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Abstract 
 
Historical timeline of microwave tubes (MWTs) dating 
back to the beginning of the nineteenth century was 
presented. The competition between MWTs and solid 
state devices was taken note of. The applications of 
MWTs were reviewed. MWTs were grouped according to 
the global trend in R&D in MWTs, and hence Indian 
efforts following this trend were revisited.  
 
1. Introduction 
 
Microwave tubes (MWTs)⎯essentially vacuum electron 
devices [1, 2]⎯used as sources and amplifiers, with their 
frequencies extendible to mm-wave and THz regimes [1-
8], have the history of their invention,  development and 
manufacturing dating back to the beginning of the 
nineteenth century: vacuum diode by John Ambrose 
Flemming in 1904; vacuum triode by Lee DeForest in 
1906; an early form of magnetron by H. Gerdien in 1910; 
a split-anode magnetron by Albert Hull in 1920; 
manufacturing of electron tubes at Radio Corporation of 
America (RCA) in 1920; vacuum tetrode by Albert Hull 
and N. H. Williams at General Electric, and Bernard 
Tellegen at Phillips in 1926; multi-cavity 
magnetronindependently by K. Posthumas and H. E. 
Hollmann in 1935, improved later by John 
Randall and Harry Boot in 1940 in the centimetre-wave 
frequencies for radar; linear beam MWT theory by Oskar 
Heil in 1935; klystron by George F. Metcalf and William 
C. Hahn in 1936 and byRussel Varian and Siguard Varian 
in 1937; travelling-wave tube (TWT) independently by A. 
V. Haeff in 1933, N. E. Lindenblad in 1940, and Rudolf 
Kompfner in 1942; generation of microwaves by 
rotational energy of helical electron beam by H. 
Kleinwachter in 1950, and electron cyclotron maser 
interaction theory by J. Schneider, R. Twiss, and A. 
Gaponov in 1957, 1958, and 1959, respectively. Some of 
the organizations having the technology of gyrotron 
development are: Institute of Applied Physics (IAP), 
Russia; GYCOM, Russia; Forschungszentrum Karlsruhe 
(FZK), Germany; Japan Atomic Energy Research 
Institute. (JAERI), Japan; Toshiba, Japan; 
Communications & Power Industries (CPI), USA; 
Thomson Tubes Electroniques (TTE), France; and Centre 
de Recherches en Physique des Plasmas (CRPP), France.  
 
Competition between MWTs and SSDs: Solid state devices 
(SSDs) cannot be paralleled with MWTs at high average 

power levels and high frequencies [2, 7]. From the 
standpoint of higher pulsed peak power and wider 
bandwidth, too, SSDs cannot compete with MWTs. Being 
‘vacuum’ devices, MWTs are superior to SSDs with 
respect to having a lesser heat generated due to collision 
in the bulk of the device. Also, MWTs, in comparison 
with SSDs, have a higher breakdown limit on maximum 
electric field inside the device and smaller base-plate size 
determined by the cooling efficiency. Further, unlike 
SSDs, MWTs are fabricated out of metals and ceramics 
that make them inherently hardened against radiation and 
fairly resistant to temperature and mechanical extremes. 
From the standpoint of reliability, too, MWTs enjoy 
superiority over their SSD counterparts. For instance, 
SSDs could not replace space-TWTs in view of the 
required ~5×106 hr MTBF to be met in satellite qualified 
devices [2].  Rodney Vaughan described SSDs as mice 
and an MWT as a horse and described them in a cartoon 
as: “Why use a thousand mice when one horse can do the 
job?” [7]. Despite competitive incursion from solid state 
devices (SSDs), MWTs find wide range of their 
applications (Section 2). The appreciation of global trends 
in the development of various types of MWTs classified 
from various angles (Section 3) help us in projecting the 
MWT R&D efforts in India (Section 4) [5, 6]. Finally, the 
present is summarized (Section 5) preceding a short list of 
relevant sources of references (Section 6). 

