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Analysis of the Coaxial Helical-Groove
Slow-Wave Structure

Guofen Yu, Wenxiang Wang, Yanyu Wei, and Shenggang Liu

Abstract—The coaxial helical-groove structure is presented
and analyzed in this paper. The dispersion equation and coupling
impedance of the structure are given. Numerical calculations of
the dispersion relation and coupling impedance with different
structure dimensions are carried out. Calculated results indicate
that the cold bandwidth of this structure can reach 60%, while the
coupling impedance is more than 1&2. It shows that the coaxial
helical groove is a wide-band slow-wave structure with high-power
capacity.

Index Terms—Coaxial helical-groove slow-wave structure, cou-
pling impedance, dispersion relation, slow-wave structure.

|. INTRODUCTION Fig. 1. Configuration of a coaxial helical-grove circuit.

S A KEY component of beam-wave interaction in a trav-

eling-wave tube (TWT), the slow-wave circuit directly in- aper, this structure was analyzed in the slow-wave regimes.

fII_L\J/s_rF,ces the IWTbS cgar_zct::]erlbs tltcs.l It |_r;fluences not on_![y t | e expressions of dispersion relation and coupling impedance
S operation bandwiath, but aiso 1S power capacily. ¢ ynq coaxial helical-groove structure have been obtained

most cases, there is conflict between the bandwidth and POWEr Using the field-matching method. These expressions are
capacity. This problem is to some extent linked to the ope

eneral ones, and they can be easily changed into those of its

ness of the s_,lo:/r\:-wave system_![i]]_. AW'dfr. b%ndmdt_h re?u'rjaecial cases, i.e., a helical groove [10], helical groove with
an increase in the openness within a certain dimensional range.. . -~ 4 o [12], and helical groove with an outer

On the other haqd, to improve heat dissipation'and to incre% inder (no report was seen by the authors of this paper).
the power capacity requires more closeness with the metal ensive calculations of the obtained dispersion relation and

velope. Therefore, the often used slow-wave system, helix Auoling i . . - .
upling impedance with a variety of structure dimensions
coupled cavity, is of either broad bandwidth or high-power C&; Ping imp Y

itv. With the devel t of ¢ technoloaical i ave been carried out. This paper is organized as follows.
pactty. Wi € development of recent technological INNOVEsy gy | presents a brief introduction. Section Il presents the
tions, some larger power helix TWTs [2]-[6] and middle-ban

led ity TWTs [71 h b built. H th q eld expressions in the circuit and the relations between the
coupied-cavity s [7] have been built. However, these ylindrical and helical coordinate systems. Sections Il and

vices do not completely meet the need of Qevelopment thigI / deal with the derivation of the dispersion equation and
power and broad-band TWTs. Thus, seeking a new slow-w coupling impedance, respectively. Numerical results and

stru.(;tur_e p(I)tssessmgI; proa:_ier bapdmd:h ?nd higher power §fcussions are presented in Section V. A short conclusion is
pa_ltz:qy simu a}[neotusy 'S St \':e;y.lmtphqr ant. il resented in Section VI. Finally, dispersion relations, expres-
€ new structure presented in this paper 1S a coaxial g o longitudinal electric fields, and power flows for the

Ilcal-groovg one, as shown in F_|g_ L.Itis an aII-mgtaI circUlhyree special structures mentioned above are presented in the
Therefore, it possesses properties such as large size, good ndix

dissipation, and so on. As it is a coaxial system, its lower cuto
frequency is zero. Therefore, it can be a broad-band and high-
power circuit. II. FIELDS IN THE COAXIAL HELICAL-GROOVE CIRCUIT

The ordinary helical-groove waveguide was studied both - . .
in slow- and fast-wave regimes [8]-[11]. The helical-groove AS ShoWnin Fig. 1r,, 7, andw are the inner and outer radii
system with an inner conductor was also analyzed [12]. Ho@nd groove width of the inner groove, respectively. Whilery,

ever, to the best of the authors’ knowledge, no reports about %rédW are the inner and outer radii and groove width of the outer

. : roove, respectivelys refers to the relative displacementin the
coaxial helical-groove system have been seen up to now. Intfis _., .. L .
ongitudinal direction between the inner and outer grooves. We

assume that the inner and outer grooves have the same period
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Fig. 2. Diagram for the relation between cylindrical and helical coordmafé

systems on surface = ry.

