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Abstract

The feasibility of an 84 GHz, 500kW, CW gyrotron for ECRH on an ex-
perimental tokamak will be presented in this paper. Mode competition and
mode selection procedures are carefully investigated by considering various
candidate modes and the TEjp4 mode is chosen as the operating mode.
A conventional cylindrical cavity resonator with weak input and output
tapers and parabolic roundings is considered for interaction studies. Self-
consistent, both single-mode and time—dependent, calculations are carried
out and power and efficiencies are computed for a typical set of beam
parameters. The results show that an output power of well over 500 kW,
CW and efficiency around 40% can be reached without a depressed collector.
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Introduction

Gyrotrons are capable of providing hundreds of kilowatts of power at milli-
metric and sub—millimetric wavelengths. They are mainly used for plasma
heating. Other applications include high power communications, industrial
heating and material processing. For the past two decades, gyrotrons are
considered as the most promising sources for electron cyclotron resonance
heating (ECRH) of plasmas for thermonuclear fusion experiments in toka-
maks and stellarators because of the distinct advantage that they provide
power levels of more than 1 MW at frequencies 30-170 GHz with long pulse to
CW range of output, which is the basic requirement for plasma heating [1,2].
The work presented in this paper is a technological extension of our earlier
conceptual design of a device operating at both the fundamental and second
cyclotron harmonics [3,4] at 42 GHz. Gyrotrons operating at 84 GHz have
been designed and developed by GYCOM (Russia) and CPI (USA) [5-9]
respectively for plasma heating applications. Developmental work on low
frequency gyrotrons operating at 84 GHz for fusion applications, has been
reported recently [5]. Although this technology is now quite mature, it
will be useful to carry out the basic design aspects which will lead to the
conceptual design and later the design translation to an actual device. In
this work, the feasibility design of an 84 GHz, 500 kW gyrotron operating
in the TEq94 mode, preferably with radial output coupling, is presented.
This device could serve as a source for ECRH in systems which require a
high power microwave source at 84 GHz, preferably in the form of a Gaussian
beam. Similar gyrotrons operating at 82.6/84 GHz with 200/500 kW output
power levels are employed or being used elsewhere in Tokamak and LHD
systems respectively [10,11].

The design parameters and goals are given in Table 1. Mode competition
and mode selection are carefully studied; then cavity design and interaction
computations are carried out. This is a preliminary feasibility study which
indicates that the operation of such a gyrotron is possible and can give a
power of 500kW at nearly 40% efficiency. Moreover, by using a suitable
depressed collector system, the efficiency can be increased considerably.

Mode Selection and Starting Current Calculations

The given frequency corresponds to a wavelength of 3.57 mm. For operation
in the TEy, ¢ mode, the cavity radius is related to A by Ry = zp,¢A\/(27)
where 2,4 is the q’th root of J),(x). For operation at the first harmonic
(s=1) the optimum electron beam radius is given by R. = @m+1,:Ro/Tmq =



Conceptual Design Studies of an 84 GHz, 500 kW, CW Gyrotron 659

Table 1: Design parameters and goals for a TEjp 4 gyrotron.

Frequency 84 GHz
Output power 500 kW CW
Diffraction Q (@p) ~ 900

Beam current (Ip) 15-20 A
Accelerating voltage (Up) 65 -70 kV
Magnetic field (interaction) ~3233 T
Compression ratio (b) ~ 14.0

Beam radius (interaction, Ry) 6.09 mm
Velocity ratio («) 1.35-1.45

Total output efficiency ~3 %
Estimated wall losses < 1.0 kW/cm?
Overall losses <8 %

ZTma1,iA/(2m) (i=1 or 2). In general, the corotating mode (with the lower
sign) is chosen, since this provides better coupling of the electron beam to the
RF-field. Following standard mode selection procedures taking into account
the design constraints [1], the TE;g 4 mode is chosen as the most promising
candidate for the operating mode. It gives a cavity radius (Rg) around
13.52 mm. Other possibilities are operation with the TEj25, TEi5y, (n =
2,3,4) modes as reported earlier [2]. After a careful inspection of the mode
spectrum for candidate modes, three modes, namely, TEi94, TEq25 and
TE154 appear to be particularly interesting. As far as the wall loading
is concerned, all these modes tend to operate well within the limitation of
1 kW /em? for ideal copper and one can produce a suitable transverse output
coupling scheme effectively. This confirmed earlier studies that indicated
that the TE10 4 mode is good for operation at 140 GHz with an output power
of around 500kW [12,13] (see also [2]). At 140 GHz the wall loading is too
high for CW operation at 500 kW. However, a tube with that power was
designed and successfully tested with pulse lengths up to 0.2 s with a single—
stage depressed collector [14]. The mode competition issues are identical for
the two cases.

As a next step, the starting currents [15] were computed for the candidate
mode and possible competing modes that might prevent operation in the
desired mode. After computing the starting currents by considering all the
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possible competing modes operating at 84 GHz at s=1, it became clear that
the TE104 was best separated from its competing neighbors (see Fig. 1). In

3.0 3.1 32 33 34 35 36

Figure 1: Starting current (Isart) as a function of magnetic field B for various
modes with the beam radius (Re) optimized for the TEjp4— mode
gyrotron at 84 GHz. Here, « = 1.5 and Uy, = 70 keV. The sign +
after the mode indices indicates corotating (—) and counter—rotating
(4+) modes, respectively.

addition, the TEq94 mode operating at 84 GHz can also be used as a com-
plementary dual regime mode to the TEg 2 mode operating at 42 GHz, since
these two modes form a similar caustic with nearly identical cavity radii and
can be used for the dual-mode regime operation at 84 and 41.6 GHz respec-
tively. Preliminary design calculations show that a dimpled-wall launcher
with 15.0 mm input radius will work for both modes/frequencies.

