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Abstract

We have designed and experimentally demonstrated the operation of a novel quasi-
optical gyrotron oscillator based on an overmoded confocal waveguide cavity. This
cavity effectively suppresses undesired modes, and therefore has extremely low mode
density. Stable single-mode, single-frequency operation was achieved in the TEys mode
at 136 GHz. A peak RF output power of 66 kW, corresponding to an efficiency of 18%,
was measured. By varying the cavity magnetic field, high-power generation was
observed at 136 GHz in the TEos mode, and at 114 GHz in the TEys mode. These
frequencies correspond to the high Q modes of the confocal resonator. The low Q modes
were either weak or not observed. In this paper we will review the design procedure for
this cavity, and present experimental data verifying its effectiveness in reducing the
number of modes that can be excited. The confocal waveguide could also be used in high
power, gyro-TWT amplifiers to provide greater operating stability and bandwidth,

especially in an overmoded waveguide structure.



I. Introduction

High-power gyrotrons operating at frequencies of 110, 140, and 170 GHz have been
developed for applications in a number of fields including plasma physics [1-4]. In order
to increase output power, the cross-sections of gyrotron cavities have been enlarged and
high-order operating modes have been employed. This has resulted in the problem of
mode competition, which can lead to multimoding and reduced efficiency. To control
spurious mode oscillations and achieve single-mode operation, several methods of mode
selection have been studied and implemented in gyrotrons. In the conventional cylindrical
waveguide cavity gyrotrons [1-4], mode selection is often achieved through the proper
selection of the radius of the annular electron beam so that the starting current for
spurious oscillations is greater than the operating current. In the spherical mirror quasi-
optical gyrotrons [5,6], mode selection is provided by choosing the dimensions of the
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A gyrotron oscillator that combines the selective properties of the conventional and
quasi-optical gyrotrons has been previously investigated [4,7]. A cavity consisting of two
cylindrical mirrors has been employed in this gyrotron. However, theoretical and
experimental studies indicate that the azimuthal asymmetry of the two-mirror cavity
results in a reduction of efficiency [8]. Better results were achieved with this cavity when
the aspect ratio (i.e., the ratio of the two transverse dimensions of the cavity) approached
one. In gyrotron experiments [4], an efficiency of 13% was observed if the aspect ratio
was 0.915, while the efficiency was increased to 30% for an aspect ratio of 0.98 .

The present experiments differ from previous studies in that they are the first to operate
in a confocal waveguide rather than a slotted cylindrical guide regime. The confocal
cavity we employed consists of two cylindrical mirrors set parallel to each other at a
distance which is equal to the curvature radii of these mirrors. The aspect ratio is 0.707
for the confocal structure. The confocal cavity studied here is an open mode-selective
structure with a sparse spectrum. Our experiments have demonstrated the effectiveness of
the confocal cavity in reducing the density of competing modes. In Section II, the theory
of the confocal cavity, and the design of the gyrotron experiment, will be presented. The
results of experiments at 140 GHz will be given in Section III.



I1. Gyrotron Design

The cross section of a confocal waveguide is shown in Figure 1, and consists of two
cylindrical mirrors facing each other. The distance between the two mirrors L, is equal
to the curvature radius of the mirror R.. In other words, the geometric center of the
waveguide is the focal point of the cylindrical mirrors. Such a waveguide has been
utilized for RF energy transmission [9] and recently as an interaction circuit for a 100
GHz free-electron laser [10]. A section of a conf_ocal waveguide serves as a cavity if the
operating frequency is an eigenfrequency of the confocal waveguide. The
eigenfrequencies and field distributions of confocal cavity modes have been calculated by
previous authors [11-13]. To design the confocal cavity for a 140 GHz gyrotron, we use
the quasi-opﬁcal approach and the results of numerical calculation of diffraction losses
[11]. Because of diffraction at the edge of a mirror of finite width 2b, the diffraction
losses are different for each cavity mode. Figure 2 plots the electric field lines in the
confocal cavity mode with a Gaussian field distribution in x-direction (Fig. 1) and 6 field
variations in y-direction (TEos mode). For the selective excitation of the Gaussian-like
mode, the mirror width has to be chosen to introduce small diffraction losses for a
Gaussian-like mode, while the losses of higher-order modes with two (or more) field

variations across the mirror should be much larger.

