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On the basis of a rigorous field theory, two different physical models of attenuator and sever have been proposed.

One is named High attenuation (HATT) model in which both attenuator and sever are considered as a unified attenuator,

but the sever is regarded as an area of very high loss; the other is called Sever and attenuator (SATT) model in which the

sever is modelled as a drift area in which the electric and magnetic fields both vanish. A complex function is derived and

potential sinking effect is also considered. Thus, a set of more practical self-consistent equations of nonlinear beam–wave

interaction is formulated. Simulations are carried out under the conditions of the two different physical models, and the

simulation results are compared with the experimental data. The results show that in the case of single signal drive,

the unknown second harmonic should be included for predicting the saturated output power. It is also evident that the

SATT model and the HATT model predict the same physical nature, whereas the results predicted by the HATT model

are much closer to the experimental data than those obtained from the SATT model. Therefore, these results provide

a strong theoretical basis for designing broadband and high gain helix travelling wave tubes.
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1. Introduction

High power microwave devices are widely applied
to radar, communications and electronic warfare.[1−3]

As a high power microwave device, the travelling wave
tube (TWT) is broadly studied. As is known, both lin-
ear and nonlinear theories used to analyse the beam–
wave interaction in a TWT have been developed since
the pioneering work of Pierce and co-workers.[4] In
fact, the beam–wave interaction in a TWT is essen-
tially nonlinear, so the nonlinear theory of a TWT has
developed early in the literature,[5−9] and in general,
it can be grouped into two main classes. One is trans-
mission line equivalent circuit method;[8] the other is
guided wave excited theory.[9] All these methods have
been widely used to design a TWT, but in order to fur-
ther eliminate many trial and erroneous fabrications
as well as test steps, new interest is renewed to study
the beam–wave interaction. GATOR code,[10] CHRIS-
TINE code,[11,12] MUSE code,[13] and other methods
have appeared. In China, the relevant research work
on the TWT has also been conducted.[14−18]

In this paper, we study the beam–wave interac-
tion in a helix TWT based on the novel beam–wave
interaction theory,[11] in which the attenuator and the
sever were not clearly considered. However, there ex-
ist the attenuator and the sever in a practical helix
TWT for improving the output power/gain and sup-
pressing the parasitic oscillations.[19] In order to fur-
ther improve this theory, first, two different physical
models of attenuator and sever are set up one is: the
model, named High attenuation (HATT) model, in
which both attenuator and sever are considered as a
unified attenuator; the other is the model, called Sever
and attenuator (SATT) model, in which the sever is
modelled as a drift area in which the electric and mag-
netic fields are simultaneously considered to be zero.
Next, the concrete expression of the complex func-
tion is derived. As a result, a set of more practical
self-consistent equations of the nonlinear beam–wave
interaction is set up. Finally, we carry out numerical
calculations, and we find that the results are in good
agreement with the experimental results.
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2. The general formulation

2.1.RF characteristics of helical slow

wave structure (SWS)

Prior to predicting helix TWT performances, RF
characteristics of helical SWS should be accurately
computed. Tape model taking into account the space
harmonics generated due to the axial periodicity of
the structure, which would yield more accurate results
than the sheath–helix model, is adopted in this paper.
Also, surface currents on the tape helix, of which the
initial guess has been eliminated, are expanded into a
series of Chebyshev polynomials. Besides the models
for treating the finite radial thickness of helix, such as
the Swift–Hook model,[19] in which a free-space gap
equal to half the helix thickness is considered between
the mean helix radius and the outer helix radius, and
the Yan model,[18] in which a free-space gap is con-
sidered between the inner and the outer helix radii
within which the fields are constant, which effectively

implies the presence of two sheath helices: one is at the
inner helix radius and the other is at the outer helix
radius, or combination of these two models, the Swift–
Hook model is found to be the simplest and valid for
a wide range of SWS parameters. This motivates the
authors, in the present analysis, to choose the Swift–
Hook model for the finite thickness of the helix which
is further modelled by the tape–helix model. As a
result, based on a rigorous field theory, the disper-
sion relation and the interaction impedance can be
expressed as follows, respectively:[17]
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with αn = W/2 (n/(a sinψ) + β cos ψ),Jl (αn) being the Bessel function of the first kind, and
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2.2.The derivation of the complex func-

tion

In the literature,[11] both the field equation and
the motion equation include the complex function
e2(z). However, the concrete expression of the com-
plex function is unknown. Hence, its concrete expres-
sion is derived by using the following method in order
to effectively use the nonlinear beam–wave interaction
theory.

