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Abstract

This thesis reports on the design and experimental verification of two novel high efficiency
quasi-optical mode converters for gyrotron oscillators. Gyrotrons produce high order TE,, ,
modes (m, p >> 1) at high frequencies (100-300 GHz). These modes must be converted
to low order linearly polarized modes for transmission in corrugated waveguides or open
mirror transmission lines. Because traditional waveguide converters are inefficient and
impractical for very high order modes, quasi-optical mode converter techniques must be
developed. Both converters described in this thesis achieved 95% conversion efficiency
from high order waveguide modes to Gaussian-like beams in free space, allowing them to
be used in practical high power continuous wave (cw) gyrotrons.

A Vlasov-type converter was designed to transform the TE;¢ 2 cylindrical waveguide
mode at 146 GHz to a Gaussian beam in free space. The converter consists of a helically cut
waveguide launcher and a doubly curved focussing reflector. The preliminary design of the
converter was made with the geometric optics approximation. A vector diffraction theory
was developed to simulate the launch and propagation of the beam through the converter
system and to modify and improve upon the design made with geometric optics theory.
The analysis reported in this thesis was the first full diffraction theory calculation to predict
the output of the Vlasov-type converter. The converter was built and tested on a MW
power level, 3us pulsed gyrotron operating in the TE;6> mode at 146 GHz. Calorimetric
power measurements and focal plane scans showed that 95% of the TE;¢» power leaving
the gyrotron was directed to a Gaussian-like focus in the far field. Beam expansion
measurements indicated that 88% of this power was contained in the TEMgo fundamental
Gaussian mode, giving an overall conversion efficiency of 83%. The beam was then directed
into a 1.25 in. diameter corrugated waveguide and calorimetric measurements showed an
efficiency of 82.5% for converting the TE;¢ 2 to the HE;; mode of the corrugated guide.
Experimental results were compared to predictions of vector diffraction theory and good
agreement was obtained. The Vlasov-type converter also provided a novel method for
determining the mode mix of the radiation leaving the gyrotron.

A pre-bunching converter, which is a modified Vlasov-type, was designed to transform
the TEx, ¢ cylindrical waveguide mode at 110 GHz to a Gaussian beam in free space.



The converter consists of an irregular waveguide section followed by a step cut launching
aperture and two focussing reflectors. The irregular waveguide section, which was designed
with coupled mode theory, is used to bunch the radiation into Gaussian bundles prior to the
launch. The reflectors that follow were designed with Gaussian optics and vector diffraction
theory, and their surfaces are simple toroidal shapes. The converter was built and tested
on a MW power level, 3us pulsed gyrotron operating in the TEz; ¢ mode at 110 GHz.
Experiments showed that the TE;; ¢ power leaving the gyrotron was directed to a small,
Gaussian-like focus in the far field. Beam expansion measurements indicated that virtually
all the power in the beam was contained in the TEMgo mode. The beam was directed into a
1.25 inch corrugated waveguide and calorimetric efficiency measurements showed that 98%
of the TE;; ¢ power leaving the gyrotron was coupled to the HE;; mode of the corrugated
guide. The experimental results were compared to predictions of vector diffraction theory
and good agreement was obtained. Four additional reflectors were built to transform the
fundamental Gaussian beam, produced by the launcher and first two reflectors, into two
fundamental Gaussian beams of approximately equal power level. The surfaces of the beam
splitting reflectors are simple sinusoidal and toroidal shapes, which are compact and easy
to manufacture. Measurements showed that the mirror relay produced two Gaussian-like
beams, one containing 52% of the power leaving the gyrotron and the other containing
42%, giving a total efficiency of 94%. The results show that simple sinusoidal and toroidal
mirrors can be used to produce high quality Gaussian beams. The simplicity of the mirror
surfaces greatly reduces the large computing times necessary for a full diffraction theory
analysis of the system.

The results presented in this thesis show great promise for the use of quasi-optical mode
converters in high power cw gyrotrons.
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Chapter 1

Introduction

1.1 Background

Gyrotron oscillators are efficient, high power, high frequency sources of coherent
electromagnetic radiation. Gyrotron research is driven by the need for powerful sources
in the hundreds of GHz range, where conventional microwave devices are limited to low
output power and lasers are inherently inefficient. The primary use of gyrotrons is in the
electron cyclotron resonance heating (ECRH) of fusion plasmas [1] [2]. Gyrotrons also
have applications in the fields of plasma diagnostics [3], radar systems, communications,
and materials processing [4].

The typical configuration of a gyrotron oscillator is shown in Fig. 1.1. A magnetron
injection gun emits an annular beam of electrons, which is guided by an axial magnetic field.
As the beam enters a region of high magnetic field, it is compressed and the perpendicular
velocity of the electrons is increased. The beam then travels into a resonant cylindrical
cavity, where perpendicular energy in the electrons is transferred to an rf wave. As the
beam leaves the cavity, it travels into a region of lower magnetic field and, thus, expands.
The beam is collected on a copper surface while the rf wave continues to propagate along
the collector and exits through a vacuum window. In order for a gyrotron to be operated in
the continuous wave (cw) regime, the ohmic losses on the walls of the cavity must be kept
low, typically below 2 kW/cm?2. For high power, high frequency operation, this ohmic loss
constraint necessitates the use of large, highly overmoded cavities.

Recently, much progress has been made in the development of megawatt power level,
overmoded gyrotron oscillators [5] [6]. Generally, the high order TE,, , modes (m,p >> 1)
produced by gyrotrons are not suitable for long path transmission or plasma heating. For
efficient transport and heating, the radiation must be converted to linearly polarized, low
order waveguide modes or Gaussian modes in free space.

Conversion of high order modes to low order modes using conventional waveguide
converters is cumbersome and lossy. The conversion is made in several stages, stepping
through intermediate modes on the way from the input mode to the final low order output



mode. This stepwise process leads to very long converters, which are impractical and
difficult to manufacture in many cases. The conversion can become inefficient due to
ohmic losses on the converter walls or the excitation of undesired modes in the overmoded
waveguide where so many modes can propagate. Because conventional in-guide conversion
from high order modes to low order modes is inefficient and impractical, novel mode
converter techniques must be developed. This thesis investigates two quasi-optical mode
converters, the Vlasov-type [7-11] and pre-bunching [12] [13] converters.

-<+—— magnet

rf cavity vacuum window

magnetron

injection —=

gun 2 \_\

\ collector

? magnetic field
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Figure 1.1 Schematic of a typical gyrotron oscillator.

The Vlasov-type converter, shown in Fig. 1.2, consists of a helically cut waveguide
launcher and a doubly curved focussing reflector, which directs the radiation to a small,
Gaussian focus. The fundamental designs of the launcher and reflector, proposed by
Vlasov etal. in 1975 [7], are rooted in the geometric optics approximation. An experimental



investigation of the original device [7], in which a Vlasov converter was used to transform
the TEj0,1 cylindrical waveguide mode to a narrow beam in free space, achieved a modest
power transfer efficiency of 80%. Since the introduction of the Vlasov converter, several
modifications and improvements have been reported. A rigorous conservation of energy
calculation was performed to find the optimum helical cut length [11]. Also, shaped sub-
reflector surfaces were added to the launcher to improve its radiation properties by reducing
side lobes [14,15,16]. These additional reflector surfaces were designed using geometric
optics techniques. In this thesis, a rigorous vector diffraction theory was developed to
simulate the Vlasov-type converter operation and predict the final output beam.

reflector

B o \—\‘
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Figure 1.2 Schematic of the Vlasov-type converter, consisting of a helically cut launcher and
a doubly curved focussing reflector.



The pre-bunching converter, which is a variation on the Vlasov-type, consists of a
rippled wall waveguide section, followed by a step cut launching aperture (Fig. 1.3) and
a series of focussing reflectors. The rippled wall waveguide, which is designed using
coupled mode theory, bunches the incident radiation into Gaussian bundles so that an
elliptic Gaussian beam is launched from the step cut. This type of pre-bunching launcher,
along with the subsequent phase correcting mirrors, was proposed by Denisov et al. in 1992
[12]. Denisov et al. [12] investigated a pre-bunching launcher, along with a mirror relay to
provide phase correcting and focussing, designed to transform the TE;5 4 mode at 110 GHz
to a Gaussian beam in free space. Experiments [12] showed a power transfer efficiency of
95%, which is substantially higher than the efficiency observed for a Vlasov-type converter
with sub-reflector shaping mirrors (87%). In this thesis, it is shown that simple, toroidal
shaped mirrors, designed with Gaussian optics and vector diffraction theory, can be used
to transform the beam radiated from the pre-bunching launcher to a fundamental, circular
Gaussian beam suitable for transmission in an open mirror relay or a corrugated waveguide.
In addition, a rigorous diffraction theory to simulate the operation of the pre-bunching
converter was developed as part of the work of this thesis.

Because of limitations on the power handling capability of the gyrotron window, it
may prove advantageous to divide the power produced in the oscillator and direct it out
of the vacuum through two windows. In this thesis, a novel beam splitting mirror relay,
consisting of toroidal and sinusoidal shaping reflectors, is investigated. This mirror relay,
in conjunction with the pre-bunching converter, is used to divide a fundamental Gaussian
beam into two Gaussian beams of approximately equal power. The simply shaped reflectors
provide a beam splitting mirror relay that is compact and easy to manufacture.

1.2 Thesis Overview

This thesis presents a theoretical and experimental investigation of novel mode convert-
ers. The objective is to design, construct, and test efficient quasi-optical mode converters
to transform high order cylindrical waveguide modes produced by gyrotron oscillators to
Gaussian-like beams in free space. Converters for two specific gyrotrons will be inves-
tigated, the first operating in the TE;62 mode at 146 GHz and the second operating in
the TE2; ¢ mode at 110 GHz. The design of the converters, as well as the experimental
demonstration will be described. Experimental results will be compared to predictions of a
vector diffraction theory, which was developed as part of the work of this thesis.

This thesis is organized in the following manner. Chapter 2 describes the design and
experimental verification of the TE;¢ 2 Vlasov-type converter. In Chapter 3, the modified

10



Vlasov-type converter, or pre-bunching converter, which was designed for the TE32 ¢ mode,
is discussed. The theory and experimental verification of the novel beam splitting mirror
relay is also described in Chapter 3. Chapter 4 details theory and experiments investigating
the competition between counter rotating modes in a gyrotron oscillator, an issue which
is crucial to the success of the quasi-optical mode converters described in this thesis. In
Chapter 5, the theoretical and experimental results are summarized.

Figure 1.3 Rippled wall waveguide section, shown with greatly exaggerated ripple amplitude.

11



Chapter 2

Vlasov-Type Converter

A Vlasov-type converter was designed to transform the TE;6 2 cylindrical waveguide
mode at 146 GHz to a Gaussian-like beam in free space. The converter consists of a
helically cut waveguide launcher and a doubly curved focussing reflector (Fig. 1.2). The
launcher was designed with geometric optics theory, while both geometric optics and vector
diffraction theories were used to calculate the reflector parameters. The converter was built
and tested on a megawatt power level gyrotron oscillator. The theoretical analysis and
experimental verification of the converter are described below.

2.1 Geometric Optics Theory

In an effort to simplify the design of the Vlasov-type converter, the geometric optics
approximation of waveguide modes was used. The geometric optics model is rigorously
correct only in the limit where the wavelength approaches zero. However, the ray model
is useful when the dimensions of the launcher are large compared to the wavelength, A.
In the case considered here, where launcher diameter is approximately 20 and the helical
cut length is approximately 100, the geometric optics model provides enough accuracy to
warrant its use in the preliminary design of the converter.

The geometric optics model of waveguide modes can be derived by starting with the
equations for the unperturbed modes of a cylindrical waveguide. The fields of TE, , waves
travelling in the +2 direction can be written in cylindrical coordinates as

H = Hoeltkstmé—ut) [%J,'n(k,r)f F I Ik + Jm(krr)s] @.1)
T r
- » k ik \
E= WOHOC'(k’zim¢ t) [:F :;r Jm(kr'l‘)f' - ;C—TJ:n(krT)¢] , (22)

where the upper and lower signs refer to the right-handed and left-handed azimuthal rota-
tions, respectively. In Eqs. 2.1 and 2.2 k = %, where w is the angular frequency of the

12



wave and c is the speed of light; k, = 1'1'3-"5, where vy, is the p** zero of J!,(z) and Ry, is
the waveguide radius; &, = \/P_—_k_,f; and 7 is the free space wave impedance.

Through a decomposition of the Bessel functions, the waveguide fields can be repre-
sented as superpositions of plane waves [17]. The Bessel function can be written in integral
form according to Eq. 2.3.

T
Im(z) = % / cos (z sin § — m6) db 2.3)
0
Using the following equivalence

Z?Jm(a:) = Jm—1(2) + Jm41(2) (2.4)

and substituting in the integral representation from Eq. 2.3 gives

Z‘?Jm(:z:) = % ‘/1r {cos [z sin@ — (m — 1)8] +cos[zsin§ — (m + 1)0]} db
0

k.3
= % / 2cos O cos (z sin — m#b) db. 2.5)
(i}

Because the integral is symmetric about 7, Eq. 2.5 can be rewritten as

2m

2r
—Jn(x)= l / cos @ cos (z sin § — m#@) db. (2.6)
T T Jo

Using the identity foz" cos 8 sin (z sin § — m#) df = 0, Eq. 2.7 follows directly from Eq. 2.6.

m 1 2x i(z sin @ 9
;Jm(x) =5 /0 cos fe'@ sinf—mé) gg ()

The equivalence given in Eq. 2.8 is then used to find the integral representation of the Bessel

function derivative, J,, (z).

Im(@) = Jm—1(2) — Jma1(2) (2.8)
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Following a method similar to that detailed in Egs. 2.3-2.7 gives

2r o
J:n(z)=—% /0 sin 9@ sné—mb)gg, (2.9)

Substituting Egs. 2.7 and 2.9 into Eq. 2.2 for the right rotating cylindrical waveguide
mode gives

k 2= . .
E, = _n;flz) 0 0 cos §ei—wt+kzz+krr sinf+m(g—0)) (2.10)
T
Hok [27 , .
E¢ - _ m;. ko X d0 sin 9 —Wittkzz+ker sinb+m(¢—0)) (2.11)
T

Thus, with Eqgs. 2.10 and 2.11, the electric fields of the right rotating TE, , cylindrical
waveguide mode are represented as a continuum of plane waves of the form

E « '*Sm)—wt) (2.12)

where the eikonal, S(r), is

Sr) = %(k,z + k,rsin 0+ m(é — 6)). (2.13)
Following [17] and [18], the eikonal equation
as\? 1 [8S\* [85\?
2_ (Y2 — = hndl =
vst=(%) vz (5) +(3) =
1

2
=_(k2+k2sin20+m—)=1 (2.14)
k2 z T 7'2 *

can be solved to give an intuitive picture of the propagation paths of these plane waves, or
rays. The direction of the rays is given by V.S [18]. Solving Eq. 2.14 for 8 gives

2
kK2 — k% = k2 = k2 sin2 0 + % (2.15a)
m2
1=sin60 + oy (2.15b)

14



o(r) = cos~! ('—n- E'i) 2.150)

Atr=R,,

9 = cos~! (ﬂ) = a, 2.15d)

where a is the azimuthal bounce angle of the rays at the waveguide wall. Rays that refiect
at this angle are tangent to a caustic surface at R., where

R.=Ry—. (2.16)

Vmp

Figure 2.1 shows the rays travelling with azimuthal bounce angle a and helical pitch
angle g, where tanfg = %'z'— The caustic radius, R, also has significance in the field
representation of the waveguide mode (Eqs. 2.1 and 2.2); for r > R, the fields are
oscillatory and for r < R, the fields are exponentially decaying.

Thus, in the geometric optics limit, the flow of energy in a cylindrical waveguide mode
can be represented by a set of rays travelling tangent to a caustic surface with an azimuthal
bounce angle o and a helical pitch angle 6 5. A Vlasov-type antenna launches the spiraling
rays through a one turn helical cut in the waveguide wall, the cut following the trajectories
of the rays in the guide. The length of the cut, L, is found by equating the energy flux
through the waveguide cross section to the energy flux through the rectangular aperture of
width Ry, and length L [11], which is shown in Fig. 2.2.

2 .2 2
Vmp 1= J¢(Wmp) + JE(vmp) — 23 1ot T2 (Vimp)
where L g, the bounce length, is given by Eq. 2.18.
k.
Lp=27Ry,| — (2.18)
kr

An alternative approach to finding the appropriate helical cut length is based on a
correction to the bounce length [8]. In the limit where R, — R,, a — 0 and the rays
travel along the waveguide wall. In this case, the one turn azimuthal path length is equal
to the circumference of the waveguide, 27 R,,, and the bounce length, L g, is equal the one
turn axial path length of a ray, L'. In the realistic case, when R, < R, and the rays travel
in chords from one point on the waveguide wall to the next (Fig. 2.1), the azimuthal path

15



End View

Side View

Figure 2.1 Geometric optics view of cylindrical waveguide modes showing rays travelling
tangent to a caustic with radius .. The rays travel with an azimuthal bounce angle « and a helical
pitch angle 6 p.
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length of the ray is less than the waveguide circumference and the bounce length no longer
equals the one turn axial path length, L'. The corrected cut length, L', is the bounce length
multiplied by the ratio of the chord length to the arc length for one chord

sin o

L'=Lg—, (2.19)
«

where o is the azimuthal bounce angle defined above. Although L’ and L are not equal,
they are numerically equivalent to within 0.1% for a wide range of modes [11].

