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Asymmetrical mirror optimization for a 140 GHz TE22,6
quasi-optical mode converter system∗
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We introduce an asymmetrical mirror design to a 140 GHz TE22,6 quasi-optical (QO) mode converter system to
correct the asymmetry of the beam’s field distribution caused by the Denisov launcher. By such optimization, the output
beam with better symmetrical distribution is obtained at the system’s output window. Based on the calculated results,
the QO mode converter system’s performance is already satisfying without iterative phase correction. Scalar and vector
correlation coefficients between the output beam and the fundamental Gaussian beam are respectively 98.4% and 93.0%,
while the total power transmission efficiency of the converter system is 94.4%. The assistance of optical ray tracing to the
design of such QO mode converters is introduced and discussed as well.
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1. Introduction
Gyrotrons are high-power microwave sources working in

the millimeter and submillimeter wave bands.[1,2] Output elec-
tromagnetic (EM) waves of gyrotrons are normally in high-
order cylindrical cavity modes, which are not suitable for di-
rect utilization.[3] Therefore, quasi-optical (QO) mode con-
verter systems are introduced to convert the high-order cav-
ity modes of EM waves from gyrotrons into the fundamen-
tal Gaussian mode for further applications.[4–8] A typical QO
mode converter consists of a waveguide launcher and a mirror
system. The Denisov launcher[7] is used to preliminarily con-
vert the high-order cylindrical cavity mode into the approxi-
mately fundamental Gaussian mode with its pre-shaped effect,
while the mirror system converts the wave from the launcher
into a highly pure Gaussian-like output beam.[8]

For a typical Denisov launcher, the radiated beam has a
Gaussian-like but deformed distribution which requires both
amplitude and phase optimization by the mirror system so
that an output beam with desired Gaussian-like field distri-
bution can be obtained. To eliminate the deviation between
the field distributions of the output beam and the Gaussian
mode, iterative algorithms for mirror optimization, such as the
Katsenelenbaum–Semenov algorithm (KSA),[9,10] are widely
adopted. The essential idea of KSA is utilizing mirror defor-
mation to create optical path difference, which in turn changes
the original phase distribution of the beam. Along with multi
rounds of mirror optimization, the phase error between the dis-
tributions of the output beam and the Gaussian beam can be
minimized. However, owing to its basic mechanism, KSA is
inadequate in optimizing the large scale of asymmetrical am-

plitude distribution caused by the launcher’s structural asym-
metry. To such kind of beam distortion, we propose a feasible
approach that rectifies the field distribution during the beam-
shaping process. A 140 GHz TE22,6 QO mode converter sys-
tem is given in this paper, as shown in Fig. 1. Mirror 1 is a
quasi-elliptical mirror which preliminarily converges the beam
from the Denisov launcher, while mirror 2 and mirror 3 are
asymmetrically designed to correct the beam’s asymmetrical
distribution caused by the launcher. By such an asymmetrical
optimization, the output beam at the output window plane has
a symmetrical contour of radiation field.
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Fig. 1. (color online) Scheme of QO mode converter for the 140 GHz,
TE22,6 mode gyrotron.
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the 140 GHz TE22,6 QO mode converter system assisted with
optical ray tracing and confirmed by full-wave EM calculation.
Section 2 gives the design of the Denisov launcher. The opti-
mized mirror system (including two asymmetrical mirrors) is
given in Section 3. Section 4 gives output beam’s field distri-
bution of the optimized converter system, followed by a con-
clusion in Section 5.

2. Design of Denisov launcher
Based on the coupled-mode theory, a Denisov launcher

is designed with helical perturbation in the launcher wall
surface.[11–13] The designed perturbation turns the waveguide
eigenmode into a mixture of nine modes in order to approxi-
mate the Gaussian field distribution. The radius of the waveg-
uide wall with perturbation is described by

R(φ ,z) = a+δ1(z) · cos(∆β1z− l1φ)

+δ2(z) · cos(∆β2z− l2φ), (1)

where φ is the azimuthal coordinate and z is the axial coordi-
nate of the launcher. a represents the radius of the launcher.
δ 1 and δ 2 are the perturbation amplitudes and β is the propa-
gation constant of the cylindrical cavity mode.

