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Design of quasi-optical systems converting a gyrotron output into a
Gaussian-like beam

I. OGAWA*{, T. IDEHARA}, M. L. PEREYASLAVETSY and
W. KASPAREKS§

The quasi-optical systems designed by Gaussian optics can convert the TEys mode
output (f =388 GHz) of a submillimetre wave gyrotron into a Gaussian-like
beam. The linearly polarized main beam, with an elliptical cross-section
produced by a quasi-optical antenna, is converted into a well-collimated beam
with a circular cross-section by a system consisting of two parabolic cylinder
mirrors or of a parabolic cylinder mirror and a special mirror with focal lengths
different in two dimensions.

1. Introduction

Electromagnetic waves in the submillimetre wavelength range have applications
in many fields including plasma diagnostics, material processing, material physics,
astronomy and biophysics. Some applications, such as plasma scattering measure-
ments (see, for example, Terumichi er al. 1984, Fekete et al. 1994, Suvorov et al.
1997), need more intense waves than are presently available.

High frequency gyrotrons are the most promising candidates for delivering
intense waves ranging from several hundred watts up to several kilowatts (Zaytsev
et al. 1974, Spira-Hakkarainen et al. 1990, Idehara er al. 1995). In addition, gyro-
trons have the advantage of tuning the output frequency by selecting the operating
mode.

To be used as a radiation power source, the gyrotron output should be converted
into a Gaussian-like beam because a gyrotron produces a TE,,, waveguide mode
whose radiation pattern does not correspond to usuai requirements.

A quasi-optical antenna (Vlasov and Orlova 1974) converts a gyrotron output
into a linearly polarized beam whose far-field consists of a main beam with an
elliptical cross-section and additional sidelobes. Since the ellipticity of the. cross-
section depends on the gyrotron output mode, it is important to convert the elliptical
cross-section into a circular one. This is a major obstacle in developing a conversion
system suitable for a frequency-tunable gyrotron.

The elliptical cross-section can be converted into a circular one by employing 2
system of two parabolic cylinder mirrors, or a parabolic cylinder mirror and a special
mirror with focal lengths different in two dimensions. The shapes and arrangement
of the mirrors are determined by assuming a bi-Gaussian beam. Such an assumption
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is valid as long as we consider the main beam produced by the quasi-optical antenna
in the far-field (Ogawa et al. 1999%).

In order to compare the two systems, we will design two types of conversion
system for the TEgg mode output (f = 388 GHz) of the Gyrotron FU II (Idehara et
al. 1992). This paper compares the qualities of the beams produced by the two
systems.

2. Treatment of the beam produced by an image source as a bi-Gaussian beam

The first element in the quasi-optical system is the quasi-optical antenna (figure
1), consisting of a circular waveguide (internal radius a,, = 14 mm) with a step-cut
and a parabolic reflector (focal length f, = 21.75mm). The antenna converts the
gyrotron output (TEgs mode, f/ = 388 GHz, Brillouin angle a = 9.93°) into a linearly
polarized beam. Tts electric and magnetic fields are parallel to the x- and y-directions,
respectively.

Radiation reflected from the parabolic reflector of the quasi-optical antenna is
treated as if it comes from a plane image source lying behind the parabolic reflector
(Wada and Nakajima 1986, Brand ef al. 1990).

In the design of the systems (figures 2 and 3), the image source is located in such a
way that the beam with polarization in the x-direction propagates along the z-axis.
The intensity profiles of the beam are calculated using the Huygens equation (Ogawa
et al. 1997). The intensity profiles at the first mirror (mirror ml) are shown in figure 4.
The beam produced by the image source consists of 2 main beam and additional
sidelobes. In order to improve the beam quality, the size of the mirror m1 is selected
so as to truncate the sidelobes.