Figure 2.2 The Vlasov-type launcher with the rectangular launching aperture and coordinate
system indicated.
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Thus, if a one turn helix of length L (or L') is cut from the waveguide, the radiation,
which is concentrated in the region between the helix and the straight edge, will launch
from the straight edge. The rays radiate from the cut in an azimuthal range limited to 2o
and at polar bounce angle 6 p relative to the waveguide axis. The direction of the helical cut
fixes the launcher applicability to either left-hand or right-hand rotating modes. Generally,
gyrotrons produce radiation of only one rotation, depending on the radial position of the
electron beam. A further investigation of competing counter rotating modes can be found
in Chapter 4.

The last step in the design of the Vlasov-type mode converter is the calculation of a
reflector surface to provide focussing and profile shaping for the launched beam. In the
geometric optics limit, the radiating source is a segment of the caustic surface bounded in
azimuth by the angle 2¢ and in length by the straight cut, L. The reflector satisfies the
condition given in Eq. 2.20, which requires that all rays leaving the caustic arrive in phase
at the focus, which is a single point in the ray optics approximation [19].

mo+kyz. + kdy + kdy = C, (2.20)

where m¢ + k2. is the phase of the ray on the radiating caustic surface, d; is the distance
a ray travels from the caustic to the reflector, and d; is the distance a ray travels from the
reflector to the focus. The constant in Eq. 2.20, C, is determined by the location of the
reflector relative to the launcher and focus. Equation 2.20 is solved for each launched ray
and a reflector surface is generated.

The geometric optics description of cylindrical waveguide modes was employed in an
effort to simplify the design of the Vlasov-type launcher and focussing reflector. Addition-
ally, vector diffraction theory was used to simulate the operation of the converter and to
verify the geometric optics design. The predictions of the two theories will be compared
and the validity of the ray optics approximation will be discussed in Section 2.4.

2.2 Vector Diffraction Theory

The vector diffraction theory used to simulate the operation of the Vlasov-type mode
converter consists of three parts. First, the near field radiation pattern of the launcher is
calculated. With this information, the fields on the doubly curved reflector are found. Next,
the resultant surface currents on the reflector are determined. Finally, the surface currents
are re-radiated and the near field radiation pattern on an observation plane of interest is
found.

18



There are two methods for calculating the near field radiation pattern of the launcher.
The problem can be solved by using wall currents as a radiating source or by using an
aperture field integration method. In the case of the Vlasov-type launcher, the aperture
field method is the simpler approach because the integration can be reduced from three
to two spatial dimensions. The Stratton-Chu formula [20], which is a vector formulation
of Huygens’ principle, is appropriate for the specified aperture integration and near field
calculation. With the Stratton-Chu formula, the fields at an observation point are calculated
by integrating the response to the point source Green’s function over all source regions,
with the source points weighted by the amplitude and phase of the fields on the aperture.

The source aperture under consideration is the rectangular plane bounded by the wave-
guide axis, the straight cut length L, and the two segments radially connecting them
(Fig. 2.2). The fields on this aperture are assumed to be the unperturbed waveguide fields,
described in Egs. 2.1 and 2.2. The unit normal, #, is in the direction marked § in Fig. 2.2.
The E and H fields at an observation point, r, are given by [20]

E(r) = ]{ dS' {iwoulh x H(g(r, ) + [ - EG]V'g(r, ) + [ x EE)] x V'g(r,r')}
S
2.21)

H(r) = f{ ’d.S"{—z'we[ﬁ x E@)lg(r,r') + [ - HErNV g(r,r') + [A x HT)] x Vg(r,r))}
S
(2.22)

In Eqs. 2.21 and 2.22, p is the permeability, € is the permittivity, and g(r,r’) is the
point source Green’s function, defined by
ik-R
R ?

g(r,r') = (2.23)

where R = |r — r’| is the distance between the observation point and the source point. The
primed variables indicate a source point and the unprimed indicate an observation point.

Unfortunately, the Stratton-Chu formula (Egs. 2.21 and 2.22) yields two dimensional
integrals that can not be solved in closed form for the case under consideration. A computer
code was written to numerically integrate TE, , cylindrical waveguide modes over the
launcher aperture.

Using the computer code to solve the Stratton-Chu equation, the near field launcher
pattern can be calculated at any point of interest or, more specifically, on the surface of the
doubly curved reflector. Once again, the near field pattern reflected from the mirror can be

19



calculated by either a field aperture method or a current source method. In this case, where
the reflector is not a plane but a three dimensional grid of points, the current source method
proves to be more tractable than the field integration method.

In order to compute the currents on the reflector surface from the fields calculated
with the Stratton-Chu equation, the physical optics approximation is used. The physical
optics current, given by Eq. 2.24, is rigorously correct for a reflector that is perfectly
conducting, perfectly flat, and infinite in extent. The physical optics approximation is
justified for the case under consideration, where the smallest dimension of the copper
reflector is approximately 60 wavelengths and the curvature is slight.

Js = 2(h x H) (2.24)

The surface currents on the reflector, calculated with Eqs. 2.22 and 2.24, can be re-radiated

and the resultant fields computed at a near field observation point according to Egs. 2.25
and 2.26 [21].

i eﬂ(-R
E= / [Js - VIV + k2Jq] ds’ (2.25)
47!' WE Sl R
H= 1 J v’)fﬂds’ (2.26)
" 4r /;/( s X R '

Once again, the current source integrals in Eqs. 2.25 and 2.26 do not have closed form
solutions, so a second computer code was written to perform the integrations and calculate
the resulting near field pattern.

Thus, using the Stratton-Chu vector diffraction formula (Eqs. 2.21 and 2.22), the near
field launcher pattern can be calculated on the doubly curved focussing reflector. The
physical optics approximation (Eq. 2.24) is then used to solve for the resultant surface
currents, which can be re-radiated according to Eqs. 2.25 and 2.26. In this way, the Vlasov-
type converter, which was designed with geometric optics theory, can be modelled with a
vector diffraction theory and the two results can be compared.

20



2.3 Vlasov-Type Converter Experiments and Results

A Vlasov-type converter was designed to transform the TE;¢ 2 cylindrical waveguide
mode at 146 GHz to a Gaussian-like beam in free space. The design parameters of the
converter are summarized in Table 2.1. The shape of the doubly curved reflector was
calculated according to Eq. 2.20 and the launcher and reflector were constructed. The
experimental verification of the converter is described below.

input mode TE,2
frequency 146 GHz
waveguide radius, R,, 1.746 cm
launcher length, L 20.8 cm
polar bounce angle, 65 25.8°
azimuthal expansion angle, 2« 93°

1 distance from wg axis to mirror center, r, 381 cm
1 distance from wg axis to focus, ry, 254 cm

Table 2.1 Design parameters of the TE16 2 Vlasov-type converter.

2.3.1 Converter Test Apparatus

A megawatt power level, 3 usec pulsed gyrotron oscillator operating in the TE;¢6 2 mode
at 146 GHz [5] [22] was the radiation source used in converter tests. The output port of
the gyrotron is comprised of several parts. Inside the vacuum tube, there is a cylindrical
waveguide, R, = 1.746 cm. The internal waveguide extends to within a few millimeters
of a quartz vacuum window, which is 0.025 cm thick. An external waveguide, or sleeve, is
positioned on the atmosphere side of the vacuum window and held in place with a collar.
The sleeve, on which the launcher is mounted, is also a cylindrical waveguide with radius
Ry =1.746 cm, and it is designed as an external continuation of the gyrotron collector. A
schematic of the gyrotron output port and Vlasov-type launcher is shown in Fig. 2.3.
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Figure 2.3 Schematic of the Vlasov-type launcher mounted on the gyrotron output port.

The vacuum window automatically produces a discontinuity in the waveguide, although
the external waveguide section is carefully aligned to minimize the mode conversion caused
by the disruption.

Several experiments were performed to determine the mode purity of the radiation
incident on the converter and to assess the converter performance. The experiments,
described below, include radiation pattern measurements as well as calorimetric efficiency
measurements.

2.3.2 Mode Purity Measurements

First, far field polar pattern scans were made to determine the mode content of the
radiation leaving the gyrotron. The polar scan measurement apparatus is shown in Fig. 2.4,
A WR6 21 dB pyramidal horn, a calibrated attenuator, and a WR6 diode detector formed
the receiving unit. This unit was mounted on a platform, which was rotated along the polar
angle (9) at a constant radius of 79 cm, with the pivot point directly beneath the end of
the launching waveguide. Measurements were made by adjusting the variable attenuator to
keep the diode signal at a constant level. In this way, the V-I characteristics of the diode did
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Figure 2.4 Schematic of the polar scan measurement apparatus.
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not enter into the measurement. In the experiment, the horn was mounted in the orientation
for detecting E4, which is the dominant component of the far field radiation pattern for the
TEj6,2 and neighboring modes.

Figure 2.5 shows the results of the Eg4 polar scan of the gyrotron radiation pattern. The
measured values of [E4|?, plotted in dB below peak intensity, are indicated by x’s. The
best fit to the experimental data was found by assuming a mode mix of 0.3% TEj¢,1, 99.0%
TEj6,2, 0.3% TEj63, and 0.4% TE;7, all at 146 GHz. The solid line in Fig. 2.5 shows
theoretical far field pattern for this mix of modes.
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Figure 2.5 Far field polar radiation pattern scan of power exiting the gyrotron directly. The x’s
represent measured values of [E4|2. The solid line shows the theoretical far field pattem for the
mode mix of 0.3% TEj¢,1, 99.0% TE16,2, 0.3% TEj6 3, and 0.4% TE;7 2.
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Thus, the polar scan indicates that the gyrotron operates in the TEj¢2 mode with
approximately 99% mode purity. The small amounts of neighboring azimuthal and radial
modes are due to mode conversion after the cavity, most likely in the cavity output taper or
at the cavity/collector joint.

Next, the external waveguide, or sleeve, was mounted on the gyrotron window flange
(Fig. 2.3). The sleeve was carefully aligned in order to minimize mode conversion from the
desired TE;6 2 mode. Another far field polar scan was made, and the results are shown in
Fig. 2.6.
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Figure 2.6 Far field polar radiation pattern scan of power exiting the sleeve. The x’s represent
measured values of |Eg |2. The solid line shows the theoretical far field pattern for the mode mix of
0.3% TE1s,1, 97.2% TE1s,2, 0.3% TEi6 3, 1.6% TEj5 2, and 0.6% TE;7 2.
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Once again, the experimental data points are indicated by x’s. The best fit to the data
was found by assuming a mode mix with the following power break down: 0.3% TEj¢ 1,
97.2% TE16,2, 0.3% TE16 3, 1.6% TE;5 1, and 0.6% TE17,2. The theoretical far field pattern
for this mix is shown by the solid line in Fig. 2.6. The additional mode conversion from the
TEj6,2 to the adjacent modes is most likely caused by a slight tilt or offset of the external
waveguide relative to the gyrotron collector. The polar scan of the radiation from the sleeve
indicates that > 97% of the power at the sleeve output, which is the power incident on
the launcher, is in the TE;¢2 mode, with approximately 3% in other modes. With this
information, the performance of the converter can be experimentally evaluated.

2.3.3 Near Field Launcher Pattern Measurements

After the mode mix at the output of the sleeve was determined through the far field polar
scans described above, the Vlasov-type launcher was positioned on the sleeve and the near
field radiation pattern was measured. The scans were made by rotating the launcher in the
azimuthal (@) direction while sliding the receiving unit along a platform running parallel to
the launcher straight edge. In this way, the near field pattern on a cylinder concentric with
the waveguide was obtained. The scan was made at r; = 4.25 cm, near the position of
the doubly curved reflector. For this experiment an open ended WR6 waveguide was used
rather than the pyramidal horn used in the polar scan experiments. The receiving unit was
rotated by an angle 6 g to be perpendicular to the incoming rays. The detector was oriented
to measure the ¢ component of E. The experimental apparatus for measuring the near field
launcher pattern is shown in Fig. 2.7.
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gyrotron optical bench ——
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Figure 2.7 Experimental apparatus for measuring near field 3) — Z patterns from the Vlasov-type
launcher.
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The results of the near field ¢ — 3 scan are shown in Fig. 2.8. The figure shows lines of
constant |E,[2, plotted in dB below peak intensity. The boundary of the focussing reflector
is indicated. A piece-wise integration of the experimental pattern shows that > 97% of the
E radiation from the launcher is intercepted by the doubly curved reflector.

The experimental result (Fig. 2.8) can be compared to the near field diffraction theory
prediction for a mode mix of 0.3% TEi¢ 1, 97.2% TE16.2, 0.3% TEj63, 1.6% TE;s5 2, and
0.6% TE;7 2, which is shown in Fig. 2.9.
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Figure 2.8 Experimental near field launcher pattern taken at the reflector position. Lines of
constant |E¢ |2 are shown in dB below peak intensity. The boundary of the doubly curved reflector
is indicated.
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Figure 2.9 Theoretical near field launcher pattern at the reflector position, as predicted by the
Stratton-Chu formula, for the mode mix of 0.3% TEj6,1, 97.2% TEj6 2, 0.3% TEj16 3, 1.6% TE;5 2,

and 0.6% TEj7 2. Lines of constant |E4|? are shown in dB below peak intensity. The boundary for
the pattern predicted by geometric optics is indicated.
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The size and shape of the experimental (Fig. 2.8) and theoretical (Fig. 2.9) patterns
are in good agreement. The slight differences at levels below -15 dB are most likely due to
edge diffraction effects. The vector diffraction theory assumes the unperturbed waveguide
fields (Eqgs. 2.1 and 2.2) over the aperture, and does not include the effects of the interrupted
wall currents.

Figure 2.9 also shows the boundary for the pattern predicted by geometric optics theory.
As described in Section 2.1, the geometric optics pattern subtends an angle 2o = 93° in
azimuth and extends L = 20.8 cm in the axial dimension. It is immediately apparent that
the geometric optics theory generates a near field pattern which is significantly smaller than
either the diffraction theory prediction or experimentally determined pattern. In fact, the
diffraction theory shows that the mirror must subtend 4« degrees in order to intercept all
the radiation from the launcher. A piece-wise integration of the diffraction theory pattern
indicates that approximately 75% of the power falls within the geometric optics extents. For
this reason, in designing the doubly curved reflector, the size is determined using diffraction
theory, while the shape is calculated with the geometric optics approximation (Eq. 2.20).
To extend the mirror beyond the geometric optics limits, the radiating caustic source is
extended to 4« in the azimuthal direction. The mirror surface, determined by Eq. 2.20, is,
thus, shaped to focus the additional, non-geometric optics rays as if they came through the
waveguide wall, which is non-physical. Itis expected that the radiation that falls outside the
geometric optics limits will be directed to the focal plane, but will most likely arrive at the
focus with phase errors due to the improper shaping at the edges of the extended reflector.
However, the goal of the experiments described here was to verify the vector diffraction
theory and to design a reflector that was large enough to direct > 95% of the radiated power
to the focal plane. The extended geometric optics mirror is adequate for these purposes.

2.3.4 Output Beam Measurements

Once the performance of the launcher was experimentally verified, the operation of the
full converter, consisting of the launcher and reflector, was investigated. The doubly curved
reflector, which intercepts the launched rays and directs them to a focus in the far field, was
placed at its design position and a diode scan was made in a plane slightly beyond the focal
point. For this scan, the open ended WR6 waveguide, the precision attenuator, and the diode
detector formed the receiving unit. An optical bench was mounted perpendicular to the
incoming rays and the detector was moved vertically and horizontally. The experimental
apparatus for the focal plane scans is shown in Fig. 2.10. Scans were taken in planes at
position d, where d is the distance from the waveguide axis to the center of the pattern,
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along the direction perpendicular to the beam propagation path. In this case, the detector
was oriented to measure the § component of the radiation.

The experimental scan in the perpendicular plane at d = 60 cm, which is 10 cm beyond
the focus at d = 50 cm, is shown in Fig. 2.11. Lines of constant |E,|? are plotted in dB.
The experimental scan shows a small, Gaussian-like focal spot in the theoretical position
for the TE;62 mode focus, with two other foci in the theoretical positions for the TEj5,2
and TE;7,, modes. The mode converted TE;s » and TE;72 at 146 GHz have polar bounce
angles of g = 24.5° and ¢ g =21.2°, respectively. Since the TE;s 2 mode has a smaller
bounce angle than the TE;j6 2 mode, its focal position is at a smaller value of = than the
TEj6,2 focus. Similarly, the TE;7 2 mode, which has a larger bounce angle than the TE;¢ 2,
focuses at a larger value of z.

