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DEVELOPMENT AND EXPERIMENTAL INVESTIGATIONS
OF HIGH POWER PULSED THZ GYROTRONS

The terahertz radiation looks promising for pointer plasma discharge, remote detection of concealed radioactive materials, plasma
diagnostics based on collective Thompson scattering, enhancement of spectroscopy methods, new medical technology and so on. The aim of
our investigations is development of powerful and relatively compact microwave sources. Powerful THz generation has been demonstrated
in pulse gyrotrons. Pulsed coils with field intensity up to 50 T have been developed and tested. This field gives a chance to operate at
fundamental cyclotron resonance conditions between electron beam and operating mode and, as result to simplify problem of mode selection.
The output power 5 kW at 1 THz and 0.5 kW at 1.3 THz has been obtained with pulse duration 40 pus at the fundamental harmonic with
30 kV/5A electron beam. The power 200 kW at the frequency 0.67 THz has been realized with efficiency about 20 %. Despite the
requirement of strong operating magnetic fields, the THz frequency has been achieved by the pulse gyrotrons operating at the fundamental
harmonic. Today it is clear that relatively small-size tubes with a high level of output power (from a hundred to several kilowatts) at the

frequencies of 0.3—1.5 THz will be available soon for many applications. Fig. 7. Ref.: 13 titles.
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Terahertz frequency range (0.1-10 THz),
which occupies an intermediate position in the
electromagnetic spectrum between the microwave
and optical ranges, has a number of specific features
that make it very attractive for a wide range of
fundamental and applied researches in physics,
chemistry, biology and medicine. Development of
compact, simple and reliable sources of THz
radiation is important, in particular, for plasma
diagnostics based on collective Thompson scattering,
remote detection of concealed radioactive materials,
enhancement of spectroscopy methods, development
of multi-charged ion beams for nano-litograthy and
so on [1, 2]. One of the most promising powerful
generators of THz radiation is gyrotron (see, for
example, reviews [3, 4]). The general view of a
gyrotron is shown in Fig.1. Such devices are a variety
of cyclotron resonance masers (CRM), which based
on the mechanism of coherent cyclotron radiation
from electrons gyrating in a constant magnetic field.
In these devices, the electrons can resonantly interact
with fast waves, which, in principle, can propagate
even in free space. Therefore, the interaction space in
gyrotrons can be much larger than in classical
microwave tubes operating at the same wavelength,
so gyrotrons can provide much higher power than
solid-state and classical vacuum electronics sources.
In comparison with Free Electron Lasers (FEL),
gyrotrons can operate with electron beams having
significantly lower energies and are much more
compact than FELs.

However, to provide cyclotron resonance
between gyrating electrons and fast waves excited in
smooth waveguides at THz frequencies near cutoff,
high magnetic fields are necessary: in the range of
40T for the fundamental harmonic interaction.
In principle, efficient operation can be obtained at
high cyclotron harmonics, but special methods of
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mode selection (electrodynamics, as, for example
step cavities, or electronics, as axis-encircling beams)
are needed for single mode excitation of operating
mode at harmonics. The harmonic operation is very
attractive, because it requires a weaker operating
magnetic field which is inversely proportional to the
harmonic number, but mode selection and high
ohmic losses take many efforts to overcome.
However, realization of high-harmonic short-wave
high intensity magnetic fields, reasonable for
fundamental harmonic operation, can be realized
with the use of pulsed non-destructible coils.
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Fig. 1. Schematic view of a gyrotron

