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Propagation properties of electromagnetic waves in a dielectric-rod waveguide immersed in a magnetized annular

plasma are presented in this paper. The dispersion relations are derived and calculated. The results show that the

dielectric-rod loading can make the structure less dispersive and the transmission frequency-band broadened.
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1. Introduction

In recent years, there has been growing inter-
est in high-power and high-frequency microwave de-
vices for generating radiation with millimetre and sub-
millimetre wavelengths. An electron beam propagat-
ing through a slow-wave structure (SWS) coupled with
the slow electromagnetic modes of the system can
emit coherent short-wavelength radiation. The SWS
may be a dielectric material (plasma and dielectric-
rod, etc.). It is well known that the phase velocity
of an electromagnetic wave is reduced after filling di-
electric materials in the transmission area of all kinds
of microwave devices. Meanwhile, the dispersion will
change the propagation characteristic of the electro-
magnetic wave.

There are two methods to load the dielectric ma-
terials in the waveguide: namely, by using a dielectric
waveguide and by placing a dielectric-rod along the
axis of the waveguide. Although a lot of work has been
done on the study of propagation properties of the di-
electric waveguide filled with plasmas,'~® in this pa-
per we will study the dielectric Cherenkov maser with
an annular plasma, an axial dielectric rod in the pres-

ence of external finite magnetic field. For filling the
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waveguide with an axial dielectric rod ["~11] and the
magnetized plasmas,!'2~1%] the dispersion of the SWS
becomes weak, i.e. there is a small phase velocity
change of the electromagnetic wave in the dielectric-
rod-loaded waveguide within a broad frequency re-
gion. This leads to an effective interaction between
the beam and the slow waves in the circuit with a rel-
atively wider band. After filling the waveguide with
dielectric materials, the position of the maximum F, is
changed and hence makes the frequency region broad-

ened and the dispersive properties weakened.

2.“Cold” dispersion

Figure 1 shows the transverse section of the axial
dielectric-rod-loaded waveguide structure immersed in
a magnetized annular plasma.''='4 The radius of the
dielectric-rod is rq. R., Ry and R; denote the outer
radii of regions I (Ry < 7 < R.), IT (R; < r < Ry)
and III (rq < r < Rj), respectively. Region IV is the
region (0 < r < rq). We study the structure by us-
ing the field theory, and assume that the electromag-
netic wave propagation factor is exp{jwt — vz + jm#é},
k? = w?poeo, v = jk., k. is the wave number of prop-

agation along the axial z-direction.
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Fig.1. Transverse cross section of the dielectric-rod loaded

waveguide immersed in a magnetized annular plasma.

2.1. Field components
In region I: (Ry <7 < R,)
EL =AJo(ker) + AaNo(k.r),
HY =A3Jo(kcr) + AgNo(ker),
El=— k—t{jwuokc[A?,Jl(kcr) + A4Ny (ker)]},

1.
H =5 {iweoke[ ATy (ker) + AoNa (er)]},
I .]kz
E :k—[AlJl(ch‘) + A2N1(kc’")],

"
HI :Jk—[Ang(kcr) + AgN; (kor)).

In region II: (R; < r < Rp)

E;' =AsJo(pyr) + AeNo(py7)
+ A7Jo(par) + AsNo(por),
HI =Ash1Jo(py7) + AshiNo(py7)
+ ArhaJo(por) + AshaNo(por),
E] Z%{jszQ [A5pyJo(py7) + Aep1No(py7)
+ A7pyJo(por) + AspaNo(por)]
— wpok[Ashap;Jo(pi7) + Aghap;No(p;r)
+ ArhapyJo(p,r) + AshapaNo(por)l},
BEf =~k k2[AspyJo(pyr) + AcpyNo(py7)
+ A7pyJo(par) + AspaNo(par)]
— jwnoK*[AshipiJo(py7) + AshipNo(py7)
+ ArhapyJo(por) + AshapaNo(par)l}
HIT =S {weocoh2 AspyJo(py7) + Aapy No(py7)
+ A7pyJo(por) + AspaNo(por)]
+ jk K2[Aship,Jo(pyr) + Aghip,No(p;7)
+ Arhap,yJo(pyr) + AshopaNo(por)]},
Hy' :%{jw&o(&lK2 — egk2)[AspyJo(pyr)
+ Aep; No(py7) + A7paJo(por) + AspaNo(par)]
— k2k2[Ashap,Jo(pi7) + Aghip; No(p;r)
+ A7hapyJo(por) + AshapaNo(par)]}

