam-mode and waveguide-mode dispersion characteristics

Typical SWCA performance

Ka band, 50 kW, 60 kV, 5 A, 7kG, 24-28 dB saturated gain, 2 dB/cm power gain,
15% efficiency at 2% axial beam velocity spread (JJ Choi et al., IEEE-PS, Aug
1994, 465-475)

Stabilized by a sever against gyro-BWO instability

35 GHz, 1 dB/cm over 25-65 GHz, 71.5 kV, 9.2 A, 5.9 kG, 10% efficiency,
bandwidth: 89.6% (10 dB), 67.1% (20 dB), 53.7% (30 dB), 1.6 mm average beam
radius, 3.2 mm dielectric inner radius, 4.6 mm W/G radius, low-loss alumina
lining, a metal mesh or coating on the dielectric to prevent static charge buildup
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The bandwidth of a ‘slow-wave’ TWT can be widened by

« providing azimuthally periodic metal vanes/segments with the metal
envelope of the helical slow-wave structure and optimizing the structure
parameters, thereby obtaining the desired dispersion characteristics of the
structure for wide device bandwidths

« appropriately shaping the cross-sectional geometry of dielectric helix
supports, thereby obtaining the desired dispersion characteristics of the
structure for wide device bandwidths

« using multi-dispersion, multi-section helical structures

* using a relatively simple conventional fast-wave guiding structure
though heavily dielectric loading it to operate it in the slow-wave regime
to realize an SWCA for wideband coalescence between the
beam-mode and the waveguide-mode dispersion plots for wide device
bandwidths operating at a lower beam voltage, with relatively lower power
capability and at lower frequencies



The bandwidth of a ‘fast-wave’ TWT can be widened by

« dielectric loading the cylindrical waveguide of a gyro-TWT, by either dielectric
lining the waveguide or by providing a coaxial rod insert and optimizing the
dielectric parameters for wideband coalescence between the beam-mode and the
waveguide-mode dispersion plots resulting in wide device bandwidths

« tapering the waveguide cross section thereby causing the different length
elements of the waveguide operate at different elements of frequency ranges,
over a wide band of frequencies, thereby providing wide device bandwidths,
however, at the cost of the device gain

» using axially periodic disc loading and optimizing the disc parameters for the
desired wideband coalescence between the beam-mode and the waveguide-
mode dispersion plots resulting in wide device bandwidths

« using multi-dispersion, multi-section waveguides for wide device bandwidths

* using tapered-cross-section axially periodic disc loading and optimizing the disc
parameters for the desired wideband coalescence between the beam-mode and
the waveguide-mode dispersion plots resulting in wide device bandwidths at
relatively large gains

» realizing CARM operation in mildly fast-wave waveguide regime providing
the desired wideband coalescence between the beam-mode and the waveguide-
mode dispersion plots for wide device bandwidths at relatively higher beam
voltages and at higher frequencies obtaining higher power levels and higher
efficiencies though at reduced gains



State-of-the-art gyro-TWTs

Frequency Power (MW) Efficiency (%) Bandwidth Organisation

18.8 13 27 3% Strathclyd University
35 0.34 51 26% NRL

51.3 4 6.6 51 MIT

96 0.062 21 12 California University
140 0.03 12 2300 MHz MIT

(Source: State-of-the-art of high power gyro-devices and
free electron masers updates 2007, FZKA 7392)




Specifications of gyro-TWTs developed in some typical laboratories
(Compiled by Vishal Kesari <vishal_kesari@rediffmail.com>)

. -2 0,
Operating Power | Efficiency Gain Bancwidth (./0)/ . . Reference
frequency (kW) (%) (dB) 3-dB Bandwidth | Mode/ Loading/ Tapering Year
(GHz) / band ’ (GHz)
35 340 51 2 (per em) 2.6 Circular TE,; Chl“g,‘;‘;""
Seftor et al.
35 100 >10 17 ~10 — 1979
35 — —= 24 1.4
351 - — 32 —
Barnett ef al.
35 26 - 13 —_ — 1979
35 10 — 30 —
35 7.8 20 —
12 3.2 — 42 —
3355 5 26 (Peak) 34 Circular TE, Barnett ef al.
: _— — : Resistive wall loading 1980
~35 - — 34 2
Circular TE,
5.2 50 16.6 — 6 Non-tapered magnetic Ferguson e dl.
- field 1981
5.2 128 24 20 7.25 Circular TE;,
' 18.8 9.8 9.3 Tapered magnetic field
| - Eckstein ef al.
9% _28 8 | 30 8 Circular TE,, | 1981 |

[Continued)



[In continuation)

Specifications of gyro-TWTs developed in some typical laboratories

(Compiled by Vishal Kesari <vishal_kesari@rediffmail.com>)

- 3 0
Operating Power | Efficiency Gain Bandwidth (./0)/ . . Reference
frequency (kW) (%) (dB) 3-dB Bandwidth | Mode/ Loading/ Tapering Year
(GHz) / band ? (GHz)
Circular TEy,
35 — — 18 13 Tapered cross section and Ban;c;t;let al.
B magnetic field N
94 20 8 30 2 B Grg::it‘l“g“sg“d
- . - Two-stage tapered cross
_ _ 25 45 45 section Ga“g“i’;;:'d Ahn |
35 20x10° 11 30 _ _ G“:‘;;; al.
Ku-band | 18.4 18.6 18 10 _ Chl“g‘;’o“"
’ 27 . o Chu et al.
Ka band“r (Peak) 16 35 7.5 Circular TE,, | 1990
Rectangular TE,,
35 5 10 20 33 Tapered cross section and Park ef al.
(Saturated) . - 1991
L magnetic field ) B
30 Rectangular Leou ef al.
9-11 - 80 (Saturated) 15 20 Dielectric loaded 1992

|Continued|



[In continuation]

Specifications of gyro-TWTs developed in some typical laboratories

(Compiled by Vishal Kesari <vishal_kesari@rediffmail.com>)

Bandwidth (%)/

Operating . .
frequency 1:?\‘;\/8; Eff;ﬁ;e)ncy ﬁla];l)‘ 3-dB Bandwidth | Mode/ Loading/ Tapering Rege:::ce
(GHz) / band ° (GHz)

Circular TE;, Wang et al.