» Region I, the inner groove space

7o ST LT
w w
<m+%)L—E <z < <m+%)L+E.

» Region Il, the interaction region

ry <r < 7.
 Region I, the outer groove space

7e <1 <71y,
<m+%)L+S—g <z < <m+%)L+S+%

wherem is the order of the groove.

written as (1), shown at the bottom of this page, whgrands,,

are the radial and axial propagation constants ofrdtiespace
harmonic, respectively, w, andyq are the order of the space
harmonics, angular frequency, and permeability of free space,
respectivelyk is the wavenumber in free spacesff = k? —

32 < 0, thenth space harmonic represents the slow-wave mode,
thenf, (v, ) = L, (vn7), Gn(vnr) = K, (v.7), and the upper
sign of “£” or “F" in front of some expressions should be used.
If v2 = k% — 32 > 0, thenth space harmonic is the fast-wave
mode, and thedt, (v,,7) = Jn(vn7), Grn(ynr) = Yo (y,7), and

the lower sign of 4" or “F" is used.f,, and K, represent the

rst and second types of modified Bessel functions of order
respectivelyJ,, andY,, are the firstand second types of ordinary
Bessel functions, respectively.

It should be noted that the axial and angular harmonic num-
bers in (1) are the same. This is because helical groove struc-
tures have periodicity in both axial and helical directions. With
respect to the axial translation by a distante: L, the angular
translation would bez’/L)2x. Making use of this condition
and Floquet theorem, it can be shown that the axial and angular
harmonic numbers in (1) should be the same.

B. Fields in Regions | and IlI

In the grooves, the modes with higher orders are evanescent
ones. Only the modes with a homogeneous electric field across
the breadth of the grooves need to be taken into account [12].
We assuming waves in the grooves propagate along the he-
lical direction. The longitudinal propagation constants for the
modes with a homogeneous electric field across the breadth of
the grooves are zeros, therefotg,= k. Waves in grooves are

For the convenience of expressing the fields, in Region fASt waves. Fields in regions | and Il can be written as

the cylindrical coordinates, ¢, andz are used, in Regions |
and lll, the helical coordinates, 8, and¢ are employedéd is
along the helical direction. The direction &fis perpendicular
to the directions of andé. The relationship between the two
coordinate systems on the surface- r, is shown in Fig. 2. It
will be discussed in detail in Section II-C. The relationship o

r = 7. is similar.

A. Fields in the Interaction Region

E.I 1717 [AI IIIJ (]w) —I—Bl{’IIIJ_,,(/W’)] ijz/(')

H7I 17 _ m [AI{,IIIJV(]CT) _,’_BI{,IIIJ_V(]CT)] e—ju@

HQI’IH _ _jw [Al’I”Jz//(kT) —|—Bl’”’]l_y(k7’)] C—Jue
E{J[[ _ E.g,IIIO: Hé’lll -0
)
wherer is the azimuthal propagation coefficient referring to
the wavenumber in one revolution. Whenis an integerv,

Both the slow and fast waves may propagate in the interactign , (k+) in (2) should be replaced by (k). Itis clear that
region due to the metal envelope of the structure. Expressed in

TE and TM modes, the fields in the interaction region can be Bol = 2wy

nﬁ

B = En__ooﬂF (A Fo(ynr) + By Ga(

T n=—oo

oo k2,
Hil =330+ {

Who

7

1= 50 o { b [AL B () + BY Gl (ar)] =

Y1) — whoTn [C’”F’(fy )+ DG (1)

(AL E () + BEGH ()] — "2 [CHLE, (307 + DH G
HIT = j53% 22 [CI B (o) & DH G (ur)] ¢ = 1)

nwiio [CIT Fo(ynr) + DY G () ]}C 3B 2—nd)

e~ 3(Bnz—n¢)

n [ F ( n? ) ‘En Gn(’yn7):| & j(,ﬁnz *ntﬁ)
—j ( )
{_ [ n n(’Yn ) 7{ Gn(’Yrﬂ)] nﬁn I:Onl 7’/1(’777/7) Dl ZG/ ’Y } (’871, n )
wpor Y P 1

e~ (Bnz—nd)
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and

3

C. Conversion Between Cylindrical and Helical Coordinate
Systems

Supposeyp., ¢, v, andp, are pitch angles on surfaces
=T, T = Ty, I = T, andr = ry, respectively. If all the
pitch angles are small enough, i.ean, = L/(27r,) < 1,
tany = L/(2nrp) < 1, tanp. = L/(2a7.) € 1, tan @y =
L/(2mry) < 1, thend can be measured by its projection on the
plane perpendicular to the axis. In practice, perlots small
compared with radii, thus, it is reasonable to meaguby its
projection.

