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A new type of partial-dielectric-loaded helical groove slow-wave structure (SWS) for millimetre wave travelling

wave tube (TWT) is presented in this paper. The radio-frequency characteristics including the dispersion properties,

the longitudinal electric field distribution and the beam-wave coupling impedance of this structure are analysed. The

results show that the dispersion of the helical groove circuit is weakened, the phase velocity is reduced and the position

of the maximum FE, is moved from the mouth to the inside of the groove after partially filling the dielectric materials
in the helical groove SWS. Therefore, the dielectric-loaded helical groove SWS is suitable for a multi-beam TWT with

broad band and high gain.
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1. Introduction

During the development of a high-power broad
band travelling wave tube (TWT), attention has been
newly focused on the whole-metal slow-wave struc-
tures (SWS),[! such as the helical groove waveguide,?
coaxial radial line, serpentine waveguide and m-type
line, etc, due to their super power capability and po-
tential broad bandwidth characteristics. The helical
groove waveguide is one of the most important whole-
metal SWS for millimetre wave TWT. There are sev-
eral peculiar characteristics, such as the large trans-
verse size, the high precision of manufacturing and
assembly, the perfect wholeness and stability in the
structure. The helical groove waveguide was first in-
vestigated as a SWS in 1957 by Waldron.?! Later,
Nwachukul* and Foulds and Manselll®! delivered con-
In 1988, the first exper-

imental ridge-loaded helical groove millimetre wave

tributions to the circuit.

TWT was carried out at the Raytheon Company,!®
and the theoretical study was presented by the authors
in 1997.121 Previous works[?>~" have shown that the
bandwidth of the helical groove waveguide is narrow.
The instantaneous bandwidth of Raytheon’s tube is

only 1.3%.[6] Therefore, it is necessary to broaden

the band of this structure. Although much work has
been done on the different types of helical groove

(8:9] an investigation of the dielectric-loaded

waveguide,
helical groove waveguide, as far as we know, has not
appeared in the literature. Recently, the problems
associated with dielectric-loaded TWT for the ad-
vanced accelerator have become more attractive.[10:11]
In this paper, we study the partial-dielectric-loaded
helical groove waveguide as a slow-wave circuit for
TWT. By partially filling the groove with dielectric
materials, the dispersion of the SWS becomes weak,
i.e. there is a small phase velocity change of the elec-
tromagnetic wave in the partial-dielectric-loaded he-
lical groove waveguide within a broad frequency re-
gion. This leads to an effective interaction between
the beam and slow waves in the circuit with a rel-
atively wider band. After partially filling the heli-
cal groove SWS with dielectric materials, the posi-
tion of the maximum F, is changed from the mouth
to the inside of the groove. To increase the interac-
tion impedance, several holes are drilled on the inside
wall of the groove and the beam is put through the
holes. Therefore, the partially-dielectric-loaded heli-
cal groove SWS is suitable for multi-beam TWT.

*Project supported by the Fund of the Institute of Electronics Science of the Ministry of Electron Industry (Grant No DJ3.1.1.2).
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Fig.1. The longitudinal cross section of the partially-

dielectric-loaded helical groove waveguide.

2.Dispersion and impedance

2.1. Field components

Figure 1 shows the longitudinal section through
the axis of the partially-dielectric-loaded helical
groove slow-wave circuit. The groove region is par-
tially filled with lossless dielectric materials from 7}, to
rc. The relative permittivity of the material is ¢,. In
Fig.1, p and w represent the pitch and groove breadth,
respectively, and 7., 7, and 7, indicate the outer radii
of regions I, I and III, respectively. In the following
analysis, the pitch is assumed to be sufficiently small
compared with the wavelength so that the high-order
evanescent modes in the groove regions I and II may
be neglected. For the field expressions obtained by
employing the approximate helical coordinate system
(r,60,£)P! (one may also use the developed helical co-
ordinate system[lz]), the field components of the fun-
damental TE mode in the helical groove waveguide
can be written as follows.

