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Design of a system converting an output radiation of frequency tunable
gyrotron into a gaussian beam

I. OGAWA®9, T. IDEHARA, S. SABCHEVSKI] and
W. KASPAREKS§

A novel design of a versatile quasi-optical system for conversion of gyrotron
radiation into collimated gaussian beams is presented and discussed. The
proposed system consists of a quasi-optical antenna, two ellipsoidal mirrors and
a spaiial filter which truncates the sidelobe radiation. The system is appropriateasa
transmission line for frequency tunable gyrotrons operating at TEg, and TE,,
modes. As an illustration of our approach, we present results which demonstrate
the applicability of the developed system for conversion of the radiation generated
by the Gyrotron FU IVA. The examples include conversion of four TE;, mode
outputs (TEy;, 170GHz; TEy,, 271 GHz; TEy, 372GHz; TE,s, 472GHz) into
gaussian-like beams and three TE,, modes (TEgy, 223 GHz; TEg;, 323 GHz;
TEq, 423 GHz) into bigaussian-like beams.

1. Introduction

High frequency gyrotrons are characterized by their capacity to deliver high
powers in the submillimetre wavelength range (Zaytsev ef al. 1974, Flyagin et al.
1983, Spira-Hakkarainen et al. 1990, Idehara ez al. 1995) and their frequency step-
tunability due to the alternation of the operating mode (Kreischer and Temkin 1987,
Brand ef al. 1990b, Idehara er al. 1998, Nusinovich and Read 1999). For many
applications such as plasma scattering measurements (e.g. Woskoboinikow et al.
1983, Terumichi er al. 1984, Fekete et al. 1994, Suvorov et al. 1997) where more
intense waves are required, the gyrotrons are the most promising candidates as
power sources in this region of the electromagnetic spectrum. Very often the gyro-
tron output needs to be converted into a gaussian-like beam because the gyrotron
generates radiation with TE,,, mode structure, which is far from what is usually
required from the radiation power source.

In an earlier paper (Ogawa et al. 1997) we presented a quasi-optical system
designed to convert the gyrotron output (TE;s mode, 354 GHz) into a gaussian-
like beam. In this system, a quasi-optical antenna (Viasov and Orlova 1974) was
used to convert the gyrotron output into a linearly polarized beam. Its far-field
consists of sidelobes and a main beam which is similar to a gaussian beam. The
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quality of the produced beam was improved only by focusing the main beam using
an ellipsoidal mirror. If we apply this system to other TE,, modes, the positions and
sizes of the beam waist would undergo changes. For most purposes however, a
gaussian beam with constant waist size and constant waist position is required.

Over the years a number of step tunable gyrotrons (Gyrotron FU Series) cover-
ing a wide frequency range have been developed at Fukui University (Idehara er al.
1999). For such gyrotrons, systems capable of converting the outputs from a set of
operating modes are required. This motivated us to develop a new more versatile
transmission line which converts several TE,, and TE,, mode outputs generated by
the gyrotron FU IVA (Idehara ef al. 1998) into well-collimated beams. Although the
size of the main beam at the far-field region depends on gyrotron output mode, it is
possible to treat it as a bigaussian beam with constant waist located at the antenna
(Ogawa et al. 1999c). Taking advantage of this approach the objective beam is
obtained by using a confocal mirror system with a spatial filter. In this system the
first mirror converts the beam produced by the quasi-optical antenna into the far-
field, while the filter truncates the sidelobes.

The paper is organized as follows. In § 2 we outline briefly the approach used for
calculation of the radiation patterns. The gist of the technique for the system design
based on the gaussian optics is depicted in § 3. The results from the calculations
using the Huygens equation for scalar diffraction are presented in §4. The paper
concludes with a summary of the capabilities of the developed conversion system.

2. Calculation of radiation patterns

If the electromagnetic fields produced by a quasi-optical antenna are known, then
those at any subsequent point can be obtained by solving the Helmholtz equation
together with the corresponding boundary conditions on each mirror. Another
equivalent approach is based on the use of the Huygens equation for scalar diffrac-
tion {(e.g. Kong 1986). As in our earlier works (Ogawa ei o/, 1997} we follow the
latter technique.