Cavity Design and Interaction Computation Results

The cavity is a standard three section structure with an input taper and a
uniform mid-section followed by an output uptaper. Parabolic smoothing
of the input and output tapers is carried out to reduce unwanted mode
conversion at sharp transitions. The beam—wave interaction takes place
in the uniform mid-section where the RF-fields reach peak values. The
uptaper with nonlinear contour connects the cavity with output waveguide
and launcher of the quasi—optical output coupler. The optimum cavity
design is carried out by computing the power and interaction efficiencies in
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cold cavity and self—consistent approximations for various parameters until a
satisfactory cavity design compatible with the design goals such as efficiency,
wall losses, output power etc. is obtained.

Table 2 shows the resonant frequency and quality factor for various
lengths of the cavity mid—section (Lg); the lengths of the tapered sections
were fixed at Ly = Lg = 26 mm, #; = 2.3°, 0y = 0° and A3 = 3.5°.
Roundings of length D; = Dy = 6 mm were included at each transition.
For the TE;o4 mode at 84 GHz, the cavity radius was 13.52 mm.

Table 2: Frequency and quality factor as a function of resonator mid—section
length.

Ly(mm) | f (GHz) | @Qp
22.00 84.020 810
22.50 84.015 852
23.00 84.011 895
23.50 84.006 940
24.00 84.002 986
24.50 83.998 1034
25.00 83.994 1084

Cold cavity design and self-consistent calculations [1,16-19] for power
and efficiency are carried out for a range of external parameters, namely:
beam energy, beam velocity ratio «, beam current and applied magnetic
field. Computations are carried out for three cavity mid—section lengths
Ly=22.0/23.0/24.00 mm that give values of Qp =810/895 /986 respec-
tively. However, from the design goals and from Table 2, it is obvious
that one can conveniently consider the cavity geometry corresponding to
Qp = 895 as the best choice to carry out the interaction computation.

Resonator geometry and cold—cavity field profile for the above cavity
dimensions with Lo =23 mm give a Qp = 895 and are shown in Fig. 2.
The results of the cavity design based on self-consistent computations are
shown in Figs.3—6. From these figures, it is evident that operation at the
fundamental (s=1) at 84 GHz with the TE;( 4 mode as the operating mode
gives well above 500 kW of cavity output power with around 40% efficiency.
Calculated maximum wall losses are 0.7 kW /cm? at 500 kW.

In addition, time-dependent self-consistent (SELFT) calculations are
carried out for various values of Qp considering all the probable competing



Kartikeyan et al.

662

T[T T T T [T T T T [T T T T [T T T T[T T T T [TT

PRRFE SRS S TSN A U U A SN USRS N RS S A

Parabolic Smoothing

EETETE BT

| LA NLANLIL L LI B R B N R BB

PENETE BEET AT B AT AT B

< @ © ! N =
- o 5 =) o =

|1 ejyoid plel4 pazifew.oN

-
-

(ww) % snipey Amed

80

20
Axial Distance Z (mm)

Figure 2: Resonator geometry and cavity field profile for a cavity with Qp = 895.
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Cavity output power and efficiency as a function of magnetic field for

various values of Qp. Here, Ug = 68 kV, Ig = 17 A, and a = 1.40.
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Figure 4: Cavity output power and efficiency as a function of beam voltage (Ug)
for various values of Qp. Here, Iz = 18 A, B = 3.25 T and o = 1.40.
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Figure 5: Cavity output power and efficiency as a function of beam current (Ip)
for various values of Qp. Here, Ug = 68 kV, @ = 1.4, and B = 3.25 T.
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Figure 6: Cavity output power and efficiency as a function of beam « for various
values of @Qp. Here, Ug = 68 kV, Ip = 18 A, and B =3.25 T.
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Figure 7: SELFT simulation results for a TE;¢ 4 gyrotron considering the probable

competing modes. Here, Ug = 30-70 kV, « varies accordingly, Ip =
18 A and B =3.25T.

modes. Figure7 shows the results of a simulation with SELFT [19] for the
TE104 mode along with probable competing modes. In these calculations,
the beam energy is increased from 30 keV to 70 keV over a fictitious startup
time of 6500 ns (typical voltage rise times are around 100 wus), and the
velocity ratio varies accordingly. The beam current and magnetic field are
held constant. The computations are carried out for three different cavity
mid-section lengths which give three different diffractive quality factors
(Qp = 810, 895, 986). For all the geometries considered, the TEo4 mode
oscillates well. However, these results indicate that stable operation of a
gyrotron in the TEjp4 mode at 84 GHz at power levels around 500 kW
should be possible for cavity geometries with Qp = 895 and 986 respectively.
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It is planned to use a simple and cost effective magnet design using a
single coil which gives the maximum required field at the center of the cavity
and uses the stray field in the gun and collector region. An earlier feasibility
study for a 42 GHz gyrotron [3,4] considered a magnetic compression ratio b
around 12-14 between the emitter and the resonator. In the present study,
we have also considered b to be around 12-15. A formal design of the MIG,
guiding system, quasi—optical output coupler, and window are to be carried
out after these interaction studies, and that work is in progress at the present
time.

Conclusions

This work presents a feasibility design of a 84 GHz, 500 kW conventional
cavity gyrotron operating in the TE;g 4 mode. Gyrotrons have been success-
fully operated in this mode elsewhere. The present study is limited to the
mode selection, cavity design and interaction computation and the design
study of other major sub—systems of this specific device is in progress. Since
the conceptual design leading to the engineering design aspects is always a
dynamic process involving a lot of trade-offs, final device integration may
require some modifications to the conceptual design aspects.
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