A GYROTRON RESONATOR OPERATING IN THE 26-40 GHz RANGE
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Abstract - A study of electrodynamics properties of a
gyrotron open resonator was experimentally conducted.
The mode resonator was manufactured from copper by
electroforming process. Experiments were accomplished to
measure resonant frequencies and their respective loaded
quality factors for TE meodes in the frequency range from
26 to 40 GHz In particular, a perturbation technique was
used to determine both the axial and radial electric field
profiles, as an identification method of the TEq; mode
operating around 35 GHz In any experimental event, good
agreement with the values predicted by theory was found.
Index Terms: open resonater, gyrotron, electric field profile
mesurement, millimeter waves

1. INTRODUCTION

Open resonators have found one of their most
important applications in high-power and high-
frequency gyrotrons. The gyrotron or cyclotron
resonance maser is a high-power microwave source that
generates coherent radiation at the electron cyclotron
frequency or its harmonics. A 32 GHz gyrotron was
constructed at the Associated Plasma Laboratory of INPE
to be used on magnetically confined plasma experiments.

In this paper, we report on experiments for cold
testing a gyrotron open resonator operating in the
millimeter wave range. In addition to focusing the TE,,
mode among other fundamental modes in the range 26-
40 GHz as well as among higher-order axial modes, the
TEg-mode axial and radial electric field profiles were
determined as a way to better identify it.

Resonant frequencies were detected by transmission
technique and the corresponding Q-loaded factors were
evaluated based on bandwidth measurements at the -3 dB
points. The standing-wave electric field profiles were
determined by a perturbational technique of moving a
dielectric object along the cavity and recording the
resultant shift in resonant frequency.

The resonator was manufactured in our laboratory by
copper electroforming process from acid copper sulphate
baths, with excellent surface finishing.

2. GYROTRON RESONATORS

In most gyrotrons, a weakly irregular oversize
waveguide operating near cutoff, made up of truncated
cones, is used as an open resonator [2]. The resonator
adopted in this work has a cylindrical mid-section joined
to two linear tapers as represented in Fig. 1. The down
taper is extended far enough to ensure cutoff of the
operating mode whereas the up taper couples the quasi-
stationary field to an outgoing travelling wave. In such a
system, the electron beam interaction with RF magnetic

69

fields is very weak and can be negleted. Therefore,
throughout this work only TE,, will be considered.

Hence, in the single mode appoximation the
longitudinal distribution of the electric field satisfies the
wave equation [2]:
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+ kuz(z)V(z) =0 )

subject to appropriate radiation conditions at the cavity
ends:
=0

av(z)! dzF ik (2)\ 2152 )

where Kymp = (0/c? - K| )2 is the longitudinal wave

number and k, ., , is the transverse wave number with
m and p denoting the azimuthal and radial indices,
respectively. The complex eigenfrequency is represented
by 0 = g +iwe, = og (1 + i2/Qp), where Qp is the
diffraction Q fator of a given mode. In high power
gyrotrons, the values of Qp are typicaly within the
interval  200-1500. Suchk Qp values are chosen to
maximize the output power P, = Po(1 + Qp/ Qq), and to
minimize the wall loading Pq = (Qn/ Qq)P; of the cavity,
where P, is the power transferred from the electron beam
to the RF field and Qq is the ohmic Q factor Qq=(1 +

m¥/y ) _1—3;/8, with R, and & denoting the mean
cavity radius and the skin depth.
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Fig. 1. Cutaway view of open resonator (dimensions in mm)

3. DESCRIPTION OF EXPERIMENTS

Fig. 2 illustrates the experimental arrangement for
measuring resonant frequencies and their total Q (Qy).
TE modes were excited by means of an electric probe
injecting power through a 1-mm diameter hole located in
the center of the resonator’s straight section. A piramidal
horn antenna connected to a detector was used as a
receiving device to collect the power reradiated by the
resonator. For each mode, in addition to ensuring a
symmetrical resonance curve on the network analyzer
display, the horn antenna was correctly oriented to
maximize the intensity of the detected signal. The
quality factor measured is the loaded or total Q as



determined directly from frequency measurements at the
half-power points on the detected spectrum. The total Q
total (Qy) is related with the diffractive (Qp) and the

ohmic (Qg) by Qr = (1/ Qp + 1/ Qo).
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Fig. 2. Schematic diagram of the experimental setup for
resonant frequency and Qr measurement of TE modes

The standing-wave electric field distribution along
the cavity axis, was found out using a perturbation
technique. This procedure is based on the fact that
introducing a perturbing object inside the cavity causes a
shift in the resonant frequency. This shift from the
unperturbed resonant frequency yields a measure of the
electric field intensity at the corresponding  axial
position, according to the Slater-Tisher theorem [3], [4],
as stated by the following expression [4}):

f'—f0=AWE—AWH (3)
So Weg—Wy
where f; and f are the unperturbed and perturbed
resonant frequencies, respectively. This equation means
that both the maximum electric (#;) and magnetic
energies (Wy) are changed by AWy and AWy,
respectively.

In the case of a small dielectric sphere of radius a
and relative dielectric constant ¢ introduced into the
cavity at the axial position z, the corresponding
frequency shift Af = f- f; is:

3, £=8 E*(2)
7T @
where AWy is the variation of the electric energy stored
in the cavity. If the perturbing object is small enough,
we can assume that the electric field is constant in its
vicinity.