If we consider the fields within an imaginary cylin-
der centred on the z-axis, with a radius less than that
of the helix, then the functional forms of e(x) and
b(x), which are dimensionless solutions to Maxwell
equations for frequency ω and wave number of the
fundamental wave in the axial direction kz(z), can be
simply expressed in cylindrical coordinates. In partic-
ular, if the fields are assumed to be helically symmet-
rical and the Floquet theorem is also applied, then for
a certain input signal, the z-components of the nor-
malized electric and magnetic fields are written as

ez(r, θ, z) =
∞∑

m=−∞
ezm(r)exp[−im(θ − kHz)], (6a)

bz(r, θ, z) =
∞∑

m=−∞
bzm(r)exp[−im(θ − kHz)], (6b)

where kH = 2π/λh, λh is the helix pitch, m is the
number of the space harmonic wave, and ezm and bzm

are complex amplitudes, respectively.
According to the longitudinal field method,[21] the

transverse field components are expressed as
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where kzm = kz + mkH and γ2
m = k2

zm − ω2

c2
is the

square of the radial propagation factor with c being
the speed of light in vacuum.

The axial components of the electric and the mag-
netic fields have simple representations in any region
containing the origin. These are

ezm(r) = e(0)
zmIm(γmr), (8a)

and
bzm(r) = b(0)

zmIm(γmr), (8b)

where e
(0)
zm and b

(0)
zm are constants, and Im(γmr) is the

first modified Bessel function of order m and argument
γmr.

In a one-dimensional model, only e
(0)
zm is needed

and it may be expressed in terms of the interaction
impedance for mth spatial harmonic at radius r, i.e.
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Expression (8a) is inserted into expression (9), yield-
ing

Aeff,m|e(0)
zm| =

km

Im(γmr)

(
Km(r)
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)1/2

, (10)

where Aeff,m is the effective cross-section area.
According to expression (10) and the definition

of the complex function e2(n, z), after mathematical
manipulations and the rearranging of terms, e2(z) is
obtained as

e2(z) =
kz

rbo − rbi

∫ rbo

rbi

[
K(r)
4π/c

]1/2

dr

× exp
[
i
∫ z

0

(kz(z′)− ω/vz0)dz′
]
, (11)

where rbi and rbo are the inner radius and the outer
radius in the beam discs, respectively, and vz0 is the
initial axial speed of a particle.

2.3.Two different physical models

Attenuator and sever always exist in a practical
helix TWT and may be described by using two dif-
ferent models: HATT model and SATT model. In
the above two models, the phase speed and the in-
teraction impedance are considered as constants and
identical with those in the input section adjacent to
the attenuator. For the first model, i.e. HATT model,
the attenuation constant results from the attenuator
and sever, while the second model, i.e. SATT model,
the attenuation constant originates only from the at-
tenuator. Thus, for the first model, the self-consistent
equations of the nonlinear beam–wave interaction con-
sidering the attenuator and sever can be modified into
field equation

(
d
dz

+ αt(z)
)

a(z) =
2πiI
IA

e∗2(z)〈e−iψ〉, (12)

where the total attenuation coefficients αt(z) =
α0(z) + αa(z) with α0(z) being the loss of the cir-
cuits and αa(z) the attenuation of the attenuator or
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sever; a(z) is the normalized field amplitude; I is the
beam current; IA is equal to 1.7 × 104A; ψn is the
phase relative to the nth signal.

