Chin. Phys. B Vol. 19, No. 4 (2010) 048703

Periodicity-suppressing effect of periodic
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Periodic dielectric-loaded waveguide is one of the diaphragmatic waveguides. For the excellent mode-selective

propagation ability, it is of value for applications in gyrotron-traveling-wave amplifiers (gyro-TWT), accelerators, and

other microwave propagation systems. This paper focuses on studying the application of the strong lossy-dielectric-

loaded periodic waveguide in millimeter-wave gyro-TW'T. It is revealed that due to the lossy property of the dielectric,

the energy in the dielectric slots is absorbed effectively and the high order Bloch harmonics induced by the periodicity

of the structure are suppressed, which changes the discrete spectrum under lossless condition into a continuous one. As

a result, the periodicity of the system is severely suppressed and a mode in the hollow region could be approximated

by a fast wave mode in an empty waveguide. These results bring specific guidance for the applications of the lossy

dielectric-loaded waveguide in gyro-TWTs and other devices.
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1. Introduction

Due to its special dielectric property and easy
shaping, dielectric material can be flexibly manu-
factured into various kinds of waveguides or loaded
into other waveguides to tailor their propagation
characteristics.] For these applications, the dielec-
tric loss is always one of the factors which one cares
most about.l!' =5 For a diaphragmatic waveguide, the
complex boundary brings limited disturbance to the
propagation characteristics of a circular polarized
mode, but obvious effects to the propagation char-
acteristics of non-circular polarized modes.'®/ Such a
mode-selective propagation characteristic is further
strengthened by filling in slots between diaphragms
with a lossy dielectric material, of which the struc-

[3:6] This kind of waveguide

ture is shown in Fig. 1.
is applied to millimeter-wave gyrotron-traveling-wave
amplifiers (gyro-TWT) or accelerator beam-tunnels,
to support a special kind of mode for beam-wave in-
teraction and to suppress the unwanted competing
modes at the same time, a way of enhancing the sys-
tem stability.[®7—12]

The BeO-based ceramic has excellent thermal
conductivity.¥] After many years of research, its sin-

tering technology and sealing technology are mature

and available, which makes it widely applied in vac-
uum electronics.®13! The millimeter-wave gyro-TWT
is the most promising coherent millimeter-wave radi-
ator simultaneously with high power and broad band-
width for application to the next generation of imag-

ing radar.[>7—9]

Investigations in the past decades
showed that lossy-dielectric-loaded waveguide could
be used as the interaction circuit of a gyro-TWT
For a K,-band

TEp; gyro-TWT, the operating TEj; mode turns

to obtain high stability operation.

into the TEp2 mode in the uniform lossy dielectric-

(3.7-12] Tn order to reduce the pos-

lined waveguide.
sibility of dielectric charging, the uniform dielectric-
lined waveguide is periodically intercepted by metal
rings, which makes the uniform system change into a
periodic one.l3) In such a periodic waveguide, the op-
erating mode is a complex one, in which the operating
mode has a TEg; mode distribution in each metal ring
section, and a TEgy mode distribution in each dielec-

[3.7-12] Since a gyro-TWT is highly

tric section as well.
susceptible to spurious oscillations, such a periodicity
introduced by the periodically loaded dielectric will
further complicate the physics and might induce ad-

[3,7—12,14—16]

ditional spurious oscillations. As a result,

it is of importance to look deep into the physics of
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periodicity induced by the special structure.

(a) (b)

Fig. 1. Distributed loss scheme of the periodic loss-

dielectric-loaded circuit. (a): transverse structure, and

(b): longitudinal structure.

The following study begins with a simple review
of the theoretical model adopted. After numerous
calculations, a series of novel phenomena is revealed
based on the interaction waveguide of lossy dielec-
tric BeO-SiC loaded K -band TEg; gyro-TWT. It is
found that the periodic waveguide conveys a complex
mode, which could be mapped into a fast wave mode
in empty waveguide or uniform dielectric lined waveg-
uide. With increasing dielectric slot-to-periodic ratio,
the higher order Bloch harmonics in the hollow region
will be reduced and the higher order standing wave
harmonics in dielectric slot will be strengthened. The
discrete spectrum in the lossless system will be trans-
formed into a continuous one. Finally, the energy in
the dielectric slot is quantitatively measured and all of
the phenomena are attributed to the reduction of en-
ergy in the dielectric slots. These understandings are
the precondition of studying the complex beam-wave

interaction in this kind of waveguide.3:10-12]

2. Theoretical models

To solve the eigensolutions in the structure shown
in Fig. 1, the fundamental theories of Floquet’s theo-
rem and mode matching are applied.[!7=19 According
to Floquet’s theorem, the longitudinal components of
the fields in the hollow vacuum region of the periodic
structure shown in Fig. 1 (p < a) can be described by