Performing a piece-wise power integration over the experimental E, scan indicates that
97.8% of the total measured power is in the TE;¢ 3 focus, 1.6% is in the TE;s » focus, and
0.6% is in the TE17 2 focus. As seen in Fig. 2.11, the beam radius at which the amplitude
of the TE;¢ 2 focus is % its on axis value, w, is 1.15 cm in the horizontal (%) direction and
1.1 cm in the vertical (§) direction. The peak intensity in the cross polarization, E;, was
measured to be <-20 dB from the peak of the E, intensity.

doubly curved reflector

Vlasov—-type launcher

optical bench

Figure 2.10 Experimental apparatus for focal plane measurements.
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The experimentally determined pattern at d = 60 cm (Fig. 2.11) can be compared to the
diffraction theory prediction in the same plane, which is shown in Fig. 2.12. The theoretical
pattern assumes a mix of modes incident on the launcher with 97.8% of the power in the
TE62 mode, 1.6% in the TE;5, mode, and 0.6% in the TE;75 mode. Figs. 2.11 and
2.12 show excellent agreement between the experimental result and the diffraction theory
prediction.

Next, the receiving unit was removed and a Scientech laser calorimeter, 10 cm in
diameter, was placed perpendicular to the incoming rays in the d = 60 cm plane. The power
in the beam was measured and normalized to the power exiting the sleeve with the mode
converter removed. Calorimetric measurements showed that 95% of the power leaving the
sleeve was directed to focal plane.

The measured mode mixes and power percentages at various points in the converter
system are summarized in Table 2.2. The power percentages are normalized to the total
power exiting the gyrotron window. Table 2.2 highlights the fact that each of the measure-
ments described above suggests a mix of modes that is consistent with the mix indicated by
the other measurements.

%TE:6,1,1 %TE; 62,1 %TE 6,1 %TE;s 2,1 %TE 72,1 Total

Window 0.3 99.0 0.3 0.0 0.4 100
Sleeve 03 97.2 03 1.6 0.6 100
Reflector 03 94.3 03 1.5 0.6 97
Focus 0.0 929 0 1.5 0.6 95

Table 2.2 Mode mixes and power percentages at several points in the converter system.

In an effort to characterize the beam formed by the converter, diode scans, such as that
shown in Fig. 2.11, were made at several values of d, and the horizontal (Z) and vertical (%)
beam radii were measured at each location. The minimum beam radii, wp, = 0.8 cm and
woy = 0.7 cm, were found at d = 50 cm. The measured values of horizontal and vertical
beam radii versus d are shown in Figs. 2.13 and 2.14, respectively. Also plottedin Figs. 2.13
and 2.14 are the theoretical beam radii for an elliptic Gaussian beam with the measured
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Figure 2.11 Diode scan in the plane d = 60 cm. Lines of constant IEZI are plotted in dB. The
peak of the cross polarization, Ez, is <-21 dB from the peak of E,.
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Figure 2.12 Theoretical pattern in the plane d = 60 cm for a mix of modes consisting of 97.8%
TE16,2, 1.6% TEjs 2, and 0.6% TE17,. Lines of constant |E§| are plotted in dB. The peak of the
cross polarization, E., is <-21 dB from the peak of E,,.
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beam waists, wo, and woy, as well as the beam radii predicted by the Stratton-Chu diffraction
theory. The radius of a Gaussian beam, w, is given by Eq. 2.27.

2
w?(2) = uf [1 + (—)‘2—2> ] 2.27)

7rw0

where ) is the wavelength and z = 0 is the position of the minimum beam radius, wy.
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Figure 2.13 Experimental and theoretical beam radius expansion in the horizontal (Z) direction
for the beam produced by the TE;¢ 2 Vlasov-type converter. The circles indicate the measured values
of w;. The triangles mark the values of w, predicted by the vector diffraction theory. The solid

line shows the theoretical beam radius for a fundamental Gaussian beam with waist wg; = 0.8 cm
atd =50 cm.
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As is evident in Fig. 2.13, the beam formed by the converter expands more rapidly in
the horizontal direction than a fundamental Gaussian beam would, indicating non-Gaussian
variations of the phase fronts. The same non-Gaussian beam expansion is predicted by the
vector diffraction theory, which generates beam radii that agree well with the measured
values.

Figure 2.14 shows that the measured beam expands in the vertical direction more
rapidly than a fundamental Gaussian beam expands, once again indicating non-Gaussian
phase fronts. The diffraction theory predicts beam radii that agree well with the measured
values of wy,.
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Figure 2.14 Experimental and theoretical beam radius expansion in the vertical () direction for
the beam produced by the TE;¢ 2 Vlasov-type converter. The circles indicate the measured values
of w,. The triangles mark the values of wy predicted by the vector diffraction theory. The solid
line shows the theoretical beam radius for a fundamental Gaussian beam with waist wg, = 0.7 cm
atd =50 cm.
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To determine the mode content of the beam, dot product integrations between the
measured beam and a fundamental Gaussian beam were made at several points along the
propagation path. The integrations suggest that approximately 88% of the power in the
TE16 2 beam was contained in the fundamental Gaussian beam mode (TEMqo), with 12% in
higher order components. With the calculation of the mode content, the overall efficiency
for converting the TE;6 2 mode to the TEMgp mode can be estimated by:

_ 0.929 (TEs¢,; at focus)
I(TE16,2—TEMw) = 5 977 (TE;¢ 2 at sleeve exit)

x 0.88 TEMq = 0.84 (2.28)

2.3.5 Corrugated Waveguide Experiments

With the beam expansion characteristics known and the percentage of TEMgg estimated,
the final step in testing the TE;6 2 Vlasov-type converter was directing the focussed beam
into a corrugated waveguide. A schematic of the experimental configuration is shown in
Fig. 2.15. The waveguide line consists of two sections of 1.25 in. diameter cylindrical
corrugated guide, manufactured by General Atomics. The two waveguides are joined by
a 90° HE;; miter bend. The entrance to the line was placed at d = 50 cm, the focus
of the beam formed by the Vlasov-type converter. The guide was aligned with the beam
propagation direction.

A fundamental Gaussian beam with waist w, = 0.596 x R, couples to the HE;; mode in
a corrugated waveguide with an efficiency >98% [23]. For the given guide, R,, = 1.25in,,
the beam waist for optimum coupling is 0.9 cm. Therefore, for the beam formed by
the Vlasov-type converter, it is expected that approximately 98% of beam power that is
contained in a fundamental Gaussian mode would couple to the HE;; mode, propagate
through the low loss line, and exit the guide. Thus, the total predicted efficiency can be
calculated by:

0.929 (TE;¢ 2 at focus)
0.972 (TE;,2 at sleeve exit)

T(TEy ,—HE;(calc) = x 0.88 TEMgo X 0.98 ncoup = 0.825

(2.29)

In a sense, the corrugated guide experiments provide a measure of the TEMgp mode
content in the beam formed by the converter. Power in the fundamental Gaussian mode
couples well to the HE;; mode and travels with virtually no loss through the line. Power
in higher order Gaussian or non-Gaussian modes will couple to higher order corrugated
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Figure 2.15 Schematic of the the corrugated waveguide experimental apparatus.

waveguide modes or will be reflected at the guide input. Thus, the ratio of the total power
in the HE;; mode at the guide exit to the total power at the entrance is an approximate
measure of TEMgg content in the input beam.

A two dimensional scan of the radiation leaving the corrugated waveguide was made.
The receiving unit, consisting of a truncated WR6 waveguide, a calibrated attenuator, and
a WR6 diode, was oriented in the direction for measuring E,. The unit was mounted on an
optical bench, perpendicular to the incoming beam. The detector was moved vertically and
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horizontally in a plane at d = 11 cm. The results of the scan are shown in Fig. 2.16, where
lines of constant [E,|? are plotted in dB below peak intensity. Figure 2.16 shows a small,
Gaussian-like radiation pattern with wo, = wgy = 1.3 cm . The theoretical beam radii for
the near field pattern of the HE;; launched from a 1.25 inch guide in the plane d = 11 cm
are woz = woy = 1.35 cm. The peak intensity in the cross polarization, E;, was measured
at <-21 dB below the peak of the E, intensity. The experimental scan (Fig. 2.16) indicates
that the radiation launched from the corrugated waveguide is predominantly in the HEj;
mode.
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Figure 2.16 Diode scan of the radiation leaving the corrugated waveguide transmission line.
The scan was made in the plane perpendicular to the guide at a distance d = 11 cm from the exit.
Lines of constant |E§| are plotted in dB below peak intensity. The peak of the cross polarization,
E;, is <-21 dB from the peak of E,.
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Next, the 10 cm laser calorimeter was placed at the guide exit and the power leaving
the line was measured to be 80% of the total power leaving the gyrotron. The overall
conversion efficiency of the TE;¢ 2 mode to an HE;; mode is

powerin HE;; _ 0.80
power in TE;6 2 ~0.972

T(TE;6 ,—HE,;)(measured) = =0.82 (2.30)

The predicted conversion efficiency (Eq. 2.29), 82.5%, is in excellent agreement with
the measured efficiency, 82%.

The conversion efficiency for transforming the TE;¢2 mode to the HE;; mode can be
used to estimate the efficiency of transforming the TE;¢2 mode to the TEMgo Gaussian
mode in free space by correcting for the 98% coupling efficiency from the TEMyp to the
HE{; mode.

power in HEj; 1 _ 080 1

= =0.83 2.31
power in TE;¢ 2 coupling efficiency  0.9720.98 .31

T(TE16,2—TEMoo) =

Thus, the TE;6 2-TEMgo conversion efficiency estimated from the corrugated wave-
guide experiments (83%) is in excellent agreement with the efficiency estimated from the
beam expansion measurements and mode content calculation (84%).
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2.4 Discussion of Results

The experiments described in Section 2.3 fully characterized the operation of the TE;¢ 2
Vlasov-type mode converter. First, far field polar scans of the power from the collector
showed that the gyrotron operates in the TE;¢,2 mode with 99% mode purity. An external
waveguide, or sleeve, which was designed to continue the collector after the vacuum
window, was mounted at the output of the gyrotron and a second set of far field polar scans
showed that the power at the sleeve exit was composed of 97.2% TE;¢ 2 mode with the
remaining 2.8% in adjacent azimuthal and radial modes. The additional mode conversion
was caused by a slight tilt or offset of the external waveguide, and by the break in the
waveguide due to the presence of the vacuum window.

Next, the launcher was mounted on the sleeve and near field scans were made. The
pattern predicted by vector diffraction theory for the mode mix suggested by the polar scan
(0.3% TE16,1, 97.2% TE16 2, 0.3% TE16,3, 1.6% TE;5 1, and 0.6% TE17,2) was in excellent
agreement with the experimentally observed pattern. However, the pattern predicted by
geometric optics theory was significantly smaller than either the measured pattern or the
pattern predicted by diffraction theory. An integration over the diffraction theory pattern
showed that only 75% of the power fell within the geometric optics extents. The mirror
extents were chosen based on diffraction theory pattern and an integration was performed
over the measured pattern to show that 97% of the power would be incident on the reflector.

The reflector was placed at its design position and measurements of the beam produced
by the converter were made. Calorimetric power measurements showed that 95% of the
total power incident on the launcher was directed to the focal plane. A diode scan in a plane
perpendicular to the incoming beam showed a strong TE;6 2 mode focus, with two other
focii corresponding to the neighboring azimuthal modes, TE;s 2 and TE;72. An integration
over the experimental pattern showed that 97.8% of the power was contained in the TE;6 2
focus, 1.6% was found in the TE;7; focus and 0.6% was in the TEj7,2 focus. This power
break down agrees well with the mode mixes inferred from the far field polar scan at the
sleeve output and the near field launcher pattern scan.

The focal plane scans point out a useful property of the Vlasov-type converter. Each
mode that is incident on the launcher appears as a distinct focal spot in the far field. The
converter is, thus, a good diagnostic for determining mode content.

Next, the beam radius expansion measurements showed that although the TE¢,2 pattern
has a Gaussian-like amplitude profile in the focal plane, the beam expands in a non-Gaussian
way, indicating phase front aberrations. A dot product integration suggested that 88% of
the TE;6,2 beam, or 0.88x0.95 = 0.84 of the total TE;¢ 2 power leaving the gyrotron, was
in the TEMgo mode, with the remaining 12% in higher order modes. The non-Gaussian
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components are the result of designing the reflector surface with geometric optics. It was
previously noted that only 75% of the radiation falls within the geometric optics extents.
The additional radiation, which is not predicted by ray optics, is incident on a surface
designed by ray optics. Thus, it is not surprising that this radiation outside the bounds of
the geometric optics pattern arrives at the focus out of phase, leading to aberrations on the
beam.

Finally, corrugated waveguide experiments showed that 82% of the TE¢ 2 power from
the sleeve is coupled into the HE;; mode of a 1.25 inch diameter corrugated waveguide.
The TE6 2—HE; conversion efficiency is predicted at 82.5% by knowing that 95% of the
TE;6,2 power from the sleeve arrives at the focus and that 88% of this power is in the TEMgp
mode. The measured TE;¢ 2—HE; efficiency, 82%, and the predicted efficiency, 82.5% are
in excellent agreement. By correcting the TE;6 2-HE;; measured efficiency for the 98%
theoretical coupling of the TEMgy mode to the I-IEil mode of the corrugated guide, the
TE16,2—TEMoo conversion efficiency is found to be 83%.

It is somewhat surprising that the Vlasov-type converter, with a design rooted in the
geometric optics approximation, can achieve such a high conversion efficiency. The geo-
metric optics model is, in fact, a fairly good model for describing the pattern that is radiated
from the Vlasov launcher. As shown in Fig. 2.9, the near field launcher pattern predicted by
the rigorous vector diffraction theory is quite similar to the pattern predicted by geometric
optics. The simple geometric optics theory predicts a uniformly illuminated rectangular
patch and the vector diffraction also predicts a rectangular pattern. The -6 dB lines of the
vector diffraction theory pattern are approximately the same size as the geometric optics
prediction, indicating that geometric optics describes ~ 75% of the beam in an accurate
manner. Thus a reflector designed with geometric optics should focus the majority of the
power to the desired Gaussian beam, as was observed in the experiments described in the
previous section.

The possibility of improving the overall efficiency of the Vlasov-type converter exits
with the Stratton-Chu diffraction theory. With a more sophisticated reflector design that
incorporates vector diffraction theory as well as geometric optics theory, the phase aberra-
tions on the beam could be lessened and more power could be successfully converted into
the TEMgy mode.

However, even with the improvements that a vector diffraction theory mirror design
would bring, the Vlasov-type converter has inherent properties that make it undesirable
for converting certain classes of modes. As discussed in Section 2.1, the geometric op-
tics expansion angle of the radiation pattern from the Vlasov-type launcher, a, goes as
cos*l(;%). For TE,, , whispering gallery modes, where the azimuthal index, m, is large
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and the radial index, p, is small, 7’:—’) ~ 1, and the expansion angle, o, is small. However,
for high order volume modes, where m is not much greater than p, 7:%; is smaller, and
the expansion angle gets to be quite large. Since the reflector must subtend a minimum
of 2o degrees, the mirrors for volume mode Vlasov-type converters are large. In fact,
conventional Vlasov-type converters become impractical for high order volume modes, and
the converter’s applicability is limited to whispering gallery modes in many cases.

Another limitation is the substantial diffraction from the Vlasov-type launcher. For
a whispering gallery mode, the radiation on the launching aperture is concentrated in a
region between the caustic radius and the waveguide radius. Since this illuminated region
on the launching aperture is small, the diffraction of the radiated pattern will be large. The
Stratton-Chu theory indicates that the true angular expansion angle for a whispering gallery
mode launcher is about 4a, which is twice the value predicted by geometric optics. Large
diffraction leads to large reflectors, which are impractical in many cases.

Because much of the near field pattern falls outside the bounds of geometric optics
predictions, a reflector designed solely with geometric optics is not always adequate. With
the vector diffraction theory developed as part of this thesis, and improved reflector design
is possible. However, to design a reflector with diffraction theory is complicated, and the
amount of computing time required renders the design process unattractive. Perhaps a more
useful solution is to modify the launcher so that a more controlled beam is radiated from the
aperture, which is the method used in designing the converter described in the next chapter.

Based on the above discussion, it can be concluded that for whispering gallery modes
(m >> 1,p = 1), the Vlasov-type converter with a geometric optics reflector design is
practical and can achieve conversion efficiencies in excess of 80%. Higher efficiencies are
possible if the Stratton-Chu vector diffraction theory could be incorporated in the design of
the reflector surface. However, for volume modes (m,p >> 1), or modes with extremely
large diffraction, the approach loses validity as the reflectors get larger and less practical.

The second converter in the proposed thesis, which is a variation on the Vlasov-type, is
applicable for converting high order volume modes in overmoded waveguides to Gaussian
modes in free space.
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Chapter 3

Pre-Bunching Converter

A quasi-optical mode converter was designed to transform the TE22 ¢ mode at 110 GHz
to a Gaussian beam in free space. The converter was configured so that it could be tested
external to the gyrotron, which was the method used in the TE;62 Vlasov-type converter
experiments, or internal to the tube. When the converter is inside the gyrotron, it serves
not only to convert the output mode, but also to separate the spent electron beam from the
microwave power. The internal converter has several advantages over a long, cylindrical
collector leading from the cavity to the output window (Fig. 1.1). With the converter
inside the gyrotron, the microwaves exit the tube along a path that is perpendicular to the
electron beam path. Contrary to the long cylindrical collector configuration, any power
reflected from the window is not likely to be directed back into the interaction cavity.
Also, separating the spent electron beam from the microwaves allows for a depressed beam
collector, which would improve the overall efficiency of the tube. Additionally, the internal
converter configuration increases the vacuum pumping conductance within the gyrotron
tube, which improves the running conditions.