In region I: (r, <7 <7.)

= AU (kyr)e ¥, (1a)

Hy = (v/rwpo) AU (kyr)e ™", (1b)
H} = —j(ky Jwpo) AU (kyr)e ™. (1c)
El=E}=Hl=0. (1d)

In region II: (r, <r <)

E? = BV (kr)e™"?, (2a)
HY = (v/rwpg) BV (kr)e 3, (2b)
Hy' = —j(ky /wpo) BV (kr)e 37, (2¢)
E'=Ey'=H{=o. (2d)
Here
) = oaro) L (bir) = T o(bsre) ()
Jo(kire)J—o(kare) = J—o(kire) o (kars)’

A, B and Gg are the field amplitude coefficients,
Ji,(2) represents the Bessel function of first kind with
order v, and J! () represents the first derivative of
Ji,(2z) with respect to . kg is the free-space prop-
agation constant, and v is the angular propagation
coefficient for waves propagating round the groove. It
can be determined by the fact that the phase shift
per pitch in the centre region should be equal to the
phase change per turn in the groove, i.e. v = Gyp/2m.
Here 3 is the axial phase propagation constant in the
centre region.

The field components in the centre region can be

obtained by the Floquet theorem

B = Y o Buar) 0, (3a)

m=—0o0

ETI=H £ Z mfymﬂm ('Ymr)
— Dy (mwipto /1) Fr (ymr)]ed ¢ =Pm2) | (3D)

EIII =7 Z

m=—0o0

- DmWNO'YmFTIn(7mT)]ej(m¢7'BmZ)a (3C)

(M B [7) Frn (YmT)

HI = 37 Dy ) n2), - (34)

m=—0oo

H' =+ Z m (ME? [Twito) Fon (Ymr)
— DY B Fp (Yom) |0 2) 1 (3e)

H" =45 Y [Con(k*Ym/wpto) Fyy (Ymr)
D (M /1) Fp ()] = 2) - (31)

Here C,, and D,, are the field amplitude factors of

the mth space harmonic. f,, and ~,, are its axial
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and radial propagation constants, respectively. They

are defined as 3,, = By + 2mn/p, ¥2, = |82, — k2.
It lB‘rzn - k2 > Oa Fm(’}/mr) = Im('ynr) and the up-
per sign of “+” or “F” is selected; if k? — ,Bfn > 0,

Fri(vmr) = Jm(ymr) and the lower sign of “+” or
“:':

ified Bessel functions of order m, respectively.

”

is chosen. J,, and I,, represent Bessel and mod-

2.2. Dispersion equation

At r = ry, the tangential E-fields and H-fields are
continuous

E{ = E{, (4)

Hy = Hy', (5)

(k’l’b, kru + kl Qv (klrca le‘b)

while at r = r,, the matching conditions of E-fields

are
E EIII (6)
E' = EM =o0. (7)
Hy-fields should be continuous at the boundary across
the groove
(N+1)p (N+1)p
/ Hl'dz = / HMdz. (8)
Np Np

From Eqs.(4)—(8), the following dispersion equation of
the partially-dielectric-loaded helical groove SWS can
be obtained

v(kra, krp)

v

k v(klrca klrb)
kP, (k

H_

o (ko krp)

Z

w
p

sin Bw/2 —0
< Brmw /2 > o

m(YmTa)
n(YmTa)

7y)7 Qv(may)v Rv(x,y) and

Ty (z,y) are defined as follows

where the functions P,(x

Py(z,y) = Ju(z)J—o(y) — J—o(2) Ju(y),
Qu(@,y) = Jo(x)JL,(y) = J-o() T} (y),
Ry(z,y) = Jy(2)J-o(y) — I, (2) ] (y),
To(z,y) = Ty ()", (y) = I (2) T, (y)-

J_y(kor) should be replaced by Y, (kor) in the above
equations when v is an integer n. For the device with-
out dielectric-loading, i.e. e,=1, Eq.(9) can be com-
pletely identified with the results given by Foulds and
Manselll®!,