The quasi-optical antenna (figure 1) consists of a circular waveguide (internal
radius a, = 10mm) with a step-cut and a parabolic cylinder reflector (focal length
Jp = 15.5mm). This antenna converts the TE,, output of the Gyrotron FU IVA into
a linearly polarized beam. The electric and magnetic fields are parallel to the x- and
y-directions, respectively. ‘

It is well known that for all modes except TE,;, the radiation spreads in a hollow
cone with a semiangle given by

Figure 1. Quasi-optical antenna.
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where ke = p,/ay is the cutoff wavenumber, p/,, is the nth root of Inlp) =0,a, is
the waveguide radius and k is the wavenumber. In the gyrotron cavity the mode is
very close to cutoff and
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where a, is the cavity radius. If we neglect mode conversion
. Qe
o =sin  — 3
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This means that to a first approximation the angle o is independent of the mode. In
our case, o = 8.63°. The fields over this image source are calculated using the well-
known approach based on geometrical optics (Wada and Nakajima 1986, Brand er
al. 1990 a).

The incident electromagnetic fields at the first mirror are calculated using the
Huygens equation. The electromagnetic fields reflected from the mirror are given by
the boundary conditions (Ogawa et al. 1999b). The electromagnetic fields on the
subsequent mirrors are obtained using repeatedly the Huygens equation and the
boundary conditions together with the previously calculated results as the source

g
fieias.

3. Design of the system using gaussian optics

In order to investigate how the beams spread, their intensity profiles have been
calculated for a plane situated far from the image source. The image source is located
so that the beam with polarization in the x-direction propagates along the z-direction
(figure 2). The intensity profiles for TE,, modes in the far-field region are shown in
figure 3 and those for TE;, modes are shown in figure 4.

Each far-field consists of a main beam and additional sidelobes. The main beams
for TE,, modes have elliptical cross-section and their spot sizes are given by assum-
ing a bigaussian beam whose waist (waist size w, = 26.4mm in width and
wyo = 18.0mim in length) is located at the centre of the image source (table 1)
(Ogawa er al. 1999¢). On the other hand, those for TE,, modes are circular and

|
|

Plane
(0,0,100)

Figure 2. Plane image source used in the calculation of the subsequent radiation patierns of
the quasi-optical antenna with a single parabolic reflector. The beam propagates along
the z-axis.
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Figure 3. Calculated intensity contours in the far-field region. Distance from the image
source is 100m: (a) TEy, mode (223 GHz); (b) TEy mode (323 GHz); (¢) TEy mode
(423 GHz). Contours are in decibels relative to the intensity maximum.

their spot sizes are given by assuming a gaussian beam with waist size
Wy = Wy = 18.1 mm (table 1).
The intensity of the bigaussian beam is given by

20\ o (_27) (4)
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where w, and w, are the spot sizes in the x- and y-directions, respectively and Py is
the total beam power. We will define the spot size of such a beam as the radius of the
~8.69 dB contour, where the intensity is ¢ 2 smaller than at the maximum,

Propagation and focusing of a bigaussian beam is most conveniently treated by
the use of the complex beam parameters g, and g, (e.g. Siegman 1971, Ogawa ef al.
1999 a). '

In the system under consideration (figure 5), the focal length f; of the mirror ml
coincides with the distance d,, i.e. f; = d; = 1.5m. For this special arrangement, the
far-field of the image source appears in the y = 1.241 plane (Ogawa et al. 1999b).
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Figure 4. Calculated intensity contours in the far-field region. Distance from the image
source is 100m: (a) TE;, mode (170 GHz); (b) TE,; mode (271 GHz); (¢) TE4 mode
(372 GHz); (d) TE;5 mode (472 GHz). Contours are in decibels relative to the intensity

maximum.

Frequency w, w, W Wio
Mode (GHz) (m) (m) (mm) ()
TEy, 223 1.61 2.38 26.6 18.0
TEg 323 i.13 1.64 26.2 18.0
TEpa 423 0.85 1.25 26.5 18.0
TEp 170 3.09 3.14 18.2 17.9
TEp 271 1.92 .94 18.3 18.1
TE 4 372 1.40 1.42 8.3 18.0
TEs 472 .12 1.12 18.1 18.0

Table 1. Spot sizes w, and w,, in the far-field region (z = 100 m) of the beam
produced by image sources at various gyrotron operating modes and
waist sizes wyo and wyy of equivalent bigaussian beam having its waist
at the image source.
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Figure 5. Quasi-optical system.

