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Application of the complex beam parameter to the design of a quasi-
optical transmission line for a submillimetre wave gyrotron

L. OGAWA |, A. SAKAI , T. IDEHARA and W. KASPAREK

The complex beam parameter can be used to facilitate the design of a quasi-optical
transmission line which converts the output of a submillimetre wave gyrotron into
a well collimated, linearly polarized beam. The quality of the beam produced by the
quasi-optical antenna is improved further by removing any sidelobes. Only a small
fraction of the beam power is sacrificed.

1. Introduction

Electromagnetic waves in the submillimetre wavelength range have applications
in many fields including spectroscopy, the measurement of material properties and
plasma diagnostics. Until recently, molecular vapour lasers have been the only power
sources at these wavelengths (for example, Semet er af. (1980), Kawahata et al.
(1988)). Like plasma scattering measurement and Thomson scattering, some appli-
cations need more intense waves (Fekete er al. 1994, Suvorov e al. 1997). High
frequency gyrotrons have clear advantages at submillimetre wavelengths because
of their capacity to deliver high powers (Hong et al. 1992, 1dehara et al. 1992, 1993).

Before these gyrotrons can be used as power sources, it is necessary to convert the
output into a well collimated, linearly polarized beam. Unlike molecular vapour
lasers, gyrotrons produce hoilow cone-shaped beams, which are far from what is
usually required.

We have proposed the use of a quasi-optical transmission line to convert the
output into a high quality beam (Ogawa ez al. 1997). The system consists of a quasi-
optical antenna and a series of mirrors, including an elliptical mirror for beam
collimation. The quasi-optical antenna converts the gyrotron output into a linearly
polarized beam. This beam has sidelobes which are truncated by setting the size of an
elliptical mirror located far from the antenna. The resulting high-quality beam is
obtained at the expense of some power loss. The loss is small encugh to be acceptable
in the low-power case, unlike high-power gyrotron applications.

In our design, the Huygens equation can be used to calculate the intensity profile
of the beam produced at any point along its path.

However, if Gaussian optics can be applied, because of the long distance between
the quasi-optical antenna and the elliptical mirror, the calculation time for the design
of an optimized system can be significantly reduced. The main purpose of this paper
is to demonstrate the effectiveness of this approach.



2. Spreading of beam produced by image source

2.1. Description of the image source

The first element in the transmission line is the quasi-optical antenna consisting
of a circular waveguide with a step-cut and a parabolic reflector (see figure 1) (Viasov
and Orlova 1974). The gquasi-optical antenna converts the gyrotron ouiput into a
linearly polarized beam with polarization in the x-direction. The beam produced has
a rectangular cross-section (length Dy and width Dg) and propagates in the direction
(0, cos a, sin ), where « is the emission angle. These values are determined by the
following equations
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where f, is the focal length of the parabolic cylinder, ay, the waveguide radius, &,
the nth root of J(£) =0, and )\ the wavelength.

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
with emission angle «. The fields over this image source for a TE, mode, calculated
using geometrical optics (Wada and Nakajima 1986, Brand et al. 1990), are
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Figure 1. Quasi-optical antenna.



in the region —2f, < x < 2f,, =24, cot a < y < 2a,, cot «, and zero elsewhere. 7 is
the wave impedance. The origin (0,0, 0) is set at the centre of the image source. The
fields for a TE;, mode are obtained by multiplying £, in (4) by cos ¢ because it varies
with cos ¢, where ¢ is an azimuthal angle. It follows that, for this case, we can use
equation (4) if we replace E, by
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When the Poynting vector at the image source is calculated, it is easy to see that
in both cases these fields describe a beam propagating in the direction (0, cos @, sin o)
with a rectangular cross-section,

2.2. Fields at a distance point
The intensity profiles of the beam are obtained by the boundary value problem of
the Helmholiz equation for the image source. Iis solution is equivalent to the calcu-
lation of the Huygens equation, which can be writien as
ik ) ey -
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where A is the plane image source region, R the distance between a source point S on
A and the field point P, ¥ the unit vector from point S on A to P, # the normal vector
to A and § the unit vector in the direction of the Poynting vector at the source point.
if a field quantity g is given at all points on A, then 1fp at any point can be obtained
by using this equation. Thus we can obtain the electromagnetic fields at P by apply-
ing (6) to the three components of eleciric and magnetic fields.