Thus, a size constraint was imposed with the requirement that the entire converter fit
within the 5 inch diameter vacuum tube of the TE;; ¢ gyrotron oscillator. The geometric
optics azimuthal expansion angle (2a) for the TE;2 ¢ mode is 122° and, as was shown
in the previous chapter, a mirror must subtend at least 4o in order to intercept all the
radiation launched from a Vlasov-type antenna. The desire to improve upon the results of
the Vlasov-type converter, along with the impracticality of a mirror subtending 244° led
to a modification in the design of the previously.discussed mode converter. The Vlasov
launcher was altered in an effort to pre-shape the fields on the aperture, allowing for a more
controlled, well defined beam to be radiated from the launcher.

The TEj; ¢ pre-bunching converter, which is a modified Vlasov-type, consists of an
irregular waveguide section, or pre-bunching section, followed by a step cut launching
aperture (Fig. 1.3) and two focussing reflectors. The converter was built and tested both
externally and internally on a TE; ¢ gyrotron operating at 110 GHz.

The vacuum window is a limiting component in determining the output power capability
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of a high frequency gyrotron oscillator. Because of power handling limitations for present
window designs, it may prove advantageous to divide the microwave radiation produced
by the gyrotron and direct it through two vacuum windows, which would serve to reduce
the power handling requirements of each window by a factor of two. With this in mind,
four additional reflectors were designed to split the fundamental Gaussian beam formed by
the launcher and two mirror relay into two fundamental Gaussian beams, each containing
approximately half the total power. The beam splitting mirror relay was built and tested in
conjunction with the external pre-bunching converter experiments.

The design, theoretical analysis, and experimental verification of the pre-bunching
converter and beam splitting mirror relay are discussed below.

3.1 Coupled Mode Theory and Launcher Design

The wall current, or field intensity on the wall, of a pure rotating mode travelling in a
cylindrical guide (Egs. 2.1 and 2.2) is uniform over the entire waveguide wall. The goal
of the pre-bunching section is to create a mode mix in the launching waveguide such that
the wall current exhibits a Gaussian, rather than uniform, profile. This favorable mode mix
can be achieved by pumping power from the main mode, TE, 5, to two satellite modes, the
TXm;,p; and the TXy;; ».. The symbol TX indicates that the satellite mode can be either
TE or TM. A helicoidal converter, with a wall shape described by Eq. 3.1, is used to obtain
this type of mode conversion [12][13].

r($,2) = a[l +e1(2) cos(B1z — li$) + €2(2) cos(Baz — L2¢)], (3.1)
where
P =~ £(Bo — Bi) (3.2)
i = £(mo — m,) (3.3)
B2 = £(Bo — B;) (3.4
= £(mp — my) (3.5

The subscript O corresponds the main mode, and the subscripts ¢ and j refer to the first
and second satellite modes, respectively. The first cosine variation, €1(z) cos(B1z — l14),
couples power from the main mode the the first satellite mode, TXm, ;, and the second
cosine variation, €1(2) cos(8;2 — l1¢), couples power from the main mode the the second
satellite, TXm; p;. In Eq. 3.1, a is the constant mean radius of the rippled wall waveguide.
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The fields in a smooth walled cylindrical waveguide of constant radius a are the normal
modes of the guide, described by Egs. 2.1 and 2.2. When the wall is distorted, as in Eq. 3.1,
the fields are no longer described by one normal mode and the wall perturbations effectively
couple energy between several normal modes of the waveguide.

In general, the equations for coupling between forward travelling modes are given by:

dA*
— = kAT + Z cipA} + Z cigA} (3.6)

dA}

=3 sz; + Z cJ-,,A; + Z cJ'qA;, 3.7
4 q

where the subscripts ¢ and p denote TE modes and the subscripts ¢ and 7 denote TM
modes. In Egs. 3.6 and 3.7, A is the complex amplitude of the mode. For weak waveguide
deformations of the form r(¢, z) = a + 6(¢, z), previously reported methods [24-26] can be
used to determine the coupling coefficients in Egs. 3.6 and 3.7, cip, cig, cjp, and cjq.

P72 [Q” Bty | 0 1;,,] -

Cig = %S‘“?—k“iﬂ (3.9)

Cip = % [ijc\/g*' Ujp%\/%"' VJ'P"%\/EIC—ZP] (3.10)
Cig = % [I/qu ’I:—ZZ- + qu\/—%c——z_q] (3.11)

To first order in the small amplitude perturbation, 6(¢, z), the eight unknowns in
Egs. 3.8-3.11 are defined by Eqs. 3.12-3.19 [24-26]. In the following equations, the
subscripts ¢, p, 7, and q refer to modes ¢, p, j, and ¢, where mode : is the TEn,, p,, mode p is
the TEy,; p,, mode j is the TMm{ o and mode q is the TMm; -
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amwe a 0

where pip is the p** zero of Jp(z).

The integrals in Egs. 3.12-3.19 can be solved for any small amplitude perturbation,
8(4, z). For the helicoidal converter of interest, §(¢, 2) = ae(z) cos(Bz — l¢). Substituting
this function into Eqs. 3.12-3.19 and solving gives:
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where
Yo = Te(2)eP? of mp—my=1, [#0
Y0 = Te(2)etP? iof mag—my=-1 150
Yo = 2me(z) cos(3z2) if my=my, =0
Y% =0 otherwise
and
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(3.22)

(3.23)
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(3.26)
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s = an[€'(z) — iBe(z)]eP* if myg—my =1, 140
v, = aw[€(2) + iﬂe(z)]eiﬂz if my—my=-I [#0
v, = 2ra[€(z) cos(Bz) — Be(2)sin(Bz)] if ma=my, =0

Y. =0 otherwise (3.29)

where the prime (') denotes the first derivative with respect to z, d%.

By substituting Eqs. 3.20-3.29 into Eqs. 3.8-3.11, the coupling coefficients for
the small amplitude helicoidal wall perturbation, (¢, z) = a[l + €(z) cos(8z — l$)], can
be solved. The pre-bunching waveguide of interest, with the wall shape described by
Eq. 3.1, is the superposition of two such helicoidal perturbations. In analyzing this
waveguide, the coupling coefficients for each term can be solved independently and the
results superimposed in Egs. 3.6 and 3.7.

There are two principle design criteria for the rippled wall waveguide section. First,
the section must convert the main mode, the TEj; ¢ in this case, to a mix of modes such that
100% of the power in the waveguide is contained in a bundle with a Gaussian-like amplitude
profile. Second, this profile must be achieved in a short distance, typically <20 cm, so that
the launcher is short enough to avoid interception of the expanding spent electron beam.

The geometric optics model, although it is not used in the analysis of the rippled
wall section, is helpful in illustrating the method of selecting appropriate satellite modes.
Figure 3.1 shows the unfolded cylindrical waveguide. In the ray optics view of rotating
cylindrical waveguide modes, a ray travels in a helical path around the waveguide, reflecting
from the wall at bounce points marked ‘b’ in Fig. 3.1. The bounce points fall on helical
line A. All of the rays that form the waveguide mode reflect from the wall in area B, where
B is the region formed when parallel lines C and C’ are drawn from neighboring bounce
points to the next intersection with line A. As was previously described in Chapter 2, the
azimuthal extent of region B, or the azimuthal separation of two bounce points, is 2a. The
axial extent of region B is L' = Zer%f sie  For a pure, rotating TEy, , mode, region B
is uniformly illuminated by the rays. After all rays are reflected from the wall in region B,
they arrive a bounce points in a similar region, B’, then travel to region B”, etc.
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Figure 3.1 Geometric optics view of a cylindrical waveguide mode. The ray travels along
helical line A reflecting from the waveguide wall at bounce points b. All rays have one bounce
point in regions B, B’ and B”.

As is evident in Fig. 3.1, the helical cut of a Vlasov-type launcher is equivalent to
removing the waveguide wall in the region B”; each ray is reflected from the wall in region
B’ and then is radiated out into free space. It is the goal of the pre-bunching waveguide
section to improve the radiation characteristics of the launched beam by illuminating the
launching region (B’) with a Gaussian ray distribution rather than a uniform distribution.
Viewing the problem in this light helps in selecting the appropriate satellite modes.

For the TE»; ¢ mode, 2a = 2cos™1 ;::7 ~ 122°. Since the azimuthal extent of region
B is 2a, there are three such regions in the 27 radians around the waveguide. Thus, the
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satellite mode responsible for azimuthal bunching should have an azimuthal mode index,
m, that is 2243, i.e. m = 19 or m = 25. A mode with an azimuthal index m = 19 or
m = 25 will beat with the TE»; ¢ mode and form three peaks around the azimuth of the
guide, one for each region B.

In order to decouple the azimuthal and the longitudinal bunching, it is desirable to
choose an azimuthal satellite mode with k; = k,, ;, which is equivalent to choosing a
mode with vp,y &~ v236. There are two modes with m = 22 £ 3 and vmp = v226, the
TEj9,7 and the TE)s s modes. Either mode can be selected and the helicoidal coefficients,
B1 and 3, can be found from Eqgs. 3.2-3.5. It is interesting to note that because of the
symmetry of the mode spectrum, the TE»; ¢ mode couples well to the TE»s s mode through
the same helicoidal wall shape that provides coupling from the TE»; ¢ mode to the TEg 7
mode. Figure 3.2 shows the resulting field intensity on the waveguide wall (|E|2) when
the TE2; ¢ mode is mixed with the TE9,7 and TEps 5 modes. For a pure, rotating TE2; ¢
mode, the field intensity would be uniform at all points on the waveguide wall. Figure 3.2
clearly shows the azimuthal bunching that results from the favorable mixture of modes.

The mode that performs longitudinal bunching should have an azimuthal index m =
22 + 1 and an axial wave number, k; — k¢ ~ -L; When these conditions are met, the
radiation will form bundles that follow along the helical ray path, line A. The two modes
that meet these criteria for the TEy; ¢ mode are the TE; ¢ and the TEz3 ¢ modes. Just
as in the case of the azimuthal satellite modes, the TE2; ¢ mode couples strongly to the
TE23,6 mode through the same wall perturbations that couple the TE;2 ¢ mode to the TEj; ¢
mode. Once again, the helicoidal coefficients, 3, and /5, can be solved with Egs. 3.2-3.5.
Figure 3.3 shows the resulting field intensity on the waveguide wall (|E, |2) when the TE2; 6
mode is mixed with the TE3; ¢ and TE23 ¢ modes. The favorable mode mixture has created
bunching along the helical line A.

In the pre-bunching launcher, two helicoidal cosine variations are used simultaneously
(Eq. 3.1) to effect both azimuthal and longitudinal bunching. When the satellite modes
are properly selected, the result is one Gaussian-like radiation bundle in the center of each
region B, B', B, etc.

Thus, the TEj9 7 mode was chosen as the azimuthal bunching satellite mode and the
TE23,6 mode was chosen to perform the longitudinal bunching. The helicoidal coefficients
were solved with Egs. 3.2-3.5 and were put into Eq. 3.1 to specify the wall shape. A
computer code, using Eqs. 3.6 - 3.29, was written to solve for the E and H fields at all
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Figure 3.3 Field intensity (|E, |2) on the waveguide wall when the TEj2 6 mode at 110 GHz is
mixed with the TE3; ¢ and TE23 ¢ modes, also at 110 GHz. Lines of constant intensity, normalized
to the uniform intensity of a pure TE2; ¢ rotating mode, are plotted in steps of 0.5.
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points in the irregular waveguide described by Eq. 3.1. Using this program and the satellite
mode selection method described above, the TE; ¢ rippled wall launcher was designed.

Table 3.1 summarizes the design parameters for the TE;; ¢ pre-bunching waveguide
section. The helicoidal converter was designed to operate on the left rotating TE22 ¢ mode,
which is the mode produced by the gyrotron oscillator was used in test. The launcher can,
certainly, be designed for either a right or left rotating input mode, but the sense of the
helicoidal ripples fixes the converter applicability to one rotation or the other.

input mode TExe
frequency 110 GHz
mean radius, a 2.1cm
a(z) =« 0.0019
az) = 0.0019
B 0.168 cm-!
P2 1.68 cm~!
L 3

b 1

12t satellite mode TE19,7 (TEzs 5)
2nd gatellite mode TE2,6 (TE21.6)

a=cos™! y—’:; 61.17°
0p = tan“ L;f 70.56°

Table 3.1 Design parameters for the TE32 ¢ pre-bunching launcher.

The launcher described in Table 3.1 was analyzed with the coupled mode theory
computer code and the results are plotted in Figs. 3.4 and 3.5. Figure 3.4 shows the mode
composition in the pre-bunching launcher. The TE3; ¢ mode is incident at z = 0, at which
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point helicoidal perturbations begin. As the radiation travels along the Z axis, power in
the TE22 ¢ mode is coupled into the four primary satellite modes, the TE;9 7 / TEys 5 pair
through the first helicoidal cosine, and the TEy3 ¢ / TE3; ¢ pair through the second cosine.
In addition, fifteen other modes, listed in Table 3.2, were found to couple through the wall
perturbations.

TEus TEz 1 TEs7
TEx s TEx 6 TEz;
TE;s s TE177 TE175
TE 6 TE2s4 TEz,s
TExs TExs TEx s

Table 3.2 Additional modes included in the coupled mode theory analysis of the TE ¢ pre-
bunching launcher.

Figure 3.5 shows the resulting field intensity (|E,|?) on the wall for the mode mix
generated by the pre-bunching section. A distinct Gaussian profile with a peak to valley
intensity ratio > 40 is indicated.

The well formed radiation bunch is launched from the rippled wall section by cutting
the waveguide wall around one Gaussian bundle, where wall current is at a minimum,
which virtually eliminates edge diffraction effects. The Stratton-Chu vector diffraction
theory, described in Section 2.2, can be used to simulate the radiation of the aperture fields
and examine the properties of the launched beam. The step cut aperture over which the
waveguide fields are integrated extends from 10.5 cm to the end of the launcher in the axial
direction and is bounded by the chords joining ¢ = 225° and ¢ = 325" at the two ends of the
axial cut. The fields on this aperture, calculated with the coupled mode theory, are shown
in Fig. 3.6. Lines or constant [E, |? are shown in dB below peak intensity.

Figure 3.7 shows the configuration under consideration. Two coordinate systems are
indicated in the figure. In the launcher coordinate system, 2 is the direction parallel to the
waveguide axis, § is the direction normal to the step cut aperture, which is nearly equal
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Figure 3.4 Variation of the mode mix along the length of the TE23 ¢ pre-bunching launcher.
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Figure 3.5 Field intensity (|E, |2) on the pre-bunching launcher wall. Lines of constant intensity,
normalized to the uniform intensity of the pure TE») ¢ rotating mode, are plotted in steps of 1.
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Figure 3.6 Fields on the step cut aperture as calculated by coupled mode theory. Lines of
constant [E;|? are shown in dB below peak intensity.
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to the beam propagation direction, and Z is normal to the § and Z directions. The origin of
the launcher coordinate system is chosen such that z = 0 corresponds the start of the rippled
wall pattern on the pre-bunching launcher, and z = 0 and y = 0 correspond to the waveguide
axis. In a second coordinate system, the beam coordinate system, d is the direction parallel
to the propagation direction, % is unchanged from the launcher coordinated system, and P
the direction normal to both d and Z. The two coordinate systems are related by the bounce
angle, 0p. As is evident from Fig. 3.7, d = -

The Stratton-Chu vector diffraction theory was used to calculate the near field pattern
on a plane perpendicular to the propagation direction of the launched beam, as shown
in Fig. 3.7. This near field launcher pattern is determined by using the aperture fields,
calculated by the coupled mode theory, as the source terms in the Stratton-Chu formula
(Egs. 2.21 and 2.22). With the exception of the new source terms, the Stratton-Chu equation
used in this analysis is identical to that used in the Vlasov-type converter analysis.

observation
plane

pre—-bunching
' y launcher

|

launched
beam

L RV VAR § |

Figure 3.7 Configuration of pre-bunching launcher and observation plane for the vector diffrac-
tion theory analysis of radiated beam.

Figure 3.8 shows the Stratton-Chu theory prediction of near field pattern from the
launcher on a plane centered at d = 4.78 cm. Theoretical near field pattern calculations,
such as that shown in Fig. 3.8, were made in planes at many different d values in an effort to
study the expansion of the beam launched from the pre-bunching section. The theoretical
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Figure 3.8 Near field vector diffraction theory prediction of the beam radiated from the pre-
bunching launcher. The center of the observation plane is at d = 4.78 cm and the plane is
perpendicular to the propagation direction of the incoming beam. Lines of constant |E; |2 are shown
in dB below peak intensity.
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predictions for the horizontal (2’ ) and vertical (&) expansions are shown in Figs. 3.9 and
3.10, respectively. Also plotted in Figs. 3.9 and 3.10 are the theoretical expansions for an
elliptic fundamental Gaussian beam with waists wy,» = 0.9 cm and wo, =0.19 cm. As is
indicated in Figs. 3.9 and 3.10, the Stratton-Chu diffraction theory predicts that the beam
radiated from the pre-bunching launcher expands in much the same manner as the elliptic
Gaussian beam. Because of this, the preliminary design of the focussing reflectors can be
made with Gaussian optics theory.