Treating the main beam as a bigaussian one with a waist ai the position of the
image source, the beam waist sizes w.y and Wy at the y = 1.241 plane can be
obtained from the relations ~

SiA _ A
Wy = =

W0 W 0

(3)

Wyg! =

The equations show that since one waist is at the image source, the beam will
have a waist at the y = 1.241 plane. Because the mirror m?2 has also the special
arrangement (f; = d, = 1.241 m), the beam will come to a waist at the z = | 24]
plane. The final waist sizes wy» and wyor at the z = 1.241 plane are given by

Wogn ‘:j*;’;: l'i’x() Wygl! :i Wﬂ) (é)

This result generally holds for a confocal system consisting of two mirrors. Note
that it does not depend on frequency.

The focal lengths £; and f; are determined to be 1.5m and 1.24] m, so this system
produces a gaussian beam with the waist size Weor = wyge = 15.0mm for TE,, mode.
It also converts TE, mode gyrotron output into a bigaussian beam with the waist
sizes wygr = 21.8 mm and w0 = 14.9mm for TE,, mode.



4, Calculation results using the Huygens equation

The mirrors ml and m2 are wide enough (ml is 160 mm in width and 590 mm in
length, while the corresponding dimensions for m2 are 170 mm and 240 mm) to avoid
any diffraction losses due to the beam truncation. The shape of the mirror ml is
defined by an ellipse with focal points at (0, 2.741, —10) and (0, 0.976, 0) resulting in
a focal length of f; = 1.5m. Analogously, the shape of the mirror m2 is defined also
by an ellipse with focal points at (0, 10, 0) and (0, 0, 1.417) which gives a focal length
of fi = 1.241 m. ,

The intensity profiles at the y = 1.241 plane for TE,, modes are shown in figure 6
and those for TE,, modes are presented in figure 7. Remembering that the x- and z-
directions in figures 6 and 7 correspond to the x- and negative y-directions in figures
3 and 4, one can see that the corresponding intensity profiles are similar. The spot
sizes w,, and w, of the main beam agree well with the waist sizes w gy and w,y given
by eguation (5) (table 2). This corroborates that the radiation pattern produced at
the y = 1.241 plane is the far-field of the image source. As can be seen from the field
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Figure 6. Calculated intensity contours at the y = 1.241 plane: {a) TEq; mode (223 GHZ}; (h)
TEg; mode (323 GHz); (¢) TEy, mode (423 GHz). Contours are in decibels relative to
the intensity maximum.
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Figure 7. Calculated intensity contours at the v = 1.241 plane: (¢) TE,, mode (170 GHz); (%)

TE 3 mode (271 GHz); (¢) TE;4 mode (372 GHz); {d) TEs mode (472 GHz). Contours
are in decibels relative to the intensity maximum.

Gaussian optics Calculation

Wig! Wt Weg W;Q " Wy W, W.r Won
Mode (imm) (mm) (mm) (mm) {mm) (ram) (mm) {im)
TEq, 24.3 35.7 21.8 14.9 23.9 356 223 16.3
TEg 16.8 24.6 21.8 14,9 17.0 25.0 24.1 16.5
TEg 12.8 18.8 21.8 14.9 12.7 18.6 242 6.5
TE, 46.6 46.6 15.0 15.0 46.8 45.0 16.2 16.2
TEg; 29.2 29.2 15.0 15.0 289 29.5 16.1 16.4
TE 4 213 21.3 i5.0 15.0 21.0 21.4 16.4 16.4
TE;s 16.8 16.8 15.0 15.0 16.8 16.8 16.1 16.7

Table 2. Waist sizes obtained by gaussian optics and spot sizes obtained by numerical
calculations of the Huygens equation. The values wyor and w.o are waist sizes at the
filter and w,g» and wyor are those at the waist, respectively. The values w, and w.. are
spot sizes at the filter and w, . and w, are at the waist.
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Figure 8. Calculated intensity contours at the beam waist without spatial filter: (a) TEy,
mode (223GHz); (b) TEy, mode (423GHz); (¢) TE,, mode (170 GHz); (d) TE,s
mode (472 GHz). Contours are in decibels relative to the infensity maximum.

patterns (see for example figure 7) the sidelobes are not symmetrical due to the
oblique position of the effective image source with respect to the z-axis.

The intensity profiles at the z = 1.241 plane are shown in figure 8. Because their
shapes are distorted by sidelobes seen in figures 6 and 7, they are quite different from
a gaussian beam or a bigaussian beam. In order to improve the quality of the beams
produced, it is necessary to remove the sidelobes from the far-field of the image
source. Experimentally this can be done by inserting a spatial filter to block the
sidelobes in the y = 1.241 plane.