In recent years, IAP RAS vacuum
electronics move though magic 1 THz mark, which
was a 40 years goal for gyrotron society. In recent
experiments, gyrotron based on a pulse solenoid with
magnetic field intensity up to 50 T generated a power
of 5-0.5 kW at the fundamental cyclotron resonance
in a single pulse operation regime with pulse duration
about 50 us at world record frequencies 1-1.3 THz [5, 6].
The power 200 kW at the frequency 0.67 THz has
been realized with efficiency about 20 % [7]. For the
purpose of achieving high resolution in strong-field
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NMR spectroscopy by using dynamic nuclear
polarization (DNP/NMR spectroscopy), IAP has
created a gyrotron complex based on a CW gyrotron
with a frequency of 0.26 THz and a power of 100 W at
the second cyclotron harmonics, which ensures high
stability of frequency and generation power, equal to
3-10° and 10 correspondingly, during 12 hours of
operation. The experiments with the use of this
generator performed at the Institute of Biophysical
Chemistry of Goethe University (Frankfurt-am-Main,
Germany) allowed increasing the sensitivity and
resolution of the NMR spectrometer by 80 times [8].
In large-orbit gyrotrons (LOG), single mode
generation with a power 0.3—1.8 kW in repetition rate
(0.1 Hz) regime with pulse duration of 10 ps was
obtained in the range from 0.55 to 1 THz at the
second and third cyclotron harmonics [9].
The permanent-magnet LOG based on a permanent
magnet with field intensity 1.7 T developed by IAP
jointly with foreign partners made it possible to
achieve generation from the 3rd to 5th harmonics at
frequencies up to 0.14 THz [10].

Below we present results of the design and
results of experimental tests of series of fundamental
harmonic pulsed gyrotrons where coherent THz
range radiation was produced.

1. Design and experimental tests of
fundamental harmonic 1 THz gyrotron. A compact
(total length 400 mm), demountable THz gyrotron
tube with a pulse magnet has been designed,
constructed and tested at IAP RAS. This work is
based on the previous results obtained with gyrotrons
using pulsed solenoids [11] and on the development
of an improved pulsed coil. Gyrotron photo and
block diagram of the experimental facility is shown
in Fig. 2, 3, correspondingly.

Fig. 2. Fundamental harmonic THz range demountable gyrotron
with pulsed solenoid

In the design of terahertz gyrotron a number
of specific requirements for gyrotrons operating with
pulsed magnetic fields were taken into account. First,
to provide cyclotron resonance condition accurately
enough, magnetic field should be reproducible from
pulse to pulse and its value during the high voltage
pulse should vary by less than 0.1 %. Second,
conductivity of a resonator wall should meet
contradicting requirements: on the one hand, this
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conductivity should be rather poor to allow varying
magnetic field to penetrate into the resonator; on the
other hand its inner surface should have conductivity
high enough to provide reasonably low level of
ohmic losses. Then, as in conventional gyrotrons,
magnetic field distribution on axis should be uniform
in the interaction space. Finally, the tube and the
solenoid should be robust enough to sufficient
mechanical stresses caused by high pulsed magnetic
fields.

Fig. 3. Block diagram of experimental facility for pulsed magnetic
gyrotron tests: 1 — capacitor bank; 2 — thyristor switch; 3 — high
voltage power supply; 4 — delay unit; 5 — control unit

The solenoid was made of a composite cable
consisting of a 40 %Nb—-60 %Ti alloy mechanically
reinforced in an outer copper shell. For reducing
ohmic heating and stabilizing the operation, the
solenoid was cooled by liquid nitrogen, which
reduces the resistance by a factor of 7 in comparison
with the room temperature resistance. The cable was
wired directly on a thin stainless steel gyrotron body.
This allowed for significant reduction of the solenoid
inner bore diameter (up to 6 mm) and the energy
required for obtaining the necessary magnetic field.
Magnetic field was produced in the course of
discharge of a bank of capacitors. The maximum coil
current in 1.5 ms pulses was 7 kA (capacitors voltage
2.5 kV, storage energy about 7.6 kJ). The pulse-to-
pulse reproducibility of the magnetic field was within
0.05 %. Due to limitations caused by cooling the
pulsed solenoid, the repetition rate was limited by
one shot in a minute for 40 T magnetic field
operation and one shot in a three minute for 50 T
field. After more than 3 500 pulses with magnetic
fields above 35 T no signs of solenoid deterioration
have been observed.

