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Improved method for analyzing quasi-optical launchers
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An improved method for analyzing the radiation characteristic of the quasi-optical launcher is presented. The launcher
is decomposed into an open-ended waveguide and a helical cut according to the proposed method. The radiation from the
open-ended waveguide is obtained by using the Stratton—Chu formulation. The helical cut’s radiation is calculated based
on its current distribution, gained by several iterative computations, which helps to improve the calculation accuracy since
the diffraction effect introduced by the helical cut is considered during the calculation. The proposed method is used to
study different launches, and the results are compared with the existing results. Good agreement is achieved between the
results obtained from our proposed method and the reported results. The present results provide an alternative for analysis

and synthesis of the optical-mode converter.
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1. Introduction

Modern gyrotrons are important high-power sources of
microwaves in the millimeter and sub-millimeter wavelength
ranges.!'™ An important constituent of gyrotrons is the
quasi-optical mode converter which consists of a waveguide
launcher and a few reflecting mirrors. The waveguide launcher
converts the high-order gyrotron cavity mode into a fundamen-
tal Gaussian field distribution, which is further shaped by the
following mirror.’-8! In order to minimize the diffraction loss
and cross-polarization inside the gyrotron, the launcher and
the reflectors have to be designed carefully.

Currently, several methods have been proposed to synthe-
size and analyze gyrotron launchers: analytical methods, ®~1?]
formulation of the scalar integral equation (SIE),['*-16 and

U7 For the ana-

the magnetic field integral equation (MFIE).
lytical method, assuming that the field distribution on the cut
is unperturbed by the process of opening up the waveguide,
the radiated fields are calculated from the waveguide cut using
the Stratton—Chu formulation according to the closed waveg-
uide solution, which is obtained from the coupled mode the-
ory. Such a method is valid when the surface currents along the
cut are negligible but introduces errors in the evaluations when
they are not. As the increase of the average power of gyrotron,
the calculation error will amplify the internal loss, which re-
sults in the increase of the construction complexity and the
expense of the gyrotron. The application requirements for the
launcher have motivated the development of novel methods
for the design of the launcher. The SIE in different forms are
proposed. These methods could calculate the fields on waveg-
uide walls with arbitrary surface deformations efficiently in
a case of the perturbations are much smaller than radius and
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the waveguide is greatly oversized.!'>!'¥] However, for these
relatively low-order modes such as TEg », TEs 3,!81°1 which
operate in a weakly oversized waveguide, the efficiency of the
SIE still need further investigations since no results have been
published up to now as far as we know. The MFIE method
ensures the most accurate calculation of the three dimensional
(3D) electromagnetic system based on the Maxwell equations,
but is the most computationally intensive. Consequently, this
method takes the longest calculation time even if the fast mul-
tipole technique is adopted. During the application, the an-
alytical method and the SIE are usually used to synthesize
the profile of the waveguide launcher, and all characteristics
of the launcher including calculations of reflection and cross-

polarization are verified by the MFIE. 19201

In this paper, an improved method is proposed to analyze
the radiation performance of the quasi-optical launcher. Since
the different parts of the launcher are calculated using dif-
ferent calculation methods, the amount of calculation for the
proposed is reduced greatly compared with the MFIE. Mean-
while, the diffraction effect is considered during the vector in-
tegral calculation, the computational accuracy of the proposed
method is ensured. Based on the proposed method, we have
performed calculations for a Vlasov launcher and a Denisov
launcher, and the calculations are compared with the reported
results. The paper is organized as follows. The theory analysis
is described in Section 2, the calculation results and compari-

son are given in Section 3, Section 4 shows the conclusion.
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2. Theoretical analysis

The launcher consists of a cylindrical waveguide (re-
gion I) and a helical cut (region II) as shown in Fig. 1(a). Ac-
cording to the geometrical optical theory for the waveguide,
the propagation of a TE mode in the launcher could be de-
scribed as an infinite number of rays reflecting on the inner
surface of the waveguide following a certain helical.!®>!! Fig-
ure 1(b) illustrates the unfolded inner surface of the mode con-
verter, where these rays reflect from one parallelogram (e.g.,
ABDC) to another parallelogram (e.g., CDFE), and repeat re-
flection while they propagate in the axial direction.
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Fig. 1. (color online) (a) The scheme of launcher. (b) The unfolded
launcher surface.