 
2. Application of MWTs 
 
MWTs constitute the backbone of communication, radar, 
electronic warfare including ECM, ECCM, and ESM 
(electronic support measure), missile tracking and 
guidance; remote sensing including high-resolution 
remote sensing imagery at night or during inclement 
weather. MWTs in high power microwave (HPM) regime 
using intensive relativistic electron beam (IREB) make 
directed energy weapon (DEW) for information warfare 
(IW). Peaceful applications of MWTs include industrial 
heating (leather; paper; pharmaceuticals; tea/coffee; 
tobacco; textiles; food; plastic; forest; rubber; chemical, 
etc; waste remediation; civil, mining and public health 
engineering—including breaking of rock, breaking of 
concrete, tunnel boring and soil treatment, fusion plasma 
heating for a controlled thermonuclear reactor, etc. 
Scientific applications include RF linear accelerators, 
plasma diagnostics and chemistry, nonlinear 
spectroscopy, etc. Material processing applications of 
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MWTs include ceramic sintering and joining and 
production of new composite ceramics which are stronger 
and less brittle that retain their high strength under high 
temperature and corrosive conditions making it possible 
to develop lightweight ceramic engines for aircraft and 
automobiles as well as strong, long-lived ceramic walls 
for thermonuclear power reactors. Medical applications of 
MWTs include medical diagnosis and treatment such as 
hyperthermia that provides selective heating up of tissues 
without harming healthy ones, thus enabling such 
warmed-up tissues to receive more nutrients and 
antibodies thereby speeding up the healing process, 
besides the applications in arthritis, sciatica, rheumatism, 
etc. Further, other unconventional applications of MWTs 
are satellite power stations, artificially created ionized 
layers for the extension of radio range, city lighting, 
nitrogen fertilizer-raining on the Earth, and environmental 
control by both ozone generation and atmospheric 
purification of admixtures that destroy the ozone layer, 
and so on [5, 6]. 
 
3. Classification from Various Angles and 
Global Trends of Development of MWTs 
 
MWTs have been classified from various angles such as 
the mechanism of interaction, role of magnetic field, type 
of interaction structure/radiation/electron bunching/energy 
conversion, etc. Thus, one can classify as the conventional 
magnetron as TPOM (tubes à propagation des ondes à 
champs magnetique (TPOM) or simply M-type, slow-
wave/non-relativistic bunching/potential energy 
conversion type, and so on. Similarly, one can classify the 
conventional TWT as TPO (tubes à propagation des 
ondes) or simply O type, slow-wave/non-relativistic 
bunching/axial bunching/space-charge-wave 
interaction/distributed interaction/axial kinetic energy 
conversion/Cherenkov radiation type, and so on. There 
also exist the relativistic versions of conventional MWTs 
such as relativistic TWT and relativistic magnetron. 
Further, the gyrotron can be classified as fast-
wave/relativistic bunching/azimuthal bunching/azimuthal 
kinetic energy conversion/bremsstrahlung radiation type, 
and so on. 
In view of this classification and their applications 
(Section 2) have set a trend of R&D in MWTs. This trend 
can be categorized in the following six groups: 
 
Group 1: MWTs (conventional) with improved-
performance, such as klystron: multi-beam klystron 
(MBK) (for larger beam current, lower effective beam 
perveance, lower beam voltage, tube compactness at 
higher RF power); extended interaction EIK (for wider 
bandwidth, higher power);extended interaction oscillator 
(EIO) (for millimeter-wave generation at lower power 
level); TWT: space-TWT (for higher efficiency, higher 
reliability and longer life); and electronic warfare (EW) 
TWT (for wider bandwidth); etc. [5, 6]. 
 
Group 2: MWTs accruing the advantages of both vacuum 
electronic and SSDs, namely, (i) micro-fabricated or 

vacuum microelectronic tubes such as triode, klystron, 
klystrino, and folded waveguide (FW)-TWT and (ii) 
microwave power module (MPM) in which a miniature 
TWT coexists with a solid-state power amplifier (SSPA) 
with equal gain sharing for ECM and towed decoys, 
missile seeker, surveillance radar, etc. [5, 6]. 
 
Group 3: MWTs driven by an intensive relativistic 
electron beam (IREB) such as virtual cathode oscillator 
(VIRCATOR) (making a bremsstrahlung device in 
electric field);Cherenkov devices, namely, BWO, orotron 
or radiation diffraction generator (RDG), multi-wave 
Cherenkov generator (MWCG), and multi-wave 
diffraction generator (MWDG); magnetically insulated 
line oscillator (MILO); relativistic backward-wave 
oscillator, relativistic klystron, electromagnetic bomb 
using a magnetic flux compression generator (FCG) in 
conjunction with a VIRCATOR, etc. [5, 6]. 
 