Gyrotron  components  included  the
conventional cylindrical cavity (3 mm diameter) and
the diode-type magnetron injection gun (accelerating
voltage 20-25kV, beam current up to 5 A, pulse
duration 50 ps). The cavity was made of beryl
bronze; its diffractive and ohmic Q were estimated as
2 500 and 8 200, respectively. The high-voltage pulse
was synchronized with the peak of the pulsed
magnetic field.
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Experimental results were obtained for high
frequency operation at the fundamental cyclotron
resonance. The microwave power was detected by a
silicon point contact diode and by the dummy load,
which has the sensitivity allowing for detecting the
radiation energy in single shots at a 10 mJ level.
To measure the THz frequency in single-shot
operation regime the method based on mixing the
gyrotron signal with the signal from a millimeter-
wave frequency synthesizer has been used. To get the
intermediate frequency (IF) in a relatively narrow
frequency band of the IF amplifier (1 GHz) the
frequency of the backward-wave oscillator (BWO)
was swept during the microwave pulse several times.
Then, by gradually narrowing the bandwidth of
BWO frequency modulation it was possible to
determine the radiation with the precision determined
by the bandwidth of the IF amplifier. By varying the
magnetic field, a number of various modes with
frequencies close to 1 THz were excited in a step-
tunable manner [5]. Two cavities with variable length
of a straight section (3 and 2 mm) and a series of
cathodes differing by the quality of emission area
were tested. The maximum output power was
measured at the frequency 1.02 THz. The radiation
power averaged over the pulse was 5 kW. This power
level for a 27 kV/ 3 A electron beam corresponds to
6.1 % output efficiency. The highest generation
frequency 1.3 THz was observed at magnetic field
about 50 T with power averaged over the pulse about
0.5 kW. Oscilloscope trace of solenoid current for 1
and 1.3 THz operation regime and corresponding
detector signals are shown in Fig. 4.

2. Development of compact sub-THz
sub-MW repetition rate regime gyrotron. To increase
output power the sub-MW level fundamental
harmonic gyrotron with operating frequency about
0.33 GHz was designed based on improved solenoid
with field intensity up to 15T and repetition
frequency up to 1Hz. The solenoid consists of
10 sections with independent water cooling and for
pulse duration about 2.5 ms the repletion rate about
1 Hz was obtained. The calculated gyrotron
efficiency at fundamental harmonic for helical
electron beam with voltage 70 kV, current 60 A and
transverse energy 0.6 from total energy closed to 0.25.
The preliminary gyrotron test demonstrated single
mode operation at power level close to calculated
one, but coil strength is not enough for repetition rate
regime (life time about two weeks) and needs future
optimization.

3. Powerful 0.67 THz gyrotron. Based on
success of high frequency pulsed gyrotron
experiments, gyrotron for initiations of pointer
plasma discharge was proposed. Recently, a new
possible application of powerful sources of sub-THz
radiation has been suggested [12]. In brief, this
application is aimed at remote detection of concealed

82

radioactive materials with the use of high-power
sub-THz radiation.
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Fig. 4. Oscilloscope trace of solenoid current for 40T and 50T field (a);
microwave power and high voltage for 1 THz (b) and 1.3 THz (¢)
operation regimes

As it is known, even shielded radioactive
materials may emit gamma rays through the walls of
any container, and these gamma rays cause ionization
of air molecules. It is also known that high-power
electromagnetic radiation being focused in a spot of
the wavelength scale can exceed the breakdown
threshold. Therefore, when there are some seed free
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electrons in such a breakdown-prone volume, the
breakdown may take place there. An ambient
electron density is usually estimated to be at the level
of 1 electron per cubic cm, although there are some
reservations about these numbers. When the
wavelength is short enough and the wave power is
high enough, one can realize conditions for a low
breakdown rate in the absence of radioactive
materials low, but high breakdown rate in their
presence. It was shown that an attractive option
would be a 0.67 THz gyrotron delivering the power
above 200 kW in 10-20 ps long pulses. The choice of
the frequency was determined by two factors. First,
at this frequency there is an atmospheric “window”
with relatively low propagation losses of 50 dB/km,
i. e. wave attenuation is less than 3 dB at distances of
20-40 m. Second, this frequency is close to the
electron-molecule collision frequency at 1 atm., i. e.
it corresponds to the bottom of the Paschen curve.

