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Abstract

This report presents an update of the experimental achievements published in
the review “State-of-the-Art of High-Power Gyro-Devices and Free Electron
Masers,” Journal of Infrared, Millimeter, and Terahertz Waves, 41, No. 1, pp 1-
140 (2020) related to the development of gyro-devices (Tables 2-34). Emphasis
is on high-power gyrotron oscillators for long-pulse or continuous wave (CW)
operation and pulsed gyrotrons for many other applications. In addition, this
work gives a short update on the present development status of frequency step-
tunable and multi-fre-quency  gyrotrons; coaxial-cavity  multi-megawatt
gyrotrons; complex two-section stepped cavity gyrotrons; gyrotrons for
technological and spectroscopy applica-tions; relativistic gyrotrons; large orbit
gyrotrons (LOGs); quasi-optical gyrotrons; fast- and slow-wave cyclotron
autoresonance masers (CARMs); gyroklystron, gyro-TWT, and gyrotwystron
amplifiers; gyro-harmonic converters; gyro-BWOs; and dielectric vacuum
windows for such high-power mm-wave sources. Gyrotron oscil-lators
(“gyromonotrons or just gyrotrons”) are mainly used as high-power millim-eter-
wave sources for electron cyclotron heating (ECH), electron cyclotron current
drive (ECCD), stability control, and diagnostics of magnetically confined plasmas
for clean generation of energy by controlled thermonuclear fusion. Megawatt-class
gyrotrons employ synthetic-diamond output windows and single-stage depressed
collectors (SDCs) for electron energy recovery. The maximum pulse length of the
140 GHz, 1.3 MW IPP-KIT-THALES gyrotron is 3 min (1.2 MW/6 min) at 97.5%
Gaussian output mode purity and 47% efficiency. The 1 MW ‘ersion of this tube
operates at pulse lengths up to 30 min, and PLL-frequency stabilization has been
demonstrated. The first Japan Q ST-CANON 170 G Hz I TER g yrotron p rototype
achieved 1 MW, 800 s at 55% efficiency and holds the energy world record of 2.88
GJ (0.8 MW, 60 min, 57%). The Russian 170 GHz ITER gyrotron obtained 0.99 (1.2)
MW with a pulse duration of 1000 (100) s and 57 (53)% efficiency. First frequency-
injection-locked operation of a very high-order-mode Russian 170 GHz-1 MW
gyrotron (IAP) has been demonstrated in short pulses using a PLL-frequency-sta-
bilized 20 kW gyrotron master oscillator. A Russian short-pulse 74.2 GHz, 100 kW
gyrotron (SPbSTU) with 4-stage depressed collector achieved an efficiency of 72%.
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The prototype tube of the KIT 2 MW, 170 GHz coaxial-cavity gyrotron (pulse dura-
tion 50 ms) achieved in 1 ms pulses the record power of 2.2 MW at 48% efficiency
and 96% Gaussian mode purity and was operated at pulse lengths up to 50 ms.
High-power CW gyrotron oscillators have also been successfully used in materials
processing. Such technological applications require tubes with the following param-
eters: £>24 GHz, P_,,=4-50 kW, CW, n>30%. Gyrotrons with pulsed magnet for
various short-pulse applications deliver P, =210 kW with =20 ps at frequencies
up to 670 GHz (n = 20%), P,,,=5.3 kW at 1 THz (n=6.1%), and P,,,=0.5 kW at
1.3 THz (n=0.6%). The average powers produced by 94 GHz gyroklystrons, gyrot-
wystrons, and gyro-TWTs are 10 kW, 5 kW, and 20 kW, respectively.

Keywords Electron cyclotron maser - Gyrotron - Quasi-optical gyrotron -
Gyroklystron - Gyro-travelling-wave - Gyrotwystron amplifiers - Gyro-backward-
wave oscillator - Cyclotron autoresonance maser - Dielectric vacuum windows

1 Introduction

The possible applications of gyrotron oscillators (gyromonotrons, or just gyrotrons)
and other electron cyclotron maser (ECM) fast-wave devices (see Table 1) span a
wide range of technologies [1-8]. The plasma physics community has taken advan-
tage of advances in producing high power micro- and millimeter (mm) waves in the
areas of radio frequency (RF) plasma applications for magnetic confinement fusion
studies, such as lower hybrid current drive (LHCD, 8 GHz), electron cyclotron heat-
ing and non-inductive electron cyclotron current drive (ECH&CD, 14-170 GHz),
plasma production for numerous different processes, and plasma diagnostic meas-
urements, such as collective Thomson scattering (CTS) or heat-pulse propagation
experiments. Other applications which await further development of novel high-
power mm-wave sources include deep-space and specialized satellite communica-
tion, high-resolution Doppler radar, radar ranging and imaging in atmospheric and
planetary science, remote detection of concealed radioactive materials, ECR sources
of highly ionized ions, submillimeter-wave and THz spectroscopy, material process-
ing, and plasma chemistry.

