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COLLECTIVE ION ACCELERATIONPRODUCED
BY INJECTING A ROTATING RELATIVISTIC ELECTRON
BEAMINTO NEUTRALHYDROGEN
John D. Sethian,* Robert A. Meger,4+ Redge A.
Mahaffey,*+
and David N. Spectoti
The use of relativistic
electron beams to collectively
trap and accelerate
protons has been studied by
While protons with energies
a number of investigators.
significantly
greater than the electron beam energy
have been observed, the total number of protons per
pulse recorded is on the order of 1011 to 1013. This
paper presents preliminary
observations
that show up
to lOI protons, with energies exceeding 450keV, can
be produced when a rotating
relativistic
electron beam
is injected
into a metal tube filled
with neutral
hydrogen gas. In contrast to the experiments of
beam was also
Rober son, ’ in which a similar rotating
observed to produce an enhanced number of accelerated
protons (approximately
1Ol3 per pulse), these experiments are performed with no external magnetic field
The equilibrium
of
applied in the metal drift
tube.
the beam is provided by the self-magnetic
fields
(both
axial and azimuthal)
and induced wall currents .*
One possible acceleration
mechanism that is
consistent
with the experimental
observations
is the
formation of a large potential
well at the beam front,
and the subsequent trapping of protons from the beamformed plasma in this well.
The beam front ionizes the
dense
background gas, but cannot produce a sufficiently
plasma on a fast enough time scale, particularly
at
lower fill
pressures,
to fully charge-neutralize
the
well which
beam head, This produces an electrostatic
can be deep enough, and propagate slowly enough to trap
a significant
number of protons and transport
them with
the same velocity
and direction
as the beam front.
This mechanism was first
proposed by Rostoker3 and then
developed in detail by Olson.4
The condition
generally
associated with the formation of a potential
well whose
depth is comparable to the electron beam energy is
that the injected
current exceed the space-charge
limiting
currentq5
In these experiments,
the maximum number of accelerated protons has been observed when the beam front
velocity
is approximately
O.Obc, which corresponds to
an equivalent
proton energy of 750keV.
This is less
than the applied beam voltage.
However, if the protons
are trapped in a potential
well, one can envisage
schemes to accelerate
the beam front after it has been
loaded with protons.
This concept is discussed at the
end of this paper.
The experimental
apparatus is shown in Fig. 1.
The rotating
beam is produced by injecting
an annular
beam (V = 900 kV, I = 80 kA, T = 100 nsec) through
a “half-cusp”
magnetic field.
The half cusp is formed
by means of a solenoidal
coil around the carbon
cathode, which contains a 15cm long ferrite
cylinder,
and a 1.3 cm thick aluminum plate, placed 0.2 cm from
the aluminized Mylar foil anode, The aluminum plate
excludes magnetic flux during the 400tisec rise of the
magnetic field.
Thus, this geometry ensures the magnetic field
lines emanate perpendicular
to the cathode
emission surface, but are diverted
radially
outwards
in the shortest possible distance from the cathode.
Measurements show the magnitude of the axial magnetic
field decreases from 904 to 10s in an axial distance
less than 2 cm. The beam axial velocity
component
interacts
with the magnetic field radial
component
to impart angular momentum to the e1ectrons.e
The
resulting
rotating
beam is injected
into a 14.6 cm diameter, 50cm long stainless
steel drift
tube containing
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The experimental

apparatus.

neutral hydrogen.
Because the tube is initially
fieldfree, the net flux must always be zero, and the induced
axial fields
inside,
Bzi, and outside,
BzO, the beam
are in opposite directions.
The beam equilibrium
radius is given by magnetic force balance;

(1)
where B8 is the azimuthal
and flux conservation;

field

just

outside

the beam,

(2)

+ (r2 - r2)B
= 0 ,
w b zo

r2B
bzi

where rb is the beam and rw the wall radii.
(In
Eq. 1 the centrifugal
force from the beam electrons
has been omitted as it has been shown to be unimportant
for these high v/v beams. 7, Typically,
the injected
net current is measured with magnetic probes to be
about 75kA, which is roughly twice the space-charge
limiting
current (approximately
35 kA) calculated
for
a hollow beam of these parameters.
The time integrated
number of collectively
accelerated
protons, N , is determined from nuclear
activation
measurement! of the 12C(p,y)13N reactF0n.e
Note that only those protons with energies exceeding
450 kV will be recorded using this technique.
Np is
plotted
as a function of axial distance from the cusp
in Fig, 2, for an initial
filling
pressure of 150mT.
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It is believed that the relatively
large number of
accelerated
protons observed in this experiment is due
primarily
to the slow axial velocity
of the rotating
If the protons are indeed trapped in a
beam front.
of the beam front can, in
potential
well, the velocity
principle,
be increased after the well is “loaded,”
in order to achieve higher proton energies.
The
prescription
for doing this is provided by a simple
of flux, particles
and
model, ’ based on conservation
canonical
angular momentum, that describes the
propagation
of a rotating
beam. This model assumes
the beam is sufficiently
space charge-neutralized
(p > 150 mT in Fig, 3b) that electrostatic
effects
are
In this regime,
unimportant
to the beam dynamics.
the beam is retarded by the “inductive
load” of the
By equating the power output
induced magnetic fields.
of the diode with that necessary to form new magnetic
field
and beam at a velocity
Vb, it has been shown
conceptually,
and verified
experimentally
that,
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with distance from the cusp to a radius 6 cm (on a
sufficiently
long scale length so as not to disrupt
the potential
well) the beam current pitch angle
should decrease to 60~. This represents
an inductance
of L cv ?nh/cm or a beam front velocity
of vb N O.llc,
corresponding
to proton energies in excess of 6MeV.
Such experiments are planned to test this concept.
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for the technical
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This work was sponsored by the Office of Naval
Research and the Department of Energy.

’

(3)

where Z is the diode impedance, and f, is the
unneutralized
fraction
of the diode current
(fm = 1
represents
net currents equal to the diode current).
L is the inductance per unit length of the induced
magnetic field
configuration,
and depends only on the
beam current pitch angle, which in turn is a function
of the diode current,
the magnitude of the cusp
magnetic field,
and the beam and wall radii.
This
expression is similar
to one obtained by Ecker and
Putnam, lo except that it includes the beam particle
energy, and Vb is consequently a factor
of two lower.
Eq. 3 can be seen to be consistent
with Fig. 3b; as the
pressure is raised above 150mT, more of the beam
current is neutralized,
thereby decreasing fm and
increasing
the beam front velocity,
The method for
accelerating
the beam front is suggested by Eq. 3.
Assuming this scaling is valid over a broad range of
if a 600 kV, 40 kA, 3.5 cm radius beam
parameters,
produced in a half cusp axial field of 4kG is
injected
into a 4.0cm radius tube, the beam current
should acquire a pitch angle of ‘78O. This corresponds
to an inductance per unit length of 14 nh/cm, or from
Eq. 3, a beam front velocity
of 0,04c,
assuming
tube is allowed to flare out
f,=
1. If the drift
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