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It is shown that by a mere bending of the drift tube of a two-cavity Kklystron into a circular
arc, the current bunching near the output cavity is significantly enhanced. This increase in
the bunching results from the ‘‘negative mass’’ behavior of a rotating electron beam. Opera-
tions with both low- and high-voltage beams are suggested.

PACS numbers: 85.10.Ka

The klystron may be regarded as the most highly
developed among conventional microwave tubes. It
has a wide range of applications, from communica-
tion transmission at low power level to high-energy
particle acceleration where tens of megawatts are
required. The simplest (though not necessarily the
most practical) klystron configuration consists of
two cavities separated by a linear drift region.! The
input signal is injected into the first cavity to pro-
vide a velocity modulation of the electron beam.
This velocity modulation, after being carried
through the drift region, becomes a density modu-
lation near the second cavity where the output
power is extracted. Because of the mutual Cou-
lombic repulsion among the ac space charges, the
charge bunching near the output cavity cannot
reach the level expected from kinematic (ballistic)
considerations. In fact, the efficiency of the kly-
stron depends sensitively on the grouping of elec-
trons near the output cavity.?

In this paper, I show that by a bending of the drift
tube into a circular arc, the grouping of the space
charges is greatly enhanced. This is possible be-
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cause of the rather powerful ‘‘negative mass’’ ef-
fects in rotating electron beams, where the ac space
charges tend to accumulate instead of self-
dispersing.® The present device is, therefore, dis-
tinguished from the conventional klystron in that
the collective motions strengthen rather than weaken
the density modulation.! Of course, for the elec-
tron beam to follow a circular arc in the drift sec-
tion, a radial force must be externally supplied.
This can be achieved via a vertical magnetic field,
or preferably in the case of low beam energy, via a
radial dc electric field. By way of examples, I show
below that this principle may be applied to electron
beams with energy ranging from a few kiloelectron-
volts to hundreds of kiloelectronvolts or higher.

To illustrate the idea, the simple two-cavity kly-
stron suffices. In such a configuration (Fig. 1), the
input and output cavities and the drift region may
be analyzed separately. Since the novel aspects of
the present device lie mainly with the drift region,
we shall focus on the charge bunching processes
there. The elementary analysis is analogous to that
used in standard textbooks,! but with emphasis on
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FIG. 1. A schematic drawing of the klystron (left) and the cross-sectional view of its drift tube (right).
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the negative-mass mechanism. However, the result
obtained agrees with the classical limit of low
current, in which case the bunching is essentially
kinematic (ballistic).

In the absence of the rf modulation, the electron
beam is assumed to move along the circular arc of
the drift tube at linear velocity Vo=~0vo(r)
=0rwy(r), where r is the radial distance from the
center of curvature of the circular arc, and 6 is the
angular variable along the drift tube (Fig. 1). For
the time being, we shall leave unspecified the rela-
tive strength of the radial electric field £y and the
vertical magnetic field By which are needed to pro-
vide the circular motion of the beam. Thus, vy is
governed by

yov¥/r=— (e/my) (Ey+vyBy), (1)

where e and mg are, respectively, the electron
charge and rest mass, and yo=(1—v3/c?) "2 is
the relativistic mass factor with ¢ being the speed of
light. In writing (1), we have for simplicity ignored
the dc self-fields of the electrons. The beam is as-
sumed to be monoenergetic, have a small beam
cross section, and be located at mean radius r =R
with number density N per unit arc length along the
drift tube.

We shall use a small-signal analysis. Associated
with the velocity modulation is a longitudinal ac dis-
placement m of an electron from its unperturbed or-
bit. Similar to plasma oscillation, this displacement
leads to a charge perturbation which then generates
an ac self-electric-field Ejg. In response to this ac
electric field Ey, the angular displacement n of an
electron obeys the following linearized force law> 4

7n=rvy(dwy/d€) eEyq. (2)

Here a dot denotes the substantial derivative, € is
the total energy of the electron, and dwy/de is the
negative-mass factor. For an equilibrium governed
by Eq. (1), 0w/ d€ is given by

dwog 1 B3+2h 3)
de rmgoyovo | 1+v§h? )’
where
= — erEy/ myydvi, 4)

and By=v¢/c=rwg/c

A few words on the negative-mass effect are in
order. Recall that the negative-mass behavior arises
if the frequency of rotation wg is a decreasing func-
tion of energy (dwy/de < 0). In this case, the an-
gular acceleration is opposite to the applied force
ek, as if the inertia of the electron is negative.>*
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There would then be an intrinsic tendency of beam
bunching. If the rotation of the electron is support-
ed solely by a magnetic field, £o=0 and therefore
h=0 by (4). Equations (2) and (3) then yield
Y= —P3eEq/yomy which clearly shows the
negative-mass nature of a rotating electron, under a
uniform magnetic field, as a result of the relativistic
mass correction (c# o). A new class of mi-
crowave generation devices, known as the gyrotron,
has been developed® based on this principle.®
Another limiting case is when h =1/}, i.e., when
the rotation of the electron is supported solely by an
outward radial electric field [cf. Eqs. (1) and (4)].
In this case, dwy/de < 0 also. This is precisely the
equilibrium condition in the microwave generation
experiment of Alexeff and Dyer.” In fact, one may
easily demonstrate from (3) that dwy/de is maxi-
mized with respect to h when h=1/y3. Thus,
among all possible combinations of E, and B, the
negative-mass effect is most pronounced® when the
rotation of the electron is supported just by a radial
electric field [cf. Eqgs. (3) and (4)] for a given beam
energy and a given beam radius R. One may com-
pare the negative-mass effects for #=0 and for
h =1/} through the relation

1 dw
"'1/75_—3_3— de

dwg

rys h =0 (5)

which is readily deduced from Eq. (3). Equation
(5) clearly suggests the advantage of using only a
radial dc electric field (A =1/y3) at low beam vol-
tage (low By). At a high beam voltage, a vertical
magnetic field suffices.