Most works on ECM devices have investigated the conventional gyrotron [9-32]
in which the wavevector of the radiation in an open-ended, irregular cylindrical
waveguide cavity is almost transverse to the direction of the applied magnetic field,
generating transverse electric (TE) electromagnetic (EM) waves near the electron
cyclotron frequency or at one of its harmonics. Long-pulse and continuous wave
(CW) gyrotrons delivering output powers of 0.1-1.3 MW at frequencies between
28 and 170 GHz have been used very successfully in thermonuclear fusion research
for plasma ionization and start-up, ECH and local, current density profile control by
non-inductive ECCD at system power levels up to 10 MW.

ECH has become a well-established heating method for both tokamaks [33-67]
and stellarators [67-97]. The confining magnetic fields in present day fusion devices
are in the range of B,=1-3.6 T. As fusion machines become larger and operate at



Table 1 Overview of different types of gyro-devices and comparison with corresponding conventional
linear-beam (O-type) microwave tubes
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higher magnetic field (B, = 5.5 T) and higher plasma densities in steady state, it
is necessary to develop CW gyrotrons that operate at both higher frequencies and
higher mm-wave output powers. The requirements of the new stellarator (W7-X)
at the Max-Planck-Institute for Plasmaphysics in Greifswald, Germany, and the
future tokamak experiment ITER (International Thermonuclear Experimental Reac-
tor) in Cadarache, France, are between 18 and 40 MW at frequencies between 140
and 170 GHz [23, 26-31, 40, 59-63, 68-90, 96—121]. This suggests that mm-wave
gyrotrons that generate output power of at least 1 MW, CW, per tube are required.
Since efficient ECH needs axisymmetric, narrow, pencil-like mm-wave beams with
well-defined polarization (linear or elliptical), single-mode gyrotron emission is
necessary in order to generate a fundamental Gaussian beam mode (TEM,). Single-
mode 77-170 GHz gyromonotrons with conventional, cylindrical cavity, capable of
1.5 MW per tube, CW [23-31], and 2 MW coaxial-cavity gyrotrons [102—-117] are
currently under development. There has been continuous progress towards higher
frequency and power but the main issues are still the long-pulse or CW cavity and
collector operation. The availability of sources with fast frequency tunability would
permit the use of a simple, non-steerable mirror antenna at the plasma torus for local
current drive experiments [26-31, 40, 103—-126]. Frequency tuning has been shown
to be possible in quasi-optical Fabry—Perot cavity gyrotrons [127, 128] as well as in
cylindrical and coaxial cavity gyrotrons by frequency tuning in steps (different oper-
ating cavity modes) [129-164].

This report updates the present status and future prospects of gyrotrons and RF
vacuum windows for ECH&CD in fusion plasmas and for ECR plasma sources
for generation of multi-charged ions, soft X-rays, and UV radiation [165-194]
(Tables 2, 3, 4,5,6,7,8,9, 10, 11, 12, and 13), the development of very high
frequency gyrotrons for active plasma diagnostics [195-252], high-frequency
sub-millimeter wave spectroscopy in various fields (e.g., dynamic nuclear polari-
zation (DNP), nuclear magnetic resonance (NMR) spectroscopy, molecular spec-
troscopy, hyperfine structure of the positronium) [253-375], remote detection of
concealed radioactive materials [376-379], wireless communication [380], and
medical applications [381-386] (Tables 14, 15, 16, 17, and 18). Gyrotrons also
are successfully utilized in materials processing (e.g., advanced ceramic and



metal-powder-compound sintering, nano-particle production, surface hardening
or dielectric coating of metals and alloys, semiconductor production, penetrat-
ing rocks) as well as in plasma chemistry [1-8, 387—417]. The use of gyrotrons
for such technological applications appears to be of interest if one can realize a
relatively simple, low-cost device, which is easy in service (such as a magnetron).
Gyrotrons with low magnetic field (operated at the 2nd harmonic of the elec-
tron cyclotron frequency), low anode voltage, high efficiency, and long lifetime
are under development. Mitsubishi in Japan [418] and Gycom in Russia [395,
406-409, 419-424] are also employing permanent magnet systems. The state-of-
the-art in this area of gyrotrons for technological applications is summarized in
Table 19.

The next generation of high-energy physics accelerators and the next frontier
in understanding of elementary particles is based on supercolliders. For normal-
conducting linear electron—positron colliders that would reach center-of-mass
energies of > 1 TeV sources at 17 to 35 GHz with P_,, = 300 MW, t=0.2 ps and
characteristics that allow approximately 1000 pulses per second would be neces-
sary as drivers [1143—1146]. These must be phase-coherent devices, which can be
either amplifiers or phase-locked oscillators. Such generators are also required for
super-range high-resolution radar and atmospheric sensing [1147-1160]. There-
fore, this report also gives an overview of the present development status of rela-
tivistic and quasi-optical gyrotrons (Tables 20, 21, and 22), fast- and slow-wave
cyclotron autoresonance masers (CARMs) [1161-1165] (Tables 23 and 24), gyro-
klystrons (Tables 25, 26, and 27), gyrotron travelling wave tube amplifiers (Gyro-
TWTs) (Tables 28 and 29), gyrotwystron amplifiers (Tables 30, 31, and 32) [741,
1166-1171], and broadband gyrotron backward wave oscillators (Gyro-BWOs)
(Tables 33 and 34).

