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Theoretical investigation of a backward wave oscillator "
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Abstract From the linear Vlasov equation, the theoretical investigation on relativistic backward wave os-
cillator is performed. The relationship between the microwave power and the guiding magnetic field, which
accords with the results of the particle simulation and experiments, is deduced.
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1 Introduction

Relativistic backward wave oscillator (RBWO),
whose output microwave power relates closely to the
guiding magnetic field" ?, is one of the most promis-
ing microwave devices. There are many theoretical
results'* % on the relationship between the output
microwave power and the parameters of the electron
beam, which are attained on the condition of the in-
finite guiding magnetic field and can’t reveal the re-
lationship between the output microwave power and
the guiding magnetic field. There are also some theo-
retical investigations!™ ¥ on the relationship between
the output power and the guiding magnetic field, but
their conclusions are recondite.

Based on the Vlasov equation, the theoretical in-
vestigation of RBWO, which gives out a pellucid re-
sult on the relationship between the output power
and the guiding magnetic field, is performed in this

paper.
2 Operation equation of RBWO

In RBWO, the interaction between the electron
beam and the microwave electromagnetic field which
has the temporal and spatial dependence of a wave in
the empty structure causes the electromagnetic wave
to vary slowly in time and axial distance. The back-
ward wave of TM,; mode can be expressed in the
following ways:
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2.1 Expression of the perturbed electron dis-
tribution function f;

When the electrons drift in a slow wave struc-
ture (SWS), they would be affected by the guiding
magnetic field and the microwave. We will begin our
analysis from these two aspects in the article.

Under the affection of the guiding magnetic field,
the electrons have an axial drift and a Larmor cy-
clotron, but its distribution function f; is invariable.
From Fig. 1, the guiding centre coordinate of the elec-
tron can be expressed as'”

7= [r’+r] —2rrysin(¢p—0)]"/*, (7)

. . eBy .
is the Larmor radius, 2, = — is
ms2, m

where i, =
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the rest-mass cyclotron frequency, and (2. =

cyclotron frequency.

Under the affection of microwave, there is a
perturbed electron distribution function f;(x,p,t)
(where the polar coordinates & are (r,6,Z), and p
are (p.,¢,pz)) added to the fy. The f; can be gained
from the Vlasov equation
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where ny, is the electron density, and e, ey are the
unit vectors along p, and axis respectively. It can be
seen from Fig. 1 that

e, =cos(p—0)e,+sin(¢p—0)eyz . (12)
Substituting Eqs. (10), (11) and (12) into Eq. (8),
we get
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Fig. 1. Projection of the electron orbit (indi-

cated by circle) on the cross-sectional plane.
r1, is the Lamor radius. Point 0 is the centre
of the waveguide and point B is the centre of
the cyclotron orbit. Point A is the instanta-
neous position of the electron.

Fig. 2. Geometric representation of the vari-
ables used in the Bessel-function summation
theorem.

By using the Bessel-function identities

Tila)= 3 r@) = T (@)
I8 = 33 s(0) 4 e (0)]

and the Bessel-function summation theorem (whose
variables are defined in Fig. 2)
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Substituting Egs. (14), (15) and (16) into Eq. (13),
and for axisymmetric modes h =0, we get

where QNS =arctan [
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Since d/dt in Eq. (17) denotes time differentiation
along the unperturbed electron orbit,
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2.2 The output microwave power

2.2.1 The expression for output power

The output power averaged over time is given by

P= JdeJdSp%_[ Jdt[(—euZE;)fl], (19)
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7, 18 the averaged electron radius, and E* =) FE2_

In Eq. (20), we are only interested in two items.
The first one is for ¢ = 0 and n = —1, which gives
the Cherenkov oscillation denoting the interaction be-
tween the electron beam and the —1 harmonic wave
of the backward wave. The other one is for ¢ = —1
and n =0, which denotes the interaction between the
electron beam and the fundamental wave of the back-
ward wave. Therefore
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where v =
2.2.2  The discussion on the output power

When (2. is big enough, ry, inclines to 0. Therefore
A_e*F?vPnL r}

P Ji (I 2 (Jo(I- 2.
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(22)
As for Eq. (22), P has the maximum value when
w=—kz_1vz0= (ko —kzo)vzo which is considered as
the condition for the Cherenkov oscillation.
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Fig. 3. The relationship between (2. and P, Ps.
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Fig. 4. The relationship between (2. and P.
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Figure 3 gives the relationships between 2, and
Py, P, respectively. Fig. 4 gives the relationships be-
tween (2. and the output power P.

It can be seen from Eq. (21) that we have to elab-
orate the SWS to let kzo — vzow/c®* = 0, so as to
maximize the output power.

3 Example

Figure 5 is the sketch of a BWO, which is de-
signed with low magnetic field. Figs. 6(a) and 6(b)
are the relationships between the output power and
the guiding magnetic field which are respectively at-
tained through simulation and experiment. The re-
sults accord with the analyzed result on the whole.

low magnetic BWO  time=10.0 ns
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g .
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Fig. 5. The sketch of the BWO with low mag-
netic field.
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Fig. 6. The relationships between the output
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are through (a) simulation (b) experiment.
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