For a 140 GHz TE22,6 mode gyrotron with waveguide ra-
dius a = 16.8 mm, the amplitudes of the launcher wall per-
turbations are equal to δ 1 = 0.058 mm and δ 2 = 0.047 mm,
which is shown in Fig. 2(a). The power variation of mode
composition along Z axis is given in Fig. 2(b). Pure TE22,6

mode (100%) power is injected into the waveguide at the be-
ginning of the launcher (z = 0). With the deformation of the
waveguide wall, part of TE22,6 mode power is gradually cou-
pled into its satellite modes. There are four modes which
have strong couplings with the TE22,6 mode: TE23,6, TE21,6,
TE19,7, and TE25,5. This agrees well with the prediction of the
coupled-mode theory.

Figure 3 gives the calculated surface current distribution
of the unrolled launcher wall. The launcher’s cutting edge is
located at the position where a fine Gaussian-like distribution
is formed with low sidelobe (see the white line in Fig. 3).
For the Denisov launcher with operating frequency around
140 GHz, it should be interesting and informative to take a
look at the pre-shaping process in the launcher with geometric
optics. As shown in Fig. 4, optical ray tracing is performed
starting from the Denisov launcher. The similarity between
the results of ray tracing and EM calculation (see Fig. 3) is
surprisingly good although some details differ. The rays do
not strictly remain tangential to the caustic circle because of
the wall perturbation, which is shown in Fig. 4(a). By the ray
tracing method, the beam shaping process along the waveg-
uide wall is well revealed with Gaussian-like beam formed
(interior of white circle in Fig. 4(b)) and launched from the
helical cut (interior of black circle in Fig. 4(b)). The results

also show that the output beam from the Denisov launcher is
already Gaussian-like but deformed.

0 0.02 0.04 0.06
0

0.02

0.04

0.06

0.08

A
m

p
li
tu

d
e
/
m

m

 

 

δ1

δ2

0 0.02 0.04 0.06
0

0.2

0.4

0.6

0.8

1.0

Position along z axis/m

Position along z axis/m

P
o
w

e
r 

ra
ti
o

 

 
TE22,6

TE23,6

TE21,6

TE19,7

TE25,5

TE20,7

TE18,7

TE26,5

TE24,5

(a)

(b)

Fig. 2. (color online) (a) Wall deformation of Denisov launcher and (b)
power variation of mode composition along Z axis.

z/m

φ
/
(O

)

N
o
rm

a
li
z
e
d
 s

u
rf

a
c
e
 c

u
rr

e
n
t/

d
B

 

 

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14
0

120

240

360

−30

−25

−20

−15

−10

−5

0

Fig. 3. (color online) Field distribution of the unrolled launcher wall by
EM calculation.
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Fig. 4. (color online) Denisov launcher’s ray tracing results from top
view (a) and side view (b).
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3. Mirror system with asymmetrical design
The function of the mirror system concentrates on beam-

shaping transformation which converts the beam from the
waveguide launcher to an output beam with desired field distri-
bution. Compared with the Vlasov launcher, the beam radiated
by the Denisov launcher has an apparent divergent trend. This
mirror system is specifically designed with a quasi-elliptical
mirror (mirror 1) and two asymmetrical mirrors (mirror 2 and
mirror 3). Mirror 1 focuses the beam preliminarily, while mir-
ror 2 and mirror 3 converge the beam to the output window
and correct the asymmetry of the beam’s distribution with their
asymmetrical shapes.

Mirror 1 has a quasi-elliptical transverse cutting profile
which focuses the beam from the caustic circle tangentially
(shown in Fig. 5(a)). To verify the beam path design of mirror
1, ray tracing is performed and the rays are well focused in the
vicinity of the focal point, as shown in Fig. 5(b). Mirror 1 is set
to lean outward to make the converter system more compact.