2.3. Spreading of beams produced by image sources

In order to investigate how the beams spread, their intensity profiles have been
calculated for a plane at a distance z from the image source. The image source given
by (4) and (5) is now rotating around the x-axis by (90° — ) so that the beam
produced propagates along the z-axis (figure 2). The intensity profiles for the TE,s
mode (f = 354GHz, f, = 21.75mm, a,, = 14mm) are shown in figure 3. Contours

\l/ Image source

Plane

Z

Figure 2. Plane image source used in the calculation of the subsequent radiation patterns 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 at various distances z from the image source: (a)
7 = 3000 mm; (b) z = 7000 mm; (c) z = 20000 mm; (d) z = 40 000 mm. Contours are in
decibels relative to the intensity maximum.

are in decibels relative to the intensity maximum. For this mode, the emission angle
« is 8.23° and the beam widths Dy and Dy and 87.0mm and 55.4 mm respectively.
According to Gaussian optics, the beam intensity is given by
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where wy, and wy, are the beam waist sizes, and wg, and wg, are the spot sizes
defined by
32,2 1/2
Wex = Wox | 1+ ey (8)
and
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All of these sizes are the half-widths of the —~8.69dB (or ¢™2) contours. Such a
beam is described as bi-Gaussian. The beam spot sizes w, and w,, are listed in table 1



z (mm) 3600 7060 20000 40000

w, (mm) 38.9 75.9 214 426
W /Wi (W, = 25.4 mm) 0.95 0.97 1.0 1.0
w,, (inm) 33.4 74.9 214 429
w,/Wa, (W, = 25.3mm) 0.82 095 . 1.0 1.0

Table 1. Spot sizes of the beam produced by the image source for the TE;; mode
(f =354GHz, f, =21.75mm, g, = l4mm) as a function of distance z. wg, and
wg, denote spot sizes of a Gaussian beam with waist sizes of wy, and wy,

as a function of distance z. The beam waist sizes calculated from the spot sizes at
z = 40000 mm using (8) and (9) are wy, = 25.4mm and wy, = 25.3 mm, respectively.
The ratios w,/wg, and w,/wg, demonstrate that the spot size for larger z are
accurately given by Gaussian optics. This is expected to be the case in the far field
where z > zg, given by

zp = 1 k(Dg + D) (10)

In the present case, the value of zg is 19 700 mm.

The waist sizes of the equivalent bi-Gaussian beam are obtained for image
sources at various gyrotron operating wavelengths (table 2). The waist size wy,
depends mainly on the only length Dy and the waist size wy, depends mainly on
the only width Dg. The ratio wy,/Dy is approximately equal to 0.46 and the ratio
wox/Dg is approximately equal to 0.44 for TEgy, modes and 0.30 for TE;, modes.
These results can be used as the starting point for the design of a quasi-optical
antenna which can produce a far field with circular cross-section. We will show
this for the TE;s mode case where Dg = 87.0mm and Dy — 55.4mm. We will
treat the beam as Gaussian with a waist size of wy = 25.4 am because its cross-
section is almost circular (wp, = 25.4mm, wy, = 25.3mm), and uvse the complex
beam parameter. This will lead to a method of designing systems that requires
much less computation time.

f a 7 Dy Dy

Mode (GHz) ) (mm) (mm) Wox/Dg (mm) woy/ Dy
10 500 60.0 0.43 55.6 0.46

TEps 301 6.62 16 800 87.0 0.44 55.6 0.45
20 600 100.0 0.44 55.6 0.46
13 500 60.0 0.43 55.2 0.46

TEg 388 9.93 21 600 87.0 0.44 55.2 0.46
26 500 100.0 0.44 55.2 0.46
12 400 60.0 0.30 55.4 0.46

TE,s 354 8.23 19700 87.0 0.29 55.4 0.46
24 200 100.0 0.30 55.4 0.46
13 100 440 (.29 39.5 0.46

TE g 718 9.30 19 400 60.0 0.30 39.5 0.46
34 300 87.0 0.30 39.5 0.46

Table 2. Waist sizes of equivalent bi-Gaussian beam obtained for various image sources.
These sizes are compared with beam widths Dg and Dy.



