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The linear theory of electromagnetic radiation from a high-power backward-wave-oscillator (BWO), travelling-

wave-tube (TWT) with plasma-filled, sinusoidally corrugate waveguide driven by an intense relativistic electron beam

(IREB) has been derived and analysed numerically. A general dispersion relation is presented for analysing a plasma-

filled corrugate waveguide immersed in magnetized plasma in this paper. It is shown that the linear theory developed

here is in good agreement with the previous work.
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1. Introduction

Many experiments have reported an improved ef-
ficiency in high power microwave generation by us-
ing plasma filling in backward-wave-oscillator (BWO),
travelling-wave-tube (TWT) and other microwave
devices.[!=4 The study of beam-wave interactions in
the plasma-filled microwave devices has formed a new
field of science and technology, namely plasma mi-
crowave electronics.[2®! Although a large number of
papers have been published recently, there still re-
mains much work to be done. The mechanisms of
beam—wave interactions in plasma-filled devices are
not yet completely understood. For example, a mag-
netized plasma fill couples the TE and TM modes in
waveguides and resonators. This coupling generates
the hybrid HE and EH modes.5~ 7 Furthermore, the
magnetized plasma fill gives rise to a variety of propa-
gating waves which could not exist in the vacuum case

or even in the case of a plasma fill without a magnetic

field.[8]

A combined scheme of plasma filling in a non-

uniform slow wave structure (SWS) is investigated to
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The lin-

ear dispersion relations of quasi-TE mode or quasi-

further increase microwave output power.

TM mode!® for a sinusoidally corrugated, metal-wall
SWS are extended and analysed for the case of an
IREB. The results of numerical analysis are compared

with the experimental results and previous work.
2.Basic physics equations

The model we used is schematically shown in
Fig.1. Tt consists of an interaction chamber made of
an infinitely long axisymmetric corrugated-wall. This
waveguide is immersed in an electromagnetic field
with a plasma-fill. After a solid IREB injection along
the axis into the waveguide an ion-channel is formed.

The metal wall is assumed to be perfectly con-
ducting. The wall radius R(z) varies according to the
relation R(z) = a + bcos(koz), where a is the average
radius, b is the corrugation amplitude, kg = 27/L, and
L is the axial length of the corrugation period. There
are infinite space modes in the corrugated waveguide

and its phasic constant can be given by

2mn

kzn:kz+

, - (n=0,+1,42,...).
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A solid TREB of density n; and radius 7, prop-
agates through the waveguide, which is loaded com-
pletely with a cold magnetic collisionless plasma col-

umn of uniform density n,. The plasma is assumed

R(z)), the ion-channel
is assumed as region II (r, < r < 7;), and the solid
TREB is assumed as region III (r < 7).

as the first region I (r; < r <
<

ion-channel

Fig.1. The uniform magnetized plasma-filled sinusoidally corrugated slow-wave structure

with a perfectly conducting wall. The ion-channel effect is taken into account.

During the solid IREB head propagation through
the plasma, it continuously expels the plasma elec-
trons from the beam volume, leaving the relatively
immobile ions fixed to provide focusing for the remain-

der of the beam. These un-neutralized ions occupy a
n,

cylindrical volume of radius r; = 7y, / —b, which forms
Tp

[5,6]

the so-called ‘ion-channel’. So the radius of ion-

channel is related to the radius, electron density of

the TREB and electron density of plasma.
2.1. The field components in each region can
be obtained as follows

For region I (plasma region, r; < r < R(z)), we

have

E. n = A7 nJo(pir) + Ag nNo(p17)
+Ag nJo(par) + A10nNo(p2r),
H, , = A7 ,hiJo(pir) + As nhiNo(pir)
+Ag nhoJo(por) + A1o,nhaNo(par).