X

Y

caustic circle

waveguide wall

focal point

mirror 1 (quasi elliptical)(a) (b)

Fig. 5. (color online) (a) Cross section of quasi-elliptical mirror 1 and
(b) the corresponding ray tracing result.

With functions of converging beam as well as optimizing
its asymmetrical field distribution, mirror 2 and mirror 3 are
designed together as a group. By sweeping part of an ellipse
along the given path of a parabola, these two mirrors are pre-
liminarily formed. The longitudinal cutting lines of mirror 2
and mirror 3 are parabolas which are depicted in Fig. 1 to-
gether with the whole system’s beam path. Therefore, mirror
2 turns the divergent beam into a parallel beam longitudinally,
and mirror 3 focuses the beam to the output window. The tan-
gential cutting lines of mirror 2 and mirror 3 are elliptical so
that the beam is focused independently and tangentially. Ray
tracing of the whole QO mode converter system is performed
to verify the system’s design. The ray tracing result, including
ray distributions of three mirrors, is given in Fig. 6.

As shown in Figs. 3 and 4, the radiated beam’s asymmet-
rical amplitude distribution mainly originates from the pertur-
bation along the waveguide wall of the Denisov launcher. Af-
ter it is reflected and converged by mirror 1, the beam remains
asymmetrical, as given in Fig. 7 by EM calculation.

With the hope of correcting the asymmetry of the output
wave’s field distribution, asymmetrical optimization is intro-
duced to mirror 2 and mirror 3. As shown in Fig. 8, the tan-
gentially elliptical cutting profiles of mirror 2 and mirror 3 are
reset to bilaterally asymmetric. Two different semi-ellipses

with one common focal point are combined to form a new
asymmetrical curve. This structured asymmetrical curve is
still smooth with continuous first derivative at the junction. By
optical ray analysis, unlike the previous elliptical design which
focuses rays from one focal point to the other, the modified de-
sign focuses two parts of the rays to two slightly different focal
points. Therefore, such designed mirrors converge two parts of
the beam by different extents. In this way, we can operate tar-
geted correction on the beam’s asymmetrical distribution with
extra flexibility.

mirror 1

mirror 2

mirror 3

Denisov launcher

Fig. 6. (color online) Optical ray tracing result for the QO mode con-
verter system (including ray distributions of three mirrors).
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Fig. 7. (color online) Reflected field of the quasi-elliptical mirror 1 by
EM calculation.

asymmetrical optimization  

preliminary design  

Fig. 8. (color online) Scheme of asymmetrical optimization for mirror
2 and mirror 3.
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Fig. 9. (color online) Comparison between (a) original and (b) asym-
metrically optimized reflected field distributions of mirror 2.

Take mirror 2 for example, to correct the bilaterally asym-
metrical reflected field distribution (shown in Fig. 9(a)), the
left side of mirror 2 should be reconstructed with larger curva-
ture. In practice, we perform such optimization by adjusting
the ratio of two semi-ellipses’ focal lengths. After we intro-
duce asymmetrical optimization to mirror 2, the deformed left
half of the reflected field is noticeably corrected, as shown in
Fig. 9(b). In this way, better symmetry of the amplitude distri-
bution is obtained.

A similar optimization is brought to mirror 3, which is
shown in Fig. 10. After optimization, we obtain better sym-
metrical reflected field of mirror 3 at the output window com-
pared with the original design. By comparing the optimized

mirrors’ reflected fields with the original mirrors’ reflected
fields, the effectiveness of the asymmetrical mirror optimiza-
tion is verified.
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Fig. 10. (color online) Comparison between (a) original and (b) asymmetri-
cally optimized reflected field distributions of mirror 3 at the output window.