3. FEstimation of the position and size of beam waist by using the
complex beam parameter

3.1. Description of the complex beam parameter

A Gaussian beam with waist size w, has a wave front with a radius of curvature
given by :

R:z(Lﬁ&§> (11)
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The complex beam parameter is defined by
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Because R = oo at the beam waist, the complex beam parameter there is

2
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o =J (13)

The complex beam parameter varies along the beam propagation and can be
changed by focusing the beam with a thin lens. The complex beam parameter, after
propagating a distance d, changes to '

q' =q+d (14)
After the lens, it changes to a new value given by

111

9" q f

where / denotes the focal length of the lens.

3.2. Elliptical mirror

An elliptical mirror can be treated as a simple focusing element with an equiva-
lent focal length f given by

11 N 1 (1
foda d
where d; and d, are respectively the distance between focal points and the centre of
the cut section of the elliptical surface (figure 4). Although its shape is determined by

the incidence angle § and distances d; and d,, its function is determined only by the
focal length /. This result is tested numerically in §4.

6)

3.3. Application of the complex beam parameter

As an illustration of the model, we will design a quasi-optical transmission line
(see figure 5) to produce a well collimated beam with a waist size of wy = 5.0 mm.

We first calculate the complex beam parameter g at the image source, using (13)
with wy = 25.4 mm. Next we calculate g at the elliptical mirror, located at a distance
d further away, using (14). Next we calculate ¢’ after reflection by the elliptical
mirror of focal length £, using (15). We have two parameters that we can adjust,



Elliptical mirror

R kY

1

1

'

) /

\ F1 2 /

T, -
e R
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Figure 5.  Quasi-optical transmission line.

namely d and f, in order to give the desired beam waist wy = 5.0 mm at the required
position s = 1453 mm. In this case d = 7000 mm, f = 1230 mm.

4. Verification of the concept of focal length to wave optics

It is important to see to what extent the reflected beam is influenced by the
incident angle 6 and the distances dy, d, (see figure 4). Calculations using the
Huygens equation have been carried out for f = 1230 mm and a mirror of length
Wy/cos 6 and width 240 mm. This mirror projects a rectangle of height W and
width 240 mm on the x—y plane (figure 5). The dependence of the incident angle is
shown in figure 6 and the dependence on the combination of d, and d, is shown in
figure 7. These results prove that incident angle and the combination have little effect
on the beams, and support the use of the concept of focal length in wave optics.
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Figure 6. Calculated intensity contours in the x—s plane and the y-s plane. Contours are
relative to the intensity along the s-axis. Calculations are carried out under the condi-
tions of dy = 7000mm, d; = 1492mm and W = 210mm. (a), (b)) ¢ =0 (c), (&
0 = 22.5% (e), (f) 0 = 45°.



20— 20
N //’2 ’ \/1?
£ o- g o- ,
s /A‘\\H A & S———————
20— : [\‘,'ﬁ 20 / 21
1400 1600 1400 1600
s (mm) § {mm)
() . (d)
y 20—
N 21 21
N o \\ }
E 0 8 o4
=
20— n 90 — 210
B S S
s (am) § (mun)
) 20— (fia
- 1: N -21
N S
< m 27 e —
N P S
20| 2l 20~ 21
1400 1600 1400 1600
s (mm) s (mm)

Figure 7. Calculated intensity contours in the x-s plane and the y-s plane. Contours are
relative to the intensity along the s-axis. Calculations are carried out for 8 = 45° and
Wy = 210mm. (&), (b) d; = 5000 mm, d, = 1631 mm; (¢), (d) d, = 7000, d», = 1492 mm;
(e), () dy = 10000 mm, d» = 1402 mm.