Other application of powerful pulsed THz
range gyrotron can be initiations of pointer plasma
discharge. Study of the self-sustained and initiated
discharges by using the gyrotron radiation was made
in the wide range of pressures (0.01-1 500 Torr) in
different gases (helium and argon). Self-sustained
discharge could be maintained in the pressure range
from 20 Torr to 2 atm. By using the several methods
of discharge initiation it was possible to expand the
range of discharge existence to the pressure value of
about 0.01 Torr. It was shown that the low pressure
(dozens of Torr and less) discharge has a number of
features compared with the discharge of high
pressure: the presence of the powerful afterglow with
length of about 20-50 ps after gyrotron pulse, the
lack of a strongly inhomogeneous spatial structure
of the discharge glow (at pressures less than 10 Torr),
the lack of screening of the discharge appearance
location from the gyrotron radiation. The size of the
discharge plasma at pressure value of 0.01 Torr was
about 1 mm (Fig. 5). Such a discharge can be used
as the pointed source of multi-charge ions [13],
especially for generation UV radiation, including the
projection lithography.

-

Fig. 5. Discharge in Ag gas at 0.01 Torr pressure, initiated by
focused gyrotron radiation at frequency 0.67 THz
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Let us present a key data about gyrotron
design and experiments. To avoid significant ohmic
losses of the radiated power in the circuit walls it was
decided to operate in a high-order TE3, ¢-mode whose
ability to operate stably at a megawatt level was
recently demonstrated in a 0.17 THz gyrotrons
developed for plasma experiments in ITER.
Preliminary analysis of a 0.67 THz gyrotron
operating in this mode showed that the ohmic
Q-factor of a copper cavity can be as high as 30 000,
while the cavity diffractive Q responsible for the
outgoing sub-THz radiation does not exceed 3 000.
So, the ohmic losses should be less than 10 % of the
radiated power, while in devices such as, for
example, extended interaction klystron even in the
W-band (95 GHz) ohmic losses are at a 1/3 level of
the power radiated by an electron beam. Design of a
gyrotron cavity was under the assumption that
oscillations can be excited by a 70 kV, 15 A electron
beam with the orbital-to-axial velocity ratio of 1.2—1.3.
The chosen cavity radius was equal to 4.54 mm,
which corresponds to operation in the 7F5; ¢-mode at
the 0.67 THz frequency. The electron beam radius
was equal to 2.3 mm, which corresponds to the
maximum beam coupling to this mode co-rotating
with electrons gyrating in the external magnetic field.
The cavity profile was found to yield 35%
interaction efficiency even in the presence of electron
velocity spread. To run a 0.67 THz gyrotron at the
fundamental cyclotron resonance one should have the
magnetic field about 27 T. Such field can be
produced by a pulse solenoid similar to those used in
previous experiments [5, 6]. To provide penetration
of a variable magnetic field inside a gyrotron, the
duration of the magnetic pulse was programmed to
be about 2 ms and the gyrotron body was made of a
1 mm thick stainless steel. Two versions of gyrotron
cavities were fabricated and tested: one from bronze
and another from stainless steel with inner coating by
a 10 um thick layer of copper (at this frequency, the
skin depth in copper is less than 1 pm).

The demountable gyrotron tube with a pulse
magnet was manufactured by IAP/GYCOM in
accordance with the above design requirements. Two
identical tubes were made and independent
experiments have started at IAP RAS and University
of Maryland (Maryland, USA) [13, 14]. The solenoid
was made of a rectangular copper cable, wired
directly on a thin stainless steel gyrotron body. The
solenoid was cooled with liquid nitrogen to reduce
ohmic heating and have reproducible shot-to-shot
operation. The operating magnetic field (coil current)
decided based on the calibration made by Hall-effect
device in a low-field CW regime. The voltage and
the coil current did not exceed 3.5 kV and 7 kA,
respectively; total stored energy was about 20 kJ.
The pulse-to-pulse reproducibility of the magnetic
field was within 0.05 %. Due to the limitation of the
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pulsed solenoid cooling time, pulse-to-pulse
reproducible results were obtained with the repetition
rate not exceeding one shot in 3 min.

