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A helix type slow wave structure filled with plasma is immersed in a strong longitudinal magnetic field. Taking

into account the effect of the plasma and the dielectric, the system is separated radially into three regions. By means of

the sheath model and Maxwell equation, the distribution of the electromagnetic field is established. Using the boundary

conditions of each region, the dispersion relation of the slow wave structure is derived. The trend of change for the

radial profile of the axial electric field is analysed respectively in different plasma densities, plasma column radius and

dielectric constant by numerical computation. Some useful results are obtained on the basis of the discussion.
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1. Introduction

Helix travelling wave tube (TWT) is a kind of
very important microwave apparatus which can pro-
vide high energy output and can work perfectly in a
wide frequency range. It was first studied by Pierce
and coworkers in 1940s.ll Initially, the slow wave
structure was a single helix structure. Subsequently,
some variations of helix structure were developed such
as ring-loop and ring-bar structure in order to en-
hance the output power, interaction impedance of fun-
damental wave and restrain the oscillation of back-
ward wave. Recently, much attention has been paid to
the study of many kinds of plasma-loaded microwave
devices for efficiency enhancement.>=7 It has been
found experimentally that injection of plasma into
the microwave devices may enhance the interaction
and the output power. Plasma filling can also im-
prove the transmission quality of electron beam, even
make beam transmission without a guiding magnetic
field. The All-Russian Institute (VEI), Hughes Re-
search Laboratories and University of Maryland have
reported research achievements in this area. At first
their research focused on the backward wave oscilla-
tor (BWO). Then, research of plasma-filled TWT with
sinusoidally corrugated slow wave structure has been
reported. The output frequency and the operating

modes of these devices are changed a little by the in-
troduction of the plasma, but those changes are dif-
ferent when plasma is introduced in helix TWT. The
electromagnetic wave is supported by the helix cou-
pled with the electrostatic wave. Hybrid modes are
formed at frequencies where the phase velocities of
The axial electric field has
been changed dramatically as the plasma density in-

the two modes coincide.

creases. In this paper, some useful results are obtained
by theoretical analysis and numerical computations.

2. Physical model

The slow wave structure analysed is illustrated in
Fig.1. A Cylindrical plasma column of radius 7, and
electron density n, is enclosed in a sheath helix of
radius 7, and angle ¢. A dielectric is loaded inside
the region between helix and a conducting waveguide
of radius ry. For simplicity we assume the plasma is
immersed in an infinitely strong confining magnetic
field.

The dielectric tensor of the plasma can be given
by
10 0
01 0 , (1)
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where w,, = (e?n,/com)'/? is the plasma frequency; e

and m are the electron charge and mass, respectively.
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Fig.1. Cross section of the slow wave structure.

3. Fields in each region

By means of sheath model, the fields in each re-
gion can be written as!®!
In the plasma region (0 < r < rp):

-(E-5)(-HE-0 o

where k., and w are the axial wave number and fre-

V3 E,

quency of the perturbation, respectively and c is the
velocity of light in vacuum.

E. = A Iy(Thr),
—ik., T}

E,. = Tz A I (Thr),
1w
Ey = TIMOAQIl(TQT)v
2
H, = Ay Io(Tor),
ik
H, = 0% A1 (Tyr),
T, A2 1(Tor)
—iwegT
Hy = T20 SAL (T, (3)
3
where
2 2
2 _ (12 W Y
2= (k-5 ) 1=, (4)
2
2 g2 W
T2 - kz - C_Q (5)

In the vacuum region (r, <1 < ry):

w2

V2E, - (k:2 - g)E ~0, (6)

E, = A3ly(Tor) + AsKo(Tor),

—ik,
ET = T2 [Ag[l (TQ’I”) — A4K1 (TQT)] )
iw
Ep = TMO Aol (Tor) ,
2
2 = Aglo(Tor) ,
ik,
H, = T ATy (Tor),
—iwe
Hy = Q1AL (Tor) — AuKL(Tor)]. (7)

2

In the dielectric region (ry, <r < ry):
V2 E, — (k* —w?equa)E. =0, (8)
Ez = A5IQ(T37‘) + AGKQ(T3T) s

—ik,
Er - T3 [A511 (Tg’l”) — A6K1 (TgT)] y
iw
E@ = T/;d [A7Il (TgT‘) — AgKl (T3T)] N
Hz = A7I()(T3T) + AgKo(TgT) s
—ik,
HT = T3 [A7Il (T3T) — AgKl (TgT‘)] 5
—iwe
Hy = — AL (Tsr) — AgK1 (Tsr)],  (9)
where
T32 = ki —w?eqpq - (10)