0 50 100 150
d (cm)

Figure 3.9 Horizontal (2’ ) expansion of the beam radiated from the pre-bunching launcher. The
triangles show w s values predicted by the vector diffraction theory and the solid line shows the
theoretical expansion for a fundamental Gaussian beam with waist w1 = 0.9 cm.
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Figure 3.10 Vertical () expansion of the beam radiated from the pre-bunching launcher. The
triangles show w; values predicted by the vector diffraction theory and the solid line shows the
theoretical expansion for a fundamental Gaussian beam with waist wg; = 0.19 cm.
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3.2 Gaussian Optics and Mirror Relay Design

As shown in Figs. 3.9 and 3.10, the beam radiated by the pre-bunching launcher
expands in much the same way as an elliptic Gaussian beam with waists wp, = 0.19 cm and
wy, = 0.9 cm. The purpose of the two mirror transmission line is, thus, to transform the
launched beam to the desired fundamental, circular Gaussian beam with waist wg = 0.9 cm.
Because the launched beam behaves like a Gaussian beam, the preliminary reflector design
was made using Gaussian optics theory.

The propagation and reflection of a Gaussian beam can be simply described using the
g parameter [27][28].

1 1 JjA

where R is the radius of curvature of the phase fronts, ) is the free space wavelength of
the radiation, j is the imaginary number (j = v/—1), and w is the beam radius at which the
field amplitude decreases to % of its on axis value.

The radius of curvature of the phase fronts, R, is given by:

L=z (3.31)

Bz’

where z is the distance of propagation. The beam radius, w,is given by:

2
w? = w} [1 + (-5%) ] , (3.32)
TWwy

where wy is the minimum beam radius, which occurs at z = 0.

The Gaussian beam is completely described by the ¢ parameter. Thus, knowing how
the ¢ parameter evolves upon propagation and reflection is equivalent to knowing how the
Gaussian beam evolves.

The two optical components to be considered are a section of free space of length d
and a mirror with radius of curvature Ry. Free space propagation of the beam over length
d changes the ¢ parameter from q to ¢’ by the equation [27](28]:

q’ =q+d (3.33)

A mirror with radius of curvature Ry refiects the beam and alters the radius of curvature
of the phase front so the g parameter changes from ¢ to ¢’ by the equation:
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—=—— (3.34)

With these simple equations for the ¢ parameter and its transformation, the preliminary
design of the two mirror transmission line for the TE; ¢ pre-bunching converter was made.
Toroidal mirrors, or mirrors with different vertical and horizontal radii of curvature, are
appropriate for converting an elliptic Gaussian beam to a circular beam. The radii of
curvature for the two mirrors were calculated according to Egs. 3.33 and 3.34.

The diffraction and physical optics theories were then used to simulate the launch,
reflection, and propagation of the beam through the Gaussian optics mirror transmission
line. The results of this theoretical study were used to modify and improve the designs
of the two reflectors. Although the radii of curvature of the two mirrors were changed,
the toroidal shape of the mirrors was preserved. Table 3.3 summarizes the final design
parameters for the mirror relay and the characteristics of the desired output beam. All
positions are specified in the launcher coordinate system. In Fig. 3.11, the two mirrors
described in Table 3.3 are shown.

Mirror Center Position Mirror Curvature Mirror Size
Mirrorl =-0.8 cm R..=7.14 cm z size = 8.13cm
y=4.3 cm R.=370cm z size =5.08 cm
z=12.8 cm
Mirror2 x=-0.7 cm R..=85.55cm z size = 6.99 cm
y=-3.0cm R..=23.89 cm z size = 6.99 cm
z=17.9 cm
QOutput Beam

wo,=0.9 cm at y=10 cm
wp,=0.9 cm at y=10 cm

Table 3.3 Design parameters for the TE23 ¢ pre-bunching launcher mirror relay.
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mirrorl

1.98 in. x 3.2 in.

mirror2

2.72 in. x 2.75 in.

Figure 3.11 The two reflectors of the open mirror transmission line for the TE33 ¢ pre-bunching
mode converter.



The diffraction theory predictions of the fields on the reflectors, calculated in the
launcher coordinate system, are shown in Figs. 3.12 and 3.13. In Figs. 3.12 and 3.13, lines
of constant |E;|? are shown in dB below peak intensity. The peak intensity in the cross
polarization, E, is < -25 dB below the peak of the E, intensity.

X (cm)

z (cm)

Figure 3.12 Diffraction theory prediction of fields incident on mirror 1, calculated in the
launcher coordinate system. Lines of constant |E, |2 are shown in dB below peak intensity.
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Figure 3.13 Diffraction theory prediction of fields on incident mirror 2, calculated in the
launcher coordinate system. Lines of constant |E, |2 are shown in dB below peak intensity.
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The diffraction and physical optics theories were also used to predict the beam at the
output of the mirror relay. Figure 3.14 shows the configuration of the launcher, mirrors,
and observation plane under consideration. As indicated in Fig. 3.14, the near field beam
pattern was calculated on planes perpendicular to the direction of propagation at distances
d, where d is in the direction of propagation. Once again, the observation plane extends in
the # and z’ directions.
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Figure 3.14 Configuration of pre-bunching launcher, two mirror relay, and observation plane
for diffraction theory analysis of full converter system.

Figure 3.15 shows the diffraction theory prediction of the beam radiated from the
mirror transmission line in the plane of the beam waist, y = 10 cm, which corresponds
to the distance d = 10.6 cm. In this plane, the diffraction theory predicts a beam with
a Gaussian-like profile and waists wo; = wj,, = 0.9 cm, the design value of the output
beam waist. Figures 3.16 and 3.17 show the diffraction theory calculations of phase on
vertical (Fig. 3.16) and horizontal (Fig. 3.17) cuts through the center of the pattern shown in
Fig. 3.15. For a perfect Gaussian beam, the phase fronts are flat at the position of the waist.
As seen if Figs. 3.16 and 3.17, the calculated phase fronts are constant to within +3%,
indicating that the beam formed by the converter is a good approximation of a Gaussian
beam.
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Figure 3.15 Diffraction theory prediction of the beam at the output of the pre-bunching converter.
The pattern was calculated on a plane perpendicular to incoming beam at d = 10.6 cm. Lines of
constant |E; |2 are shown in dB below peak intensity.
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Figure 3.16 The phase along a vertical cut through the center of the output beam at the waist,
d =10.6 cm.
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Figure 3.17 The phase along a horizontal cut through the center of the output beam at the waist,
d =10.6 cm.
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In an effort to study the output beam expansion, the physical optics code was used to
calculate the beam pattern on planes at several values of d. Figure 3.18 shows the horizontal
and vertical beam waists plotted as a function of d. Figure 3.18 indicates that the output
beam generated by the mode converter expands like a fundamental circular Gaussian beam
 with waists woz = wy,» = 0.9 cm. The calculated expansion is consistent with the nearly
flat phase fronts calculated at y = 10 cm, shown in Figs. 3.16 and 3.17.

Thus, as shown in Figs. 3.15-3.18, Stratton-Chu and physical optics theories predict
that the two mirror relay will convert the beam radiated from the pre-bunching launcher to
a fundamental circular Gaussian beam with a waist wo, = w;,» = 0.9 cmat y = 10 cm.
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Figure 3.18 Vertical (Z) and horizontal (2’ ) expansion of the beam at the output of the pre-
bunching converter (launcher and two mirror relay). The squares indicate w, values predicted by
diffraction theory and the circles indicate the diffraction theory predictions for w,s. The solid line
shows the theoretical expansion for a fundamental circular Gaussian beam with waist wg = 0.9 cm
at avalue d = 10.6 cm.
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3.3 Design of Beam Splitting Mirror Relay

The vacuum window is a limiting component in determining the output power capa-
bility of a high power, high frequency gyrotron oscillator. Although novel windows with
improved power handling capabilities are currently being investigated [29-31], it may prove
advantageous to divide the radiation produced by the gyrotron and direct it through two
vacuum windows, which would serve to reduce the power handling requirements of each
window by a factor of two. With this in mind, four additional reflectors were designed
to split the fundamental Gaussian beam formed by the launcher and two mirror relay into
two fundamental Gaussian beams, each containing approximately half the total power. The
launcher, two mirror relay (mirrors 1 and 2), and beam splitting relay (mirrors 3-6) are
shown in Fig. 3.19.
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Figure 3.19 Schematic of the TE3) ¢ pre-bunching launcher, the two mirror transmission line
(mirrors 1 and 2) and the beam splitting transmission line (mirrors 3 and 4).
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The preliminary design of the beam splitting mirror relay was made with geometric
optics and Gaussian optics theories. The vector diffraction theory, described in the preceding
sections, was then used to propagate the beam through the beam splitting relay and predict
the final dual beam output. Based on the diffraction theory prediction, the mirrors were
modified and improved, and the final design of the mirror relay was reached. The surfaces
of the beam splitting mirrors are toroidal and sinusoidal shapes. Because of the simple
shapes, the mirrors are inexpensive, easy to manufacture, and relatively easy to align.

Geometric optics suggests that a uniform field distribution can be transformed to a
double peaked distribution upon reflection from a sinusoidally shaped surface. Similarly,
the Gaussian beam formed by the two mirror transmission line, with wp = 0.9 cm, can be
split into two beams upon reflection from a mirror with a sinusoidal amplitude perturbation.
Mirror 3, shown in Fig. 3.20, is flat in the longitudinal direction (2). In the transverse
direction (%), a % period sinusoidal ripple with amplitude 0.0305 cm is superimposed on
a cylindrical surface with radius of curvature R.; = 20.32 cm. The mirror is centered at
position z = 0.0 cm, y = 5.0 cm, z = 20.8 cm, where the coordinate system is shown in
Fig. 3.14. The Gaussian beam formed by the two mirror relay is incident on mirror 3 and the
diffraction theory prediction of the pattern at the output of mirror 3 is shown in Fig. 3.21.
Note that the simple sinusoidal ripple on mirror 3 gives rise to significant beam splitting in
the z direction.

mirror3

Figure 3.20 Schematic of mirror 3, the mirror that performs initial beam splitting.
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Figure 3.21 Diffraction theory prediction of fields at the output of mirror 3, calculated in the
launcher coordinate system. Lines of constant |E;; |2 are shown in dB below peak intensity.
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Mirror 4 was designed to complete the beam splitting initiated by mirror 3. As shown
in Fig. 3.22, mirror 4 consists of two toroidal surfaces, designed to focus the individual
beams, which are angled so as to direct the two beams away from each other. The center
of mirror 4 is placed at z = 0.0 cm, y = —5.15 cm, 2z = 24.2 cm. The two toroidal surfaces
are angled +6° from the Z axis.

The partially split beam at the output of mirror 3 (Fig. 3.21) is incident on mirror 4
and the vector diffraction theory prediction of the pattern at the output of mirror 4 is shown
in Fig. 3.23. Mirror 4 has, thus, completed the beam splitting and produced two elliptic
Gaussian-like beams, the upper beam containing 52% of the power and the lower beam
containing 48%.

mirror4

Figure 3.22 Schematic of mirror 4, the mirror that completes the beam splitting.

The final two mirrors, mirror 5 and mirror 6, are toroidal mirrors designed to focus the
two elliptic beams into fundamental, circular Gaussian beams. Mirrors 5 and 6, shown in
Fig. 3.24, also perform beam steering in two directions. Upon leaving mirrors 5 and 6,
the two beams are travelling perpendicular to the waveguide axis and parallel to each other.
The diffraction theory prediction of the beams at the output of mirrors 5 and 6 is shown in
Fig. 3.25.

In an effort to study the expansions of the beams, theoretical predictions such as the
one shown in Fig. 3.25 were made in planes at several values of y. Figure 3.26 shows the
diffraction theory predictions of the horizontal and vertical expansions of the two beams.
The beam in the positive  half plane is referred to as ‘beam a’ and the beam in the negative
Z half plane is referred to as ‘beam b’. The vertical (Z) and horizontal (2) expansions of
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Figure 3.23 Diffraction theory prediction of fields at the output of mirror 4, calculated in the
launcher coordinate system. Lines of constant |E; [ are shown in dB below peak intensity.
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Figure 3.24 Schematic of mirrors 5 and 6, toroidal shap
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Figure 3.25 Diffraction theory prediction of the dual beam output from mirrors 5 and 6,
calculated on a plane perpendicular to the beam propagation path at y =55 cm. Lines of constant
|E; |2 are shown in dB below peak intensity.
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both beams are plotted against the theoretical expansion of a fundamental, circular Gaussian
beam with waist wg = 1.5 cm.

As shown in Fig. 3.26, the vector diffraction theory predicts that the four mirrors in the
beam splitting relay transform the incident Gaussian beam into two Gaussian-like beams,
each containing approximately half the power. The beam expansions (Fig. 3.26) indicate
that the dual beams are expanding in much the same manner as a fundamental Gaussian
beam with waist wg = 1.5 cm.
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Figure 3.26 Horizontal (Z) and vertical (Z) expansions of the two beams output from the beam
splitting mirror relay. The circles indicate w, for beam a, the upper beam; the squares indicate w;
for beam a; the triangles show w, for beam b, the lower beam; and the x’s show w for beam b. The
theoretical expansion for the design beam, a fundamental Gaussian beam with waist wp = 1.5 cm,
is shown with the solid line.
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3.4 Pre-Bunching Converter and Beam Splitting Mirror Relay
Experiments

The pre-bunching converter described in Tables 3.1 and 3.3 was constructed and exper-
imentally verified. Tests were performed on a megawatt power level, 3us pulsed gyrotron
operating in the TE»; ¢ mode at 110 GHz. The converter was first tested externally, as
shown in Fig. 3.27. With the mode converter in the external configuration, it was possible
to study the beam radiated from the launcher, as well as the beam at the exit of the two
mirror transmission line. Experiments included diode scans of the beam radiated from the
pre-bunching launcher, diode scans of the beam at the output of the mirror transmission
line, and calorimetric conversion efficiency measurements. The beam form by the external
converter was also directed into a 1.25 in. diameter corrugated waveguide, and coupling to
the HE;; mode was studied.

launcher
mirrori

sleeve/downtaper
mirror2

holder

Figure 3.27 Schematic of the pre-bunching mode converter mounted on the external side of the
gyrotron vacuum window.
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Next, the beam splitting mirror relay, described in the previous section, was added to the
launcher and two mirror relay. The test configuration is shown in Fig. 3.28. Experimental
verification of the beam splitting mirrors included diode scans of the dual output beam,
beam expansion measurements, and calorimetric efficiency measurements.

holder

launcher mirror3

~<——— gyrotron mirrori
v e
o B mirror5/mirror6
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? ?

sleeve/downtaper mirror2 mirrord

Figure 3.28 Schematic of the pre-bunching launcher, two mirror transmission line (mirrors 1
and 2), and four additional mirrors of the beam splitting transmission line (mirrors 3-6).

Finally, the converter was placed inside the gyrotron vacuum chamber (Fig. 3.29) and
another set of experiments was made. With the mode converter inside the gyrotron, only
the beam from the full converter (launcher and two mirror relay) could be measured.

For all the beam pattern measurements described below, the receiving unit was com-
prised of an open ended WR6 waveguide, a precision attenuator, and a WR6 diode detector.
In each experiment, the receiving unit was positioned on an optical bench, which was ori-
ented in the direction perpendicular to the incoming beam. The receiving unit was moved
in the vertical and horizontal directions and in this way, scans in planes at constant values
of propagation distance, d, were made.

Below, the external and internal tests are described and the results are discussed.
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Figure 3.29 Schematic of the pre-bunching mode converter inside the gyrotron vacuum tube.
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3.4.1 External Converter Experiments

The configuration of the external converter experiments is shown in Fig. 3.27. Inside
the vacuum tube, there is a cylindrical waveguide, R,, = 2.22 cm. The internal waveguide
extends to within a few millimeters of the quartz vacuum window. An external waveguide,
or sleeve, is positioned on the atmosphere side of the vacuum window and held in place
with a collar. The sleeve, which is also a cylindrical waveguide, consists of a short section
of radius R,, = 2.22 cm and a linear downtaper to a radius of R,, = 2.1 cm over an axial
length of 2.54 cm. The gradual taper was designed to cause a minimum of mode conversion
(<0.1%) from the TE23 ¢ mode. The pre-bunching launcher, with mean radius Ry, = 2.1cm,
was mounted on the sleeve. As was the case in external Vlasov-type converter testing, the
vacuum window automatically produces a discontinuity in the waveguide and provides a
mechanism for mode conversion. The external waveguide section was carefully aligned to
minimize the mode conversion caused by the disruption of the waveguide wall.

Several experiments were performed to assess the operation of the pre-bunching
launcher and the converter as a whole. The experiments, described below, include radiation
pattern measurements, calorimetric power measurements, and corrugated waveguide cou-
pling experiments. The four mirrors of the beam splitting transmission line were then added
to the launcher and two mirror relay and further radiation pattern and power measurements
were made.

3.4.1.1 Measurement of Beam from Launcher

The pre-bunching launcher was mounted on the external sleeve and the near field pattern
of the radiated beam was measured. Figure 3.7 shows the configuration for the launched
beam measurement. The results of a scan taken at d = 18 cm are shown in Fig. 3.30. Lines
of constant [E, |2 are plotted in dB below peak intensity. The open ended waveguide of the
receiving unit was rotated 90° and the peak intensity in the cross polarization (E ;) was
measured to be <-25 dB from the peak of the E, intensity.