It can be seenin (2) that electric fields in Regions | and Il are

L]
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I1l. DISPERSIONEQUATION

To obtain the dispersion equation, the following boundary and
matching conditions of fields are needed.

Boundary condition on surface= r,

Eg cosp, = 0. (5)
Boundary condition on surface= r4
EgH cos g = 0. (6)

Matching conditions of electric fields on surface= r,
are shown in (7) and (8) at the bottom of this page.

Matching conditions of electric fields on surface= r.
are shown in (9) and (10) at the bottom of this page.

independent of, but they are related t6 and, therefore, ta. * Matching condition of magnetic fields on surface- r,
When matching conditions of the fields at boundaries are used,
the relations between cylindrical and helical coordinates need
to be known. As shown in Fig. 2, suppose coordinétesd >

at point on the central line of the groove aflg = 2m= + ¢
andz, = [m + ¢/(2w)] L, respectively(? is an arbitrary point

at the axis on surface = r,. R is the projection ofy} to the
helical direction. Suppose the change:dfom point P to point

Q is 2/, then the variation fof is

_ PRcos g,

Tb

Hilcos%—i-HZHsin% = H]. (12)

Matching condition of magnetic fields on surface= .

Hilcoswc—i—HgIsin(pc = HH (12)

According to field expressions (2) and boundary conditions (5)

# sin gy cos @ and (6), field coefficients in regions | and Ill can be written as

Af

"t Al = — ELI_ (kr,)

Bl =ElJ,(kr,)
AT =BT (k)
B = — EJ"J, (kra)

thus,

’ .
2 Sl @y, COS Yy,
)+ .

0=06,+A00=_2nr+¢
Tb

4

Expression (4) indicates the relation between cylindrical and
helical coordinate systems on surface- r,,. Their relation on where Ef and EZ!! are ratio coefficients in regions | and Ill,

surfacer = r. is similar. respectively.
Eflcos% m—i—i L—ESZS m—i—? L—i—E
gl _ 27 2 2 2 @)
"o T £ T W)
| T o 2 =7=\""T o, 2
— gsimpb m—i—i L—ESZS m—i—? L—i—E
7 _ 2m 2 2 2
ws PV\p4 Y << VL _“ir ©
\0 <m+%> +5_2_<m+%> —54‘
( W W
Eg““’cowc m+i L+S5——<z2< m+i L+S5+—
B = 2 - 2 . (©)
= ¢ w ¢ w
0 m+_—|L+S+—-<z<|[m+_~-|L+5-—+1L
L 2 2 27 2
( w w
—Eg”simpc m—i—i L+S——<z< m—i—i L+85+4 —
Ir 27 L 27 2
E¢ = ¢ W ¢ (10)
0 m+—|L+S+-<z<|m+ - |)L+5—-—+1L
L 27 2 27
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By making use of the above coefficients and (7)—(10), we Q. (x,y) =F(7:2)G. (Ya¥) — Gn(¥ax) F. (YY)
can obtain the coefficients of fields in region II, as shown in g (; . J_b(ky) J! (kx) — ( v)J. (kx)
(13)-(16) at the bottom of this page, where

Qu(w,y) =Jy(kx)J"(ky) — v (kx) T (ky)
. [(n+vcos? z)ry sin <
sin f w = /3 w
M = n
(2,9) (n + vcos® z)mry 2
L sin bl
P,(z,y) =T, (kx)J_,(ky) — J_,(kx)J,(ky) g 2
W=7
Po(x,y) =F(v7) G (vny) — G (¥ x) Fn(vny) MW
Tn :CjQﬂ'nS/L 2
(%) =— <i% - tany)
Yk x The obtained dispersion equation [i.e., (17)] is a general form

Sp(z,y) =F, (7n2)Go(my) — Gr(mn) Fl (vny). for helical-groove type circuits. It can be easily changed into
the dispersion equations of the following three special cases:

1) helical-groove structure without an inner groove;

2) helical-groove structure with a coaxial inner conductor;

