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It is shown that the negative mass instability in a rotating relativistic electron layer may be
stabilized by a radial dc electric field of a suitable magnitude. The stabilization mechanism is
independent of the beam velocity spread, and is insensitive to the beam current, the con-
tainer geometry, or the azimuthal mode number. A simple stability criterion is given.

PACS numbers: 52.60.+h, 29.20.—c, 47.75.+f, 52.35.Py

The negative mass instability! poses a major ob-
stacle to the development of high-current cyclic ac-
celerators. Various methods of stabilization have
been proposed and analyzed. Notably, the effects
of a moderate beam angular velocity spread and be-
tatron oscillations have been considered.>~® For a
betatron, the addition of a toroidal magnetic field’
has been shown to reduce the instability growth rate
considerably® ¢ and for the Astron, the proximity of
the container walls to the relativistic electron layer
(E layer) stabilizes the lower azimuthal modes.?

In this Letter, we show that by imposing a nega-
tively biased radial electric field of a suitable
strength, the negative mass instability may be
suppressed. This stabilization differs from all previ-
ously known mechanisms in that it is effective even
for a very cold beam; it does not require a toroidal
magnetic field, nor is it sensitive to the container
geometry, the beam current, or the toroidal mode
number. The simple stability criterion, given in Eq.
(10) below, does not seem to be very stringent for
electron beams in the megaelectronvolt range.

Our finding is based on an analytic treatment of
the stability of the F layer situated in a configura-
tion similar to the Astron, which has been shown®
to include all essential features of the negative mass
instability. We limit our study to a highly ordered
beam whose unperturbed orbits are concentric cir-
cles. Such a beam should yield the most pessimistic
prediction as far as the beam stability is concerned;
hence our analysis is conservative. The simplicity
of the assumed equilibrium orbits allows the linear
stability theory to be formulated exactly, including
all ac and dc space-charge effects, all relativistic ef-
fects, and all electromagnetic effects, for general
equilibrium profiles. As we shall see, our disper-
sion relation reproduces the standard results in the
appropriate limits. For example, the diocotron in-
stability is recovered, and the negative mass insta-
bility removed, in the planar, nonrelativistic limit.

Consider a cylindrical E layer with radial density
profile ny(r) which, in equilibrium, circulates con-
centrically with azimuthal velocity Vo(r) =6vo(r)
=09rwy(r) under the combined action of an axial
magnetic field By=2B((r) and radial electric field
Ey=FEy(r). These fields include both the self-
fields and the externally imposed fields. We as-
sume that the FE layer is located between two
cylindrical conductors of inner and outer radii a and
b, respectively, and that there is no axial motion
nor axial variation in either the unperturbed or the
perturbed states.

The governing equations for the equilibrium read

yov%/r= - (e/mo)(E0+v0B0), (1)
dBo/dr = — poJ o= — poenovy, (2)
r~Yd(rEy)/dr = ngye/e,. 3)

Here, e and m are respectively the electron charge
and rest mass, ug and €q are the free-space permea-
bility and permittivity, and yo= (1 —v/c?) "2 is
the relativistic mass factor with ¢ being the speed of
light. Once the electron density ny(r), the total
electrostatic potential difference between r =a and
r=2»b, and the magnetic flux are specified, the un-
perturbed fields vo(r), Eo(r), and By(r) are to be
solved from (1) to (3) to yield a self-consistent
equilibrium solution.

We next consider a small-signal perturbation on
such an equilibrium. All perturbations are assumed
to vary as f(r) exp(iwt —il6), where ! is the azimu-
thal mode number and w is the (complex) eigenfre-
quency to be determined. In the absence of axial
variation and of axial motion, the TM modes and
the TE modes are decoupled. The nontrivial com-
ponents of the rf electromagnetic fields are E,, E,,
and B, for the TE modes. The Maxwell equations,
the Lorentz force law, and the continuity equation
may then be linearized and combined to yield the
following second-order ordinary differential equa-
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tion for ¢ =rE,:

d| 1 plde wy w2 dnp | dA

—|— — ||+ o|—— +—+B|=0. 4

dr rpl v3 dr] Q ¢ dr dr @
In this equation

Q=w—lwyr), NDEwg/w%D, p=_=1—1262/w2r2+NDQ2/w2,

wi=e’ny/yomoey, D=PQ—Q%Ywj, P=yj(1+h), O=h+vi/u,
np=Np(wo/w)P/y}, A=—mp(l/pr)(1+NpBiQ/lwg),
B=(w¥ctr)(1—np/p+Np/¥vd.

In the definition of Q, a prime denotes a derivative with respect to r, and 4 is proportional to the equilibrium
electric field and is defined by

h = —erEy/ myydvd. 5

Note that 4 is positive (negative) if the equilibrium electric field points radially outward (inward). The
eigenvalue w is determined by solving (4) subject to the boundary conditions ¢ =0 at r =g and at r = b.