For region II (ion-channel region, rp < r < r;), all

electrons are expelled from this region, so we have

Ez,n = A3,nJ0(ch) + A4,nN0(ch); (2)
Hz,n = AS,nJO(ch) + A6,nN0(kc'r)-

For region I1I (IREB region, r < r3), we also have

Ez,n = Al,nJO(a:nT)a

3)
Hz,n = A2,nJO(Inr)a

where

22 =K —k2,)[1-

n

7w =
kR ®)
For symmetric modes (m=0), the corner part of the

field is Eg n, Hg n and the radial part can be expressed

as
17 OF o0H
Ep=—|—ik.K*—2" k2 —=n 6
’ D_‘]’ or +w'u0g8r }’ (6)
170 oFE OH
Egn == |konk? —" + jupo K2 —20 7
0 D| ™9 or +who or ]’ (7)
1] . O0E. n
Hyn =5 _ — jweo(e1K* — Egkg) 81«7
o0H
ey k2 —20 8
+ Kznky or } (8)
1 oOF o0H
H’rn:_ - k2 z,n_.kanzi
) D [ wEOEQ z,n a,r ] s 87" :|7 (9)
where
D =K* -k,
K? =42 4 k2e,,
v =ik,
kg :w2u0505g = k2z-:g,
€g = |52| )
€2 = _ng:
(v + k2e1) 2> — P2,
hiz = a4

. €2 ’
Jwpoy —
€1
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1
P, 25[72(51 + e3) + k*(e163 + €7 + €3)]
1

1
o {[V?(es — €1) + k*(e165 — €5 — £3)]?
1

+ 4k2725353}1/2;
2(1-36
U 3 b L)
(1-j6)2—r
jré?
fg =T
TS
52
=1
e 1-j8’
gzﬂ P GO
w’ w’ w '’
2y 1/2
B
BO :Boez7 wp = (nee > wc = 6—0
meg m

2.2. The field must satisfy the following conti-
nuity and boundary conditions

For |r| = r;, we have

I Il I _ Il
Ez,'n =FE Ee,n -

z,m) 0,n
1 _ Il I _ I
Hz,n _Hz,'rn He,n — Ho,n- (10)

For |r| = rp, we have

III _ Il III _ Il
Ez,'n _Ez,nﬂ Ee,n - Ee,nﬂ
IIT _ g7II IIT _ 7yII
Hz,n _Hz,'rw HG,n - Ha,n‘ (11)

For |r| = R(z), we have

) i dz
dR
H,+ HﬁmE =0. (12)

Substituting Egs.(1)-(9) into Egs.(10)—(12), we
obtain the following matrix expressions:

o0

D-A= Y Dn.A,

n,s=—00

io: (FO,l)n,s (FO,Q)n,s
n,s=—00 (Goal)nys (0072)7%3
Ain
x| | =o. (13)
A2,n
To ensure that the equations can be solved, the
value of their coefficient matrix must be zero. So the
‘hot’ dispersion relation for the magnetized plasma-
filled BWO or TWT is expressed by the determinant
equation

D = det[D,,] =0, (14)

where

(Fo,1)n,s =C1-[1+ (n—8)Qu] - Cla
+Ca 14 (n—15)Q1]-CN,
+Cs-[1+ (n—5)Qs] - Clyy
+Cy-[14 (n—35)Qs]-CN,, (15)
(Fo,2)n,s =B1-[1 4 (n— 5)Q1] - Cilyy
+ By [1+4(n—s)Q1]-Cpyy
+ B3 -[14(n—s)Qs]- Cil,y
]-CX

+B4' [1+(7L—S)Q2 ns2’ (16)
jkoh
(GO,I)TL,S :Cl : Pnl . Sisl + (n - S)J;—l ! T’I'{Sl
1
_ b ;
+Co- Pnl‘Sr]Xal‘f'(n_S)H—l‘Tﬁl
| b1 i
- - :
+C3' Pn2'5i92+(n_s)‘] 02 'T'r.z]s2
B D2 ]
- b :
+Cy- Pn2‘5£2+("_5)J L TN |
B D2 ]
(17)
jkoh
(Go,z)n,s =B: - |Pn- Sisl +(n— 5).];—1 'Tr.L]sl
1
[ jkoh
+ By | Pu1 - Spy ‘1‘(”_5)J0—1 Tty
L D1
- e h :
+ By Py Slp+ (n— )22 T
L D2 ]
- b :
+ By |Puy- SN, + (n—s)0"2 N ||
L P2 ]
(18)
in which
wepe k2 + K?jk,h
Pnl :pl( 0cg 5 J 1), (19)
wepe k2 + K?jk,h
P, :P2( 0€g — J 2)’ (20)
ko(sz2 +jwu0h1k2)
Qi = Hemoli®) ()
ko(sz2 +jwu0h2k2)
Qs = 5 97, (22)
Here, Cr{sl’ Cé\ip Ch]sza Cﬂzi 57{517 Sﬁh 55527 Sr]yszi
TS, TN,, T/, TN, are obtained in our previous