To calculate the eigenfrequencies of Gaussian-like modes, we consider the mode as the
superposition of two Gaussian beams with the electric and magnetic field components
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where k=27 /A is a wavenumber, A is a wavelength, w, is the Gaussian beam waist

size at y=0, w(y) is the Gaussian beam waist size given by:
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and R(y) is the Gaussian beam phase front curvature radius:




Fig. 1. Transverse geometry of the confocal waveguide.




Fig. 2. Transverse geometry of the confocal waveguide with the annular electron
beam and the electric field lines of the TE,, mode.
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At the mirror, where y=L, /2 , the curvature radius of the Gaussian beam’s phase front
must be equal to the curvature radius of the mirror R, and therefore must satisfy
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The Gaussian beam spot size at the mirror is given by:
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Using the boundary condition E, =0 at the mirror, we determine the eigenvalue of the

wavenumber from (1) and (5):
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where p is the number of field variations across L, and is used as the mode index. The
Gaussian modes supported by the confocal cavity are denoted TEqp , where p is the
transverse index, and g is the axial index. For our experiment the axial index is one.
Expression (7) can be used to determine the transverse wavenumber k, . For a confocal
cavity (R, = L, ) we have from (7):
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Hence, the eigenfrequency of TEoy,q mode is given by:
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where c is the speed of light and L, is the axial length of the cavity. The diffraction losses of the

TEopq mode are characterized by the Q factor. The transverse diffraction Q factor due to the
finite mirror width 2b is |
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where the losses & 4 ¢an be determined from numerical results [11] by interpolation:
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and C, = Z is Fresnel parameter. Expression (11) is valid if C, > 3. The axial Q factor of
L

the TE,,, mode is expressed as
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where the factor of 2 is the result of numerical simulation [4, 14]. The total diffraction Q factor
of the cavity satisfies the following relation:
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The above equations have been used to determine the confocal cavity parameters for a
gyrotron oscillator experiment at 140 GHz. The results are listed in Table I.

The starting current for a gyrotron with a confocal cavity and an annular electron beam
can be calculated using the linear and nonlinear theories for gyrotron oscillators with
arbitrary field distributions in the cavity [4,8,15]. It is shown that the gyrotron starting
current and the normalized current parameter from nonlinear theory can be expressed

using the axial component of magnetic field in the gyrotron cavity:

H,(x,y,2)="¥(x,y)F(2), (14)

where W(x,y) is the transverse field distribution in the cavity and F(z) is the axial field
distribution. In the generalized gyrotron oscillator theory, the starting current I, is
inversely proportional to the form factor [4]
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is proportional to Lorentz force at the fundamental of the cyclotron frequency, X and Y
are the coordinates of the electron beam gyration centers, and S, is a cavity cross-section
area. If an annular electron beam is utilized in the gyrotron, the azimuthal average value
should be taken in Eq. (15):

2

do , 17)

2

()= ]

0

i
k

Jd .d
(-87-'-15 (X,Y)



Table I - Design Parameters for the 140 GHz Confocal Gyrotron Experiment

Frequency f 140 GHz
Operating mode TE
Distance between mirrors L, 6.7 mm
Axial length L, 17 mm
Mirror width 2b 6.2 mm
Fresnel parameter C, 4.2
Transverse diffraction Q factor Q% 8000
Axial diffraction Q factor Q" 1600
Total diffraction Q factor Q% 1300

Table II - Electron Beam Parameters

Beam voltage 60 kV
Beam current SA
Velocity ratio o 1-1.5
Beam compression 25.5
Velocity spreaddf, / B, 5-10 %
Beam radius 1.8 mm
Efficiency 20 %




where X =r,cos@ and Y =r,sin@ , and 7, is the electron beam radius.

