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This paper presents a theory on accurately analysing the dispersion relation and the interaction impedance of

electromagnetic waves propagating through a helical groove waveguide with arbitrary groove shape, in which the complex

groove profile is synthesized by a series of rectangular steps. By introducing the influence of high-order evanescent modes

on the connection of any two neighbouring steps by an equivalent susceptance under a modified admittance matching

condition, the assumption of the neglecting discontinuity capacitance in previously published analysis is avoided, and

the accurate dispersion equation is obtained by means of a combination of field-matching method and admittance-

matching technique. The validity of this theory is proved by comparison between the measurements and the numerical

calculations for two kinds of helical groove waveguides with different groove shapes.
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1. Introduction

Being a potential beam-wave interaction struc-
ture working in both slow wave regimes and fast wave
regimes, the helical groove waveguide (HGW)['~8] has
attracted much attention due to its large transverse
size, high machining accuracy, super-thermal conduc-
tivity and low loss, which make it worth to be consid-
ered as a slow wave structure in the millimetre wave
band. Recently, there has been increasing interest
in the theoretical and experimental study of variable
shape HGWs for the use in normal travelling-wave
tube (TWT)['=% and gyro-TWT.[l The authors of
Ref.[3] have developed a simple approach for the anal-
ysis of arbitrary-shaped HGW, in which the groove
profile is approximately represented by a series of rect-
angular steps and each step supports the fundamental
TE mode.
ications on dispersion characteristics, and the theo-

This analysis can give reasonable pred-

retical results are in agreement with the experimen-
tal data.
tween them in the high-frequency band, which may be

However, there are some discrepancy be-

caused by the neglect of the influence of higher-order

evanescent modes on groove regions. In this regard,
we will develop this approach by introducing the ef-
fect of the evanescent modes on the groove regions,
so as to give an accurate dispersion equation and in-
teraction impedance. The calculated results by using
the present theory are in a better agreement with the
experimental data as compared to the prior theory.!?!

2. Theory

The longitudinal section of an arbitrary-shaped
helical groove waveguide is shown in Fig.1, where §
denotes the groove width, L denotes the length of the
period, and r, and r. denote the inner and outer radii
of the groove, respectively.

Fig.1. The longitudinal section of the arbitrary helical groove.
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In the following analysis, this structure is divided
into two regions: the groove region II and the inter-
action region I. The fields in each region can be ob-
tained by solving the wave equations, and the disper-
sion equation can be derived by the matching condi-
tions of the fields at the interfaces.
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where 3, = fo + (2rm/L) is the axial propaga-
tion constant of the mth space harmonic, v, =
VB

is the free space propagation constant. If 82, — k2 > 0,

is the radial propagation constant and &

Fr(ymr) = Iy (ymr) and the upper of the signal ‘4’
or ‘F’ is selected, while 5%, — k* < 0, F,(ymr) =
Jm (Ymr) and the lower case of the signal ‘4’ or ‘F’ is
chosen. Jp, (ymr) and Iy, (ym7) represent the ordinary
and modified Bessel functions of order m of first kind,
respectively. AL and Bl are the field constants.

B. Fields in groove region II

As proposed in Ref.[3], the arbitrary-shaped heli-
cal groove can be replaced by a series of linked rect-
angular areas, in which the theoretical solution of the
wave equation can be obtained. A schematic diagram
of such approximate representations of a groove by N

(AL, (k2 ym Jwp10) F}, (Ym1) — B, (m B /1) Fi ()] @8 3007
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A. Fields in interaction region I(r <r,)

In the central region, the cylindrical coordinate
system (r, ¢, z) is employed to solve the Maxwell equa-
tions. By Floquet’s theorem of periodic structure, the
field expressions can be expressed as

steps is plotted in Fig.2, where, r,, and d, represent
the radius and width of the nth step. Obviously, as
the number of the steps tends to infinity, the groove
profile is precisely synthesized.
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Fig.2. The approximate representation of a groove.

Then, the field expressions/® in the nth area can
be written as

B = [AUL, (kr) + BTy (kr)] e 3%,

£(n) —

HYL = —Yo [ALT, (kr) + BILT. (k)] e,

v » (2)
Hi%n) = —Twuo [AEJU(IW) + B;LIJ_@(]CT)} e~iv0,
Boiny = Ertny = Hefny = 0

where Al and BI are the field amplitude factors.
v is the angular propagation coefficient expressed as
v = foL/2m. Yy is the wave admittance in the free

space. Ji, is the normal Bessel function of the first
kind and order 4w, which indicates the mode excited
here is oscillating in the r-direction. J',(kr) is the
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first differential of Ju, (kr) with respect to kr.

C. Dispersion equation

Besides these propagating modes, there are many
higher-order evanescent modes at the connection place

2dn,1 170&2
By, = 1
= ()

of two neighbouring areas, which are induced by the
change of the step width d,,. The effect of these modes
may be described as an equivalent susceptance by cir-

cuit theory. The normalized shunt susceptancel® at
T =17Tp_1 1S
|
1+a)2(eta) LA AT+
11—« AA — C?
(e 21— a\* 5042714_%0420 2 @)
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where

Here, Ay = 27/0p.
currence relationship between the admittances of two

So, we can obtain the re-

neighbouring steps and the admittance at the groove

1 H&n—l)(kr"*Q)

opening by using the admittance matching condition.
The normalized admittance of propagating modes

in the (n-1)th area at r = r,_o is

J/ (kT’n,Q) —+ Cnfln]/fv (k?"n,Q)

Yn72,n71 =
3

where
1I 1I
Cpno1=DB,_1/4, 1.