3) inner helical-groove structure with an outer cylinder (see

Substituting (13)—(16) into (11), we can get the relation between
E} and E}1. Substituting (13)—(16) into (12) and using the
relation betweert} and EX!!, the dispersion equation is then

. ) . . Appendix).
finally derived as shown in (17) at the bottom of this page, where ppendix)
IV. COUPLING IMPEDANCE
U, _ wM(pp, w)Py (ra;m1) COS 9y In a TWT, coupling impedance, which is a measure of the
YnlL coupling between the electric field and one electron beam in
U _WM{(pe, W)Pu(re, ra) S pc the interaction region for a given electromagnetic power, deter-
nl mines the coupling between the wave and beam. It is an im-
R, (z,y) =F! (7,2)Gn(vny) — Go(vnx) Fn(vny) portant parameter for the gain and efficiency of a tube. From
Ir EéM 9007 P'(Tav Tb) COs QabGn(’ynTc) WEOT’InnM(QOca W)PU(Tca Td) COs QacGn(’YnTb)
All = - (13)
721 P (Tbv Tc) Pn(Tbv Tc)
_ WES "1 M (e, W) Py(re,74) cos g Fp(1nrs)  wE!M (05, w)Py(rq,73) €08 0 Fr (ynre)
B) - 14)
L 721 Pn(Tbv Tc) Pn(Tbv Tc)
k
C)l ==+ hio? { LE o M (05, W) Py(ra, )G (Ve )T (13, 1) coS @0
= B M, WP (e ) Gl (YT (s 92) 005 0 b (15)
7 0 n cs vile,Td n\In’b cy¥e c Sn(Tb,Tc)
k w
17 I . . - -
DI =% L B M (o )P ) ELr )T ) cos
= B M (00, WP, (e, 1) For YT (1 ) o8 9 b ——— (16)
L 0 n [}] viley n\ n [ £ c Sn(Tb,Tc)
oo Rn (Tca Tc) Qn (Tca Tc) SVV
:l:Uw —_T)cch)7 ~ 7 N -
Zn—oo |:P'n (Tb, ’c) (7 SO ) (71) Sab) Sn (Tb, TC) COs SO -
Qo (1o, 1) 0o R, (rp,7e) Q. (ry,7e)
RMAAMMLAS +, | 2 P2y )2 s
A + En,:—oo P, (rp,7e) (75, 08) S, (15,72 Cos YpSw
R, (re,7q) Qn(re,7e) R, (ry,7e)
— U - _T2 "¢y Pe —7 (aS
k + En:—oo W Pn(Tbv Tc) (7 ) (p) Sn(Tbv 7c) 08 Peow
- Qn(re,m) R, (ry,7) (17)
oo n\Tb,Tb n\Tb,Th
U | 222220 Tre, 00 )T (1, 0p) 222 S
Enzfoo wil |:Pn(7’by7)6) (7 ¥ ) (7b Sab) Sn(Tb;TC):| e
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Pierce’s theory [13], the coupling impedance of tif space
harmonic is defined as
_ Ef«nEfn
o o2m2P

(18)

wherekE.,, is the longitudinal component of theh space har-
monic at the position of the electron beam, &y, is its con-
jugate.P is the total power flow through the whole circuit

P:PI_i_PIII_i_ZPT{I

where PT and P! are the power flows in regions | and llI,
respectively.P!! is the power flow of the:th space harmonic
in region 1.

According to (1), we have

EIL (B =t [AY Fu(yr) + BEGa(vr)]”. (19)
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Fig. 3. Dispersion curves for a helical waveguide (for comparison with [10])
rq/r. =4.0,L/r. =05, w/L=W/L=04eir,/r.=ry/r.=0.0;f:
ro/Te =1ofTe =03, g:1a/re =15 /1. =0.6;hira/re =15 /r. = 0.8.