In region III: (rg < 7 < Ry)

Eiﬂ =AgJo(ker) + A10No(ker),
HM = Ay, Jo(ker) + A1aNo(ker),

EW — j‘;““ [A1171 (ko) + ANy (kor)],
H! :jc;;j[Ang(ch) + ANy (k.7)],
EN :%[Ang(kcr) + A1oNy (k)]

HM :jkﬁ[Aqu(kcr) + A1aNy (k7))

In region IV: (0 <7 < 7q)

Eiv =A13Jo (PT);
HLY =A1430(pr),

jw
EyY = - ! :0141431(1”“),

Jjweo

HpY —TAlle(PT),

Jk-
B === Aad1(pr),
p
k.
HTI.V ZLA14J1(pT).
p
Here k2 = 2 + k2, p? = 72 + k%eq, k? = w?uoeo,
v = jkz, €q is the dielectric-rod relative permittivity.
2.2. Boundary condition

At r = R., the tangential E-fields and H-fields

are continuous

E.=0, E;=0
At r = R5, we have
Bl Ej=E}.
H =g H] =H
At r = Ry,
El—pm gh_ gt
EVN— gl gll_ gl
At r = rg,
EM _ gV gll_ gV,

I _ plIv I _ IV

2.3. Dispersion equation
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By using field components of every region to re-
place the components of boundary condition, and
through complicated mathematic processes, we can

obtain the following equation:

Ay

where [D] is a matrix consisting of coefficients in front
of the parameters (A1, Aa, -, A14) after substituting
field components into the boundary condition. It can

be expressed in the following forms:

D=1 : : : (2)

a14,1 a14,14

In order to gain correct results of Eq.(1), the de-
terminant value of the coefficients matrix (2) must be
zero, so we have

1D| = 0. (3)

Every coefficient of expression (3) contains k, and
w, so expression (3) is the “cold” dispersion equation.
The elements in matrix (2) has been given in Ref.[14]
and the Appendix of this paper.
3. Numerical results and discus-

sion

The dispersion equation (3) is a very complicated
transcendental equation including integrals associated
with Bessel functions and the summations of an infi-
nite series. From the numerical solution of Eq.(3),
the dispersive relations and electric fields of the elec-
tromagnetic wave in the high frequency structure are
obtained in the case of different rod radius and rela-
tive permittivity. Figures 2 and 3 show the disper-
sion curves for the dielectric-rod supported waveg-
uide, which are obtained by solving Eq.(3) numeri-
cally for the following parameters: the plasma den-
sity is n, = 4 x 10" cm™3, external magnetic field
is Bp=1.0T, the inner and outer radii of the annular
plasma are R;=7.5mm and Ry=8.5mm, and the radii
of the dielectric-rod is 7q=3.0mm, “A” denotes the
case without dielectric-rod loading.

It can be seen clearly from Fig.2 that the cut-
off frequency of the system is getting lower as the

dielectric-rod relative permittivity increases, and the

system can propagate fast waves and slow waves. In
other words, we can obtain a broader band amplifier
in the dielectric-loaded SWS. At the same time, we
can find that the dispersion of the structure is getting
weaker.