5. Imfluence of the elliptical mivror size on the beam shape

The beam produced by the image source contains sidelobes in addition to
the main beam, as can be seen in figure 3(¢). The quality of the beam is
improved by truncating the sidelobes, which is done by limiting the size of
the elliptical mirror. Calculated intensity contours at the beam waist for dif-
ferent mirror sizes W), are shown in figure 8. A wider mirror distorts the beam
because there are contributions from the sidelobes (figure 8(c) and (d)). On the
other hand, a smaller mirror truncates the main beam and produces an elon-
gated beam (fgure 8(a)). The optimum mirror size which truncates the side-
lobes but does not add any distortion of its own is shown in figure 8(b). In
spite of the truncation of the sidelobes, most of the power from the image
source (89.3%) is still reflected by the mirror.
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Figure 8. Calculated intensity contours at the beam waist predicted by the beam parameter
(s = 1453 mm). Calculations are carried out for d; = 7000 mm, d» = 1492 mm, 6 = 45°.

(a) Wy = 14l mm; (b) W, = 210 mm; (¢) Wy = 248 m; (d) Wy = 283 mm.



6. Verification of estimation by the complex beam parameter

The complex beam parameter has been applied to the design of systems, produ-
cing beams with different waist sizes of wy = 2.0 mm, 10.0 mm and 15.0 mm as well as
wg = 5.0 mm. Calculated intensity contours are shown in figure 9. The corresponding
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Figure 9. Calculated intensity contours in the x—s plane and the y-s plane. Contours are
relative to the intensity along the s-axis. Calculations are carried out for @ = 45°,
Wy =210mm and d; =7000mm. (a), (b) wg=2.0mm, d, = 588mm; (c), (d)
wg = 10.0mm, d, = 3071 mm; (¢), (f) wg = 15.0mm, d = 4767 mm. w; denotes the
objective waist size.



focal lengths f and the distances s from the elliptical mirror to the beam waist (see
figure 5) are listed in table 3. The waist sizes wg, and wo, and its distances s, and s,
obtained by a Huygens equation calculation are also listed in table 3, for compar-
ison. The results obtained by the complex beam parameter approach are in good
agreement with the calculations. Calculated intensity contours at the beam waist
predicted by the complex beam parameter are shown in figure 10.

o f s Wox S Woy Sy
(mam) (mm) (mm) (mm) (mm) (mnm) (mm)
2.0 542 582 2.1 583 2.3 584
5.0 1230 1453 5.3 1450 5.7 1450
10.0 2134 2889 10.6 2828 11.4 2811
15.0 2836 4288 15.5 4143 17.0 4049

Table 3. Waist sizes w{ and distances s from the elliptical mirror to the beam waist. The value
of w is a target waist size of the beam produced. That of f* denotes the focal length
determined by the complex beam parameter. The values of wj, and wy, are waist sizes
obtained by calculations. ' ’
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Figure 10. Calculated intensity contours at the beam waist predicted by the beam parameter.
Caleulations are carried out for 6 =45°, W, =210mm and 4 = 7000 mm. (a)
wh=20mm, db=>588mm, s=482mm; (b) wy=>50mm, d=1492mm,
s = 1453mm; (¢) wg = 10.0mm, dy = 3071 mm, s=2889mm; (d) wp = 15.0mm,
d, = 4767 mm, 5 = 4288 mm. w, denotes the objective waist size.



7. Conclusion

The quasi-optical transmission line described here is able to convert the gyrotron
output into a well collimated, linearly polarized beam. For the sake of beam quality,
non-paraxial components and sidelobes of the beam produced by the quasi-optical
antenna are removed by locating an elliptical mirror of suitable size far from the
antenna. Very little (< 11%) of the beam power is lost.

Calculations using the Huygens equation confirm that the propagation of the
beam produced by the image source can be treated by Gaussian optics far from the
source and that the usual geometrical optics concept of focal length is useful here.
This allows us to apply the complex beam parameter to the design of transmission
lines to produce beams with the spot size we require. Using this approach requires
much less computation time.
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