As the rays propagate along the cylindrical waveguide,
they enter a helical cut. The helical cut perturbs the fields from
those calculated using the closed waveguide solution. While
for the cylindrical waveguide, its field distribution will not be
disturbed because that the reflection of the launcher is required
to be ignored. Therefore, the radiation from the launcher
could be represented in terms of radiation field by the circular
waveguide and the helical cut. To evaluate the fields radiated
by the launcher, we take advantage of the well-known fact that
the value of the fields at any other point of the free space can
be obtained in integral forms using the Stratton—Chu theory.
For region I, since the field on the waveguide wall could be
obtained by the coupled mode theory, the radiated field Ep
and Hp; are derived by the Strantton—Chu formulation directly

Epl_4njw£/g[k (nx Hp)o+(nx Hg)-V(Vo)
+jwe(nx Eqg x V¢)]|dQ, 0
le_47rja)u/g[k (nxEg)o+(nxEq) V(Vo)

+joe(nx Hog x V@)|dQ,

where 2 represents the boundary of waveguide, n is out-
side normal vector, k is the wave number of the free space,
¢ = e /r is the Green’s function of free space, r is the dis-
tance between the radiation plane and the observation point.

For region II, due to the exiting aperture, the electromag-
netic wave excites diffraction, which affects the current distri-
bution of the aperture. Therefore, the aperture current should
be recalculated rather than treating it as a uniform distribution
like that in the region I. Within the helical cut, the wave beam
is not delivered directly to the free space but after several re-
flections. Owing to the influence of the scattering effect and
diffraction effect, the surface current on each parallelogram is
updated at each reflection updated until the wave beam has
completely exited the cut. The detailed process of analysis is
in the following.

With the propagation of the wave beam from one paral-
lelogram region to another within the helical cut (as shown in
Fig. 1(b)), the fields radiated from the parallelogram region
will excite a set of extra current sources around the parallelo-
gram region

J=2(nxH), 2)

where H represents the magnetic field radiated from a paral-
lelogram region. The new current source will radiate the new
fields
1
- 2mjwe

H:i/ J x VdQ,
21 Joy

/ IRTo+J-V(Ve)de,
QII (3)

where Qqp represents the boundary of parallelogram within re-
gion II. The new radiation fields determine a new set of current
sources inside of the helical cut. Therefore, the propagation
characteristic of the wave beam inside of the cut makes it pos-
sible to use an iterative computation to stimulate its current
distribution. The initial current distribution on the helical cut
could be calculated according to the radiation field from the
section |

Jo=2(n x Hy), @)

where Hj is the magnetic field radiated from the region I.

In order to seek the current distribution of the aperture, we
could solve the integral equation of the current Stratton—Chu
formulation by iteration. Through obtaining current distribu-
tion, the radiated fields from the helical cut could be calcu-
lated using the current Stratton—Chu formulation. Then, the
resultant radiation field computed at the observation point is
deduced by

E = E, + E,
H = Hp1+HpH.

&)
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It should be noted that the radiation characteristic of the
Vlasov launcher, consisting of a smooth waveguide and a spi-
ral cut, could be analyzed using the proposed method directly
in detail since there is only one operating mode.

However, for the Denisov launcher, a mode converter is
placed before the helical cut converting the incident rotating
TE mode into a mode mixture with a Gaussian beam distribu-
tion, the radiation field should be calculated as the superposi-
tion of all launching modes. Since the performance of region
I is analyzed by using the coupled mode theory, which is ap-
plicable to the shallow perturbing waveguide whether highly
oversized or not, the proposed method is not restricted to the
analysis of these highly oversized waveguides.

3. Numerical calculation and discussion

The computer code based on the proposed method is de-
veloped, and the code is used to analyze several launchers that
had been reported as the test case. Since it is much more dif-
ficult to obtain accurate results for the Vlasov launcher than
these for the Denisov launcher because of its significant edge
currents, the performance of a TE¢ > Vlasov launcher reported
in Ref. [17] is initially computed. The diameter of the spi-
ral cut launcher for the test is 4.34 wavelengths with a cut
length of seven wavelengths. The contour plot for the cal-
culated x component of the radiated field intensity in the x—z
plane, offset eight wavelengths along the y axis, is shown in
Fig. 2(a). Figure 2(b) displays the contour plot for the mea-
sured x-component of the electric field intensity. It is evident
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that the measured and calculated field contours are remarkably
similar, especially considering the difficulty of performing an
accurate measurement, which requires generation of a high-
purity TE¢ > mode and measurement in the near field zone of
the launcher.

The calculated result using the proposed method is con-
siderably closer to the measured result than that obtained from
the analytical method which is illustrated in Fig. 2(c). Since
the analytical method does not consider the effects of diffrac-
tion during the process of calculation, its less accurate results
are not surprising. Compared with the result obtained from
the MFIE showed in Fig. 2(d), it is difficult to judge whether
or not the results calculated with the proposed method are less
accurate than those obtained from the measurement. However,
one should note that the amount of calculation for the pro-
posed method is less than that of the MFIE since the proposed
method just does the iterative calculation within the helical cut
rather than solve the integral formulation of Maxwell’s equa-
tions inside of the whole launcher like the MFIE. The calcula-
tions show that the proposed method requires about 77 seconds
on a personal computer with a Core 2, 1.83 GHz processor
while the MFIE needs 4.5 h and 4 MB of RAM on a 650-MHz
Pentium III machine.