35 533 21.3 20 7.4 Three-stage 1992
Park et al.

g —
35 7.4 15 30 8 1993
Ka-band
10 Park et al.
(27-38 — 25 33 Two-stage

GHz) (Sat_}xmrated) ) _ 1994
8 | Park et al.

35 (Saturated) _16 | 25 20 Two-stage Tapered 1995
Chu et al.

342 62 21 33 12 — 1995
Wang ef al.

Ku-band 207 12.9 16 ) 2.1 - 1995
o o Circular TE,, Wang ef al.

167 207 B Axially sliced 1996
15.9 20 - Dielectric loaded Wang ef al
: - — — ,, ielectric loade 199
27 11 (Constant) Rectangular TE,, Leou et al.

X-band 53 i (Saturated) > 14 (Saturated) Dielectric loaded 1996

[C bntinued]




[In continuation]

Specifications of gyro-TWTs developed in some typical laboratories
(Compiled by Vishal Kesari <vishal_kesari@rediffmail.com>)

. 1 [U)
Operating Power | Efficiency Gain Bandwidth (.A)) / . . Reference
frequency (kW) (%) (dB) 3-dB Bandwidth | Mode/ Loading/ Tapering Year
(GHz) / band ° (GHz)
50 Chu et al.
Ka-band | — — | (Saturated) - — 1997
. Rectangular Leou et al.
“band | 5573 — 30 20 Metal disc-loaded 1998
‘ - Chong et ai.
95 6 5 11 3 Slotted structure 1998
%3 Lossy section Chu et al
Kaband |(Saturated  26.5 70 3 GHz (3-dB) y '
1998
___|__peak) .
X-band 1x10° 20 23 — Helical waveguide Demls 3;88f al.
' . - Denisov ef al. |
— — 28 38 ) 19 Helical waveguide 1998
— e — 29 (Peak) 10 Helical waveguide Coolkgeggt al.
MMMMMMMM 3 30 N Circuiﬁ?TEn McDermott ef al.
3 210 20 (Saturated) 35 Sliced waveguide 1998
Circular TE;,
Ka-band 100 26.5 70 8.6 Lossy graphite covered Chll:);;al'
wall '

[Continued|



|In continuation|

Specifications of gyro-TWTs developed in some typical laboratories
(Compiled by Vishal Kesari <vishal_kesari@rediffmail.com>)

Bandwidth (%)/

Operating . .
frequency IEE‘:J)F Eft}cﬁ}e)ncy ﬁﬁ;’)‘ 3-dB Bandwidth | Mode/ Loading/ Tapering Re{"z:‘ae:‘lce
(GHz) / band ’ (GHz)
93 : Chu et al.
35 (Saturated) 26.5 70 8.6 Circular TE; 1999
37 Bratman ef al.
9.2 1.1x10° 29 (Saturated) 21 Helically waveguide '
. 2000
47 (Linear)
91.4 600 24 30 2.7 Circular TE Wang ef al
- ' »” 2000
50 Circular TE, McDermott ef al.
72 140 28 | _(Saturated) B 3 Distributed-loss circuit 2001
Circular TE(}; )
35 137 17 47 33 Ceramic rings (distributed Garven et al.
(Saturated) ) 2002
» attenuation)
32.9 155 15 45 2.2 GHz (3-dB) Multistage Yezhogg‘”'
30 ; - Sirigiri ef al.
B 140 (Peak) 12 29 2.3 GHz (3-dB) | Confocal waveguide HEy, 2003
34.2 , Rectangular Baik ef al.
B 10 238 il Two-stage tapered 2003

|Continued)




[In continuation]

Specifications of gyro-TWTs developed in some typical laboratories
(Compiled by Vishal Kesari <vishal_kesari@rediffmail.com>)

Bandwidth (%)/

Operating . :
frequency IZE‘;‘;;; Efi}ﬁ;e)ncy ((;(;;l)] 3-dB Bandwidth | Mode/ Loading/ Tapering Re{(e:ae:ce
(GHz) / band ° (GHz)
Rectangular Baik ef al.
342 - 12 238 41 Two-stage tapered 2003
. o 53 o 27 Coaxial irregular Kolosov ef al.
waveguide TE, 2003
o . . Two-stage tapered Baik et al.
Ka-band 20 (Frequency multiplication) 2004
Two-stage tapered Baik et al.
Ka-band | >3 kW B <20 dB/m 4 (Frequency multiplication) 2004
Ka-band 435 31 45 ~5.8 Coaxial waveguide Hungzgalg Yeh
W-band | >0.5 _ > 45 > 8 GHz (3-dB) Circulor TEy, B'a%‘{)‘;‘ al
Granastein and
95 15 6.2 30 1.6 — Alexeff
31 .
95 28 8 (Saturated) - — CPI (Varian)
‘ 52 60 | 12 Circular TEy; "
Kacband 17, 60 17 Diffractive loading Pershing ef ul
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