As given in Fig. 11, the asymmetrical mirror optimiza-
tion method can be considered as a valuable supplement to
the existing design procedure of QO mode converter’s mir-
ror system. Compared with the initially designed mirrors,
the asymmetrically optimized mirrors have Gaussian-like re-
flected field distributions with better symmetry, which pro-
vides better starting contours for further iterative phase correc-
tion. Therefore, performance of QO mode converters can be
improved with the asymmetrical mirror optimization method.

asymmetrical 

mirror 

optimization

initial curved 

mirror design

iterative phase

correction

mirror design

procedure

finished

existing mirror design procedure for  QO mode converters 

asymmetrical mirror optimization provides extra flexibility to the design procedure

Fig. 11. (color online) Diagram of asymmetrical optimization along with the existing mirror design procedure.
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4. Calculated results and discussion

After asymmetrical optimization mentioned above, full-
wave EM calculation is performed for the 140-GHz TE22,6 QO
mode converter system. The output beam is well focused at

the window plane with more symmetrical Gaussian-like dis-
tribution. The amplitude and phase distributions at the output
window are respectively given by Figs. 12(a) and 12(b) with
contour lines, which reveals that the phase distribution around
the beam center is fairly flat.
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Fig. 12. (color online) (a) Amplitude and (b) phase distributions of the output beam.

Scalar correlation coefficient ηs and vector correlation
coefficient ηv are used[14,15] to demonstrate the agreement be-
tween the distributions of the output beam and the fundamental
Gaussian beam

ηs =

∫∫
|u1| · |u2| ds√∫∫
|u1|2 ds

∫∫
|u2|2 ds

, (2)

ηv =

∫∫
|u1| · |u2| · exp [j(ϕ1−ϕ2)] ds

∫∫
|u1| · |u2|exp [j(ϕ2−ϕ1)] ds∫∫

|u1|2 ds
∫∫
|u2|2 ds

, (3)

where u1 represents the output beam distribution with phase
distribution ϕ1, while u2 is the fundamental Gaussian distri-
bution with phase distribution ϕ2. By calculation, the de-
signed converter system has a scalar correlation coefficient
ηs = 98.4% and a vector correlation coefficient ηv = 93.0%.

The power transmission efficiency of the converter sys-
tem is defined by

P =
Pout

Pin
, (4)

where Pin is the injected power and Pout is the power which
goes across the output window plane.[10] The power transmis-
sion efficiency of this QO mode converter system is P= 94.4%
and the Gaussian conversion efficiency of the optimized sys-
tem is 87.8% (Pηv = 87.8%).

To highlight the optimization effect of the asymmetrical
mirror design, iterative phase correction for the mirror system
is not given in this paper, which means that this asymmetri-
cally optimized 140 GHz TE22,6 QO mode converter system
still has room for improvement with phase correcting tech-

niques. Meanwhile, it has been demonstrated that the opti-
cal ray tracing technique can be used as an assistant tool for
designing such high-frequency QO mode converters. There
are good similarities between ray tracing and EM calculation
when analyzing the beam path or field distribution. Despite
its lack of accuracy, ray tracing is simple, revealing, and fast
compared with EM calculation. The design schedule of the
system can be accelerated with the assistance of both optical
ray tracing and full-wave EM calculation.

5. Conclusion
A QO mode converter system for a 140 GHz, TE22,6

mode gyrotron is designed with the coupled-mode theory and
optical ray tracing. An asymmetrical mirror design is intro-
duced to optimize the asymmetrical field distribution of the
beam from the Denisov launcher. A Gaussian conversion ef-
ficiency of 87.8% has been achieved for the optimized system
which converts a TE22,6 cylindrical cavity mode into Gaussian
mode. The output beam of the optimized converter system has
better symmetrical Gaussian distribution with vector correla-
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tion coefficient up to ηv = 93.0% without iterative phase cor-
rection. During design procedure, we demonstrate that the op-
tical ray tracing technique can be beneficial to designing such
high frequency QO mode converters, even with the Denisov
launcher working at high-order cavity modes.
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