Figure 3 illustrates the current changes over
the waveguide wall of helical cut during the pro-
cess of iteration. The uniform distribution is bro-

ken gradually, and a non-regular distribution is formed

when the condition of calculation is

convergence
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Fig. 2. (color online) The x component of electric field intensity on the x—z plane offset eight wavelengths along the y axis, (a) the result using the proposed
method. (b) The measurement result obtained from Ref. [17]. (c) The analytical method result obtained from Ref. [17]. (d) The MFIE calculation obtained

from Ref. [17].
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Fig. 3. (color online) The i-iteration solution for the current distribution of the unfolded helical cut: (a)i=1,(b)i=3,(c)i=S5,and (d) i =7.

met after seven iterations, which verifies the aforementioned
theory analysis that the diffraction will perturb the current dis-
tribution of the launcher. Besides, the relatively strong field on
the Vlasov launcher’s edges of cuts is also demonstrated. The
edges of the helical cut could reach the maximum-level fields
—2 dB-A-m~?2 as shown in Fig. 3(d). Such strong fields on the
cut edges produce high-diffraction loss.

The radiation field of the 140-GHz TEjgg Denisov
launcher studied in Ref. [10] is also investigated using the
proposed method. In order to depress the fields at the edges
of cuts, the wave beam inside of the launcher is pre-shaped
The
dimpled-wall waveguide is described by the following wall

by a dimpled-wall waveguide prior to the spiral cut.

perturbation: "]
R(9,2) = ag+0.004z+ 5y cos(AB1z — Amy §)
+ 8y cos(ABoz — Amag), ©6)

with a spiral cut length of 54.7 mm, and the helical cut of the
launcher is located at 5.027 rad. The radiation is launched
from the pre-shaped section by cutting the waveguide wall
around one Gaussian bundle, where the wall currents are at
a minimum.

The radiated field from the launcher on a plane at the dis-
tance of x = 100 mm away from the launcher axis is calculated.
Figures 4(a) and 4(c) show the results using the proposed
method and the low-power measurement of the radiated elec-
trical field distribution from the launcher aperture (the contour

map is shown from —30 dB to 0 with the increment of 3 dB),
respectively. The calculated field compares very well to the
measured field although the peak is shifted slightly from the
coordinate center. It is not clear now whether the small differ-
ences could be attributed to machining/measurement error or
the calculation error. The results obtained from the analytical
method, ") which is shown in Fig. 4(b), show a similar field
shift in the peak, which supports the possibility of machin-
ing or measurement error. As expected, the analytical method
for the Denisov launcher agrees with the measurement signif-
icantly better than that for the Vlasov launcher since the aper-
ture current is lowered by the placed mode converter. How-
ever, the result of the proposed method is still more consistent
with the measurement than that of the analytical method.

The current changes over the waveguide wall of helical
cut during the process of calculation are illustrated in Fig. 5.
Since a waveguide mode is placed prior to the spiral cut for
the Denisov launcher, a nearly Gaussian beam mode is formed
at the front of helical cut after the first iteration calculation.
A nice Gaussian distribution is formed when the convergence
condition of calculation is met after four iterations. Com-
pared with the Vlasov launcher, the edges of the Denisov
launcher’s cut is nearly zero-level fields. The focused field
with a nearly Gaussian beam distribution demonstrates that the
Denisov launcher could lower the diffraction loss efficiently
and improve the output efficiency significantly.
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Fig. 4. (color online) The electrical field radiated from the launcher on a plane at the distance of 100-mm axis. (a) The calculation. (b) The analytical method
result obtained from Ref. [11]. (c¢) The cold measurement obtained from Ref. [11].
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Fig. 5. (color online) The i-iteration solution for the current distribution of the unfolded helical cut: (a) i =1, (b) i =2, (¢c) i =3, and (d) i = 4.
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4. Conclusion

A method based on the Stratton—Chu formulation for ana-
lyzing the radiation characteristic of the launcher is proposed.
Different methods are used to analyze the performance of
different regions of the launcher, which make the proposed
method apply to a large number of quasi-optical launchers
whether highly oversized or not. The feasibility and accuracy
of the proposed method has been demonstrated by the close
agreement between measurement and calculation. The pro-
posed method provides a fast and accurate alternative to verify
the performance of the quasi-optical launcher, and this may be
very useful to improve the efficiency of the quasi-optical mode
converter, especially for those moderately or weakly oversized
launchers.
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