In principle, several loss-less methods can be used to transform any field distri-
bution to gaussian beams (Bogdashov er al. 1995). Unfortunately these techniques
are not broad band. Alternatively, it is justifiable to sacrifice a small amount of the
beam power in order to improve beam quality through truncation of the sidelobes by
a spatial filter. The main advantage of the latter approach is that by its nature it
ensures broad-band operation of the system. Additionally, this conceptually simple
solution can be realized very easily in practice.



Mode {(X¢, Ve, Zc) w, (inm) w, {(mm)

TEq, 0, 1.241, -5 x 107%) 70 102
TEgs (0, 1.241, -3 x 10 3) 50 70
TEq4 (0, 1.241, 2 107%) 40 56
TE,, (0, 1.241, 14 x 10, 9! 140 140
TE}} {O, 1241 —6 x 107 ) 87 37
TE 4 (0, 1.241, -3 x 107%) 62 62
TEs {0, 1.241, ~4 x 107%) 52 52

Table 3. The centre {x, y., z.) of the plane and the sizes w,, w, in x and
z directions for each mode.
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Figure 9. Calculated intensity contours at-the output beam waist with spatial filter: (a) TE(,Z
mode (223 GHz); (b} TEy; mode (323 GHz); (¢) TEy, mode (423 GHz). Contours are in
decibels relative to the intensity maximum.



In our new conversion system the spatial filter used for removing the sidelobes is
an indispensable component. It is just a thin plate with an aperture having dimen-
sions w,,w, and centre in (x, y,z.). The filter is located at the y = 1.241 plane.
From the calculated field patterns in this cross-section an appropriate position and
sizes of the aperture are selected in such a way as to block effectively only the
sidelobes of the beam. More specifically, the aperture is selected large enough io
encompass the —21dB contour of the main beam but small encugh to truncate the
—21 dB contours of the sidelobes. The chosen parameters of the spatial filter are
presented in table 3. Then the electromagnetic fields on the subsequent mirror m2 are
calculated by using repeatedly the Huygens equation with fields at the aperture as
sources.

The intensity profiles at the z = 1.241 plane with spatial filtering for THy, modes
are shown in figure 9 and those for TE,, modes are shown in figures 10-13. One can
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Figure 10. Calculated intensity contours for TE;; mode (170 GHz): (a) at the beam waist.
Contours are in decibels relative to the intensity maximum; (b) and (¢) in the vicinity of
the beam waist. Contours are relative to the intensity along the z-axis.
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Figure 11. Calculated intensity contours for TE;; mode (271 GHz): \a, at the beam wa:s?
Contours are in decibels relative (o the intensity maximum; () and (L, in the vicinity of
the beam waist. Contours are relative 1o the intensity along the z-axis.

see that this system converts four TE;, mode outputs of the Gyrotron FU IVA into

gaussian-like beams with waist size of w,» = w,» = 16.3mm as well as three TEy,
mode outputs into bigaussian-like beams with waist size of w = 23.5mm and
vor = 16.4mm. The spot sizes we» and w,» agree well 1 with the waist sizes wor

and wyor given by equation (6) (table 2).

Most of the power (85% for TEg, mode and 90% for TE,, mode) from the
image source still arrives at the beam waist in spite of the truncation of the
sidelobes at the y = 1.241 plane. 1t should be noticed that loses for different
TE,, modes differ insignificantly (less than 1%). The same applies to the TE,,
mode outputs.

5. Conclusion

The conversion system presented in this paper consists of a quasi-optical
antenna, sequence of two ellipsoidal focusing mirrors and a spatial filter. It is
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Figure 12. Calculated intensity contours for TE,, mode (3 72 GHz): (a) at the beam waist.
Contours are in decibels relative to the intensity maximum,; (b) and (c) in the vu:zmtv of
the beam waist. Contours are relative to the intensity along the z-axis.

intended to convert four TE;, mode ocutputs of the Gyrotron FU IVA (TE,,,
170GHz; TE;, 271GHz, TEy,, 372GHz;, TE;s, 472GHZ) into gaussian-like
beams with waist size of wyw =w = 163mm as well as three TEy, modes
(TEg, 223GHz; TEg;, 323GHz; TEy, 423GHz) into bigaussian-like beams
with waist sizes of wer = 23.5mm and wyg« = 16.4mm. Compared with the earlier
system capable of converting only one operating mode the novel one is more
versatile and is compatible with frequency tunable gyrotrons such as the
Gyrotron FU IVA. In spite of the truncation of the sidelobes of the beam by
the spatial filter most of the image source power is transferred to the final waist.
As a result, intense high-quality beams in the submillimetre wavelength range can
be produced.
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