The influence of the rod radius on the dispersion
is illustrated in Fig.3, in which the physical parame-
ters are: the relative permittivity of the dielectric-rod
is €q=27, the radius r4=2.0, 2.5, 3.0 or 3.5mm. From
Fig.3, we can see that the dispersive curves of different
relative permittivity of the dielectric-rod are similar
to that of different rod radius; with increasing rod ra-
dius, the frequency band is broadened and dispersion

weakened.

6.07 a:e4=1.0 r4=3.0mm

b:€4=9.0 r4=3.0mm
c:€4=18.0 74=3.0mm
5.0 d:€4=27.0 r4=3.0mm
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Fig.2. Dispersive curves of the dielectric-rod loaded
SWS for different relative permittivity.

5-
o 47
~
9
a4
3
a:rqg=2.0mm e4=27
34 birg=2.5mm e4=27
d c:74=3.0mm e4=27
d:rq=3.5mm €4 =27
0 1 2 3 4 5

kzRe

Fig.8. Dispersive curves of the dielectric-rod loaded
SWS for different radius of the rod.

Figure 4 displays the influence of the relative per-
mittivity €4 on the distribution of the longitudinal
normalized electric field E,(r)/(BoP'/?). The profiles
of E, are shown for the several values of dielectric

permittivity 4. regions I, II, III, IV are marked in
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Fig.4. Longitudinal electric field profiles for the sev-
eral values of dielectric-rod permittivity.

Fig.4, it is evident from Fig.4 that the electric field am-
plitude decreases with the relative permittivity 4. At
the surfaces of the rod and annular plasma it reaches
extrema. For the dielectric materials loaded decrease
the longitudinal electric field makes the intensity of

beam-wave interaction weaken.
4. Conclusion

In this paper, we have presented a dielectric-rod
loaded waveguide immersed in a magnetized annular
plasma as a slow-wave structure for a travelling wave
tube or backward wave tube and we put the empha-
sis on the effect of the dielectric-rod parameters on
the dispersion property of the structure. It is shown
that the dielectric-rod loading can make the SWS less
dispersive and the frequency broad, but reduces the
beam—wave interaction. In order to enhance the gain,
frequency-band and output power of the tube, we can
load dielectric-rod, annular plasma and let the annu-
lar electron beam inject into the tube at the position
of the maximum longitudinal electric field shown in
Fig.4.

Appendix

The elements in matrix (2):
a1,1 =Jo(kcRe),
No (ke Rc),

a1,2

a3 - =ai14 =05

az;1 =azz2 =0,

w
a23 = — k_‘]l(chc)a

c

w
a2,4 = — k_Nl (chC)y

c

azs =---=az14 = 0;

az,1 =Jo(kcR2),
a3,2 =Ng(kcR2),
a3,3 =az,q4 =0,
az;5s = — Jo(P1Rz2),

a3, = — No(P1R2),
a3,z =— Jo(P2Rz2),
a3,g = — No(P2R2),

az,g =---=az,14 = 0;
as,1 =0,

a4,2 =0,

a4,3 =wJo(kcR2),

a4,4 =wNq(kcR2),
a45 = — H1Jo(PLR2),
a4,6 = — H1Ng(P1R2),
a4,7 = — HaJo(P2R2),
a4,8 = — HaNo(P2R2),
as,9 =:-=a4,14 = 0;

as,1 =as,2 =0,

w
a3 =— _Jl(ch2)7

as,4 = — ENl(k <Ra),
as,5 = — J1(P1R2)(k-k2P1 + K*P1 H1)/D,
as,6 = — N1(P1Rg)(kzk2P1 + K>P1Hy)/D,
as,7 = — J1(P2Ra)(k=k2Ps + K2Py Hy) /D,
as,8 = — N1(P2R2)(k-k2P2 + K*PHa)/D,
as9 =---=as14 =0;

w
ag,1 =— k_Jl(ch2)7

w
ag,2 = — —Ni(kcR2),
ke
ag,3 =ag,4 = 0,
ag,;5s = — P1J1(P1R2)
ag,6 = — PiN1(P1R2) [w(e—:lK - egkz) +
ag;7 = — PaJ1(PaRy) |w(e1 K? — egk2) +
ag,g3 = — PoNi(P2R2)
ag,9g =+ =ag,14 = 0;
ar1=--=ar4=0,