The measured pattern in Fig. 3.30 shows an elliptic Gaussian-like beam and one
additional side lobe with peak intensity 10 dB below the peak of the main lobe. Horizontal
and vertical cuts through the center of the pattern were made and the experimental points
were compared to theoretical pattern for an elliptic Gaussian beam with waists w,,s = 0.9 cm
and wo; = 0.19 cm, as shown in Figs. 3.31 and 3.32, respectively. Figures 3.31 and 3.32
indicate a good match between the measured pattern and the specified Gaussian beam,
which is the beam predicted by the Stratton-Chu diffraction theory.
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Figure 3.30 Experimental diode scan of the beam radiated from the pre-bunching launcher. The
scan was made in a plane perpendicular to the incoming beam at a distance d = 18 cm. Lines of
constant |E, |2 are plotted in dB below peak intensity. The peak intensity in the cross polarization,
E s, was measured to be <-25 dB below the peak of the E, intensity.
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Figure 3.31 Horizontal cut through the center of the beam radiated from the pre-bunching
launcher (Fig. 3.30). The squares indicate the experimental values of |E, ]2 measured in a plane at
d = 18 cm and the solid line shows the theoretical pattern for 2 Gaussian beam with wy,,, = 0.9 cm.
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Figure 3.32 Vertical cut through the center of the beam radiated from the pre-bunching launcher
(Fig. 3.30). The squares indicate the experimental values of |E |2 measured ina plane at d = 18 cm
and the solid line shows the theoretical pattem for a Gaussian beam with wgp,; = 0.19 cm.
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Scans such as that shown in Fig. 3.30 were made in planes at many d values in a effort
to measure the horizontal and vertical expansions of the beam radiated by the pre-bunching
launcher. The horizontal (z?’ ) and vertical (Z) beam radii are plotted as a function of beam
propagation distance, d, in Figs 3.33 and 3.34. Also plotted in Figs. 3.33 and 3.34 are
the Stratton-Chu theory predictions of beam radii and the theoretical expansions for an
elliptic Gaussian beam with waists wo, =0.19 cm and w,,s =0.9 cm. Figures 3.33 and 3.34
show good agreement between the measured beam expansions and both the Gaussian optics
theory and vector diffraction theory predictions.
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Figure 3.33 Horizontal (5’ ) expansion of the beam radiated from the pre-bunching launcher. The
squares indicate the measured data points, the circles indicate the values of beam radius predicted
by the Stratton-Chu vector diffraction theory, and the solid line shows the theoretical expansion for
a Gaussian beam with waist w, s = 0.9 cm.
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Figure 3.34 Vertical (Z) expansion of the beam radiated from the pre-bunching launcher. The
squares indicate the measured data points, the circles indicate the values of beam radius predicted
by the Stratton-Chu vector diffraction theory, and the solid line shows the theoretical expansion for
a Gaussian beam with waist wo; = 0.19 cm.

It is seen from Figs. 3.30-3.34 that the measurements of the beam radiated from the
pre-bunching launcher are in good agreement with predictions of vector diffraction theory,
with the exception of the side lobe of power. This side lobe was observed in the tests but
was not predicted by the coupled mode theory, which assumed that 100% of the radiation
incident on the launcher was in the TE; ¢ mode.
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3.4.1.2 Measurement of Beam from Full Converter

After the measurements of the beam radiated from the pre-bunching launcher were
completed, the two mirror relay was mounted on the launcher and measurements of the
beam formed by the full converter were made.

Figure 3.14 shows the configuration for the measurements described below. The result
of the experimental scan of the Z component of beam at the output of the full converter
is shown in Figure 3.35. The scan was made at d = 32 c¢m, in a plane perpendicular to
the beam propagation direction. Figure 3.35 shows a Gaussian-like main lobe with waists
wy = 1.8 cm and w,» = 2.2 cm, and two additional side lobes of power at peak intensities
-12.5 dB and -15.5 dB from the peak of the main lobe, respectively.
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Figure 3.35 Experimental diode scan of the beam leaving the two mirror transmissionline. The
scan was made in a plane perpendicular to the incoming beam at d = 32 cm. Lines of constant
|E, |2 are shown in dB below peak intensity. The peak of the cross polarization was measured to be
<-25 dB from the peak of the E; intensity.
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A piece-wise integration over the experimental data points was performed and it was
found that approximately 95% of the power is contained in the main lobe, with 1.2% of the
power in the first side lobe and 0.2% in the second side lobe. Approximately 3.6% of the
power was scattered over the background, not contained in any of the three lobes. Figures
3.36 and 3.37 show horizontal (5’ ) and vertical (Z) cuts through the center of the main lobe.
Also shown on the plots are the theoretical patterns for the design output beam. Figures
3.36 and 3.37 indicate good agreement between the design output beam and the measured
beam, with the exception of the two small side lobes of power.
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Figure 3.36 Horizontal cut through the center of the beam at the output of the full converter
(Fig. 3.35). The squares indicated measured data points and the solid line shows the profile for the
desired Gaussian beam, wg = 0.9 cm.
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Figure 3.37 Vertical cut through the center of the beam at the output of the full converter
(Fig. 3.35). The squares indicated measured data points and the solid line shows the profile for the
desired Gaussian beam,wg = 0.9 cm.
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Scans such as the one shown in Figure 3.35 were made in planes at several values of
d. At each d value, the vertical and horizontal beam radii for the main lobe were measured.
The results of these beam expansion measurements are shown in Figure 3.38. Measured
values of horizontal (w,/) and vertical (w;) beam radii are plotted against d, the propagation
distance. Also shown in Figure 3.38 is the theoretical expansion for a fundamental circular
Gaussian beam with waist wg = 0.9 cm at d = 10.6 cm, which is the design beam. As
indicated by the figure, the expansion of the measured beam is in good agreement with the
theoretical expansion of the design beam.
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Figure 3.38 Horizontal (5’ ) and vertical (Z) expansions of the beam at the output of the pre-
bunching converter. The squares indicate the measured values of ws, the circles indicate the
measured values of w, and the solid line shows the theoretical expansion for a Gaussian beam with
waist wg = 0.9 cm at d = 10.6 cm.
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Additional side lobes of power were observed in both the scan of the beam radiated
from launcher (Fig. 3.30) and the scan of the beam at the output of the mirror transmission
line (Fig. 3.35). It was suspected that these side lobes were due to a mix of modes incident
on the pre-bunching launcher, which was designed for an input of 100% TEj2 ¢ mode.
The discontinuity of the waveguide at the vacuum window was believed to generate this
unfavorable mode mix, similar to mode conversion previously observed in the Vlasov-type
converter experiments. In order to determine the mix of modes incident on the pre-
bunching launcher, a Vlasov-type launcher and reflector were designed for the TE2; ¢ mode
at 110 GHz. Any mode conversion from the TE2; ¢ mode at the vacuum window gives rise
to neighboring radial and azimuthal modes also at 110 GHz. These additional mode have
different characteristic polar bounce angles, 8 g, and appear as distinct focal spots in the far
field. This phenomenon was previously noted in Chapter 2.

In the experiments described below, the TE2; ¢ Vlasov-type converter was used only
as a diagnostic for determining mode content. The reflector, designed with the geometric
optics formula given by Eq. 2.20, subtends only 3a = 180°. As discussed in Chapter 2,
a mirror must subtend a minimum of 4c degrees in order to intercept >95% of the power
radiated from the simple Vlasov launcher. Therefore, significant power was lost around
the edges of the doubly curved reflector. Also, any power intercepted by the reflector that
falls outside the pattern predicted by geometric optics is directed toward the focus, but
will most likely arrive with phase aberrations, creating a beam with a Gaussian amplitude
profile at the waist, but non-Gaussian beam expansion characteristics. For these reasons,
the Vlasov-type converter is not ideal for converting the TE22 ¢ mode to a Gaussian beam.
The Vlasov-type converter does, however, provide a good indication of the mode mix at the
sleeve output.

The TEj; ¢ Vlasov-type launcher was mounted on the sleeve, in place of the pre-
bunching launcher, and the doubly curved reflector was mounted at its design position
relative to the launcher straight cut. The test apparatus for measuring the pattern from the
Vlasov-type converter is shown in Fig. 2.10. An experimental scan was made in the focal
plane and the results are shown in Fig. 3.39. Lines of constant |E; |2 are plotted in dB below
peak intensity. Figure 3.39 shows a main lobe in the theoretical position for the TE3; ¢ focus
and two side lobes of power in the theoretical positions for the focii of the TEj3 ¢ mode and
the TE3; ¢ mode. A piece-wise power integration over the experimental scan indicates that
93% of the power is contained in the TEp; ¢ focus, 6% in the TE3 ¢ focus, and 1% in the
TE3; 6 focus. .

The coupled mode theory and Stratton-Chu diffraction theory were then used to analyze
the pattern produced at the output of the mirror transmission line resulting from a mix of
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Figure 3.39 Diode scan in the focal plane of the TE2; ¢ Vlasov-type converter. Lines of constant

|E¢ |2 are plotted in dB below peak intensity. Piece-wise integration over the scan indicates a mode
mix of 93% TE23 6, 1% TE2; ¢ and 6% TE23 ¢, all at 110 GHz.

modes incident on the pre-bunching launcher. Figure 3.40 shows the theoretical pattern at
the output of the two mirror relay at d = 32 cm produced by the input mode mix deduced
from the Vlasov converter test; 93% TEj2 6, 6% TEj3 6, and 1% TE3; 6. A comparison of
Fig. 3.40 and the experimental scan, Fig. 3.35, shows excellent agreement between theory
and measurement. This agreement between theory and experiment indicates that the side
lobes of power were due to a mix of modes at the input of the pre-bunching launcher. It
was expected that for the internal converter experiments, where no gap in the waveguide
present and chances of mode conversion are diminished, the side lobes would not occur.
Finally, power measurements were made with the 10 cm Scientech laser calorimeter. In
order to obtain the conversion efficiency, the mode converter was removed and the power at

94



the output of the sleeve was measured. The converter was reinstalled and the power in the
output beam was measured, with the calorimeter in the observation plane that is indicated in
Fig. 3.14. It was found the >98% of the power leaving the sleeve was incident on the 10 cm
diameter calorimeter. The diode scans made at the output of the two mirror transmission
line suggest that 95% of that power, or 93% of the total power leaving the gyrotron, is in
the TE32 ¢ main beam.

The corrugated waveguide experiments, described below, provided an additional mea-
sure of conversion efficiency.
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Figure 3.40 Diffraction theory prediction of the beam radiated from the pre-bunching converter
based on a mode mix of 93% TEaz 6, 1% TE21,6, and 6% TE23 6, all at 110 GHz, incident on

the pre-bunching launcher. The observation plane is at d = 32 cm and lines of constant |E|? are
plotted in dB below peak intensity.
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3.4.1.3 Corrugated Waveguide Experiments

As the next experiment in the external test configuration, the beam from the full
converter was directed into a 1.25 in. diameter corrugated waveguide run. The run consists
of two straight waveguide sections joined by a 90° miter bend. It was previously mentioned
that the most efficient coupling of a Gaussian beam to the HE;; mode of a corrugated guide
is made when the beam waist is 0.596 R,,, or 0.95 cm in this case, and when the entrance to
the guide is at the position of the waist. The beam formed by the pre-bunching converter,
with waists wg, = wy,/ = 0.9 cm should, therefore, couple into the specified corrugated
waveguide with high efficiency.

Figure 3.41 shows the configuration for the corrugated guide coupling experiments.
The entrance to the guide was placed at y = 10 cm, the calculated and measured position of
the beam waist. The input guide was aligned with the propagation direction of the incoming
beam. Diode scans and calorimetric efficiency measurements were made at the output of the
corrugated guide run, in planes perpendicular to the beam propagation direction, distances
d from the guide output.

Figure 3.42 shows the results of an experimental scan made at d = 5 cm. Lines of
constant |E, |2 are plotted in dB below peak intensity. The peak of the cross polarization,
|E,, |2, was measured to be <-25 dB from the peak of the E; intensity. As shown in Figure
3.42, the pattern at the guide exit has a Gaussian-like profile, indicating that the power in
the corrugated waveguide is in the HE;; mode. Scans such as that shown in Fig. 3.42
were made in planes at several d values and the beam radii in the horizontal and vertical
directions were measured as a function of distance from the guide exit. Figure 3.43 shows
the measured values of horizontal and vertical beam radius, indicated by the squares and
circles, respectively. In Fig. 3.43, the solid line shows the theoretical expansion for an HE;;
mode radiated from a 1.25 in. diameter waveguide. It is evident from Figs. 3.42 and 3.43
that the power in the corrugated waveguide is contained primarily in the HE;; mode.

Next, the diode detector was removed and the 10 cm calorimeter was placed at the exit
of the guide. The power was measured and compared to the power coming directly from
the gyrotron sleeve. It was observed that 92% of the total power leaving the sleeve was
incident on the calorimeter at the guide exit. This measurement allows for the calculation
of overall efficiency given by:

power at guide exit  0.92
TEj32 6 power at sleeve ~ 093

Ntotal = =0.98 (3.35)

Thus, the external testing of the pre-bunching converter shows that the experimental
results are in good agreement with predictions of vector diffraction theory and that the
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pre-bunching converter transforms the TE32 ¢ mode at 110 GHz to a Gaussian-like beam in
free space with ~98% efficiency.

~s——— optical bench

corrugated waveguide

receiving unit

miter bend ——=

corrugated waveguide ——=

launcher ’\/\
I I X
1/
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/] !
/
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Figure 3.41 Schematic of the corrugated waveguide test apparatus. The receiving unit is placed
on an optical bench, which is mounted perpendicular to the waveguide.
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Figure 3.42 Diode scan of the beam exiting the corrugated waveguide at d = 5 cm. Lines of
constant |E.; |2 are plotted in dB below peak power. The peak intensity in the cross polarization, E S
was measured to be <-25 dB from the peak of the E; intensity.
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Figure 3.43 Horizontal (5’ ) and vertical (Z) expansions of the beam output from the corrugated
waveguide. The squares indicate the measured values of w,,, the circles indicate the measured
values of w; and the solid line shows the theoretical expansion for the HE;; mode from a guide

with diameter 1.25 in.
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3.4.1.4 Beam Splitting Mirror Relay Experiments

With the operation of the launcher and two mirror transmission line fully characterized,
as described above, the four additional reflectors of the beam splitting mirror relay were
tested. A schematic of the experimental configuration is shown in Fig. 3.28.

Radiation pattern scans at the output of the beam splitting mirror relay were made in
planes perpendicular beam propagation direction, at constant values of y. Figure 3.44 shows
the result of a diode scan at y = 53 cm. Lines of constant |E;|? are plotted in dB below
peak power. The peak intensity of the cross polarization, E,, was measured to be <-25 dB
from the peak of the E, intensity. The experimental result in Fig. 3.44 can be compared
to Fig. 3.25, the diffraction theory prediction of the dual beam pattern at y = 53 cm. The
predicted and measured patterns are in excellent agreement. Both show two Gaussian-like
beams of approximately equal power.

Figs. 3.45 and 3.46 show the experimental and theoretical dual beam patterns at
y =72 cm. Again, the measured pattern is in good agreement with the prediction of vector
diffraction theory.

Scans such as those shown in Figs. 3.44 and 3.45 were made in planes at several values
of y and the expansions of the two beams were measured. Figures 3.47 and 3.48 show the
measured and theoretical expansions for the upper beam (beam a) and lower beam (beam
b), respectively. Also plotted on Figs. 3.47 and 3.48 is the theoretical expansion for the
design beam, a fundamental Gaussian with waist wg = 1.5 cm at y = 20 cm. Figures 3.47
and 3.48 show that both beams are expanding in much the same manner as the design beam.
The measured beam expansions are in good agreement with diffraction theory predictions,
which are also plotted on Figs. 3.47 and 3.48.

Calorimetric power measurements showed that 94+ % of the power leaving the sleeve
was converted into the dual beam output. The upper beam contained 52% of the power from
the sleeve and 42% of the power was found in the lower beam. This is in good agreement
with the diffraction theory, which suggested that 52% of the power would be found in beam
a and 48% of the power would be contained in beam b.

Thus, diode scans and calorimetric efficiency measurements show that the beam splitting
mirror relay effectively divides the incident Gaussian beam, formed by mirrors 1 and 2,
into two similar Gaussian beams of roughly equal power. The measured beam patterns are
in good agreement with diffraction theory calculations.