Phase evolving equation is expressed as

dψ

dz
= ω(1/vz0 − 1/vz), (13)

where vz denote the axial speeds of a particle at time
t.

Motion equation is written as

dγ

dz
=Re

[
2ia(z)e2(z)eiψ − 8Ii

IA(r2
bo − r2

bi)
cR′

ω

× eiψ〈e−iψ〉
]
, (14)

where γ is the relativistic factor and R′ is the space-
charge reduction factor.

For the second model, because a sever is consid-
ered as a drift area, the electromagnetic fields are
entirely eliminated. Therefore, in a sever region,
the beam–wave interaction equations include only the
phase evolving equation and motion equation, whereas
in a non-sever region, the self-consistent equations
have the same forms as those for the first model.

2.4. Initial conditions

The phase of the input signal is assumed to be
zero, in the meantime, the power of the input signal
Pin is given, and then the initial condition of the nor-
malized field amplitude can be expressed as

a(0) =
√

Pin/Pflux,2, (15)

where Pflux,2 =
c

2π

(
mc2

q

)2

= 1.3862 × 109W is a

constant.
The initial condition on the phase is determined

by the distribution of particle entrance times. In gen-
eral, it is assumed that the entrance times are uni-
formly distributed over this time interval T = 2π/ω,
consequently the initial condition on the phase can be
written as

ψ0 = −ωt0. (16)

The initial axial speed of a particle is assumed
to be vz0, and then the initial relativistic factor γ0 is
determined by the following formula:

γ0 = 1/
√

1− v2
z0/c2. (17)

Due to the space-charge effect in a helix TWT,
the potential sinking effect should be considered. Ac-
cording to Poisson’s equation, the potential at r in the
beam is expressed as

u(r) =uh − Q

2πε0
ln

Rg

ro
+

ρ0

4ε0

×
[
(r2

bo − r2)− r2
bi ln

(
rbo

r

)2]
,

(18)

where uh is the voltage on the helix, and Q =
2π

∫ rbo

rbi
|ρ(r)rdr| with ρ(r) being the space-charge den-

sity at radius r in the beam. Thus, vz0 is easily ob-
tained.

3. Numerical results and discus-

sion

According to the above beam–wave interac-
tion equations and corresponding initial conditions,
we have written a computational program named
HTWT1D by using a fourth order Runge–Kutta algo-
rithm. We use this program, according to the previous
work,[17] to calculate wave number kz(z), interaction
impedance K(r) and circuit loss α0(z).

As an example, we consider a helix TWT with
two attenuators and a sever, part of their parame-
ters are shown in Table 1 and Fig.1.[22] The param-
eters of its cold circuits can be described as follows:
the mean helix radius and wall radius are 0.12446cm
and 0.2794cm, respectively, and the helix pitch is
0.080137cm. The effective relative permittivity of
the rods is 1.75. The tape width and thickness are
0.03556cm and 0.01524cm, respectively. The length
of the interaction circuit is about 9.6cm.

In this section, the results of the HTWT1D code,
according to the rigorous field theory, are presented
under the condition of single-tone excitation.

Table 1. Part of parameters used in an example.

parameter nominal value

beam radius 0.05cm

beam voltage 3000V

beam current 170mA

numbers of the attenuator and the sever 2 and 1
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Fig.1. Attenuation profile in the Northrop Grumman TWT.

First, we observe effects of the harmonics under
the condition of the different attenuator models on
output power for the fundamental wave at f=5GHz.
The results are shown in Fig.2(a) and 2(b). As can be
seen in the figures, the harmonics have almost no influ-
ence in the small signal area. However, they have cer-
tain effects in the nonlinear area in the case of different
attenuator models. Obviously, the output power with-
out the harmonics becomes bigger than that with the
harmonics.

Fig.2. Comparative drive curves with or without the sec-

ond harmonic for SATT model (a) and HATT model (b).