To shorten (21)F,.(v.7), Gn(vn7), €tc., are written as,,, G,

Using the obtained expressions for the field coefficients, t4C

power flow in each region can be written as follows:
" I IN*
/ E; (H,) dr
()
dwpg

. {PE(Tm 7’b) —kry |:J—y(k7’a,)Ju_|_1 (/{;7’;,)

w

0

A1)y )

15]
. gpu(Tav 7o) Fhry Py (ra,7s)

aa,, (s ora)duga (o) + T () Ty ()] }
(20)

pit=son [ (B (1) - L (1) ] v
K6,
dwpg
(AT P 3B o) + (A Fan T B Gun)”

— (A P+ B G) (A Fra+ Al Fros

+BHG, o+ B Gn+2)}

7r('7n7’)2

Te

b

1
+ Zwuoﬂﬁn

(’YnT)Q [(Criianl + D{LIanl)Q
+ (CrllIFn—l—l + D{LIGn—l—l)Q
- (cHMF,+DHa,)
. (O{LIFn_2 +O,rILIFn+2

+D7[LI Gn—2 +D7[LI Gn—|—2) :|

Ta

Ty
-8 (ALl CL BB DG

Ta

+ (BIC+ Al DIT) Gy F

4

(1)

" Eg[[ (H,{II
w
dwpo (£
: {Pf(rc, ra) + kre [J_,,(krd)J,,H(krc)
+ k) ey (hre) |

pr :%W )" dr

Te

éII) 2

a

o
d

av

PV(TC7 Td) - chPz/(ch Td)
[J,V(m)JVH(kTC)

+ Jy(krd)J,@H)(krc)] } 22)
In the process of deriving®’ and P!, some relevant integral
formulas of Bessel functions are used. Substituting (19)—(22)
into (18), the expression of the coupling impedance for a coaxial
helical-groove circuit can be written out directly.

Similarly, the expressions of the coupling impedance for the
three special cases can also be derived (see Appendix).

V. RESULTS OFNUMERICAL CALCULATIONS

The dispersion relation, i.e., (17), is a very complex tran-
scendental equation including the integrals of different types of
Bessel functions and the summations of infinite series. Fortu-
nately, the series converges rapidlyramcreases. Considering
only four terms, i.e.p = —2, —1,0, and1, we can get solution
with a relative error of less than 16. In the practical calcula-
tions, seven terms were taken into account. To verify our calcu-
lation, we compared our results with Foulds and Mansell’s re-
port [10] for a special case of the coaxial helical-groove struc-
ture, i.e., a helical-groove structure with a coaxial inner con-
ductor. Fig. 3 shows our calculated curves. They are the same
as [10, Fig. 25].

Using the data from the calculation of dispersion relation, we
calculated coupling impedance according to (18). The coupling
impedance is calculated by assuming that a thin electron beam
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Fig. 4. Dispersion curve and coupling impedance change with parameterFig. 5. Dispersion curve and coupling impedance change with paratheter
(a) Dispersion curves. (b) Coupling impedang¢r. = 0.71, r./r. = 2.86, (a) Dispersion curves. (b) Coupling impedancgr. = 0.5, r,/r. = 0.8,
L/r.=036,w=W =0.14,5=0021r./r. =0.29;2:r,/r. =043; rq/r. =40, w =W =01,S=001L/r.=0.25;2:L/r. =0.5;3:
3ir,/r. = 0.57. L/r. = 0.75.