Similarly, the admittance in the (n-1)th area at r =

Tn—1 is written as

thl;(krnfl) + Cnfljl_v(krnfl)
J’U(k/’rn—l) + Cn—lj—v(krn—l) .

(5)

Ynfl,nfl =

Then, the matching condition of the normalized ad-

mittance at r = 7,1 is

Ynfl n—1 — Ynfl,n + anlv (6)

s

where Y,,_1.n—1, Yn_1,n and B,_1 can be obtained

_JYb EI{n_l) (k"rn—2)

= (4)

J’U(k"rn—2) + Cn—lt]—'u(krn—Q) ’

from Ref.[10],

n—1l,n—1 — 727TjYE)Yn71,n71(Tnfl/dnfl);
n—1,n = _27TjYOYn—1,n(T7L—1/dn)7

anl = 727TjYI)Bn71(Tn71/dn)-

Thus, one may have

_ (Yn—l,n + Bn—l) ) (7)
dnfl dn

Yn—l,n—l

Consequently, the recurrence relationship of the ad-
mittance can be obtained by substituting Eqgs.(7) and
(5) into Eq.(4),
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dy,
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_ Jo@) I (y) = I (@) T ()
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Using Eq.(2), we can express Cy at the boundary r =

TZU(Ia y) Q’U(I) y) =

Cn = —Jy(kre)/J—y(kre).

Therefore,
v J(kry_1) +CnJ.,(krn_1) B I (krn_1)J_y(kre) — Jy(kre)J , (krn—1)
NN o (krn—1) + Ond_y(krn—1)  Jy(krn—1)d—u(kre) — Ju(kre)J_y(krn—1)
Qu(kre, krn_1). (9)

Moreover, the expression of Yj 1 at r = r, can be obtained by recurrence relationship in Eq.(9) and Yy _1 .

The dispersion equation is derived
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Though Eq.(10) appears to be the same form According to Pierce’s definition, the interaction
as the dispersion equation in Ref.[3], Yp 1 is differ- impedance of the mth space harmonic can be written
ent, which includes the effect of high—-order evanes-  as
cent modes. And when shunt susceptance B = 0, it K (m) = %, (11)
will reduce to the formula in Ref.[3]. 265, P
D. Interaction impedance where

|
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Eum(re) = T ( ﬂm§/2 F:('y:r:) [Ty (kra) + C1J_y(kra)] Al cos ap. (12)

Here E,.,(re) is the longitudinal electric field amplitude of the m th harmonic at the position of the electron

beam and FE7,, is its conjugate value. P is the total power and can be calculated from

o0
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which can be derived by employing the continuous

condition of Hy at the interface of two neighbouring
steps.

3. Results and discussion

To solve the transcendental equation (10), a gen-
eral MATLAB computer program is employed, in
which the NV can take arbitrary number. In practical

0.4cm
1.8cm
0.2cm
1.43cm
1.25¢cm
l :

calculations, 30 rectangular steps are used with the
relative error less than 107%. Based on the present
theory, we have figured out the physical dimensions of
two helical-grooved waveguides, with the ridge-loaded
rectangular groove and the hole-gap groove shown in
Fig.3. Here, the inner and outer radius are 1.25 and
1.8cm, respectively, the groove opening width is 0.2cm
and the pitch is 0.6cm. The two HGWs have been
manufactured by the technique proposed in Ref.[6],
and the dispersion properties of them have been mea-
sured by the resonance method.[*!]

0.2cm

1.8cm

0-2em 1y 43em

1.25cm

Fig.3. The profiles and physical dimensions of two grooves.

As illustrated in Figs.4 and 5, the dispersion prop-
erties are obtained for the ridge-loaded HGW and the
hole-gap shaped HGW by using this theory, the former

approachl!

and the experimental data, respectively.
It can be seen clearly that the calculation result us-
ing the present theory is in a better agreement with
the experimental data. This is due to the addition
of the effect of high—order evanescent modes in the
groove. Therefore, the present theory may give more
accurate prediction on the velocity of the electromag-
netic wave, for determining the working voltage of a
travelling-wave tube to meet the requirement of veloc-

ity synchronization.

= experimental data
a - Ref.[3]
b - this theory

Frequency/GHz

7.0 ~

0 95.2 190.4 285.6 380.8 476.0 571.2
B/m~*

Fig.4. Dispersion characteristic of ridge-loaded helical-

grooved waveguide.
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s = experimental data
2 8.0+ a - Ref.[3]
E h b - this theory
7.0

0 952 190.4 285.6 380.8 476.0 571.2
B/m~*

Fig.5. Dispersion characteristic of hole-gap shaped

helical-grooved waveguide.

The interaction impedance indicates the coupling

intensity between the wave and the electron beam.

The

interaction impedances for the two HGWs have

been calculated by using the present theory and the

former one, respectively; and the results are shown

Re
(1]
(2]
(3]
4]
(5]
(6]

in Fig.6. There exists some discrepancy at the high-

frequency part, indicating the influence of the evanes-

cent waves.

1007

I - ridge-loaded shape
II - hole-gap shape
a - Ref.[3]

104 b - this theory

Interaction impedance kc /<2

0-1 T T
1.8 2.0

T

3.0

T T

2.2 2.4 2.6
wra/ec

2.8

Fig.6. Interaction impedance of ridge-loaded and hole-gap
shaped HGWs.
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