paper Ref.[9]. Thus,

o waO 9 . 9
Ci=—- m(kz,nkg + jwpoK=ha)No(p17s)
X [UndJy (keri) + Vu Ny (keri)]
- Plthl(PlTi)

X [Undo(kers) + VaNo(kers)], (23)
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.10-)50

Elk2k (kz nk +JCUHOK hz)Jo(plT'z)
[UnJl(kc'ri) + Van(kc'rz)]

—P1h2J1(P17"z‘)
X [UnJO(kc'rz) + VnNO(kc'ri)]a (24)

jwe .
E.]lk;;{: (kz,nkg -|— qu0K2h1)N0(p2Ti)

X [UnJl(kcrz) + Van(kcrz)]
— p2hi N1(pars)
x [Undo(kers) + VaNo(kers)], (25)

WE
Eik2z? (kz nk +qu0K hl)JO(p2Tz)

x [UnJy(kers) + Vi Ny (ko))
— p2hy J1(pari)

X [Updo(ker;) + Vo No(kers)], (26)
Jwpio
e1k%k,
X No(p17s) - [UnJ1(kers) + VN1 (kers)]

+ p1N1(p1mi)

X [Updo(ker;) + Vo No(kers)], (27)
Jwpo
e1k%k,

X Jo(p17i) - [UnJ1(ker;) + Vi N1(kers;))

+ p1Ji(p1ri)

X [Updo(ker;) + VaNo(kers)], (28)
Jwho
e1k2k,
x No(pari) - [UnJ1(keri) + Vi N1 (kers)]

+ p2N1(pars)

X [UnJo(keri) + Vo No(keri)], (29)
Jwpo
e1k?k,
x Jo(pari) - [UnJi(kers) + Vo N1 (keri)]

+ paJi(p2rs)

X [Undo(kers) + VaNo(kers)]; (30)

Cy =

Cs=—

Cy =

Bl = — [kz,nkzhd —|—jw50(51K2 — Egkz)]

By =

[kz,nk§h2 +j(4JE0(ElK2 — Egk?])]
Bs=-—

[kz,nk2h1 + jweo(e1 K2 — egk?)]

By =

[kz,nkEhI +wa0(ElK2 — €gk§)]

U, = keJo(znrs) N1 (kers)
—zpJ1(znre) No(kers),

Voo = zpJ1(znms) Jo(kerp)
—keJo(znry)J1(kers).

(31)

3. Discussion and conclusions

The ion-channel being formed, it will focus the
TREB, so the additional induct field can be cancelled.
We first discuss the case that the induct field is ab-
sent, Bop=0. This case is significant, and the disper-

sion equation can be reduced into TM and TE modes
independently, and then we have

2 2
w,/w )~k

z,n)

pi=pi=y, =k(1-

making hy=0 and ¢, = y2/k2. For the TM mode, its

dispersion equation can be predigested

kok:n
(ol =1+ |1+ (0= 9052 - C2.
Okzn
+C [1+(n_ ) :| C’nsl a

(32)
where

C1 =yn[UnJo(keri) + Vo No(keri)| N1(ynri)
. i—?kc[UnJl(kcn) + Voo N1 (kori)] No(ynrs),
(33)
Co = — yn|UnJo(keri) + VaNo(keri)]J1 (Ynr:)
+ Z—ch[UnJl(kcri) + Vi Ny (keri)]Jo (ynrs)-
(34)

For the TE modes, the dispersion equation is predi-
gested as

|(GO 2)" 5| _|B3 [kz n ns2 + (n - S)k(] ns2]
+ By - [kz nSns2 + (n - S)ko ns2]| = 0
(35)

where

B3 =y, |UnJo(ker;) + Voo No(keri) | N1 (YnTi)
— emke|UnJ1(keri) + Vi N1(keri) | No(Ynti),
(36)
By = — yn[UnJo(keri) + VaNo(kers)| J1(ynTs)
+ emke[UnJi(kers) + Vi N1(ker;)] Jo(YnTi)-
(37)