Experimental results were obtained for
0.5-0.7 THz operation at the fundamental cyclotron
resonance at several operating modes. Detection of
microwave power was made by a silicon point
contact diode and by a dummy load. In the
experiments original dummy loads were used. The
sensitivity allowing for detecting the microwave
energy in single shots are at a 10 mJ level and above.
The magnetic field was varied for maximizing the
output power and efficiency. Gyrotron photo, and
schematic drawing are shown in Fig. 6; typical
oscilloscope traces of high voltage, beam current and
microwave signal are shown in Fig. 7.
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Fig. 7. Typical oscilloscope traces of high voltage (CHI), beam
current (CH3) and microwave signal (CH4). The noise on
microwave signal resulting from external pickups

As it was mentioned above, in the
experiments, two types of cavities had been used:
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first, the bronze and, then, the stainless steel with a
thin internal copper layer coating. The length of a
straight section was varied from 4 to 6 mm for both
materials. In experiments with the bronze cavity it
was found that the maximum power realized in a
4 mm long cavity is close to 100 kW, while in the
case of a 6 mm long cavity the maximum power is
about 130 kW. Therefore, after that, a gyrotron with
a 6 mm long cavity made of stainless steel with
copper coating allowing for smaller ohmic losses was
tested in more detail. The fact that the maximum
efficiency was realized in a longer cavity indicates
that in this experiment the electron pitch ratio was
smaller than its design value of 1.27. To optimize the
orbital-to-axial electron velocity ratio (beam pitch-
factor) the position of cathode was slightly changed
in the axial direction. These changes had allowed us
to reach the maximum radiation power averaged over
a single pulse equal to 210 kW. This power level was
achieved with a 58 kV, 22 A electron beam and
corresponds to 16.5% output efficiency. The
maximum output efficiency of 20 % was realized at
lower currents, viz. in 57 kV, 16 A operating regime.
Taking into account microwave losses in a 2 mm
thick teflon window (17-20 %) and about 9-10 % of
ohmic losses of the power radiated in the TEj3, s-mode
one can conclude that the interaction efficiency in
this experiment was at about 30 % level that agrees
reasonably well with the simulation data. The
radiated power was converted with the use of
standard quasi-optical methods into a Gaussian-like
wave beam and focused by a focusing mirror.

In summary, it has been experimentally
demonstrated that with a gyrotron operating in pulsed
magnetic field coherent 670 GHz radiation with the
microwave power of 210 kW, 20 % efficiency and
the microwave energy of 6.3 J in single shots were
obtained [7].

Conclusions. Despite the requirement of
strong operating magnetic fields, the THz frequency
has been achieved by the pulse gyrotrons operating at
the fundamental harmonic. Today it is clear that
relatively small-size tubes with a high level of output
power (from a hundred to several kilowatts) at the
frequencies of 0.3—1.5 THz will be available soon for
many applications.
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M. I'nasin, O. JIygunia, M. Mopo3skia
PO3POBKA 11 EKCTIEPUMEHTAJIBHE
JOCJIIDKEHHA ITOTYXXKHUX IMITYJIbCHUX
I'TPOTPOHOB TEPAT'EPLIOBOI'O JIAITA3OHY

Teparepuose (TI'y) BUIIPOMiHIOBaHHS NIPUBEPTAE HaJ-
3BUYAlHy yBary Juisl iHimiarii JTOKaIi30BaHOrO Ta30BOr0 PO3psAY,
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JUCTAHIIMHOTO BHUABJIEHHS JPKEpel 10HI3yl04oro BUIPOMIHIOBaH-
HS, JIaTHOCTHKHU IITa3MH METOJaMH KOJICKTHBHOTO TOMIICOHIBCB-
KOT'O PO3CISTHHS, CTBOPEHHS CIIEKTPOCKOIIYHUX KOMIUIEKCIB BUCO-
KOO PO3Pi3HEHHS, HOBUX MEIMYHHX TEXHOJIOTiH Ta iH. Jist Bupi-
[IEHHS 3a3HAYCHUX 3aJad HEOOXiITHI IOTYXHI Ta BITHOCHO KOM-
nakTHi pkepena T n-BUNpoMiHIOBaHHS. Y CTaTTi ONKCAHI IOTYX-
Hi ripoTpony, siki crBopei B 111 PAH Ha 6a3i iMmyIbCHUX coJte-
HOIIIB 3 iHTEHCHUBHICTIO 10 10 S50 T, 0 T03BOJIMIIH peaizyBa-
TH TEHEPaLiio MOTY>KHOI'O MiKPOXBHJILOBOTO BHIIPOMIHIOBaHHS Ha
OCHOBHOMY IUKJIOTPOHHOMY PE30HAHCi, KOJH BiHOCHO INPOCTO
BUpINIyeThCS TpobieMa ceneknii pobo4oro THUIy KOJHBAaHb.
IIpu TpuBanoctTsx immynsey 40 mxc Ha gactoti 0,67 TI' oTpuMma-
HO moTyxHicTh 10 200 kBT, 5 kBT — Ha wacrtoTti | TI' i 0,5 kBt —
Ha 4actoTi 1,3 TI'n. He3paxkaroun Ha CKIIAAHICTh CTBOPEHHS Mar-
HITHUX TIOJIIB BHCOKOI iHTCHCHBHOCTi, BMKOHaHI pOOOTH JIEMOH-
CTPYIOTh MOXJIUBICTH CTBOPEHHSI B HAWOIMKYIOMY MalOyTHBOMY
MIUPOKOTOCTYIHHX JDKEepeN HOTYKHOro iMmynscHoro TI'm-Bumpo-
MIHIOBaHHSI.