E P; 0,z Z AI mw; e—ilcnz7 (1)
H p’(p7 Z BI 1mgoe—iknz7 (2)
n=-—o00

where [, (hi )
and the propagation constants are given by (h;) =
(w/c)* —k2, and k,, = k+n (2r/L), respectively, with

Im (h ) transverse wave number

w and c¢ being the azimuthal frequency and the light
speed in vacuum, respectively. Similarly, the longitu-
dinal components of the fields in the dielectric region
(a < p<b,0<z<I)can be described by

ZAHG ¢ cos <“sz>,(3)
ZB m (hi'p) e'™? sin (”;) ,(4)

where the transverse wave number is given by

z2 p7 ¢a

22 p7 ¢7

(") = (w/c)’ & = (1m/b)’,
Gom (M'p)
= Jum ('p) Y (K]'D) — Y. (W'p) I (W' D),
and
Hy, (' p)
= Jm (K'p) Y., (K]'D) — Y. (W'p) J., (W' D).

In the above field components, n and [ are the
Bloch harmonic number and the standing wave num-
ber, respectively. It needs to be stressed that in order
to take into consideration the complex relative per-
mittivity and the under-cutoff conditions, the Bessel
functions are with complex arguments. Applying the
continuity of the tangential field components on the
metal waveguide wall and the interface between the
vacuum and the dielectric, a set of constants equa-
tions will be obtained as follows:

+oo
AL =" A1, (5)
=0
+oo
Z B7ILY2,I’I’L; (6)
n=-—oo
B;Xg’n + A;XLn
+o00 +o00
= Z A5, + Z By n, (7)
1=0 =1
A%IXs’l + BlIIX4,l
+oo
= Z (ALYs50n+ B Ye1n), (8)
where [ = 0,1,2,3,... and Yi;, = Gn (h}la)
Ry (kn,l, b)/[Fm (hia) L},
Y2,l n = 2F ( ) R2 ( ny 7b)/[Hm (h}Ia) b:l’

Vi = —iminGy (hf'p) Ba (kn,10) / [ab (nl1)7],

Yayn = iwpopHly, (P}'p) Ro (Kn,1,0)/h1,
= —inQF/ (hI p) Rl( n7lab)/h¥m

I
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mk,
a(nl)?
X1 = mknFp (hha) Lo (hL),
KXo = lwpoFy, (hya) LAy,

)

YG,l n — F’m (hLP) Rl (_k’na l7 b) 9

Xg’l = —iwaoer;n (h}la) g (1 + 510)/]7,}17
Xy = iminHy (hfla) b/ 20 (bf")0].

A proper truncation of the harmonics will generate a
constant matrix of finite size. A zero determinant of
this constant matrix determines a solution of a mode.
Based on the above theory, a code PDW is used. Its
reliability is verified by the results in Ref. [3].

3. Numerical calculations

Numerical calculation will be based on the inter-
action circuit of a K,-band TEqy; gyro-TW'T, of which
the parameters are given as follows:[378:11 the period
L = 11.5 mm, inner radius a = 5.49 mm, outer radius
b = 7.19 mm, and the relative permittivity of the ce-
ramic BeO-SiC is measured to be e, = 7.11 — il.1 at
35 GHz. Under such a thickness, the operating TEq;
mode experiences the lowest propagation attenuation
rate in uniform lossy dielectric-loaded waveguide.

Normalized Ey
Normalized Ey
o

I
=

(b)

The Ey4 component distributions under several
values of slot ratio (I/L) are shown in Fig. 2. The
field distributions in the vacuum region are regular
TEp: mode distributions. While the mode distribu-
tions in the dielectric slots are standing wave distri-
butions. The mode distributions in the dielectric sec-
tion are regular TEge mode distributions. Hence a
denotation ~TEg; is used to indicate such a complex
mode.l?l When the slot ratio (I/L) increases from 0.2
to 0.87, the single hump distribution evolves into a
multi-hump distribution. The answers to these mode
transforms can be found in the normalized harmonic
magnitudes in Fig. 3. The standing-wave harmonic
components are normalized by the strongest Bloch
harmonic component in the vacuum region. The mag-
nitudes of the higher order harmonics decrease expo-
nentially according to the harmonic numbers. An in-
creased slot ratio obviously reduces the magnitudes
of the high order Bloch harmonics, indicating sup-
pressed periodicity, while, with increasing slot ratio,
the higher order standing modes reversely increase.
Hence the multi-hump distribution in dielectric slots

is contributed by the higher order standing wave com-

ponents.

Normalized Ey

Fig. 2. Normalized E distributions of the three sampled loaded schemes A, B, and C, calculated by PDW at 35 GHz.
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Fig. 3. Normalized amplitudes of (a) the Bloch harmonic components in the vacuum region and (b) the standing wave

harmonic components in the dielectric region of the operating mode.
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Since the
mode spectrum is repeated in each Brillouin region, the entire mode spectrum can be deduced from the zeroth

Under lossless conditions, the mode spectrum of the operating ~TEg; is shown in Fig. 4(a).