To derive a generalized expression for the starting current, we begin with the expression
for a conventional gyrotron with a cylindrical cavity [16]:
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B, and B, are the transverse and axial normalized to c velocities of the electrons, 7 is the

relativistic factor of electrons, a is the cylindrical cavity radius,
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which is a function of the transit angle

2
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and the relativistic gyrofrequency @, . The integrals in Eq. (20) are taken over the
normalized length { =z/ L, where —0.5<{ <0.5. The axial field distribution is assumed
to be the Gaussian profile F({)=exp(-4{?) for TEq,; modes, and
F(&) = 28 exp(-94?) for TEqy, modes with two axial field variations. To calculate |M1|2
in Eq. (15) for a conventional gyrotron, we use ¥ (X,Y) = J,, (kr,)exp(—im¢@) where m is
an azimuthal index (see [17]). This gives:
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which leads to IM «7 )|Z =J2_ (kr,). The denominator in Eq. (15) can be written for a

2
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Thus, the form factor for the conventional gyrotron is

conventional gyrotron as:
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Equation (18) can be generalized to get an expression for the starting current of a

G=
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gyrotron of arbitrary cross-section:
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Note that the only change, as compared to the expression for the cylindrical gyrotron (Eq.
18), is the generalized form factor G.

A similar transformation can be used to modify the expression for the normalized current

of the conventional gyrotron [18]:
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to obtain the generalized expression for arbitrary cross-section:
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where [ is the operating current of the gyrotron.
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We have calculated the starting current and the normalized current parameter for the
confocal cavity gyrotron using Egs. (25) and (27). Based on Egs. (1)-(6), the axial
magnetic field in the confocal cavity can be represented as follows:
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The derivatives %xp— and % were derived from Egs. (28) and (29) analytically, and

substituted into Eq. (17) to calculate <|M ,|2> numerically. We also derived from Egs.

(28) and (29) the integral over the confocal cavity cross-section:
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As a result, the confocal cavity gyrotron starting current can be written as follows:
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and the normalized current of the confocal cavity is represented by:
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Based on the cavity design in Table I, some theoretical features of the confocal gyrotron
oscillator have been numerically calculated for an electron beam voltage of 80 kV,
velocity ratio o = 8, /B, =1, normalized length 1 of 8.87, and beam radius 7 of 1.8 mm.
Based on these parameters, the value of §|M 1 ') is 0.276. Assuming the external
magnetic field is set at the nominal operating point of 5.6 T, the transit angle ¢, given by
Eq. (21) is 4.46, the function $(¢k)is 0.227, the derivative da/ dg,is -0.164, and the
confocal gyrotron starting current /, =2A .

The dependence of starting current of the confocal gyrotron on the cavity magnetic field
B is plotted in Fig. 3 for the TEos; mode at 140 GHz and for the TEos; mode at 118 GHz,
as well as for the higher order spurious modes TEqs; and TEgs2. One can see that the
minimum starting current of spurious oscillations is well above the operating current of 5
A. Thus, confocal gyrotron starting current calculations predict that only the TEos; and
TEos: modes separated by a 22 GHz interval will be excited. The starting current as a
function of the beam radius for the TEos; mode at 140 GHz and a cavity magnetic field
B=5.6 T is plotted in Fig. 4. This graph indicates that the beam radius of 1.8 mm
corresponds to a local minimum of the starting current, or alternatively, to strong

coupling between the beam and RF field.

For a 5 A beam current, the normalized current parameter (32) is calculated to be
1 =0.045. From nonlinear gyrotron analysis [18] we can find that the transverse
efficiency 7, corresponding to this current parameter is 60%, and the total efficiency
n=n,a*/(1+a*)=41% for a velocity ratio o of 1.5. The starting current calculation
(linear theory), and the efficiency estimation using nonlinear theory, thus demonstrate the
possibility of high power operation in the confocal gyrotron at 140 GHz. However,
because the coupling between the beam and standing RF field varies azimuthally in the
confocal gyrotron, the anticipated efficiency will not be as large as in the cylindrical
cavity gyrotron with its pure rotating mode. This effect can be minimized by proper

selection of the beam radius. We also expect the efficiency to be lowered by the beam
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Fig. 3. Confocal gyrotron starting current as a function of magnetic field.
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velocity spread. Taking all these factors into account, we expect the efficiency for the 140
GHz experiment to be between 20-25%.