The list of references includes additional information about principle and history
of gyrotrons [425, 478, 585, 658, 1172-1184], effective cavity length [1185], inter-
nal quasi-optical mode converters as transverse Gaussian beam or HE;; mode out-
put couplers [1186-1202], electron beam space-charge neutralization [1203, 1204],
other gyro-devices and peniotrons [1205-1216], magnicons [1217-1232], and gyro-
harmonic converters [1233—-1235].
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Table 12 Thermophysical, mechanical, and dielectrical parameters of window materials related to ther-
mal load-failure resistance and power transmission capacity of edge-cooled windows at LN2-tempera-
ture—77 K (LNe-temperature-30 K) (p.c. =poly-crystalline, s.c. =single-crystalline) [969]

Material Sapphire (AL,0) s.c. Silicon Au- Diamond
orientation of E cLE doped s.c. (PACVD) p.c.
Thermal conductivity k (W/mK) 900 (20,000) 1300 10,000
Ultimate bending strength o (MPa) 410 1000 450
Poissons number v 0.22 0.1 0.1
Density p (g/cm?) 4.0 23 3.52
Specific heat capacity ¢, (J/g K) 0.8 0.7 0.52
Young’s modulus E (GPa) 402 (405) 190 1050
Therm. expans. coeff. a (107%K) 5.5 2.5 1.2
Permittivity (145 GHz) €, 9.3 11.5 5.67
Loss tangent (145 GHz) tan (107%) 0.57 (0.2) 0.35 2
Metallizing and brazing bakeout temperature 0.k o.k o.k
550 °C 550 °C 450 °C
Possible size @ (mm) 270 127 160
Cost High Low Very high
Failure resistance R* (W/mm?) 130 (2871) 2463 3214
R’ =kog (1-v)/Ea
RE-power capacity Py (100 W2s/mm*K) 71 (4460) 907 441

P;=R’p cpl/((1 +¢,")tand)

Radiation sensitivity

n (0.3-10%! n/m?) No No No
/X (0.75 Gyls) No No No
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Table 15 Operation results of high harmonic gyrotrons with axis-encircling electron beam (LOG) and
permanent magnet (Nd Fe B) at University of Fukui and pulsed magnet at IAP (THz gyrotron)

Institution Frequency (GHz) Mode Harmonic no. s Power (kW) Efficiency (%) Pulse
length
(ms)
UNIVERSITY, 84.9 TE;; 3 2.5 6.3 1
Fukui
IAP, Nizhny
Novgorod
[1041-1046]
89.3 TE;, 3 1.7 33 1
112.7 TE, 4 047 1 1
138.0 TEs;, 5 0.1 0.2 1
IAP, Nizhny 267 TE,; 2 0.9 4 CcwW
Novgorod
[202-211,
1047-1060]
394 TE;;, 3 0.37 1.6 CW
550 TE,;, 2 0.6 2.2 0.01
2 (sectioned 0.5 1 0.01
klystron-type
cavity)
680 TE,; 2 1.8 35 0.01
740 TE;s 3 0.25 0.6 0.01
3 (sectioned 0.2 0.55 0.01
klystron-type
cavity)
870 TE;, 3 0.3 0.9 0.01
1000 TE;; 3 0.4 0.7 0.01

1300 TE;; 3 1.3 24 0.01
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Table 17 Step tuning of MIT gyrotron oscillators (with large MIG [1087, 1088]) operating at the funda-
mental electron cyclotron resonance frequency (pulse length 1.5 ps)

Institution Frequency Mode  Voltage (kV)  Current (A) Power (MW)  Efficiency (%)
((GHz))
MIT, Cambridge 187.7 TE;,, 94 57 0.65 12
[1087, 1088]
201.6 TE;s, 97 54 0.92 18
209.5 TE3;5s 98 37 0.54 15
213.9 TE3s 95 51 0.89 18
218.4 TE;ss 90 44 0.56 14
224.3 TEye 91 60 0.90 17
228.8 TEys 92 59 0.97 18
100 59 1.2 20
265.7 TEs3,; 90 57 0.64 12
283.7 TE,;; 92 35 0.33 10
291.6 TE; s 93 54 0.887 18

Table 18 Step tuning of MIT gyrotron oscillator (with small MIG [1087, 1088]) operating at the funda-
mental electron cyclotron resonance frequency (pulse length 1.5 ps)

Institution Frequency (GHz) Mode Voltage (kV) Current (A) Power (MW) Efficiency (%)
MIT, Cam- 249.6 TEyy ; 71 41 0.39 14
bridge [1087,
1088]
257.5 TE,;, 87 41 0.33 9
267.5 TEys 1, 85 33 0.35 12
277.2 TE,;, 78 42 0.45 14
280.1 TEps;3 92 51 0.78 17
285.2 TEy15 93 41 0.42 11
282.8 TEy; 4 94 39 0.54 15
287.9 TEy, 1, 94 51 0.64 14
292.9 TEs.4 95 41 0.72 18

302.7 TEy4 96 43 027 7
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