The distance between the image source and the mirror ml is large enough
(7000 mm) to ensure that the spot sizes of the main beam are accurately given by
assuming a bi-Gaussian beam whose waist (wo, = 38.7mm in the x-direction,
wp, = 25.2mm in the y-direction) is located at the centre of the image source
(Ogawa et al. 1999a). The intensity of the bi-Gaussian beam is given by

2P 25 2y .
I= ——y exp (- Tvz) exp (—;}27 1

where w, and w), are the spot sizes of the bi-Gaussian beam in the x- and y-direc-
tions, respectively, and Py is the total beam power. The spot sizes correspond to the
half-widths of the —8.69dB (or ¢~%) contours.
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Figure 1. Quasi-optical antenna. The x- and y-directions correspond to the directions of
electric and magnetic fields, respectively.
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Figure 2. Quasi-optical system. (a) A plane image source is used for the calculation of the
subsequent radiation patterns of the quasi-optical antenna. The mirror m1 is a para-
bolic cylinder whose focal axis is located in the x— plane. The mirror focuses the beam
in the y-direction. (b) The mirror m2 is a parabolic cylinder whose focal axis is located
in the x-y plane. The mirror focuses the beam in the z-direction. :
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Figure 3. Quasi-optical system. A plane image source is used for the calenlation of the
subsequent radiation patterns of the quasi-optical antenna. The mirror ml is a para-
bolic eylinder whose focal axis is located in the x~z plane. The mirror focuses the beam
in the y-direction. The mirror m2 is a special one with focal lengths different in two
dimensions.

The complex beam parameters ¢, and g, in the x- and y-directions, defined by
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Figure 4. Calculated intensity contours at mirror m1. Contours are in decibels relative to the
intensity maximum.

are convenient parameters to treat the beam propagation and the focusing due to the
focusing element, where R, and R, are the curvature radii of the wave fronis in the x-
and y-directions, respectively.

At the beam waist, R,, R, — oco. Therefore, the complex beam parameters are

2
- Wy
Jox =] A (3
) )
Wy
Q()y =] A -

The complex beam parameters change when the beam propagates or is focused
by any element. The complex beam parameters g, and ¢, change to

q§=qx+d}

(4)
‘I'y =g, + d

after propagating a distance d. After the focusing element, they change to new values
given by

(5)
where f, and f, are the focal lengths of a focusing element in both directions.

3. Design of the quasi-optical systems ,

We have designed two types of system (System I and System II) to produce a
collimated bean with a waist size of Smm. System I (figure 2) consists of a quasi-



optical antenna and two parabolic cylinder mirrors. It is easy to manufacture the
mirrors, because they are simple in form. In addition to the quasi-optical antenna
and the parabolic cylinder mirror, System II (figure 3) uses a special mirror with
focal lengths different in two dimensions.

In order to remove the sidelobes, the size of mirror m1 is determined as 144 mm
in the x-direction and 195mm in the y-direction. On the other hand, mirror m2 is
wide enough to avoid any diffraction loss due to beam truncation.

The design is accomplished by converting the complex beam parameters g, and
oy (gox # goy) at the image source into the two-dimensionally equal complex beam
parameter go at the beam waist according to equations (4) and (5). The values of g,
and gy, are obtained using equation (3) with wy, = 38.7mm and Wy, = 25.2mm. The
value of gy is also obtained using equation (3) with wy = 5mm.

As can be seen from equation (2), we need two procedures to equalize the two-
dimensionally different complex parameters (gq, # qoy) into the same value gy,
namely, the coincidence of the spot sizes and of the curvature radii of the wave
fronts. As can be seen from equations (4) and (5), the former is achieved by focusing
and propagation, whereas the latter is achieved by focusing only.

3.1. System I

The mirror m1 focuses the beam in the y-direction and the mirror m? focuses the
beam in the z-direction (figure 2). The focal length f;  of mirror ml and the propa-
gation path d (= d’ 4 d") from mirror mi to the beam waist can be determined by
the waist size of the beam produced (wy = 5mm). As can be seen from equations (4)
and (5), they are given by :

11 1
qll y Gy /i iy (6)
Qo =1, +d

where ¢y, and q’ly are the complex beam parameters at mirror m! and just after
reflection by this mirror, respectively. If we notice that gy is a pure imaginary, d is
given by :

d = ~Im(q},). (7

As can be seen from equation (2), the coincidence of the spot sizes at mirror m2 is

expressed by
Im (i) ~ Im (i> @)
92z 9oy

where ¢,, and g,, are the complex beam parameters in the z- and y-directions at
mirror m2. Because the beam propagates in the opposite y-direction after its
reflection from mirror ml, the subscript 2x of the complex beam parameter g
is replaced by 2z. The propagation path d’ from mirror m1 to mirror m2 is
obtained by equation (8). Then, the propagation path d” from mirror m2 to
the beam waist is given by

d"=d—d’ (9)



The focal length f,, of mirror m2 can be determined by the condition of the
coincidence of the curvature radii of the wave fronts. This is expressed by

1o o

92z fsz . Q’Zy

The results thus obtained are listed in table 1.
Mirror ml is a parabolic cylinder whose focal axis is located in the x-z plane
(figure 2). The value of fj, is given by (Ogawa er al. 1999a)

fly: 5 (1)

cosd,

where f, is the focal length of the parabolic cylinder and 6, is the incident angle of the
beam. In the present case, because 8, is 45°, f, is determmed as 884.2 mm.