The confocal gyrotron was designed to be experimentally studied using a magnetron-
injection gun (MIG) designed for 140 GHz operation in a 6 T superconducting magnet.
The electron beam code EGUN [19] was employed to analyze the annular beam produced
by the MIG and simulate the propagation of the beam in the confocal gyrotron. The
results of the EGUN simulation are presented in Fig. 5. The simulation predicts good
beam quality at the cavity, which is located at an axial distance of 45 cm, with a
perpendicular velocity spread of 6% and a velocity ratio of 1.3. The beam parameters
used in the design of the 140 GHz TEs; mode confocal gyrotron experiment are listed in
Table II.

II1. Experimental Results

A schematic of the gyrotron experiment is shown in Fig. 6. The electron beam formed by
the triode MIG propagates through the beam tunnel to the confocal cavity. The MIG was
designed to be used with the combined field of the main superconducting magnet, and a
room temperature gun coil capable of 0.2 T magnetic fields. The cavity is made of three
sections: a 5 degree down taper, a straight confocal waveguide section, and a 5 degree up
taper. The microwaves generated in the cavity are radiated into a cylindrical pipe that
serves as the collector and the output waveguide. The microwaves are transmitted by this
pipe to a quartz vacuum window and radiated into free space. The 140 GHz confocal
gyrotron design was based on a 6 T superconducting magnet available at MIT, and
optimized for the field profile of that magnet. The experimental data presented here was
obtained using both this magnet, and a 9 T magnet with a different profile. We
anticipated that the power generated by the gyrotron in the latter experiments would be
lower because the field profile of the 9 T magnet was not optimum. This was confirmed
experimentally. However, the data using the 9 T magnet is useful because it does
demonstrate the effectiveness of the confocal cavity in controlling modes.

The high voltage for the MIG is provided by a modulator capable of producing up to 150
kV, 3 us pulses. The high voltage is measured using a capacitance voltage divider. The
beam current is measured using a Rogowski coil. The modulator can run at repetition
rates of up to 4 Hz. The RF output signal is measured with a RF diode with a horn as a
receiver. All the measured signals are transmitted to digital scopes. A typical set of
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measured data is shown in Fig. 7, with traces of the RF pulse with a width of 2.6 us,
beam voltage (63 kV) and beam current (5.4 A). The diode noise at 3 ps in Fig. 7 is due
to the thyratron switch of the power supply. The frequency of the gyrotron RF output was
measured with a harmonic mixer and a digital scope which can perform a FFT. A 0.3
GHz intermediate frequency is utilized in this mixer. The accuracy of frequency
measurement is £10 MHz , and allows us to accurately identify the gyrotron modes. The
average output RF power is measured using a 4 inch diameter calorimeter placed about 1
inch from the output window. Using the diode trace for the pulse width, the peak power
of the gyrotron can be determined taking into account the 2 Hz repetition rate and the
calorimeter absorption of 0.85 .

The first step of the gyrotron operation is the alignment of the beam axis with the cavity
axis. The alignment is critical for the coupling between the electron beam and the cavity
mode. Precision alignment is achieved by monitoring beam interception by a metal ring
(beam scraper) located in the beam tunnel. The beam scraper is positioned right before
the cavity with an aperture radius of 2.5 mm. During the alignment, the tube is translated
horizontally and vertically until the beam scraper starts to intercept the beam. These
locations are recorded by two micrometers, and the central position is the aligned position
for the tube. To excite and optimize a particular gyrotron mode, one can adjust the
cathode voltage, mod-anode voltage, beam current, cavity magnetic field using the
superconducting solenoid and cathode magnetic field using the gun coil. By sweeping the
magnetic field and fine tuning other parameters, the strong cavity modes were excited
and used to optimize the coupling.