ars = — Jo(PLR1),
are = — No(P1R1),
a7 =—Jo(P2R1),
ar,g = — No(P2Ry1),
az,9 =Jo(kcR1),
ar,10 =No(kcR1),

ar11=-+=ar14 = 0;

agy =---
ags = — H1Jo(P1R1),
ag,¢e = — HiNo(P1Ry1),
ag,7 = — HaJo(P2R1),

= ag.4 = 0,

kzk H;

kzk H>

R
=2
=2
2

/v

k= k H
w(e1 K2 —Egk2 ! /D,

/v

1

El

k.k2 Hy
w(e1 K? — egk2) + /D,
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ag,gs = — HaNo(P2R1), ai3,; =+ =ai3,10 =0,
ag,9 =ag,10 = 0, a13,11 = — kiJl(chd),
C
ag,11 =wJg(keR1), w N (kera)
a13,12 = — —Ni(kera),
ag,12 =wNq(kcR1), ke
ai13,13 =0,
ag,13 =ag,14 = 0; ;
a =~ ZJ1(pra);
401 = =ags =0, 13,14 J1pra);
ag,s = — J1(PyR1)(k.k2P1 + K*PyHy)/D,
ag,6 = — N1(PyRy)(k:k2 Py + K*P1Hy)/D, a141 = =aag =0,
=—1Ji(P. k.k2Py + K2PyHy)/D w
ag,7 J1(P2R1)( g2 + 2Hz)/D, ai4,9 :k—Jl(chd),
ag,8 = — N1(PaR1)(kk2Py + K*PHs)/ D, o
ag,9 =ag,10 =0, arao :k_ch(kcrd)’
ag,11 = — kiJl(chl)a a14,11 =a14,12 =0,
w
w a14,13 = — —J1(pra),
ag 12 = — k_Nl(chl), p
¢ a14,14 =0.
ag,13 =ag,14 = 0;
a10,1 =--* = a10,4 = 0, Here
k. k2Hy Hi =jwpoHy, Hj=jwpoHa,
ai0,5 = — P1J1(P1Ry1) [w(51K2 — Egkf?) + %] /Da
] g hy = jwpoh1, hy = jwpohs,
5 N kzkng
a10,6 = — PIN1(P1Ry) fw(e1 K® — egk) + ———| / D, D=K"—kg, K?=v"+k%1, 7= jks,
k. k2H, K2 = wzugegeg = kzeg, g = |e2,
a10,7 = — P2J1(P2Ry) [w(51K2 —egk?) + %] /D, g
155
i R (? + kzel)i - P2,
2 = —j h =
=— P,N;(P:R K?—ek2)+ —2=| /D €2 = "Jeg P12 ) 22 ’
ai10,8 oN1(P2R1) [w(e1 €g g) + w ’ _]w,uo'ye—
L . 1

ag,9 = — kiJl(chl)y

w
aig,10 = — k—Nl(chl),
C

a10,11 = - = a10,14 = 0;
a11,1 =---=ai1,g =0,
ai1,9 = — Jo(kera),
a11,10 = — No(kera),
a11,11 = = a11,12 =0,

a11,13 =Jo(pra),

a11,14 =0;

ai2;1 =+ =ai12,10 =0,
a12,11 = — Jo(kera),
a12,12 = — No(kcera),
ai2,13 =0,

ai2,14 ZJO(PTd);

1
P?, =50 v (e1 + e3) + k*(s163 + 7 + 3))]
1

1
v {[v?(es — e1) + k*(e165 — &3 — £3)?
1

+4k2'y25353}1/2.
g E0-ie) e
(1-3j8)2 — =2’ (1—j6)2 — =2’
ez =1— 52 = w—P T = ﬁ
1—js’ w’ w’
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