A signal of frequency o impressed upon the ro-
tating electron beam yields an angular variation pro-
portional to exp(—il§), where | =w/wy. Note that
I may be regarded as a propagation constant and that
it is not necessarily an integer in the present case.
Such an angular variation in the displacement 7
produces ac space charges whose number density
N, per unit arc length is

Ny=on_ N 6)

This ac line charge yields a self-electric-field Ey at
the beam:

Eyg= 4 = — o5 00, (7

where ¢ is the free-space permittivity (MKS units)
and g is essentially the dimensionless impedance
experienced by the beam and is given by>*

g=[1+2In(2t/mpo) /73, (8)
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for the dimension specified in Fig. 1.
Upon substituting Eq. (7) into Eq. (2), we obtain

#—I2n=0, )
where
2c2 v 35"’2/1
2= — , 10
ERY Yo |1+ 312 (10)

with v = Ne?/4meymyc? being the dimensionless
Budker parameter. Note that I' is essentially the
rate of growth of the negative-mass instability in a
rotating relativistic electron beam. Equation (9)
has its counterpart in the conventional klystron
theory in which —TI'? is replaced by w?, », being
the electron plasma frequency.

We may now calculate the fundamental harmonic
of the ac current at the output gap.! Consider an
electron leaving the input gap at §=0 (Fig. 1) at
time ¢=¢,, with a velocity modulation %(¢)
= (avy/2)sin(wt;), where a is the modulation
depth. Then Eq. (9) gives

() = (avy/2I')sin(wty)sinh[[ (1 —1¢)]  (11)

if we assume that n(#;) =0. Equation (11) may be
used to transform from the Lagrangian to the Eu-
lerian variables at 6 = 6, the angular position of the
output cavity (Fig. 1). From the definition of 7,
the electron arrives at 8 =6, at time ¢ = T, where 0,
and T are related by

0(T)=00=w0(T—t1)+n(T)/R

= wo(T— 1))+ ‘;—“li"sin(wzl)sinh[r(r— 1.

This relation may be inverted to yield

E’—"—] (12)
w

0
T=t+—— %sin(wtl)sinh
0

(O] 2

in the small-signal theory (small «). The rf current
1,(8y,T) at the output gap contains all harmonic
frequencies and may be represented in Fourier
series as

1,(00,T)

= i [a,(8) cos(nw T) + b,(8)sin(nwT)].

n=—oo

The Fourier coefficient is given by
w/w
ay(99) = 5= [ " dT 1(85, T)cos(nwT)

w]() /e

=? _"/wdtlcos(an), (13)

where [ is the dc current carried by the beam at the
input gap. In writing the last expression, we have
used the charge-conservation relation 7, dT = I dt,.
Upon substituting (12) into (13), we obtain a,(6,)
[and a similar expression for b,(8;)]. The total
current /, at the output gap is

1,80, T) =Io+ 3, 21y J,(X,)

n=1
xcoslnw(T—60y/wy) ], (14)

where X, = (naw/2l')sinh(I'8y/wy) and J, is the
Bessel function of the first kind, of order n.

Equation (14) has a similar structure as the corre-
sponding one for conventional klystron. As a
check, we note that in the limit of zero density,
I'— 0 by (10) and the collective effect disappears.
In this limit, (14) indeed agrees with the classical
result where only ballistic bunching is present. The
negative-mass effect may be examined by consider-
ing just the fundamental harmonic 2/yJ;(X;) in
the output current /,. The peak value of this quan-
tity is 1.16/y, occurring at X;=1.841. Since X;
= (aw/2T")sinh(I'8y/wy), a very small velocity
modulation at the input gap may yield the max-
imum achievable rf current 1.16/, at the output gap
if T8¢/ w is sufficiently large. This is quite different
from the conventional klystron, and is due to the
enhanced charge bunching resulting from the
negative-mass effect associated with a bent drift
tube. In contrast, a weak modulation at the input
gap of a conventional two-cavity klystron is unable
to achieve this peak value of current bunching be-
cause of the Coulombic repulsion among the ac
space charges.’

As a proof-of-principle experiment, take 6,
=2m/3, R=4 cm, By=0.1389, corresponding to a
beam energy of 5 keV. Then wy/2m =Byc/27wR
=0.1658 GHz. Let /=20, say, so that the tube
may operate at 3.32 GHz. Then Eq. (10) yields
I'/wy=1.86 for g=4, h=1/y}, and a beam current
of 0.1 A. For these parameters, the maximum
achievable rf current (according to the present
linear theory) may be attained at the output cavity
if the modulation factor « is as low as 0.014. In this
example, a radial electric field Eq=2.5 keV/cm is
used to provide the circular motion in the drift
tube.

For high-voltage operation, consider, for exam-
ple, a beam at a voltage of 300 keV and a current of
160 A. For R=2236 cm, 0,=100°, h=0, g
=1.59, w/wy=20 (i.e., operation at 3.32 GHz),
saturation occurs when a=0.0174. Here, only a
vertical magnetic field By=94 G is used to provide
the circular motion in the drift tube. Examples with

397



VOLUME 53, NUMBER 4

PHYSICAL REVIEW LETTERS

23 JULY 1984

other beam energy and frequency ranges may simi-
larly be constructed.

In this paper, several well-known principles are
synthesized to yield a novel klystron which prom-
ises high gain. The device is efficient and compact.
It has the simplicity of a conventional two-cavity
klystron. It also uses the very mechanism which
makes gyrotrons efficient, as bunching along the ro-
tational orbits indeed takes place.
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