Group 4: MWTs with fast-wave interaction 
structures(making bremsstrahlung devices in magnetic 
field) such as gyrotron (axial output, transverse 
output/quasi-optical, small-orbit, large-orbit, vane-loaded, 
coaxial-cavity, etc.);gyro-TWT (dielectric-loaded, disc-
loaded, frequency multiplying, etc.); gyro-klystron; gyro-
twystron; PHIGTRON (phase-coherent, inverted gyro-
twystron with harmonic multiplication); gyro-BWO; 
CARM; peniotron, etc. [5, 6].  
 
Group 5: MWTs with plasma assistance (for space-charge 
neutralization giving large beam current transport, 
magnetic field relaxation, larger structure cross section, 
etc.) such aspasotron (plasma-assisted slow-wave 
oscillator being essentially a BWO); plasma-assisted 
coupled-cavity TWT; plasma-assisted gyrotron; etc. [5, 
6]. 
 
Group 6: MWTs such as TWT, BWO, backward-wave 
amplifier, klystron, MBK, resistive-wall amplifier, 
etc.⎯all inspired by metamaterial [9].  
 
The agenda of R&D in MWTs at several government 
organizations and universities all over the world has 
followed the trend classified in the above six groups. The 
manufacturers such as CPI, Litton, EEV, Teledyne, NEC, 
L-3, Thales (formerly Thompson CSF), Hughes (now L-
3), Siemens, AEG, Philips, Toshiba, ISTOK, ALMAZ, 
GYCOM, Electronica, BVEDRI  etc.in the list of their 
products, have largely followed the trend classified in 
groups 1, 2 and 4. 
 
4. Indian Efforts in MWT R&D 
 
Experimental facilities in developing vacuum tubes, in 
general, and magnetrons, in particular were developed in 
1956first at the Institute of Radiophysics and Electronics, 
Calcutta University with support from UESCO [8]; then 
at CSIR-National Physical Laboratory, New Delhi; and 
then at CSIR-Central Electronics Engineering Research 
Institute (CEERI), Pilani. ISRO supported CEERI in 
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developing space-TWTs in collaboration with Bharat 
Electronics Limited (BEL), Bangalore, a public-sector 
organization, which was established in 1954 by the 
Ministry of Defence of the Government of India to meet 
the specialized electronic needs of the Indian defence 
services. BEL is the sole manufacturer of MWTs in India 
today. The Centre of Research in Microwave Tubes 
(CRMT) came into being at Banaras Hindu University 
(BHU), Varanasi in 1979 under the aegis of UGC. The 
subsequent landmark was the establishment of the 
DRDO-Microwave Tubes Research and Development 
Centre (MTRDC), Bangalore in the defence sector [8].  
 
CEERI has developed S-band magnetrons: 500 kW; 1.0 
MW; 800 kW (tunable); 2 MW/3 MW; 10 kW (CW); 200 
W; 400 W; as well as S-band M-carcinotron: 200 W and 
400 W; S-band, 5-7.5 MW (peak) pulsed magnetron with 
hole-and-slot-type cavities and echelon-type strapping and 
S-band, 15 kW (CW)magnetron with vane-type, double-
ring, strapped structure. The development of klystrons at 
CEERI has encompassed D/E-band, 1 kW (CW); S-band, 
5 MW (peak), 5 kW (average); 2856 MHz, 6 MW (peak), 
24 kW (average) (for cargo scanning); KU/J-band, 300 W 
(CW) (for missile seekers); 350 MHz, 100 kW (CW); and 
5 GHz, 250 kW (CW) (for ITER lower hybrid current 
drive). Some klystron related design and development 
work has also been carried out such as on 19-beam 
electron gun for multi-beam klystron (MBK); low-power, 
air-cooled RF coupler (for low-energy, high-intensity 
proton accelerator; high power water-cooled coaxial RF 
coupler  (for low-energy high-intensity proton 
accelerator); high-power water cooled iris coupled RF 
coupler (for low-energy high-intensity proton 
accelerator); and 8-channel rectangular RF window (for 
IPR-Aditya TOKAMAK, lower-hybrid current drive). 
TWTs developed by CEERI include S-band, 2 W (CW) 
helix-TWT (the first ever TWT developed in India in 
1977); C-band, 20 W helix-TWT (for ISRO); S-band, 30 
W helix-TWT; X-Ku band, 40 W (CW) mini-TWT (for 
DRDO); C-band, 60 W (CW)space-TWT; Ku-Band/10.9-
11.7 GHz140W short-length space-TWT (for ISRO); C-
band, 60 W (CW) space-TWT (for ISRO developed 
jointly with BEL which was the India’s first ever 
indigenous space-TWT; C-band, 70kW (pulsed)coupled-
cavity (CC)-TWT (for DRDO); Ku-band, 140 W (CW) 
space-TWTs (underway for ISRO on-board satellite 
application); Ka-band, 100 W (CW) (underway for ISRO 
on-board satellite application); and 94 GHz, W-band 
folded-waveguide TWT (underway). Further, CEERI has 
founded the first ever gyrotron lab in India which has 
developed 42 GHz, 220 kW (CW) gyrotron (for fusion 
plasma heating, under a DST-sponsored multi-
institutional project); and 170 GHz, 1MW (short pulse) 
gyrotron. It has also developed an EM simulator for 
gyrotron. In tandem with MWT development, CEERI has 
developed cathodes: 20 A/cm2current density,>8 year life 
(extrapolated) B-type dispenser cathode; and 100 
A/cm2current density, >12 year (extrapolated) alloy-
coated dispenser cathode. The related activities on the 
verge of completion are the technology development for 

