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Abstract

The 110 GHz gyrotron system on the DIII–D
tokamak comprises three different gyrotrons in the
1 MW class. The individual gyrotron characteristics
and the operational experience with the system are
described.

Gyrotron Characteristics
The gyrotrons are of two general types, character-

ized by either a diode or triode magnetron injection gun
(MIG) and are further differentiated by the power han-
dling capability of their output windows which, in turn,
determines the designed characteristics of the output rf
beams. The typical best performance for the devices is
summarized in Table 1.

Table 1. Gyrotron typical best performance

Manufseturer’s
Gun Achieved Type,

Manufacturer Type Window Performance RF Beam LocalName

Gycom Diode BN 0.8MW 2.0s Spread Centaur,
MIG Katya [1]

CPI TriodeSapphire 1.1MW0.6s Spread 8011A,
MIG Dorothy[2]

CPI TriodeDiamond 0.5MW4.2s Gaussian 8110,
MIG Toto[3]

Measurements of the rf output power are made
using calorimetry on the window cooling circuits. The
BN window on Katya is edge cooled by water and has
3.7% absorption. The sapphire window on Dorothy is a
face-cooled double disk with a chloroflurocarbon,
FC-75, as the coolant. This window has 1.7% absorp-
tion. The window on Toto is a diamond disk. For this
window, the absorption is too low for reliable calo-
rimetric measurements so output power was measured
directly using a black planar load with 1,octanol as the
working fluid. Octanol has linear absorption of 13 dB
per cm traversed [4] and the load has a minimum thick-
ness of 2.5 cm. The output powers and rf generation
efllciencies for each of the gyrotrons are presented in
Fig. 1.

The diode gyrotron has demonstrated somewhat
better efilciency than either of the triode tubes. The
triode tube, Dorothy, produced the highest output
power, 1.09 MW averaged over a 600 ms pulse, but the
triode tube with the diamond output window has con-
sistently had low rf efllciency, averaging 20°/6-250/0 in
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Figure 1. (a) The rf output power and eftlciency for Katya as a
function of the electron beam current. (b) The rf output power and
efficiency for Dorothy as a function of the electron beam current.
The efficiency is calculated from prf/IbVb and the rf power is
measured calorimetrically from the window coolinz/circuit or
directly with the planar load either for long (typically ~00 ms) sin-
gle pulses or for equilibrium conditions with short (typically 5 ms
at 1 Hz) pulses at fixed repetition frequency. The calorimetry is
calibrated from the response to resistive heaters delivering a known
energy to the cooling fluid. (c) The rf output power and efficiency
for Toto as a fimction of the electron beam current.
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measurements at DIII–D. In initial tests of this
gyrotron at CPI, a higher efficiency of about 30%
was measured. The reason for the discrepancy is
under investigation.

RF Beam Profiles
For both the BN and sapphire windows, the cen-

tral power density of a pure Gaussian beam would
exceed the capabilities of the windows; therefore,
higher order modes are mixed internally with the
Gaussian beam to spread the output power over a
larger area and decrease the peak density. The dia-
mond window, with its extremely low absorbed
power, can tolerate a Gaussian beam and Toto was
designed to produce such a beam. Infrared camera
measurements of the power profiles of the rf beams
propagating from the three gyrotrons are shown for
various distances from the gyrotron windows in
Figs. 2, 3 and 4. The profiles were taken under dif-
ferent conditions and the size scaling is not pre-
served exactly in the figures, however, the total field
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Figure z. Infrared measurements of the beam from the
diode gyrotron, Katya, as a function of distance from the
BN output window.
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Fjgure 3. Infrared measurements of the beam from the
triode gyrotron, Dorothy, as a function of distance from
the sapphire output window.
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Figure 4. Infrared measurements of the beam from the
triode gyrotron, Toto, as a function of distance from the
diamond output window. The beam is approximately a
free space Gaussian.

of view is about 12 cm horizontally and the camera
dynamic range is 25 dB.