2.3. Coupling impedance

The coupling impedance is an important param-
eter that describes how strong the beam—wave inter-
action is in a TWT. From Pierce’s theory,!*3! the cou-
pling impedance of the mth space harmonic is defined

as
*
E.mEZ,,

Kc(m) = 2ﬂ2 P’

(10)

where E,,, is the longitudinal component of the elec-
tric field of the mth space harmonic at the position
re of the electronic beam, and E3,, is its conjugate

value. According to Eq.(3a) and the relation between

T, )
lrca klrb)R (krba kra) + lev(klrca klrb)

1 Fm(’YmTa) mﬂm 2 2
tg ¥
Ko () < Tomie

Ta

Cy, and B, we have

2
E.nE},, =<EB> [J_
p J_

F2 (ymre) [sin(Bnw/2) 2
5 1] iy | B

In Eq.(10), P is the total power flow through the whole

circuit system

p=prP'+P"+ > P, (12)

m=—0o0

where P! and P are the power flows in regions I and
I1, respectively. P is the power flow of the mth space
harmonic in space ITI. The expressions of P!, P! and
P are

1"
P'=cuw / E¢H ' dr
b

1420 [Fdr

2 wpo Sy, T
{ Jo(k1re)J_y(kr) — J_y(k1re) Jy (k)
Jo(kire)J_o(kry) — J_y(k1re) Jo (krp)

After evaluating this new type of integral, the expres-
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sion becomes the term number m increases. For example, only four

pL_ wA2 1 terms (m = —2, —1, 0, 1) are calculated, and the rela-

dwpto [To(krro) T —o(krry) — J—o(k1re) Ju(k1r)]2 tive error of the solution may be less than 107, In our

calculation, we have taken seven terms into account

X {klrb{[‘]”(klrc)‘]—(v+1)(klrb) +J o (kare) (Jm| < 3). Figure 2 shows the dispersion characteris-

9 tics of the fundamental wave in the dielectric-loaded

x J”"‘l(klrb)]%[‘]“(klrc)‘]—“(klrb) helical groove SWS for r./p=6.6, r,/p=4.2, r,/p=3.2,
— J_y(k1re) Ty (k1ry)] — [Jo(k1re) J—o (k17h) w/p=0.5 and £,=3.8.

— J_o(kire) (’ﬁﬁ;)]ii (k1re) I w1y (k1rs) As one would expect with a closed SWS, the he-

lical groove structure exhibits a cut-off frequency, and

+ JU(klrc)Jv+1(k1rb)]} — [Jo(kyre) oy (kymy) can propagate fast waves and slow waves (Fig.2(a)).
Moreover, it can be seen from Fig.2(b) that the curve

— JU(klrc)Jv(klrb)P}_ (13) of phase velocity versus frequency of the dielectric-
loaded helical groove structure becomes flatter than

Similarly that of the counterpart without dielectric-loading.
This indicates that the beam-wave interaction will be

maintained in a relatively wider frequency region in

m_1 [ -
PY=—w EgH " dr
2 /.