reliable long-life dispenser cathodes; surface analytical 
studies on dispenser cathode; the development of (i) 
large-area dispenser cathodes for high-power microwave 
tubes: M-type cathode, ~3.1 mm cathode diameter, >20 
A/cm2 current density, 1000 C operating temperature, (ii) 
triple-alloy coating, (iii) graphene-based field emitters, 
high current density (> 100 A/cm2) thermionic cathode, 
for terahertz devices, (iv) the work function measurement 
setup at elevated temperatures of thermionic cathode, 
(v)thermionic emitter for ISRO electric propulsion (ion-
thruster) system, and (vi) multi-beam cathode for MBK. 
The related design activities underway encompass sheet-
beam electron gun for THz MWTs and vacuum micro-
electronics devices using AI algorithm. Furthermore, the 
plasma laboratory of CEERI⎯credited to have developed 
high power plasma switches; thyratron (25 kV/1 kA and 
40 kV/3 kA); pseudospark switches (40 kV/5 kA and 20 
kV/20 kA); dielectric barrier discharge (DBD) tubes; 
VUV/UV excimer sources based on DBD for biomedical 
applications, surface treatment and water purification; 
Penning discharge devices; ion beam sources; and 
plasma-cathode electron gun⎯has developed the first 
ever lab version of plasma-assisted MWT, namely, 
pasotron  (X-band, 0.5 MW).  
 
Though established relatively recently in 1984, the DRDO 
lab MTRDC succeeded in rapidly developing a range of 
MWTs: X-Ku-band, 200W (CW) helix-TWT (for airborne 
jammer); X-Ku band, 2 kW (pulsed) helix-TWT (for 
airborne ECM, TEMPEST); Ku-band, 10 kW 
(pulsed)CC-TWT (for AKASH missile seeker/DRDO-
DRDL); X-band, 6.5 kW (pulsed) CC-TWT (for LCA 
radar/DRDO-ADA); S-band, 130 kW (pulsed)CC-TWT 
(for early warning and control system(AWACS), DRDO); 
X-Ku-band, 300 W (CW) helix TWT (for EW 
SANYUKTA / DRDO-DLRL); mm-wave, 40 W (CW) 
helix-TWT (for EW SANGRAHA/DRDO-DLRL); X-Ku 
band, 100 W, microwave power module (MPM) (for 
SANYUKTA EW system/ DRDO-DLRL) (~4 kg; <85 ns 
EPC throughput delay), etc. With reference to the 
development of CC-TWTs in S, C, X and Ku bands taken 
up in1993 at MTRDC, the critical areas such as the 
fabrication of shadow-gridded electron gun, distributed-
loss and resonant-loss cavity loadings, etc. have been 
addressed. The development of C-band CC-TWT was 
contracted to CEERI, and ISTOK was collaborated with 
in developing X-band and Ku-band CC-TWTs. The lab 
has also developed the enabling technologies for gyro-
TWTs, vacuum microelectronic devices (with SSPL as a 
partner), transmitters using MPMs, VIRCATOR, 
relativistic magnetron and relativistic BWO (with LRDE, 
BARC, and DAVV as partners) and MILO. MTRDC has 
developed 1-4 GHz, 5 MW axial VIRCATOR (for 
LRDE/BARC); 2-4 GHz, 500 MW axial VIRCATOR (for 
BARC); 2 MW, KALI-1000, 2 MW cavity VIRCATOR 
(for LRDE/BARC); 11 GHz, 2 MW relativistic BWO (for 
BARC/LRDE); X-band, 1 MW, KALI-200 relativistic 
BWO; 7-10 GHz, 10-20 MW plasma-filled devices (for 
BARC/LRDE), etc. Furthermore, Ku-band, 150 and 
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250W MBK and; 60 MHz, 400 W; 90 MHz, 250 W MBK 
have been developed at MTRDC.  
 