In the experiments, we used a 1mm-diameter plastic
sphere, suspended in the cavity by a nylon thin thread, as
shown in Fig. 3. The motion of the nylon thread and
consequentely of the sphere is ajusted by four pulleys and
a spring in order to stretch the thread. In this case, the
signal coming from the resonator was detected by an
electric probe instead of a horn antenna, for easy
handling and assembly in the experimental arrangement.

The same procedure was used for measuring the
radial electric field profile, as shown in Fig. 4. In this
turn, the nylon thread passes diametrally through the two
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holes in the wall of the resonator’s mid section and the
exciting electric probe is placed near the outlet section of

the up taper.
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Fig. 3. Experimental arrangement for determining the axial
field profile
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Fig. 4. Experimental arrangement for determining the radial
field profile

4. EXPERIMENTAL RESULTS

A comparison between calculated and measured
quantities of resomant frequencies and the respective
loaded Q (Qyp) factors for all fundamental TE modes
detectzd over the range 26-40 GHz is presented in Table
1. Good agreement is noticed between measured values
and those anticipated by theory. The Qq was calculated
by taking the value of conductivity 4,3 x 107 S/m for
electrodeposited copper [5]. Predicted values for resonant
frequency and Qp were obtained from numerical solution
of (1), subject to radiation conditions (2). As Qp is much
smaller than the Qq (Qq > 16000), the Qr is dominated
by diffractive rather than wall loss. We can note that
measured values of resonant frequency and Qyr, are
respectively lower and higher than the corresponding
calculated quantities. As the resonator was manufactured
from an aluminum matrix on which copper was
electrodeposited, the dimensions of the cavity might have
been slightly increased and the output taper angle could
become more obtuse; thus, the measured values of
frequencies are lower and the measured Q;’s are higher
than the theoretical values. In this sense, we can verify
that the results are consistent, within of limits of
experimental errors.

About mode selectivity, we can reason that the
resonator investigated is relatively free from mode
competition as the frequency separation between
designed TEqy; mode and its nearest competitors (TEy,



and TEg);) is more than 4%. This fact can guarantee
single mode gyrotron operation for a given frequency.

To better identify the mode of interest - TEy,,, its
standing-wave axial and radial electric field profiles
were determined by the perturbation method. Several
plastic spheres of different diameters were tested and
finally the Imm-diameter sphere provided the best
results so that a perturbation in frequency could be
detected without affecting the total Q.

Table 1. Measured and calculated values of resonant
frequencies and Qr-factors for TE modes

calculated| measured calculated measured
TEmpq f f Qo Qo Qr Qr
Mode +1,6x107

[GHz] | [GHg]

1.2,1 1 26,5690 [ 26,4827 | 539 18521 | 524 1 528405
5,1,1 | 31,9424 31,5652 f 774 | 8259 708 718+10
22,1 | 33,3823 33,2991 860 | 19604 [ 824 837+15
0,2,1 | 34,9161 34,8458 | 945 [ 22006 906 96825
02,2 { 351609 | 350729 [| 252 22006 | 249 | 267+10
02,3 | 35,5391 35,4590 133 | 220061 132 15910
6,11 | 37,3240 | 372617 || 1071 8196 | 9471 970+10
3.2,1 | 39,8726 | 39,7870 | 1240 20222 1168 1206+20

In Fig. 5, a set of experimental data of axial electric
field profile for the TE,, mode is compared with theory
at the points indicated. Although a very reasonable
agreement is obtained, a somewhat discrepancy is
observed, problably due to the following factors:

a) misalignment of the nylon thread in relation to the
resonator axis;

b) presence of the coupling hole and probes as undesired
perturbing elements, besides the nylon thread itself;

¢) presence of the sphere inside the resonator. Such fact
causes undesired reflections which narrow the
electric field structure, mainly near the neck of the
output taper of the resonator, where the model for
standing waves is no longer valid;

d) quasi-stationary wave rather than pure standing wave
regime;

€) non ideally spherical dielectric object.
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Fig. 5. Axial electric field profile for the TEoz mode

In Fig. 6, a set of experimental data is compared
with the radial electric field profile [E(r)? o 1 Ctoz
/Ry, where Ry is the cavity radius and %02 indicates
the second root of Bessel function J 1(%). In this turn, the
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agreement between theory and experiments is excellent,
considering that the undesired effects cited above do not
occur on radial measurements, because the sphere
remained always at the same axial coordinate and its
displacement was strictly radial.
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Fig. 6. Radial electric field profile for the TEc21 mode

In both cases, the measured values assure that the
electric field has the corresponding vatiations in the
axial and radial directions, thus confirming the axial q =
1 and the radial p = 2 indices for the TEg; mode under
investigation.

5. CONCLUSION

A open resonator for millimeter wave regime was
manufactured by copper eletroforming methods and was
experimentally studied, aiming at to be used on a 35
GHz gyrotron constructed at the Associated Plasma
Laboratory of INPE. Measurements of resonant
frequencies and their associated loaded Q were
accomplished for TE modes over the frequency Ka-range
(26,5 — 40,0 GHz). In particular, standing-wave axial
and radial electric field distributions were determined to
fully characterize the TEg; mode. Concerning
microwave cavity properties, the experiments confirmed
the expected performance of the designed resonator.
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