whB? 1 the former case. In other words, we can obtain a
:4WH0 [T (k) — Gody(kry)2 broader band amplifier in the dielectric-loaded helical
groove SWS.
X {kT{ [J_(,U+1)(k7') + G()Jv+1(k7')]
3.99 . . . |
] (a) A (without dielectric loading)
[J—v( r) — GoJy(kr)] — [J_y(kr) 561 B (with diclectric loading)
0 A
= Godo(kr)] - [T (1) (kr) + Godua (kr)] 3.3
"=Ta f 3.0 -
— [T o (kr) — GOJU(kr)]2} , (14) 3
T=Tp 2.7
and 04
P,IJ :l /Tu [EiIIH;III - ECI;SHH:IH]27rrdT 2.1:
2 O -
2 . 2 T T T T T T T T T T T
W /2 - 0 1 2 3 4 5 6
=g [BV (kr,))? (E) <Sm(5 w/ )> < B )
p /Brn’w/2 who Bop
1[( k 2
X<e—|l— —tan ¥ 1.0 .
4 Ym ’ym'ra | (b)
% F, ('er Fm+1(7m7'a) + ng,_l(')/mlra) 0.8
1{17.( mTa) FZ (YmTa) 1
_ m+2(7m7‘a) + Fm Q(era):| . 0.6
F ('Ym'ra) E.. B
o B+ K2) [(mByn/ Vi) F tan ¥] Fin(Yra) 0.4+ _ o
” ﬂ ” T ( ” ) . ] A (without dielectric loading)
Fym TmTaPmTa m\Tm’a B (with diclectric loading)
(15) 0.2 1
3. Numerical results and discus- 0.0+
20 22 24 26 28 30 32 34
sion wre fe
The dispersion equation (9) is a very complicated
transcendental equa,tion including integrals associated Fig.2. Dispersive characteristics of the dielectric-loaded

helical groove SWS for r./p=6.6, r,/p=4.2, r./p=3.2,
w/p=0.5, £,=4.0: (a) wrc/c-Bop curves; (b) vp/c-wre/c

with Bessel functions and the summations of an infi-

nite series. Fortunately, the series converges rapidly as curves
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The influence of the dielectric-loading on the cou-
pling impedance is illustrated in Fig.3, in which the
physical parameters are same as those in Fig.2. Here,
the radius of the beam r, is assumed to be 0.97,. It is
shown that the dielectric-loading reduces the coupling
impedance of the fundamental wave. This decrease
of coupling impedance is not desirable because it will
cause a reduction of the gain and the efficiency of the
tube. Therefore, the value of the relative permittivity

of the dielectric should be properly chosen.

100 4

K.

10 4
A (without dielectric loading)
B (with dielectric loading)

T T T T Tt T T T T T T T

20 22 24 26 28 30 32 34

wrefc

Fig.3. Coupling impedance of the dielectric-loaded
structure (the structure parameters are the same as
those in Fig.2).

In order to mitigate the effect of the dielectric-
loading on coupling impedance, we examine the dis-
tribution of the longitudinal electric field F, along the
r direction, which reveals the nature of the beam-wave
interaction. In Fig.4, the profiles of F, are shown for
several values of dielectric constant &,.. The position
marked by the dashed line is r = r,. It is evident
from Fig.4 that the field amplitude increases rapidly
with the increase of r, and at r = r, it reaches an ex-
tremum for the case without dielectric-loading. Thus,

in the general case without dielectric-loading, a thin

hollow beam near r, may be employed for high effi-
ciency of the beam-wave interaction. We also observe
that, when the structure is loaded with dielectric, the
position of the maximal F, is moved to the groove
space (Fig.4). This is due to the fact that the loaded
dielectric makes the electromagnetic energy concen-
trate inside the groove.'¥! Then, the beam-hole po-
sition should be selected in the groove region to ob-
tain high gain and high efficiency. In this case, multi-

beams may be employed.

1.6
1.4 A
1.2
£ 107
i 0.8 A Her=1.0) 4
&~ 4 .
< o6l i(er:Z.O) B
RS (e+=4.0) C
0.4 4 ‘(eTZS.O) D
0.2 A
7/ra
0.0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
/7

Fig.4. The longitudinal electric field profiles for sev-

eral values of dielectric permittivity.

4. Conclusion

In this paper, we have presented a partial-
dielectric-loaded helical groove waveguide as a slow-
wave structure for a travelling wave tube and we put
the emphasis on the effect of the dielectric parameters
on the rf characteristics of the structure. It is shown
that the dielectric-loading can make the structure less
dispersive, but reduce the coupling impedance. In or-
der to increase the gain and output power of the tube,
the use of this type of structure with multi-beam holes

lying at the groove wall is suggested.
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