After the rf exits the gyrotron, it is reflected from
a pair of mirrors designed to perform phase correc-
tion [5] and focus the beam to a Gaussian waist at
the input to the corrugated circular waveguide line.
The efficiency of coupling to the guide is about
83%, that is, calorimetrically measured losses in the
mirror box are about 17°/0 for all three .gyrotrons.
The transmission line is about 96’XOefficient, there-
fore, more than 75% of the rf power which passes
through the gyrotron windows is delivered to the
tokamak through about 40 m of waveguide. The
transmission system is evacuated.

Parasitic Emission
Regardless of the type of electron gun, the elec-

tron beam is compressed after leaving the cathode by
an increasing magnetic field prior to propagation
through the cavity. Only electron perpendicular
energy couples to the cavity modes. The electron
pitch angle, vl/vll, which is controlled by a combi-
nation of gun parameters and an externally applied
magnetic field bucking the main magnetic field at
the gun, cannot be increased arbitrarily, however,
without reflecting the electrons from the magnetic
mirror field at the cavity.

Reflected electrons can be accumulated between
the cavity and the gun, sloshing with a frequency
corresponding to the round trip transit time. If
reflected electrons strike the cathode structure with
energy greater than about 100 eV, secondary elec-
trons can be emitted, which can rapidly increase the
cathode current. If an undesired part of the cathode
structure is heated by reflected electrons and begins
to emit, the cathode current can also increase, but
with a thermal time constant of several seconds.

Both types of behavior have been observed. The
slow, thermal increase in beam current is charac-
teristic of the diode tube, Katya, and the rapid
increase due to secondary emission is typical for the
triodes gyrotron, Toto. In Figs. 5 and 6, the parasitic
emission from Katya and Toto are shown.

The Dorothy gyrotron, the best performer from
the standpoint of output power, appears to be free
from parasitic emission.

The frequency of the sloshing electrons for the
gyrotrons at DIII—D, estimated from the gyrotron
geometries and the electron beam energies, is
approximately 100 MHz, consistent with the spectra
observed.

On Katya, there is a beam current threshold for
parasite emission. At low currents, near 4.OA, the
parasite frequency is not well established and bursts
near 100 MHz are seen. As the current is increased,
emission becomes continuous but emission from 95
to 105 MHz. For higher currents, the spectrum
becomes more narrow and the sidebands disappear
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Figure 5. Parasitic emission spectra for Katya near
100 MHz, The parasite has a threshold in beam current of
about 4A as seen in the top two figures for 3.5 and 4.OA.
The lower two spectra are for Ib = 5.0 and 33.OA and
show how the fully developed instability has a very nar-
row and rather monochromatic spectrum.

leaving a single, nearly monochromatic 96 MHz
parasite for 33 .OA, the gyrotron operating current.

It is important to note that the parasitic emission
does not necessarily result in an appreciable
decrease in the rf output power, therefore, it must
involve only a small number of electrons which do
not seriously corrupt the electron beam. But the
gyrotron operating point can be changed and ancil-
lary electronics can be adversely affected when the
parasite is generated.

Conclusions

The performance of the three gyrotrons installed
on the D] 11–D tokamak shows that the electron beam
dynamics and high power rf generation at 110 GHz
are wel I enough understood and that these devices
can be considered to represent mature technology
which is ready for applications. Additional devel-
opment will improve the understanding of such
effects as reflected electrons and low frequency
parasitic emission which could be important at the
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Figure 6. Parasitic emission spectra for Toto near
100 MHz. The Toto spectrum amplitude is much lower
than Katya’s. The total emission from Katya is estimated
at several kilowatts, but the Toto amplitude is comparable
to other signals in the broadcast bands on an antenna near
the gyrotron. The upper two traces are with the g,yrotron
operating, the lower two are without gyrotron operation.

longer pulse lengths made possible by low 10SSdia-
mond output windows.
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