A maximum efficiency of 18.5% with RF power of 66 kW was generated by the confocal
gyrotron when operating in the 135.98 GHz TEos; mode during experiments using the 6 T
magnet. This result was obtained using a magnetic field of 5.36 T, a beam voltage of 62.5
kV and a current of 5.6 A. Figure 8 shows the efficiency and RF output power as a
function of beam current at constant voltage of 60 kV, and constant velocity ratio of
about 1.2. The output power curve starts at a minimum current of 2.7 A and scales almost
linearly with the current, while the efficiency increases to a maximum and then saturates.
Although the curve shows no measurable power below the current of 2.7 A, the mode is
weakly present at currents as low as 1.5 A based on heterodyne interferometry
measurements. The reason that this mode has such low starting current can be explained
by the beam velocity spread, which is estimated to be around 7% by EGUN simulations
(Fig. 5), but may be even higher in reality due to cathode surface roughness and other

19



Cathode Voltage (kV)

Beam Current (A)

RF Diode Signal (a.u.)

Time (us)
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factors. So, even at low current, a portion of the beam with high velocity can still excite

the mode without substantial power.

A mode map was constructed for all the modes that could be excited in the confocal
gyrotron. By sweeping both the cavity and cathode magnetic fields, we observed gyrotron
emission in different modes with different frequencies. Sweeping the cavity magnetic
field allowed us to change the electron cyclotron frequency, and thus the mode
frequency, while sweeping the cathode magnetic field enabled us to change the electron
beam radius in the cavity and therefore achieve coupling with all possible modes. Figure
9 shows a measured mode map using the 9 T magnet. This mode map plots regions of
single mode emission. The lower right corner of Fig. 9 corresponds to high beam
compression and, as a result, electron beam reflection occurs. The upper left region is the
low magnetic compression region where the beam radius becomes too large and can be
intercepted by the beam scraper. The strongest modes observed were the TEos; and TEos)

modes at the expected cavity magnetic fields.

Figure 10 shows the RF power versus the cavity magnetic field for the modes observed in
Fig. 9. The mode map is dominated by the two modes at 114.33 GHz and 135.98 GHz
with substantial output RF power. Ignoring a small correction in the confocal cavity
frequency due to L, in Eq. (9) , we get the theoretical ratio of the TEqs; and TEos; mode
frequencies 6.25/5.25=1.19, which agrees with the experimentally observed ratio of
1.189. This is convincing evidence that these two dominant modes are the two confocal
cavity modes TEos and TEgs;. The other modes observed and shown on the mode map
(Fig. 9) were generated with low output power. The mode corresponding to 136.3 GHz is
probably the TEgs, while 120.9 GHz. matches well with the TE;s; mode. The other
observed frequencies at very low power could not be matched with cavity modes, but
may be associated with oscillations in other parts of the tube, such as in the beam tunnel.

IV. Conclusions

We have successfully conducted a confocal gyrotron oscillator experiment at 140 GHz.
This is the first experimental demonstration of a mode-selective gyrotron with an open
confocal cavity. The oscillator’s cavity design was based on a moderately overmoded
confocal cavity with open sides to eliminate competing modes. The modeling of the
confocal structure was adapted from Weinstein’s theory [11]. For the TEos operating
mode, the confocal cavity’s width was set at 6.2 mm, and the distance between the
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cavity’s mirrors was chosen to be 6.7 mm. By varying the cavity width, we controlled the
amount of cavity diffraction losses for different modes, and thus increased the starting
currents of competing modes. This was the primary mechanism of mode selectivity in
the confocal gyrotron. The design resulted in a 22 GHz frequency difference between the
desired TE; mode at 136 GHz, and the nearest competing mode (TEys;) at 114 GHz.
Although other modes were observed experimentally, they were weak and could likely be
eliminated with further refinement of the cavity design.

The confocal gyrotron generated up to 66 KW of RF power at 136.0 GHz with an
efficiency of 18%. The confocal cavity’s sparse mode spectrum was demonstrated by this
experiment. The paucity of modes observed with this structure has significant
implications in the development of high frequency, high power gyro-TWT amplifiers,
where mode purity is a critical issue. The use of a confocal waveguide would allow stable
operation in high order modes, which are required for high power amplifier operation. In
addition to effectively controlling the mode spectrum, the confocal waveguide would also
be ideal for a gyro-TWT because it would allow efficient quasi-optical injection and
extraction of the RF beam.
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