Kimouosi cioBa: TI'u-BunmpominioBaHHs, KBT-piBeHb
MIOTY>KHOCTI, TIPOTPOH, IMITyTbCHUI CONEHOI].

M. I'nsaBun, A. Jlyunaus, M. Mopo3kux

PA3PABOTKA U SKCIIEPUMEHTAJIBHOE
NCCIEJOBAHUE
MOIIHBIX NMITYJIbCHBIX THPOTPOHOB
TEPATEPLIEBOI'O IMAITA30OHA

TeparepueBoe (TI'm) wu3iIydeHWe IpeACTaBIAETCS
KpaiiHe NpHBJIEKAaTeIbHBIM Ul HHULIUAIWH JIOKAIH30BAHHOTO
ra3oBoro paspsjna, AUCTAHIMOHHOTO OOHApYXEHHs HCTOYHUKOB
HOHU3HMPYIOIIEro H3JIy4YeHHs, JUAarHOCTHKU ILIa3Mbl METOJIaMH
KOJUIGKTHBHOTO TOMIICOHOBCKOT'O PACCESHUSI, CO3NAHUS CIIEKTPO-
CKOIMYECKUX KOMIUIEKCOB BBICOKOI'O Pa3peLICHHUs], HOBBIX MEIH-
LIMHCKUX TEXHOJIOTHI 1 Ap. [l peleHus yKa3aHHBIX 3a1a4 He00-
XONUMBI MOIIHBIE M OTHOCHTEIbHO KOMIIAKTHBIE HCTOUHHUKH
Tl'u-m3nyuenus. B craree omumcansl cozgannele B WII® PAH
MOIIHbIE THPOTPOHBI Ha 0a3e MMITYJIbCHBIX COJICHOMJIOB C MHTEH-
CHBHOCTBIO 10JIs 710 50 Tu1, MO3BOJIMBIINE pEaTU30BaTh IeHEpa-
LMI0 MOIIHOTO MHKPOBOJHOBOTO M3ITy4eHVs Ha OCHOBHOM I[HKJIOT-
POHHOM pE€30HaHCe, KOr[a OTHOCHTEIBHO IPOCTO pEIIaeTCst
npobnema cenekuuu pabodero tuna konebGaHuil. [Ipu murensHOC-
Tsax uMnynbca 40 mxc gactore 0,67 TI'y noyueHa MOLIHOCTD 10
200 kBt, 5 kBt — Ha uwacrore 1 TI'm u 0,5 kBt — Ha 4Jacrore
1,3 TT'u. HecMOTpst Ha CIOXHOCTH CO3/1aHMST MArHUTHBIX IOJEH
BBICOKOI HHTEHCUBHOCTH, BBIIOJHEHHBIE Pa0OTHI JEMOHCTPHPYIOT
BO3MOXKHOCTb CO3JaHHs B OJrbKkaiiiieM OyayIieM IIHPOKOIOCTYII-
HBIX HICTOYHHKOB MOIIHOTO HMITyIbcHOTO TT 1-n3mydeHus.

Karwuesbie cuaoBa: TI'u-uszmyuenue, kBr-ypoBeHb
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