BEL has manufactured MWTs and some of them are: 
TWT: BEL6242: 2 GHz, 200 W (CW), 35 dB (3.9 kV, 
525 mA); BEL6252: 2-4 GHz, 200 W (CW), 37 dB (4.2 
kV, 430 mA); BTC401: 5.5-6.5 GHz, 400 W (CW), 50 dB 
(9.6 kV, 350 mA); etc; Klystron: BEL 4K3SL3: 1.7-2.4 
GHz, 1 kW (CW) (7 kV, 650 mA); BEL 4K3SL3: 1.7-2.4 
GHz, 12 kW (CW) (20 kV, 3 A); BEL 888E: BEL 888E: 
4.4-5.0 GHz, 1.4 kW (CW) (8.5 kV, 600 mA); etc. 
Magnetrons: 5J26: 1.22-1.35 GHz, 600 kW (pulsed, 
0.25%) (34 kV, 55 A); BEL 200 MX: 8.54-8.94GHz, 200 
kW (pulsed, 0.11%) (23 kV, 12 A); BEL 512 cm: 9-9.6 
GHz, 200 kW (pulsed, 0.11%) (23 kV, 30 A); etc.  
 
Significant contributions of CRMT are: electromagnetic 
analysis of nonlinear effects in TWTs using Eulerian 
hydrodynamics; electromagnetic analysis of innovative 
helical slow-wave structures of TWTs and that of 
innovative axially periodic fast-wave structures of gyro-
TWTs with a view to widening the device bandwidth; the 
synthesis of Pierce electron guns; large-signal analysis 
and simulation of gyrotrons, gyro-TWTs, gyro-klystrons, 
gyro-twystrons, relativistic BWO and MILO. IIT-Roorkee 
has outstandingly contributed to the design and simulation 
of gyrotrons. Devi Ahilya Vishwa Vidyalaya, Indore has 
carried out pioneering theoretical and experimental R&D 
in the area of relativistic TWT and BWO in India. The 
sponsored postgraduate students of Burdwan University, 
West Bengal and Banasthali Vidyapith have made useful 
contributions to the MWT projects at CEERI and 
MTRDC. Furthermore, recently, the postgraduate and 
doctoral programmes of Academy of Scientific and 
Innovative Research (AcSIR) of CSIR at CEERI have 
significantly enriched R&D in the MWT area in India. A 
mention may be made of the initiative that was taken at 
BHU-CRMT in forming a consortium that successfully 
executed a multi-institutional project funded by DST to 
develop a 42-GHz, 200-kW gyrotron for fusion plasma 
heating in the IPR Tokomak, with CEERI, IPR, 
SAMEER, BHU, and IIT-Roorkee as the participants. 
 
Creation of VEDAS: A significant event of interest to 
MWT R&D in India is the creation of Vacuum Electronic 
Devices and Application Society (VEDAS) during a 
Workshop organised as part of the celebration of MTRDC 
Annual/Foundation Day held at Bengaluru in the year 
2004 [8].   
 
Auditing of MWT requirements in India: CEERI 
organized ‘Technical Meet’ of all concerned R&D, 
academia, production, and user organisations on April 10, 
2006 at CSIR Vigyan Kendra, New Delhi to generate 
‘Position Paper on the Requirement of Microwave Tubes 
and Their Development for the Coming Ten Years’. There 
the estimated MWT requirements of the Government 
organisations such as ISRO, RCI, LRDE, DLRL, 
MTRDC, DEAL, ADA, RRCAT, IPR, SAMEER, BEL, 
and BARC were projected. Time has come for all 

concerned organisations responsible for developing 
MWTs to take into consideration this position paper in 
their plan, and the organisations such as vacuum 
electronic devices and applications society (VEDAS), 
India to update such position paper from time to time [8].  
 
5. Conclusion 
A glimpse of the progress of R&D in MWTs in India vis-
à-vis global trends including the organisations involved 
has projected the strength of India in the area. It is hoped 
this document will strengthen the collaboration between 
the MWT developers in India and abroad.  
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