With the external testing of the pre-bunching converter and beam splitting mirror relay
completed, the launcher and two mirror relay were put inside the gyrotron tube, as shown
in Fig. 3.29, and further experiments were performed.
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Figure 3.44 Diode scan at y = 53 cm of the dual beam output from the beam splitting mirror
relay. Lines of constant |E; |2 are plotted in dB below peak intensity.
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Figure 3.45 Diode scan at y = 72 cm of the dual beam output from the beam splitting mirror
relay. Lines of constant |E; |2 are plotted in dB below peak intensity.
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Figure 3.46 Diffraction theory prediction of the dual beam output from mirrors 5 and 6,
calculated in the launcher coordinate system at y = 72 cm. Lines of constant |Ez[? are shown in
dB below peak intensity.
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Figure 3.47 Horizontal (2) and vertical (%) expansions of the upper beam (beam a) formed
by the beam splitting mirror relay. The open squares indicate the measured values of w, and the
open circles indicate the measured values of w,. The filled squares indicate the diffraction theory
predictions of w, and the filled circles show the diffraction theory predictions of w,. The solid line
shows the theoretical expansion for a Gaussian beam with waist wg = 1.5 cm at y = 20 cm.
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Figure 3.48 Horizontal (2) and vertical () expansions of the lower beam (beam b) formed
by the beam splitting mirror relay. The open squares indicate the measured values of w, and the
open circles indicate the measured values of w,. The filled squares indicate the diffraction theory
predictions of w, and the filled circles show the diffraction theory predictions of w,. The solid line
shows the theoretical expansion for a Gaussian beam with waist wg = 1.5 cm at y = 20 cm.
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3.4.2 Internal Converter Experiments

The pre-bunching mode converter, consisting of the launcher and two mirror transmis-
sion line, was installed in the gyrotron vacuum tube, as shown in Fig. 3.29. The beam
formed by the converter exited the vacuum tube through a quartz window 4 inches in di-
ameter, which is at the location y = 19 cm in the launcher coordinate system. Near field
radiation pattern measurements of the beam formed by the converter were made outside the
vacuum tube. The beam and launcher coordinate systems used in the internal testing are
identical to those defined for the external tests.

The results of a scan made at d = 38 cm are shown in Fig. 3.49. Lines of constant |E, |?
are plotted in dB below peak intensity. The peak intensity in the cross polarization, E ; was
<-25 dB from the peak of the E; intensity. Figure 3.49 shows a small, Gaussian-like focus.
The additional side lobes that were observed in the external converter experiments are not
present in the scan of the beam formed by the internal converter. This fact is consistent
with the hypothesis that the spurious lobes were caused by an improper mode mix incident
on the launcher. The mode mix was believed to be due to the mode conversion caused by
the disruption between the internal and external waveguides at the vacuum window. With
the converter inside the vacuum tube, no such disruption occurs, and the mode incident on
the converter is believed to be purely TEj2 . Consequently, the small level side lobes were
not expected to be present in the internal converter experiments, and, in fact, they were not
observed.

Scans such as that shown in Fig. 3.49 were made at several values of d. Figure 3.50
shows the measured horizontal and vertical beam radii plotted as a function of propagation
distance, d. Also shown in Fig. 3.50 is the theoretical expansion for a circular fundamental
Gaussian beam with waists wo, = w;,s = 0.9cmat d = 10.6 cm. Figure 3.50 shows that the
measured beam formed by the internal converter expands in very much the same manner
as the desired Gaussian beam. A comparison between the expansion of the beam from the
internal converter (Fig. 3.50 ) and the expansion of the main lobe formed by the external
converter (Fig. 3.38) shows that the two beams expand in an identical fashion.

Thus, the internal converter experiments confirmed the results obtained from the ex-
ternal testing. In addition, the internal experiments showed no indication of the side lobe
power observed in the external experiments, indicating the those spurious side lobes were
the result of mode conversion before the pre-bunching launcher due to the vacuum window,
and not the result of a design or machining error in the pre-bunching converter.
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Figure 3.49 Diode scan of the beam from the internal converter at d = 38 cm. Lines of constant
|E;|? are plotted in dB below peak intensity. The peak intensity in the cross polarization, E,/ was
measured to be <-25 dB from the peak of the E intensity.
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Figure 3.50 Horizontal (zA’) and vertical (Z) expansions of the beam output from the internal
converter. The squares indicate the measured values of w,,, the circles indicate the measured
values of w, and the solid line shows the theoretical expansion for a Gaussian beam with waist

we=09cmatd=10.6 cm.
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3.5 Discussion of Results

The experiments described in Section 3.4 fully characterized the operation of the TE; ¢
pre-bunching converter and beam splitting mirror relay. The experiments were performed
in two configurations. First, the mode converter was mounted on the window flange,
external to the gyrotron vacuum tube. This configuration had the advantage of allowing the
removal of the mirror transmission line to measure the beam as it was radiated from the
launcher. Also, with the converter external to the tube, the output beam could be directed
into a corrugated waveguide. The external configuration also allowed for direct calorimetric
efficiency measurements. The mode converter was removed and the total power from the
gyrotron was measured. The mode converter was then reinstalled and the power in the
output beam was measured. The efficiency was found by normalizing the Gaussian beam
power to the total power from the tube. The external test configuration had the disadvantage
of the vacuum window causing a discontinuity and between the waveguide internal to the
vacuum and the external waveguide, which provided a potential source of mode conversion.

The near field launcher pattern measurements were in good agreement with predictions
of vector diffraction theory. Both theory and experiment showed that the pre-bunching
launcher radiates an elliptic beam that expands in the same manner as a Gaussian beam
with waists w,,» = 0.9 cm and wp, = 0.19 cm. The experimental scans showed that in
addition to this beam, there was a low level side lobe at -11 dB. This side lobe was not
predicted by theory for 100% TE2; ¢ mode at 110 GHz incident on the launcher.

The measurements of the beam from the full converter (launcher and two mirror trans-
mission line) also showed a Gaussian-like beam with additional side lobes at the -12.5 dB
and -15.5 dB levels. An integration over the experimental scan showed that 95% of the
power was contained in the main beam, with 1.2% in the larger side lobe and 0.2% in the
smaller side lobe. The integration suggested that 3.6% of the power was spread over the
400 cm? area of the scan. Diode measurements at many positions along the propagation
length showed that the main beam, containing ~95% of the power, had a fundamental
circular Gaussian profile and expanded like a Gaussian beam with waist wp = 0.9 cm. The
measured beam was in good agreement beam predicted by theory.

A TE»; ¢ Vlasov-type converter was used to measure the mode mix at the sleeve output.
A diode scan in the focal plane suggested that 93% of the power leaving the sleeve was
contained in the TEy; ¢ mode, with 1% in the TE;; ¢ mode and the remaining 6% in the
TE»3,6 mode. Just as in the Vlasov-type converter experiments (Chapter 2), the discontinuity
in the waveguide caused by the vacuum window gave rise to this mode conversion.

The mode mix determined by the Vlasov converter experiments was used as the input to
the launcher for the coupled mode and vector diffraction theory simulation of the converter.
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With this incident mix, the theory predicted a sidelobe of power at the level of -12.5 dB
in the approximate position of the measured side lobe, confirming that the sidelobes arose
from an improper mode mix incident on the pre-bunching launcher.

Calorimetric efficiency measurements showed that 98% of the power leaving the gy-
rotron window was incident on a 10 cm calorimeter centered on the main beam. This
suggests 95% of 98%, or 93%, of the power leaving the gyrotron was contained in the main
beam.

The entrance to a 1.25 in. diameter corrugated waveguide was placed at the position
of the waist of the main beam. As previously discussed, a fundamental Gaussian beam
with waist wp = 0.596 x R, = 0.95 cm couples to the HE;; mode of the guide with
>98% efficiency. Thus, it was expected that the beam formed by the converter would
couple efficiently into the corrugated waveguide. Power measurements at the guide output
showed that 92% of the power leaving the gyrotron exited the corrugated waveguide. Diode
measurements of the beam leaving the guide showed its behavior to be that of an HE;;
mode. Thus, the overall efficiency of the converter can be calculated, according to Eq.
3.35, at 98%.

Next, the four additional reflectors of the beam splitting mirror relay were added to
the pre-bunching launcher and two mirror relay. Diode scans of the dual beam output
showed two Gaussian-like beams of roughly equal power. Beam expansion measurements
indicated that both beams were expanding in much the same way as the design beam. The
measured beams were compared to diffraction theory predictions and good agreement was
obtained. Calorimetric efficiency measurements showed that 52% of the power leaving
the gyrotron was found in beam a and 42% was contained in beam b, giving an over all
measured efficiency of 94%. Both experiment and theory showed that simple toroidal
and sinusoidal reflector surfaces can be used to divide a fundamental Gaussian beam
into two Gaussian-like beams. This technique can also be used to divide a fundamental
Gaussian beam into several Gaussian-like beams. A mirror relay to produce four beams
was designed by superimposing two sinusoidal ripples on the initial beam splitting mirror,
mirror 3 (Fig. 3.20). Two sinusoids, one in the horizontal and one in the vertical direction,
split the beam into four parts, which can than be further separated with a pyramidal mirror
that completes the beam splitting process. The technique is quite general, and by altering
the number of sinusoidal variations and their periods, different numbers of output beams
can be produced.

Finally, the launcher and two mirror transmission line were installed in the vacuum
tube and measurements of the beam exiting the tube were made. The internal configuration
allowed for measurement of the beam formed by the full converter, but not the beam radiated
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from the launcher. Also, because the beam waist occurs within the vacuum, corrugated
waveguide tests were not possible. The internal test configuration did, however, provide an
advantage over the external testing in that the chance of mode conversion from the TEp; ¢
mode before the launcher was greatly reduced. As suspected, without the vacuum window
to cause mode conversion between the internal and external waveguides, diode scans showed
one beam with a circular, fundamental Gaussian profile. No spurious side lobes of power
were observed. Measurements of the beam at several points along its propagation path
showed that, just as in the external tests, the beam expands with the characteristics of the
design beam.

It is interesting to note that although the pre-bunching launcher was designed for a
TE»; ¢ mode at 110 GHz, the converter also works well for other nearby modes. Figures
3.51 and 3.52 show the resulting wall current profiles for the TE23 ¢ mode at 113 GHz and
the TE3;1 ¢ mode at 107 GHz, respectively, incident on the TEj; ¢ launcher described in
Table 3.1.

As seen in Figs. 3.51 and 3.52 an incident TE23 ¢ mode at 113 GHz or TE3; ¢ mode at
107 GHz produces a wall current profile that is nearly identical the profile produced by the
TEz2 ¢ mode at 110 GHz (Fig 3.5).

The similar wall current profiles lead to the launching of similar beams, which propagate
through the mirror transmission line in much the same manner as the design beam produced
by the incident TEz; ¢ mode. This property of the pre-bunching converter allows for the
possibility of step-tuning the gyrotron through a series of modes while preserving the high
conversion efficiency observed for the design mode.

In the internal converter experiments, the gyrotron was step-tuned from the TE3; ¢ mode
at 107 GHz to the TE33 ¢ mode at 110 GHz, and finally to the TE»3 ¢ mode at 113 GHz. In
each mode, a fundamental, circular Gaussian-like beam was observed at the output of the
gyrotron.
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Figure 3.51 Field intensity (|E,[2) on the pre-bunching launcher wall for an incident TE3 ¢
mode at 113 GHz. Lines of constant intensity, normalized to the uniform intensity of the TE23.6
rotating mode, are plotted in steps of 1.
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Figure 3.52 Field intensity (|E,|?) on the pre-bunching launcher wall for an incident TE; 6
mode at 107 GHz. Lines of constant intensity, normalized to the uniform intensity of the TE3; ¢
rotating mode, are plotted in steps of 1.

113



Chapter 4

Rotating Mode Studies

It was mentioned in earlier chapters that the annular electron beam of the gyrotron
oscillator can, in general, couple to either rotation of a given high order cylindrical cavity
mode. It was also mentioned that both types of quasi-optical mode converters considered in
this thesis are rotation specific. The direction of the Vlasov helical cut and the sense of the
helicoidal ripples in the pre-bunching launcher allow the converters to operate on either left
or right rotating modes, but not both. Thus, the ability to predict and maintain one output
mode rotation direction throughout the operation of gyrotron oscillators is essential to the
success of the quasi-optical mode converters previously described.

There was some concern that slight misalignments of the annular beam in the gyrotron
cavity could cause the output mode to switch rotation sense or to contain components of both
rotations simultaneously. This concern was addressed with a theoretical and experimental
study of the rotating modes of a gyrotron oscillator.

Below, the linear coupling theory for both a centered annular electron beam and an off
axis beam are discussed. Experiments designed to measure the output mode rotation direc-
tion for the centered electron beam and to study the effect of electron beam misalignment
are also described, and the results are compared to theory.

4.1 Linear Coupling Theory

A brief description of the linear theory for coupling between a TE, , cylindrical cavity
mode and an annular electron beam is found below. The linear theory for coupling to both
a centered electron beam and a beam displaced from the waveguide axis are discussed.

The geometry of the problem at hand is shown in Fig. 4.1. In the figure, O marks
the center of the waveguide, G marks the position of the guiding center, the point about
which one electron is gyrating, and E marks the position of one electron at one particular
moment in time. In the waveguide frame, the coordinates of the electron are (R,¢) and the
coordinates of the guiding center are (Re,¢.). In the beam frame, the frame with its origin
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at the guiding center, the coordinates of the electron are (r,6). The electric field components
in both frames are indicated on the figure.

Figure 4.1 The geometry of the cylindrical waveguide cavity and annular electron beam in a
typical gyrotron oscillator.

From this geometry, it is evident that the electric fields in the beam frame can be written
in terms of the fields in the waveguide frame according to Eq. 4.1.

Eg = Egsin(¢ — 0) + Ey4cos(¢ — 6) (4.1a)

E, = Ercos(¢ — 0) — E4sin(¢ — 0) (4.1b)
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For the TE_, , (left rotating) cylindrical waveguide mode, the fields in the waveguide
frame are given by Eq. 4.2.

E-= [E,f~ + E¢<7>] H—me+kz s—wt) (4.20)
—img | MK Ltk 2| ik, z—wt)
E = noHpe r Im(kyr)? — T m(ksr)o| € (4.2b)
r r

where k = £; w is the angular frequency in radians; c is the speed of light; k; = vyp/ Ry,
where vy, is the pth zero of J., and R, is the waveguide radius; k, = \/k2 — k2; 9 is the
free space wave impedance; and Hj is a constant.

Substituting Eqs. 4.2a and 4.2b into Egs. 4.1a and 4.1b and making use of Graf’s
formula gives the left rotating electric field in the beam frame [32], given by Egs. 4.3 and
44.

o)
Er=1A 2 %e_i(m_n)‘ﬁo Jm—n(krRe)Jn(krr)e—in¢ (4.3)
n=—oo T
00
Es=A Y e im0 (k Re)J.(k,r)e™? 4.4)
¢ n
n=—00

where ¢, is the azimuthal angle between the waveguide origin and the guiding center, R, is
the vector between the waveguide origin and the guiding center, n is the harmonic index,
and A= —inoHoE’%ei(k’z_“’t).
From Eqgs. 4.3 and 4.4, the synchronous components of the fundamental (n = 1) left
rotating (TE—,, p) electric field can be written as [32]:
1A

Er = -,;eer_l(krRe)chkrRe)e—“m—% (4.5)

Eg = AJm—1(k; Re)J{(ky Re)e ™M~ 10 (4.6)

Coupling between the electric field and the electron beam is proportional to E - J, where
the perturbed current, J, is proportional to E. Therefore, it can be seen from Egs. 4.5 and
4.6 that coupling the left rotating wave is proportional to J2 _1(kr Re). Similarly, coupling
to the right rotating wave is proportional to J,zn +(krRe).

For a gyrotron oscillator with a symmetric annular beam centered about the axis, the
rotation direction of the output mode can be selected by choosing a beam radius near
the peak of the function J'rzn:tl( kr R.). For lower order modes, the right and left rotation
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coupling peaks are well separated, and placing the beam on the desired peak is not difficult.
However, as the azimuthal mode number, m, increases, the coupling peaks draw closer
together in radius and beam placement becomes more critical, as shown in Fig. 4.2.

Slight misalignments of the gyrotron tube can cause an asymmetric or off-center beam
in the cavity. The linear theory for a gyrotron with an eccentricity of the electron beam in
the cavity was developed by Dumbrajs and Liu [33]. The starting current, or the inverse of
coupling strength, for a mode coupling to the off axis beam is given by [33]:

wk2R%v0 (1 - m2/(k2R%,,)) J2 (kcRuw)
10 Ho ( ) QYL Re (5]

where k. ~ k. for the gyrotron interaction which occurs near cutoff, v)| is the perpendicular

velocity of the electrons, yo = 0 (Il A vo is the electron velocity, 79 = lel Lo is the
—([vo|/c

4.7)

Ist=—

mo?®
free space permeability, L is the cavity length, ) is the wavelength, and s is the longitudinal
mode index. The terms p; and @) are given in [33]. The linear coupling theory in [33] was
derived for an ideal beam with no guiding center spread.
For the two rotations of the same mode, the ratio of starting currents simplifies to:

I q__oo (k d ,,,_q_l(k Re)

(4.8)

where d is the displacement of the electron beam from the centered position.

The TE;¢ 2,1 mode can be used as an example to illustrate the theoretical prediction of
the effect of beam offset on output mode rotation direction. The ratio of starting currents,
as calculated by Eq. 4.8, for the TE;6 2,1 mode generated near cutoff at 146 GHz coupling
to an electron beam of radius 0.56 cm is plotted against beam displacement, d, in Fig. 4.3.
In regions of displacement where —Ié is > 1, left rotation is expected, and where —I;_% is<l1
right rotation is expected. Accordiﬁtg to Eq. 4.8, the rotation for the centered beam should
be left, and a switch to right rotation should occur at a beam displacement of about .085
cm.