Next, with the second harmonic taken into con-

sideration, the drive curves for different models have
been compared with each other. The numerical results
are shown in Fig.3. From the figure, we can conclude
that in the small-signal and intermediate regimes, the
values of power output at an identical input signal
may be different; furthermore the HATT model pre-
dicts smaller value than the SATT model. However,
the values of output power for different models have
almost the same values near the saturated area.

Fig.3. Comparison between the drive curves obtained

from two different attenuator models in the presence of

the second harmonic.

At last, in order to better study the capabilities of
the HTWT1D code based on the HATT model, a small
signal gain is made over a 4GHz wide band, ranging
from 3 to 7 GHz. As a result, the growth rate as a
function of frequency is shown in Fig.4. According to
this figure, it is shown that the small signal gain at
5GHz is much higher than those at other frequencies.

Fig.4. The small signal gain as a function of frequency.

4. Experimental verification

In order to further verify our results, we did the
experiments by using a homemade helix TWT, part of
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its parameters were the beam current of 114mA, beam
voltage of 4200V, and beam radius of 0.32mm. Drive
curves are plotted in Fig.5. From the figure, it is clear
that the SATT model and the HATT model each can
yield a similar variation with input power at 12GHz,
whereas the results predicted from the HATT model
are much closer to the experimental data than those

obtained from the SATT model. Hence, the HATT
model is adopted in the simulation of saturated gain
characteristics, and then comparison of saturated gain
between the results from the HTWT1D and the exper-
imental data is shown in Fig.6. The calculated results
are in good agreement with experimental data.

Fig.5. Comparisons of drive curves from SATT and

HATT models separately with experimental data.

Fig.6. Comparison of the saturated gain determined by

HTWT1D with experimental data.

5. Conclusion

In this paper we have described a one-dimensional
nonlinear beam–wave interaction based on a rigorous
field theory, and for the purpose of practical simula-
tion, the concrete expression of the complex function
is derived and potential sinking effect is also consid-
ered. Thus, two different physical models of atten-
uator and sever have been set up and incorporated
into the simulation code HTWT1D. The simulation
results are compared with the measured results, and
they accord with each other in overall tendency.

However, in the course of the work, the discrepan-
cies between HTWT1D and experimental data are ex-
posed. The discrepancies, to our knowledge, originate
mainly from the two aspects. One is one-dimensional
approximation. In order to prove our theory, a guiding

magnetic field that is approximately 1.5 times the Bril-
louin field in strength should be used, because the elec-
tron motion is largely confined to one dimension. Un-
fortunately, in fact, the devices used in our simulations
were a solenoid focused with an axial magnetic field
only close to the Brillouin field in strength. Hence the
electron motion cannot be described approximately by
one dimension. And the other is attenuation profiles
at different frequencies. As is known, attenuation in-
creases with operational frequency. However, we can-
not obtain accurate data from the designers at differ-
ent frequencies.

To summarize, our results are in good agreement
with the measured data on the whole. Thereby these
calculated results provide a strong basis for designing
broadband and high gain helix TWTs.
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[13] Wöhlbier J G, Booske J H and Dobson I 2002 IEEE Trans.

Plasma Science 30 1063

[14] Li B and Yang Z H 2003 Chin. Phys. 12 1235

[15] Li J Q and Mo Y L 2006 Acta Phys. Sin. 55 4117 (in

Chinese)

[16] Xie H Q and Liu P K 2007 Chin. Phys. 16 766

[17] Duan Z Y, Gong Y B, Wei Y Y, Wang W X and Huang

M Z 2004 Int. J. Electronics 91 309

[18] Yan T C 1986 Acta Electronica Sin. 14 67 (in Chinese)

[19] Swift-Hook D T 1958 Proc. IRE 105b 747

[20] Duan Z Y, Gong Y B, Wang W X, Wei Y Y and Huang

M Z 2004 IEEE Trans. Plasma Science 32 2184

[21] Xie C F and Rao K J 1987 Electromagnetic Field and

Waves (Edition 2) (Beijing: Publishing House of Higher

Education) p324 (in Chinese)

[22] Freund H P 2000 IEEE Trans. Plasma Science 28 748