4. Dispersion relation

The boundary conditions in each region can be

written as

E.(r=ry)=E.(r=r),

Ho(r =ry)=Ho(r=17),

E.(r=r)=E.(r=n),

E.(r=r, )+ Eg(r=r, )cotp =0,

E.(r=r)+Eg(r=r)cotp =0,

H.(r=r,)+ Hy(r =r,)coto,
=H,(r=nr)+ Hy(r =r)cot o,

E.(r=ry)=0,

Eo(r=ry)=0. (11)

Substituting Egs.(3), (7) and (9) into Egs.(10), we can
derive the relative amplitude coefficients of the fields
in each region as

iTth¢ A3I()(T2Th) + A4KQ(T27‘h)

Ay = ,
? Wiig I (Torn)
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A = Ay Tolo(Tarp) Ky (Torp) + Ty (Tarp) Ko (Tarp) In Fig.3, np = 5.0 x 101 em™3, e4 = 2.020. Fig-
Ty Io(Torp) Ki(Torp) + I (Torp ) Ko(T2rp) ure 3 shows the radial profiles of the axial electric field
A — Ay Tolo(Thrp) 1 (Torp) — Th L (Turp ) Io (Torp) versus different plasma column radius. It is found that
1T Tz Io(Tory) K1 (Tory) + 11 (Tory ) Ko (Tor ’ there is a best plasma column radius corresponding
P P P P
AsTo(Tory) + AsKo(Tory) to the strongest axial electric field in the axes as the
As = N
5 Io(Tsrn) — To(Tsre) Ko(Tsrn) /Ko (Tsry ) plasma electron density is fixed.
Io(Ts7ry)
Ag=———"=A45, 25
C T Ko(Tyrw) ' L np =
iTat 20 t —— np=4.0x10" cm™3 |
A; = ﬂ 1 —— np=5.0x10"cm—3
Wh2 — 15} —— np=6.0x10"1 cm—3 |
Aslo(Tsry) + AgKo(T5smn) £ — me=T.0x10M em ™
X R n 10966004 .
L(Tsrn) — Li(Tsrw ) K (Tsm) / K (Tsrw) 210
I (Tsrw) < st
Ag = ——=A7. 12
8 K1 (TgTw) T ( ) S
[ T e 'Y
Accordingly, the dispersion relation can be obtained
-5

and written as

T5tg 2¢{ % [AsIo(Torn) + AsKo(Torn)]

Il (T ’I”w)
—d |:10(T3Th) + WZTW)KO(TST}])}
y Aslo(Tsry) + A Ko(T3m1) }
I(Tyry) — I (Tarw ) Ky (Tsrn) /K1 (Tsry )
T:

= w2€ouo{A311 (Torn) — As K (Tory) — Fz

XE—d[A511(T3Th) — AﬁKl(Tg,Th)]}. (13)
€0

5. Computation and conclusion

By numerical computation for dispersion equation
(13), we can obtain the dispersion relation of the slow

O The relative am-

wave structure filled with plasma.
plitude of the axial electric field can be obtained from
Egs.(3), (7), (9) and (12) when the wave number is
fixed.['9) Figures 2-4 illustrate respectively the distri-
bution of the axial electric field with different plasma
electron densities, plasma column radius and different
dielectric constants. The parameters employed in the
computations are given by r, = 0.6 cm, ry, = 1.0 cm,
¢ =6.00, pg = po, k. =12 cm 1.

InFig.2, we use rp, = 0.45 cm, eq = 2.0gg. Fivera-
dial profiles of the axial electric field are shown corre-
sponding to increasing plasma electron densities. It is
apparent from the curves that the presence of plasma
greatly enhances the value of the axial electric field.['"!
As the plasma electron density increases, the value of
the axial electric field also increases.
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Fig.2. Five radial profiles of the axial electric field
with different plasma electron densities.
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Fig.3. Five radial profiles of the axial electric field
with different plasma column radii.
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Fig.4. Five radial profiles of the axial electric field
with different dielectric constants.
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In Fig.4, r, = 0.45 cm, n, = 5.0x 10 cm™3. The
radial profiles of the axial electric field are changed
dramatically as the dielectric constant increases. The
enhancement of the dielectric constant can increase
the axial electric field in the central region. The re-
sult is favourable to the case of using solid electron
beam.

We have numerically analysed the axial electric
field of a plasma-loaded helix slow wave structure in
an infinitely large axial magnetic field. However, ac-
tually most travelling wave tubes operate in a finite
magnetic field. Therefore the above derived from the
theoretic analysis needs to be proved in practice.
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