Experiments designed to determine the effect of tube misalignment, or beam offset, on
output mode rotation direction are described below.
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Figure 4.2 Theoretical coupling to a centered beam for the (a) TE2 2 mode, (b) TEj0,2 mode,
and (c) the TE;g 2 mode at 146 GHz. Coupling strength is plotted against normalized beam radius.
The dashed lines indicate the coupling to left rotating mode and the solid lines indicate coupling to
the right rotating mode.
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Figure 4.3 Theoretical ratio of starting currents for an off axis electron beam with radius 0.56 cm
coupling to the TE¢ 2 1 mode generated near cutoff at 146 GHz.
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4.2 Tube Misalignment Experiments

Experiments were performed on a megawatt power level, 3us pulsed gyrotron [5]. In
the first set of experiments involving beam misalignment in the cavity, the rotation sense
of the TE;6 2,1 mode operating at 146 GHz was determined using matched right-hand and
left-hand Vlasov launchers and focussing reflectors. As described in Chapter 2, the launcher
and reflector are configured such that radiation rotating in the direction of the helical cut is
radiated from the straight edge of the launcher, intercepted by the doubly curved reflector,
and focussed to a Gaussian-like focal spot approximately 50 cm away, while radiation
rotating in the opposite sense spills from the helical cut and is not focussed by the reflector.
The schematic of the Vlasov-type converter is found in Fig. 1.2.

In order to study the effect of tube misalignment on rotation direction of the TEj¢ 2,1
mode, the vacuum tube, which houses the electron beam tunnel, cavity, and collector, was
moved incrementally away from the centered position. The electrons continue to follow
the electric field lines, which are no longer parallel to the tube. Thus, moving the tube
has the effect of changing the location of the electron beam in the cavity. The tube was
held fixed at the gun end so that the electron optics remained virtually the same for all
values of displacement. At each tube position, the total power, as well as power at the
left-hand and right-hand foci, was measured with a 10 cm Scientech laser calorimeter. The
process was then repeated after changing the direction of the magnetic field in the cavity
and at the cathode, leaving the field amplitudes and all other parameters the same. This
second measurement was used to determine the symmetry of the diagnostic system. The
only result of changing the direction of the magnetic field should have been to change the
rotation sense of the output mode at each tube position.

The results of the tube misalignment experiments are shown in Fig. 4.4. The radius
of the electron beam was experimentally determined to be 0.56 cm, which corresponds
to a ratio of 7% of 0.73. Both the linear coupling theory for the centered beam and
the asymmetric beam (Fig. 4.3), which are identical at zero beam displacement, predict
that when centered in the cavity, the specified electron beam should couple to the left
rotating TE;¢ 2,1 mode. At the centered beam position, only left rotation was observed (Fig.
4.4). Figure 4.3 indicates that a switch from left rotation to right is expected at a beam
displacement of approximately +0.085 cm from center. Figure 4.4 shows that the rotation
switch was experimentally observed at approximately 0.08 cm and -0.085 cm, which is in
good agreement with the theory.

Reversing the direction of the magnetic field in the cavity and repeating the tube dis-
placement experiments indicated that the measurements were symmetric and reproducible
to within ¥ 5%.
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Thus, both the linear coupling theory and the experimental study show that significant
beam misalignments, approximately 0.08 cm in the case of a TEj¢2,1 mode at 146 GHz,
are possible before a rotation switch occurs. These results indicate that slight beam mis-
alignments are not hazardous to the operation of a Vlasov or other type of rotation sensitive
mode converter.

The alignment experiments also showed that the gyrotron output power remains rela-
tively constant as the beam is displaced from the centered position (Fig. 4.4). This result
was unexpected because the linear theory predicts that the coupling between the beam and
the rf field is greatly reduced at substantial beam offset.

Figure 4.4 shows an abrupt transition from the left rotating to the right rotating TE;¢ 2
mode at beam displacements of ~ +0.08 cm. The same type of behavior was seen in
a theoretical study performed at the Naval Research Laboratory [34] which investigated
coupling to the TE4¢ 2 1 counter rotating modes. In [34], the power and rotation direction
of the output mode were calculated as a function of beam radius for the centered beam case.
The theoretical study predicted an abrupt transition from the left rotating to the right rotating
TEg2 mode, similar to the transition observed in the experiments discussed above. The
nonlinear multimode theory described in [34] also predicted nearly constant output power
at varying beam radii, as was observed in the TE;¢ 2 mode misalignment experiments.
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Figure 4.4 Results of the tube misalignment experiments. Total power is indicated by the
squares, power in the right rotating TEj¢ 2 mode by the circles, and power in the left rotating TE 16 2
mode by the x’s.
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4.3 Step Tuning Experiments

In a second set of experiments, a multi hole directional coupler [35], shown in Fig. 4.5,
was used to determine relative amounts of left and right rotating radiation for a given mode.
The coupler consists of nine coupling holes at a constant axial position around the azimuth
of a circular waveguide coupling through the narrow wall of a fundamental rectangular
waveguide, in this case WR6. The coupler is configured such that a mode rotating in
the right-handed sense will add constructively in arm 2 of the fundamental waveguide
and destructively in arm 1, and the opposite adding will occur for a mode rotating in the
left-handed sense. By comparing the signals in the two arms of the directional coupler, a
measure of the relative amounts of left and right rotating components in the output radiation
mode mix can be made.

The matching condition between the two waveguides is given by [35]:

ky = (lR"—"> + (2?”) 4.9)

where k; is the parallel wave number for the fundamental mode of the rectangular wave-
guide, m is the azimuthal mode number of the cylindrical waveguide mode, R is the radius
of the cylindrical waveguide, and s is the spacing of the coupling holes.

For the desired coupling between the TE;¢ 2 mode in a guide with radius B=1.746 cm
and the fundamental TE;jp mode in a WR6 waveguide at 146 GHz, the coupling hole
spacing, calculated with Eq. 4.9, is 0.19 cm. The rotating mode coupler was designed to
provide greater than 30 dB directivity for the TE;6 2 mode at 146 GHz. At 123.5 GHz, the
directivity is reduced to 5.6 dB.

The directional coupler was constructed and was used to examine the rotation mode
mix with the electron beam centered in the cavity as the gyrotron was step tuned by varying
the cavity magnetic field. Five TE,, 2,1 modes, m = 13 to 17, were excited from 123.5 to
153.5 GHz.

For each of the modes, the signals in the two arms of the coupler were compared and
the relative signal strengths are plotted in Fig. 4.6. Figures 4.7-4.11 show the centered
beam coupling curves for the five modes under consideration. The beam extents, calculated
from the experimental parameters and normalized to the cavity radius, are shown on each
of the coupling curves.
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Figure 4.5 Schematic of the rotating mode directional coupler for determining the rotation of
the gyrotron output mode.
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Figure 4.6 Results of the step tuning experiments. The relative signal strengths in the two arms
of the coupler are plotted for five modes.
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Figure 4.7 shows that beam falls near the peak of the left rotating TE7 2 coupling curve,
which suggests that a left rotating output mode is expected. Figure 4.6 shows that the signal
in arm 1 of the directional coupler was approximately 7 dB higher than the signal in arm 2,
indicating that the left rotating mode was dominant.

Figures 4.8 and 4.9 show that left rotating TEj62 and TE;52 modes were expected
based on the linear coupling theory and calculated beam radius. Figure 4.6 shows that
dominant left rotating modes were observed with the directional coupler. The scatter in the
data points is due to reflections in the arms of the coupler, caused by machining errors and
imperfect joints between the circular and rectangular waveguides.

In Figure 4.10, the beam intersects the TE 142 coupling curves at a point where the right
and left rotating coupling strengths are approximately equal, with the right mode slightly
stronger. The signal in arm 2 of the directional coupler was stronger than the signal in arm 1
(Fig. 4.6) indicating that the right rotating mode was the dominant part of the output mode.

Figure 4.11 shows that the beam intersects the linear coupling curves near the right
rotating peak of the TE;3 2 mode. However, the directional coupler showed that the signal
observed in arm 1 of the directional coupler was several dB larger than the signal observed
in arm 2, which is characteristic of a dominant left rotating wave. It is believed that the
reduced directivity at 123.5 GHz, in combination with reflections due to machining errors,
caused this discrepancy between theory and experiment for the TE;3 2 mode.

Thus, the directional coupler was able discriminate between different rotating modes
near its design frequency, 146 GHz. With careful machining, such a directional coupler
could serve as a useful diagnostic for verifying that the beam is aligned in a gyrotron cavity
and coupling to the correct rotation of the rf field.
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Figure 4.7 Theoretical coupling to a centered beam for the TE17 2 mode at 153.5 GHz. The
beam extents, shown as the vertical solid lines, were calculated from the experimental parameters.

The dashed lines indicated coupling to the left rotating mode and the solid lines indicate coupling
to the right rotating mode.
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Figure 4.8 Theoretical coupling to a centered beam for the TE16 2 mode at 146 GHz. The beam
extents, shown as the vertical solid lines, were calculated from the experimental parameters. The
dashed lines indicated coupling to the left rotating mode and the solid lines indicate coupling to the
right rotating mode.
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Figure 4.9 Theoretical coupling to a centered beam for the TEqs 2 mode at 138.5 GHz. The
beam extents, shown as the vertical solid lines, were calculated from the experimental parameters.
The dashed lines indicated coupling to the left rotating mode and the solid lines indicate coupling
to the right rotating mode.
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Figure 4.10 Theoretical coupling to a centered beam for the TE14,2 mode at 131 GHz. The
beam extents, shown as the vertical solid lines, were calculated from the experimental parameters.
The dashed lines indicated coupling to the left rotating mode and the solid lines indicate coupling
to the right rotating mode.

130



0.10 T T Y T T I T T
0.08 I~
S5
<
é 0.06 [~
=
g =
)
&
Tg‘,, 004 -
Q
Q
0.02 +
0 1 | ]
0 0.2

Normalized Beam Radius (R /R )

Figure 4.11 Theoretical coupling to a centered beam for the TE;3 2 mode at 123.5 GHz. The
beam extents, shown as the vertical solid lines, were calculated from the experimental parameters.
The dashed lines indicated coupling to the left rotating mode and the solid lines indicate coupling
to the right rotating mode.
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4.4 Discussion of Results

A study of coupling to the counter rotating TE+,, 2,1 modes of a gyrotron oscillator
was made. Two experiments were performed and the results were compared to theory. The
alignment experiments, which employed matched left and right Vlasov converters, showed
that the centered electron beam coupled to the left rotating TE;6,2,1 mode, as predicted by
the linear coupling theory. It was observed that the beam could be displaced ~ +0.08 cm
from the centered position in the cavity before a change in the rotation sense of the output
mode was detected. This displacement agrees well with the linear coupling theory for an
off-axis beam, which predicts a switch in rotation direction at a displacement of 0.085 cm.
Because beam alignments to within 3-0.025 cm are easily achievable in practice, the study
suggests that predicting and maintaining the output mode rotation sense is possible and that
slight misalignments of the beam will not prevent the use of a rotation specific output mode
converter.

In the second set of experiments, a directional coupler was used to determine the
relative amounts of right and left rotating components of the output mode as the gyrotron
was step tuned from the TE;3 2 mode at 123.5 GHz to the TE;72 mode at 153.5 GHz.
Although machining errors limited the success of the experiments, the coupler was able to
discriminate between counter rotations >6 dB directivity for the design mode, the TE;¢ 2
at 146 GHz. The coupler was also able to discriminate between the left and right rotating
TE14,2, TE;52 and TE;72 modes. The observed rotation directions for these modes is in
agreement with linear coupling theory predictions for a centered electron beam, indicating
that such a coupler could be a useful diagnostic in aligning a gyrotron tube and verifying
output mode rotation direction.
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Chapter 5

Summary

An investigation of quasi-optical mode converters for high order mode gyrotrons was
made. Two converters, the Vlasov-type and pre-bunching converters, were examined. A
Vlasov-type converter was designed to transform the TE;¢ 2 cylindrical waveguide mode
at 146 GHz to a Gaussian beam in free space. The preliminary converter design was made
with the geometric optics approximation. Both experimental results and vector diffraction
theory predictions showed that only 75% of the near field launcher radiation pattern fell
within the bounds of the geometric optics predicted pattern. The size of the reflector was,
consequently, chosen on the basis of the diffraction theory prediction, but the reflector shape
was calculated with geometric optics theory.

Tests on a MW power level gyrotron showed that the converter directed 95% of the
incident TE;62 power to a small, Gaussian-like focus in the far field. The focal plane
measurements were in good agreement with predictions of vector diffraction theory. In
addition to the TE;¢ 2 focus, two other low level focii, corresponding to the mode converted
TEjs52 and TEj7,2 modes, were observed in the far field. This observation pointed out a
useful property of the Vlasov-type converter. Each mode that is incident on the launcher
appears as a distinct focal spot in the far field. The Vlasov-type converter is, thus , a good
diagnostic for determining the mode content of an incident mode mix.

Beam expansion measurements, which were in good agreement with predictions of
vector diffraction theory, showed that although the main beam exhibited a Gaussian profile
in the focal plane, only 88% of the power, or 88% x 95% = 83% of the incident TE;¢ 2
power, was contained in the TEMgy mode. Aberrations to the phase fronts caused a non-
Gaussian expansion of the beam beyond the focus. These phase aberrations are the result of
the rays not predicted by geometric optics being focussed by the reflector surface designed
with geometric optics.

Directing the beam into a corrugated waveguide confirmed the total conversion effi-
ciency inferred from the beam expansion measurements. The corrugated guide experiments
showed that 82.5% of the TE;¢ 2 power leaving the gyrotron was converted to the HE;;
mode of the guide.
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The vector diffraction theory, developed as part of this thesis, allows for the possibility
of improving the reflector design and increasing the efficiency of the Vlasov-type converter.
However, fundamental limitations involving the large azimuthal expansion angle for higher
order modes renders the Vlasov-type converter impractical for certain classes of modes. The
more useful solution was to modify the launcher, rather than modify the reflector design.

A pre-bunching converter, which is a modification on the Vlasov-type, was designed to
transform the TEj; ¢ cylindrical waveguide mode at 110 GHz to a Gaussian beam in free
space. The converter consists of an irregular waveguide section, followed by a step cut
launching aperture and two reflectors in an open mirror transmission line. The goal of the
irregular waveguide section is bunch the radiation into Gaussian bundles prior to the launch
so that a more controlled, well defined beam is radiated from the aperture. The shaping
and steering reflectors that follow are designed with Gaussian optics and modified with
vector diffraction theory. Even with the diffraction theory design modifications, the simple
toroidal mirror shape is preserved.

The converter was built and tested on a MW power level gyrotron operating in the
TE32 ¢ mode at 110 GHz. Experiments were performed with the converter both external
and internal to the gyrotron vacuum tube. With the converter in the external configuration,
measurements of the beam radiated from the launcher and the beam at the output of the
full converter were in excellent agreement with diffraction theory predictions. In addition
to the TE2 ¢ beam, two other low level side lobes were observed. A TEz; ¢ Vlasov-type
converter was used to determine that the side lobes were caused by a mix of modes incident
on the pre-bunching launcher, which was designed for an input of 100% TEj; ¢ mode. The
TE23 ¢ beam was directed into a 1.25 in. diameter corrugated waveguide and calorimetric
efficiency measurements showed that 98% of the TEj; ¢ mode at the launcher input was
coupled to the HE;; mode of the corrugated guide.

Next, four additional reflectors that formed a beam splitting mirror relay were tested.
Diode scans and beam expansion measurements showed that the beam splitting reflectors
transformed the fundamental Gaussian beam, formed by the two mirror relay, to two
Gaussian-like beams of waist wg = 1.5 cm. Calorimetric efficiency measurements showed
that 52% of the power leaving the gyrotron was found in beam a and 42% of the power was
contained in beam b, giving an overall efficiency of 94%. The measured patterns were in
excellent agreement with predictions of vector diffraction theory.

The pre-bunching launcher and two mirror relay were then tested in the internal con-
figuration. Measurements of the output beam showed no evidence of the additional side
lobes observed in the external experiments. Beam expansion measurements showed that
the beam formed by the internal converter expanded in an identical fashion to the beam
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formed by the converter in the external configuration. Output beam measurements were in
good agreement with predictions of vector diffraction theory.

Lastly, a study of coupling to counter rotating TE.t,, 2,1 modes of a gyrotron oscillator
was made. Beam alignment experiments, which employed matched left and right Vlasov-
type converters, showed that the centered electron beam coupled to the left rotating TE1¢ 2
mode, as predicted by linear coupling theory. The beam could be displaced ~ + 0.08 cm
from center before a change in rotation direction of the output mode was detected. This
displacement agrees well with predictions of linear coupling theory for an off axis electron
beam. Because alignments to within £0.025 cm are easily achievable in practice, this study
suggests that predicting and maintaining the rotation sense of the output mode is possible
and that slight misalignments of the beam will not prevent the use of a rotation sensitive
mode converter, such as the Vlasov-type or pre-bunching converters.

Thus, this thesis presents the theory, design, and experimental verification of two high
efficiency quasi-optical mode converters for gyrotron oscillators. This thesis also presents
a theoretical and experimental study that shows the rotation direction of a gyrotron output
mode can be predicted by linear coupling theory and can be maintained throughout operation
of the the gyrotron, enabling the use of rotation sensitive mode converters described above.
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