Equation (4) is completely general and of wide applicability. It governs the small-signal stability properties
of various devices including the Astron,>*%? gyrotron,'® orbitron,!! and cross-field microwave devices, 2
depending on the parameters of the electron beam as long as the equilibrium states are modeled by Egs.
(1)-(3). A detailed comparative stability study of various types of equilibrium will be given elsewhere. For
the present purpose, we restrict ourselves to an F£ layer with uniform density n, extending from r =r; to
r =r,. The E-layer thickness 7 =r,—r; is assumed to be much less than the mean radius R. We shall use
7/R as an expansion parameter. Furthermore, we assume that | Q| << w,, a condition readily satisfied by
the negative mass mode.!"10

The instability growth rate w; may be analytically derived from Eq. (4) for a thin E layer by expanding

Bo=vi/c,

about the singularity =0 in the complex r plane. To two orders in 7/R, it is given by

(B(Z)+2h) 1272
(1++y3%h?)  R?

1

S S N1 Wi
by+b_

2
w, R

w; =

Aw(z),

(6)

where b, (b_) is the normalized wave admittance at the outer (inner) edge of the E layer,'® and

1 1
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The first-order term (in 7/R) of (6) describes
the negative mass effect! and dc field effects, while
the second-order term includes the diocotron ef-
fect'* and finite-thickness stabilization.’® The
derivation of (6) will be given elsewhere. Its validi-
ty may be tested as follows:

(a) If the beam is infinitesimally thin, and if we
ignore the dc electric field by setting # =0, we then
recover from (6) the well-known dispersion rela-
tionship w? = (/I7/R)w}B3/ (b, +b_) for the neg-

ative mass instability for the Astron geome-
try. 33410
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(b) A more stringent test on the validity of (6) is
to consider the planar geometry limit. In this limit,
we let R — oo, [ — oo, wg— 0, but require that v,
k,=1/R, Eo and 7 remain finite. Then h — o
from (5) and the first term of the right-hand side of
(6) tends to zero, consistent with the notion that
there is no negative mass instability in a planar
geometry. Using only the last term of (6), we then
obtain

w?= (kr*/4y§h e,/ wi= (k7 dyoy/wl
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which agrees with the well-known growth rate for
the diocotron instability for a sheet beam.!* In writ-
ing the last expression, we have used the self-
consistent equilibrium condition Eg+vyXByg=0
(for a planar sheet beam) in (5) and defined
w.=|e|By/myyo. This agreement with previously
known results adds to our confidence in the disper-
sion relationship (6), especially with regard to the
effects of dc self-fields. Recent work on the
diocotron instability is reported by Tsang and
Davidson.'?

For a thin E layer with sufficiently high energy
(>1 MeV), the last term of (6) may be ignored.
The dispersion relationship may then be approxi-
mated by

(B%+2h)
(1+y3nD "’

1

I S B! i
b, +b_

PIR

2~
w;

(8)

Thus, the sufficient condition for stability is
h < —p32 (9)

for the usual case!®> b, +b_ > 0. This stability
condition (9), together with the definition of 4 in
(5), implies that a sufficiently strong, radially in-
ward electric field may render the relativistic elec-
tron beam stable against the negative mass instabili-
ty. This stabilization is independent of the beam
velocity spread or betatron motion, and since its
derivation has already taken into consideration the
dc self-field effects, the criterion (9) is not restrict-
ed to a low-current beam.!® In the event that the
externally imposed electric field exceeds the self-
fields, the stability condition (9) may be rewritten
as

leg| > 3+B8y3 In(b/a), (10)

where |e¢| is the externally imposed potential
difference (in kiloelectronvolts) between r =a (the
cathode) and r = b (the anode).

As an example, take R =100 cm, b —a =4 cm.
Then, according to (10), a 1-MeV electron beam
would be stable against the negative mass instability
if the inner conductor is negatively biased at a volt-
age greater than 200 keV with respect to the outer
conductor.

A partial explanation of the stability condition (9)
may be given in terms of the single particle motion
in an externally imposed field Ey and B,. Let € be
the total energy (kinetic and potential) of an elec-
tron. One may easily deduce from (1) that
dwy/de= (dwo/dr)dr/de< (B3+2h)/(1+vy3h?) if
the self-fields of the electron layer are neglected.
Thus, the effective azimuthal inertia®® of a rotating

relativistic electron may be converted from negative
to positive if 4 is less than —B83/2. It should be
stressed, however, that the stability condition (9) is
derived from collective-mode considerations which
include both the ac and the dc self-fields.!?

In summary, this Letter presents a novel, robust
method to suppress a major instability in circular ac-
celerators. Technical aspects such as fabrication,
beam injection, and beam retrieval remain to be
studied. A more refined analysis may be needed to
examine the possible occurrence (if any) of residual
instabilities. The stability criterion (9) may be test-
ed on several currently operating devices.
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171t is of some interest to note that the negative mass
factor dwo/de is maximized with respect to # when
h=1/y§. Thus, according to Egs. (1) and (5), the E
layer is most unstable, and is therefore most likely to
yield radiation, if its equilibrium rotation is solely sup-
ported by a radially outward electric field. Reference 11
reported a potent radiation source of this type. More-
over, since the dispersion relationship (8) is applicable
for arbitrary combinations of Eq and By, and for arbitrary
energy of the electron beam, it provides a ready compar-
ison of the ‘‘potency’’ among various microwave devices
such as the gyrotron, orbitron, heliotron, and cross-field
devices (if the small-signal growth rate is used as a cri-
terion). Further discussions, as well as the confirmation
of the stability criterion (9) by a numerical integration of
(4), will be reported elsewhere.