The following parameters were used for our
calculation and analysis.
is a=14.45mm, the
b=1.45mm, the axial length of the corrugation pe-

The average radius
corrugation amplitude is
riod is L=16.7mm, the plasma electron density is
np=2x10* (cm™3), and the radius of ion-channel is
r;=4.45mm. From formula (32) a dispersion curve was
obtained as shown in Fig.2. Figure 3 was obtained
from the following formula (38) which was given in

our previous work released in Ref.[9]:
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k. ko URES
Fo1)ns =|1 — : c’
(Fo.0)n [ tn=s) K? } nat 2p(e1 K2 — 1)Jo(pr3) J1(pr:i)

x [J1(pri) Jo(pars)

— K?e1ppaJo(pri)Ji(per:)|[K2 J1(pri) No(par:)

— pp2Jo(pri) N1(par:)]

mr;

k, .k
X [l—i—(n—s) I’{2O]C;{S2—|—

x [K2Jy(pri) Jo(pari)

kz,nk0:|

X [1+(n—s) 2 cX

ns2-

13.0 1
{ a=14.45mm, b=1.45mm, r; =4.45mm
1 L=16.7mm, np=2x10'cm™3
12.0 4
Ny 11.04
= ] TMy,
~
"> 10.0
] A
9.0 4
] A: dispersion curve of TMpop1 mode,
8.0 calculated from formula (32)
"o 1 2 3 4 5 6
kz/cm™!

Fig.2. The dispersion curve obtained from formula
(32) (TMop1 mode).

13.0 1
{ a=14.45mm, b=1.45mm, r;=4.45mm
71 L=16.7mm, np=2x10"1cm=3
12.0 4
N 11.04
foe!
o J TMy,
S~
- 10.0
’ B
9.0 4
] B: dispersion curve of TMp; mode,
calculated from formula (38)
8~0 v L) v LJ v v v I '
0 1 2 3 4 5 6
k;/cm™!

Fig.3. The dispersion curve obtained from formula

(37) (TMp1 mode).

In Figs.2 and 3 two methods are compared and
we find a good agreement, showing the validity of the
theory. Figure 4 was obtained from formula (32) using
different beam densities, for which B is lower than C,
the other parameters being the same as Fig.3. The

‘cold’ dispersion curve of Fig.3 is also reproduced in

2p(e1K? — 1)Jo(prs) J1(prs)
— pp2Jo(pri) J1(par:)|[—J1 (pri) Jo(pars) + K2e1ppaJo(pri)Ji(par:)]

(38)

Fig.4 for comparison. For the media dispersion prop-
erties of electronic beam in the lower k, range, the
‘hot’ dispersion curves (B and C) show weaker dis-
persion property, which is closer to the real condi-
tions. The higher beam density would make a more
broadened frequency band of curve C than curve B. If
there is no electronic-beam, the ‘hot’ dispersion curves

B and C will coincide with A.

129 A: “cold” dispersion curve TMy;

A
10 1
N 8- B: “hot” dispersion curve
o] (voltage of electronic beam is U=200kV) .-
6- o
B —__‘/_,
4 " ’_ ettt
_—‘v““_.~ [od
C': “hot” dispersion curve
9 (voltage of electromc beam is U=400kV)
0 1 2 3 4 5 6

kz/cm™!

Fig.4. The ‘hot’ dispersion curves obtained from for-
mula (32).

In conclusion, a general ‘hot’ dispersion equation
of corrugated waveguide immersed in a finite magne-
tized field with ion-channel being taken into account
is obtained. The ‘cold’ dispersion equation can also
be deduced from the ‘hot’ dispersion equation. Many
forms and results have been obtained and discussed in
some special cases: e.g., dispersion relations with ion-
channel taken into account were obtained in the case
of the magnetic field being infinite or zero. If the ion-
channel is ignored, the dispersion equation will degen-
erate to the same form as given in the literature,[9—17]

showing that the above theory is correct.
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