Brillouin region. The cutoff attenuation is shown in Fig. 4(b). It is clearly demonstrated that there is a major
stop band, which is further divided into three sub-stop bands. The magnitudes of the harmonic components
of six sampled points in Fig. 4(a) are given in Figs. 4(c) and 4(d), where it is clearly demonstrated that under

lossless conditions each of the sampled points is composed of several major harmonics.
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Fig. 4. Systematic analysis of the operating ~TEp; mode in waveguide periodically loaded with lossless dielectric
material e; = 7.11, including (a) mode spectrum of ~TEg; mode, (b) attenuation, (c) normalized amplitudes of Bloch
harmonic components, and (d) normalized amplitudes of the standing wave harmonic components (I/L = 0.87).

When the dielectric loss is present, the situation
changes into Fig. 5, based on the same structure in
Fig. 4. In Fig. 5(a), the most obvious phenomenon is
that the stop band between two backward wave pass
bands is eliminated and the two backward wave pass
bands are unified into one. These sharp attenuation
peaks in Fig. 4(b) are also eliminated and the attenua-
tion near the original stop band is much stronger than
those at other frequencies, as shown in Fig. 5(b). More
explicit explanations can be found in Figs. 5(c¢) and
5(d).

ponents in Fig. 5(c) indicate that the major power of

The relative magnitudes of the harmonic com-

the operating mode in the vacuum region is conveyed
by some distinctive harmonic components, which are
quite close to the dispersion curve of the TEg; in

an empty waveguide. In other words, the operat-

ing modes in the lossy dielectric-loaded waveguide are
quite similar to the modes in an empty waveguide. A
comparison between Fig. 4(d) and Fig. 5(d) again re-
veals that the field strength in the dielectric slot is
suppressed.

The previous study already revealed that strong
dielectric loss would induce modal transition.!”8! Here,
a similar phenomenon also happens in the periodic
lossy dielectric-loaded waveguide. Details about such
a transition process are shown by the field distribu-
tions of the sampled point in Figs. 4(a) and 5(a), as
given in Fig. 6. The field distributions of the sampled
modes A4 and A5 from Fig. 4(a) have similar field dis-
tributions. Dielectric loss unifies these two backward
wave modes, and changes A4 and A5 distributions into
B4 distributions.
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Fig. 5. Systematic analysis of operating ~TEg; mode in waveguide periodically loaded with lossy dielectric (er =
7.11—1.11) material, including (a) mode spectrum of ~TEg; mode, (b) attenuation, (c¢) normalized amplitudes of Bloch

harmonic components, and (d) normalized amplitudes of the standing wave harmonic components (I/L = 0.87).
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Fig. 6. Normalized E4 components of the sampled points A4, B4 and A5 in Figs. 4(a) and 5(a) to demonstrate the

dielectric loss induced modal transition in a periodic system.

Accurate calculations of the electric-energy (FE:
fractional electric-energy)! in the dielectric slot under
both lossless and lossy conditions are given in Fig. 7.
There are many high FE peaks under lossless condi-
tions, corresponding to resonant modes in the dielec-
tric slot. When the lossless dielectric turns into lossy

material, the energy in the dielectric region is reduced

and the FE in the dielectric slot is severely suppressed,
accordingly. The FE proximately describes the field
distributions of the operating mode in the frequency
domain. A comparison of FE between lossless and
lossy conditions more explicitly explains the complex
transformation of the mode spectrum from Fig. 4(a)

to Fig. 5(a).
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Fig. 7. Fractional electric-field energy (FE) in the dielec-
tric slot under both lossy and lossless conditions. The
peaks indicate the resonant modes in the dielectric slot.

4. Conclusions

Periodically loading strong lossy dielectric mate-
rial in metal cylindrical waveguide as shown in Fig. 1
will endow the waveguide with some novel propagation
characteristics. The field distribution of the operating

mode is a complex mode. In the dielectric section, it
is in a uniform dielectric loaded distribution while, in
the metal ring section, it is in an empty waveguide
distribution. Since the lossy dielectric can effectively
absorb the energy in the dielectric slot, the periodicity
of the mode induced by the periodicity of the structure
is reduced. Finally, the majority power of the mode
is conveyed by the field in the hollow vacuum region,
and the energy in the dielectric slot region is rela-
tively small. Dielectric loss unifies the original discrete
mode spectrum under lossless conditions into a con-
tinuous one. Dielectric loss also induces modal tran-
sition which unifies close modes with similar field dis-
tributions and close phase velocity into one. In short,
dielectric loss makes the circularly polarized mode in
the lossy periodic system behave quite similarly to a
fast wave mode in an empty waveguide. These under-
standings bring guidance to properly approximating
the mode in periodic dielectric-loaded waveguide in
beam-wave interaction analysis, and relieve the po-
tential danger of self-excited oscillations induced by

the Bloch harmonics in lossy dielectric tunnels.[3:11:12]
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