moves along the ports of the outer groove, i.e., the radius arfid the rate of phase velocity changing with frequency increase
the electron beam is equal g, except in the case of the innera little, therefore the bandwidth decrease a little. The coupling
groove with an outer cylinder where the radius of the electrampedance drops with the increase of period, as shown in
beam is supposed to hg. All the impedance curves refer toFig. 5(b).
zeroth-order space harmonic. Fig. 6 is an optimum calculation result, i.e., the bandwidth is
The calculation results are described as follows. The normabtimized while keeping the coupling impedance equal or larger
ized phase velocity and coupling impedance varying with réhan 16£2. It can be seen from Fig. 6(a) that fbr. changing
diusr, are given in Fig. 4(a) and (b), respectively. It is clear ifrom 0.167 to 0.310, the phase velocity changes from 0.484 to
Fig. 4(a) that phase velocity increases with This is easy to be 0.460; the variation compared with mean value, 0.472, is less
understood. With the increase f, the inner groove becomesthan 5%. If calculated according to this variation, the cold band-
shallower. If both the inner and outer grooves become shalloweidth reaches 60%2x(0.310—0.167)/(0.310+0.167)). Mean-
and shallower, the structure approaching a coaxial line, and thehile, as shown in Fig. 6(b), the coupling impedance of the ze-
the normalized phase velocity should approach one. Obviouslyth-order space harmonic is greater than{d60n the other
the shallower the grooves, the higher the phase velocity. Ithand, the coupling impedance of thé& space harmonic is very
consistent with our calculation. By the phase velocity changirsgnall, and this behavior is very important for TWTs.
with frequency (or wavenumber), the cold bandwidth of a struc- Fig. 7(a) and (b) is a comparison between a coaxial helical-
ture can be estimated. Within the operation region, the mageoove structure and a noncoaxial one. Curve 1 is for the coaxial
slowly the phase velocity changes with frequency, the wider thelical-groove circuit and curve 2 is for the noncoaxial circuit.
bandwidth. It is clear in Fig. 4(a) that with the increase of It is obvious in Fig. 7(a) that the phase velocity of the coaxial
the bandwidth decrease. In Fig. 4(b), the increase of couplihglical-groove structure changes much more slowly than that
impedance withr, is also understandable because the fields anéthe noncoaxial helical-groove structure, therefore, the band-
pushed into the interaction region by increasigg width of the coaxial helical-groove circuit is much broader. Nu-
The influences of the structure period on the slow-wawaerical calculations also show that the two special coaxial struc-
characteristics are indicated in Fig. 5(a) and (b). As shown fares, i.e., the: 1) helical-groove structure with a coaxial inner
Fig. 5(a), with the increase of peridd the phase velocity rises conductor and 2) inner helical-groove structure with an outer
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Fig. 6. Calculation of optimized bandwidth while keeping coupling=ig- 7. Comparison between the coaxial helical-groove structure and its two
impedance larger than 18 (a) Dispersion curves. (b) Coupling impedancespecial cases. (a) Dispersion curves. (b) Coupling impedanee 1.0, 74 =
'ra/‘rC = 0,44’,‘5/7‘(‘ = 0_67"[‘4/]'6 = 4-44111/"(‘ =0.67,w =W = 0.44, 40, L =06, w =W =031:r, =04,r, =0.8;2:r, =1, = 0.8;3:

S = 0.0. r, = 1y = 0.0.

cylinder, can also reach broader bandwidth. The most distifglocity and coupling impedance varying with some structural
guishing difference between the coaxial helical-groove strugimensions are given and analyzed. Calculation results show
ture and these two special cases are that the phase velocit{gf the cold bandwidth of the coaxial helical-groove circuit
the coaxial helical-groove structure is lower and easier to adjus&n reach 60%; meanwhile, its coupling impedance is more
The bandwidth of the coaxial helical-groove structure is a litti§an 16€2. As it is an all-metal structure, its power capacity
broader. Fig. 7(b) shows that, at its narrow operation frequen%@oum be high. Therefore, the coaxial helical-groove structure
range, the noncoaxial helical-groove structure has a higher cofiesented and analyzed in this paper is suitable for broad-band
pling impedance. and high-power TWTs.

From the above analysis, it can be seen that the coaxial he-
lical-groove structure has a low dispersion, namely, it has a large APPENDIX
potential application in broad-band TWTs. However, compared EXPRESSIONS OFDISPERSIONRELATIONS, LONGITUDINAL
to a coupled-cavity structure [14], the value of the coupling ELECTRICAL FIELDS, AND POWER FLOWS FOR THETHREE
impedance is relatively low, which would lead to a decrease BPECIAL CASES OF ACOAXIAL HELICAL-GROOVE STRUCTURE

the gain and efficiency of the device. The coupling impedance gf Helical-Groove Structure Without an Inner Helical Groove

this type of structures can be increased to some extent by ridgeS, here . helical inthi f
loading at the inner groove mouth [15]. ince there is not an inner helical groove, in this type of struc-

ture
VI. SUMMARY
: . o Ta=Ty =0
The coaxial helical-groove structure has presented in this —5—0
paper. Its dispersion characteristic and coupling impedance are ; o 1_
analyzed by the field-matching method. The obtained expres- A, =B, =0

sions of the dispersion relation and coupling impedance are B}/ =D!! =0

general forms, and they can be easily changed into those ofthe ,; W __;;; o
three special cases. The calculated results of normalized phase”n =7, £0 M(pe, W) P, (re;ma)

COoS ..

’Y%Fn (’YnTC) (A-l)
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and

| Cos <pck 124
qu’yQ L

T(re,pc)
El (ynre)
A

ci = —EM I M (o, WP, (r¢,74)

The dispersion equation becomes

Rl/ (Tca Td)
Pu(Te,Ta)

Wni:mi {

=0.