Mirror m2 is also a parabolic cylmder whose focal axis is located in the x—y
plane. The focal length £, of the parabolic cylinder is determined in the same way
(f, = 789.8 mm).

As can be seen from equation (11), a parabolic cylinder offers the tunability of
focal lengths by the variation of the angle of incidence. This feature offers the
possibility to tune the size of the beam produced.

3.2. System II

Mirror ml focuses the beam in the y-direction and helps to coincide the two-
dimensional spot sizes at mirror m2 (figure 3). This is also expressed by equation (8).
Because, unlike in System I, the mirror m2 focuses the beam two-dimensionally, the
focal length £}, of the mirror m1 can be defined arbitrarily. If we select the propaga-
tion path d' = 2000 mm from m1 to m2, fj, is given by

11 Iy

@y ay Sy

Q2y“_"q'ly+d’ (12)
92 = qix+d

where gy, is the complex beam parameter at ml and ¢y, and ¢, are those before and
just after reflection by m1. Following the change of the beam propagation direction,
the subscript 2x of the complex beam parameter g is replaced by 2z.

The focal lengths f3, and f, of mirror m2 can be determined by the waist size of
the beam produced (wy = Smm). They are given by

Mirror m1i Mirror m2 Beam waist
fly Wix Wiy d’ sz Wz . Wy d’ Wy
1250 59.0 72.9 257.3 1117 60.2 60.2 1219 5.0

Table 1. The results obtained by Gaussian optics for System I. wi, and wy, are the spot
sizes at mirror ml, wy, and w,, are the spot sizes at mirror m2. All dimensions in
millimetres.
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where d” is the propagation path from m2 to the beam waist. The results thus
obtained are listed in table 2.

Mirror ml is a parabolic cylinder whose focal axis is located in the x-z plane
(figure 3). The value of f;, is given by equation (11). In this case, since 6, is 45°, the
focal length of the parabolic cylinder is determined as Sy = 4594.2 mm.

Mirror m2 has focal lengths different in two dimensions (f5, J2y)- The point
P(x,y,z) on m2 (figure 5) is given by (Ogawa et al. 1999b)

(di —di) + (dy—dy) =0 )
dy = \/(x —x)+(z-z7)’
dy = «V/(x ~x) ¥+ (2 I (14)

dy, = \/(xc —x) + (2 — z1)’

d2c = \/(xc - x2)2 + (ZC - 22)2 )

Mirror mi Mirror m2 Beam waist
! it
fi ¥ Wix Wiy d sz ny Wy, Wy d Wy
6497 500 72.9 2000 1271 1458 69.1 69.1 1400 50

Table 2. The results obtained by Gaussian optics for System IL. w;, and wy, are the spot
sizes at mirror ml, w,, and wy, are the spot sizes at mirror m2. All dimensions in

miilimetres.
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Figure 5. Geometry of the mirror m2.



The value of d; is the distance between the point F(xy,0,z;) and the point P, and
that of d, is the distance between F,(x,,0,2,) and P. The values of d, and d,, are
those between Fy, F, and the mirror centre P (x.,0,z.), respectively. The focal
lengths f5, and f5, are given by

11
fkwdlc dZe

15
F (15)
ny ch

If we select d;, = 9900 mm, d, = 1458 mm, the mirror satisfies the conditions
(fo, = 1271 mm, f,, = 1458 mm) obtained by Gaussian optics. The focal points and
the mirror centre fitting the system shown in figure 3 are F(~7900,0, 7000),
F,(2000, 0, 8458) and P,(2000, 0, 7000).