It is the same as that given by Foulds and Mansell in [10].
The expression foE.,, EZ, can be written as

w F ( ) 117 2
Eanik =|-=M caW P, ey T 7E
zn |:L (4,0 )COS()O y(7 7d)F (’Yn c)
(A-4)
The power flows in the three regions are
P’ =0 (A-5)
k23, 2
P! =gt (42)
(F 4+ Fy = FuFoy — FuFoy)
3 2
+ %wu(ﬂr(%rf (cH
’ (Fg F3+1 FoFa s — FnFn—|—2)
—n (k> + 32) WA,ILIC,ILIFE} (A-6)
0

whereA!! andCI! are given by (A-1) and (A-2), respectively.

To shorten (A-6).L, (v,7), Fr—1(vn7), €tc. are written a$,,,
F,_1, etc.
P! has the same form as (22) in Section lIl.

B. Helical-Groove Structure With a Coaxial Inner Conductor

In this type of structurew = S = 0, AL = B = 0, but
rq = 1 # 0. Thus, in the expressions of fields, there exist not
only the first type of Bessel function, but also the second type.

The coefficients of fields are simplified as

ArILT = A(gTGn (’VnTb)
B! = A Fy(vam)
clt = 1@, (3m) (A7)
DIf = —ClF ()
where
w PI/(TC Td) COS @,
A = — —FHI N, Wy 2/ e A-8
0 I, 0 (QO ) ) Pn(Tb, TC)’Y% ( )
154 P,(re,rq) kcos ¢,
Cll = —EMM(p., W 2 T(re, @c).
0 + L 0 ( ’ )Sn(Tb;Tc) ’Yﬁwuo (7 4 )
(A-9)

The dispersion equation can be written as

R (7c77d Z 7077)c)
Po(re,ma) T = Po(ry.re)
R (7’;, re)
_ . 2-"n e 2 27 — _
T(re,oc) —Sn(Tbﬂ’c) cos” ¢S = 0. (A-10)

It is identical with the result obtained by Henoch in [12].
The expression foE., E%,, is

W 2
E..E', = fM(<pc, W) cos . P, (re, rd)EgH}
P2(ry,7)
Pn,ry O
The power flows in the three regions are
Pi=o (A-12)
k2| A 2
I7 1 . II
Pn :m'ﬂ'(’y’n,f/)Q (AO )
: {[Gn(’}/n”})Fnl + Fn(’YnTb)anl]Q
+ [Gn(’YnTb)Fn—l—l =+ Fn(,}/rﬂb) n—l—l] (71)7 )

: |:Gn(’7n7)b)Fn72 - Fn(’YnTb)anQ

+ Gn(’YnTb)Fn+2 - Fn(7n7)b)Gn+2:| }

+ qonofur(ar)? (C41)°
A GL B £ B Gl
+ [G;L(’YnTb)FnH + Fr/L(’YnTb)GnH]Q + Ry (73,7)
. [G;L(’YnTb)Fn—Q — F (y27) G2
Gl ) g = )Gz )
—n(k? + B2 ywAllCl?
- { (G ()G () B2 + Fo () El (ra7) G2]

— | Gam) Elm)

Ty

Te

+ F, (’YTLTIJ)G’IN (’7n7)b):| FnGn} (A'13)

Ty

whereA!l” andC/’ are given by (A-8) and (A-9)P"! has the
same form as (22) in Section lIl.

C. Inner Helical-Groove Structure With an Outer Cylinder

In this caser, = rq, W = § = 0, andAl!! = BT — 0,
The boundary condition on surface= r, is EH EH =0.
Making use of this condition, we can get

Al = B G, (yre)

BII BIIF T

CII DéIG/ (’5:%) ) (A-14)
Dit =~ ()



YU et al. ANALYSIS OF COAXIAL HELICAL-GROOVE SLOW-WAVE STRUCTURE 199

where Substituting the power flows and longitudinal field components
into (18) in Section 1V, the coupling impedance for each special

case can be obtained directly.

w 1 P, (rq,74)

Bt =——EIMm mLAMLLALEA A-15
0 L ’Y,r% 0 (SOZN w) Ccos Qab Pn (Tb7 TC) ( )
k cos ¢y, P,(rq,m)
DH::I:EEIM/ ———T(r =
0 7 Eo (o5, w) Zworo (15, @p) Sl o) REFERENCES
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