4, Verification by the numerical solution of the Huygens équ&té«m

In order to verify the results obtained by Gaussian optics, we have carried out a
numerical solution of the Huygens equation. First, the incident electromagnetic
fields are calculated on the surface of the mirror ml. The electromagnetic fields
reflected by the mirror are obtained using the boundary conditions for a perfect
conductor. The eleciromagnetic fields on the subsequent mirror m2 are obtained
by repeatedly using the Huygens equation and the boundary condition employing
the previously calculated results as the source.

4.1. System I

Calculated intensity contours at m2 are shown in figure 6. The main beam, with
an elliptical cross-section at m1 (figure 4), approaches an almost circular cross-sec-
tion due to reflection from m1 and is well collimated at the beam waist (figure 7), as
is predicted by Gaussian optics. However, the beam has a triangular cross-section.
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Figure 6. Calculated intensity contours at mirror m2. Contours are in decibels relative to the
intensity maximum.




(a)

% {myn)

I
6990 7000 7010

z {mim)
() (c)
7020
& v
W = ———
M - W
é 260 é 2000 -
) 3 " ===
20|21 A o~ N
: ‘ 6980 1 :
-1400 -1200 -1400 -1200
y (mm) y ()

Figure 7. Calculated intensity contours at (@) the beam waist, predicted by Gaussian
optics—contours are in decibels relative to the intensity maximum; (b), (¢) in the
vicinity of the waist—contours are relative to the intensity along the y-axis.

The beam produced by the image source contains sidelobes in addition to the
main beam, as can be seen in figure 4. The quality of the beam is improved by
truncating the sidelobes, which is done by limiting the size of m1 to the optimum
size (144 mm in the x-direction and 195mm in the y-direction). As can be seen from
the results (figure 8) for a wider size (179 mm in the x-direction and 221 mm in the y-
direction), this attempt is effective. In spite of the truncation of the sidelobes, most of
the power from the image source (81.6%) is still reflected by m1.

The results obtained from the calculations are listed in table 3. The results
obtained by the Gaussian optics approach (table 1) are in good agreement with
the calculations.

4.2. System IT

The main beam, with an elliptical cross-section at m1 (figure 4), approaches an
almost circular cross-section (figure 9) due to reflection from m1. Calculated inten-
sity contours in the vicinity of the beam waist are shown in figure 10. This system can
produce a well-collimated beam with a circular cross-section. As regards beam qual-
ity, this system is superior to System 1.
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Figure 8. Calculated intensity contours at (a) mirror m2 and () the beam waist, predicted by
Gaussian optics. Contours are in decibels relative to the intensity maximum.

Mirror ml Mirror m2 Beam waist
Wiy Wiy Wy, Wiy d: d; Woy W
48.8 68.8 50.4 56.9 1200 1181 5.95 6.24

Table 3. The resulis obtained by calculations for System I. w,y and w,y are the spot sizes ai
the beam waist predicted by Gaussian optics. 4] and 4. are the positions where the
beam has the waists. All dimensions in millimetres.
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Figure 9. Calculated intensity contours at mirror m2. Contours are in decibels relative to the
intensity maximum. .
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Figure 10. Calculated intensity contours at (@) the beam waist, predicted by Gaussian

optics—contours are in decibels relative to the intensity maximum; (b), (¢) in the
vicinity of the waist—contours are relative to the intensity along the z-axis.

Mirror mi Mirror m2 ‘ Beam waist
Wiy wi, Wy, wy, dl dy Wy Wy
48.8 688 58.4 64.9 1372 1396 6.4 59

Table 4. The results obtained by calculations for System I w,y and w,y are the spot sizes at
the beam waist predicted by Gaussian optics. d! and d;,’ are the positions where the
beam has the waists. All dimensions in millimetres.

The spot sizes, the waist sizes and their positions obtained from the calculations
are listed in table 4 for comparison. The results obtained by the Gaussian optics
approach are in good agreement with these calculations.

5. Conclusion

The quasi-optical systems designed by Gaussian optics can convert the TEy
mode output (f = 388 GHz) of a submillimetre wave gyrotron into a Gaussian-



like beam. The linearly polarized main beam, with an elliptical cross-section pro-
duced by a quasi-optical antenna, is converted into a well-collimated beam with a
circular cross-section by a system consisting of two parabolic cylinder mirrors or a
system consisting of a parabolic cylinder mirror and a special mirror with focal
lengths different in two dimensions. The former is characterized by the possibility
of tuning the size of the beam produced, in addition to its simplicity. The latter
allows one to produce a high quality beam.
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