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Simulations of relativistic electron beams propagating in air show axisymmetric hollowing insta-
bilities of the beam, caused by avalanche ionization of the air near the beam axis. This produces an
induced return current peaked on axis, which weakens the pinch force there and triggers the insta-
bility for E/p ) 130 kV cm ' atm ' and current neutralization ) 50%. We performed experi-
ments verifying the existence of this instability on a 6-kA/ns, 70-kA, 4-MeV beam for air pressures
less than —80 Torr, the predicted threshold.

PACS numbers: 41.80.Dd, 52.35.Py, 52.40.Mj, 52.65.+ z

A relativistic electron beam in air is rapidly space-
charge neutralized as a result of conductivity generated
by beam-impact ionization and secondary-electron
avalanche. The self-pinched beam'2 can propagate ef-
ficiently if the beam current is partially neutralized by
the induced return current so that the net current is
less than the Alfven limit, I„=ypmc3/e, where ymc2
is the electron energy and p= u/c. There is, however,
cause for concern about the stability of a propagating
beam. Resistive instabilities result from diffusive
phase lags of the magnetic fields in the weakly ionized
gas. In addition, the magnetic repulsion of the
beam electrons by the return current induced in the
ionized gas is a powerful destabilizing mechanism. 6 'o

The instability can take the form of an axisymmetric
hollowing with azimuthal mode number m = 0, and ra-
dial mode number n = 2. Hollowing can occur even if
the beam is otherwise stable to the m = 1 resistive-
hose instability, which has long been considered the
most dangerous mode on a beam propagating in gas.
We report here the first experimental observations of
the return-current —driven axisymmetric hollowing of a
4-MeV, 70-kA beam propagating in air.

Particle-in-cell numerical simulations indicate that
the hollowing instability results from avalanche ioniza-
tion near the beam axis. ' As a consequence, the in-
duced return current is concentrated near the axis,
weakening the self-pinching force. If this return-
current profile is generated early in the beam, then
succeeding beam segments can lose their self-pinched
equilibrium, and rapidly evolve to a hollow profile.
The radius of these hollow segments increases rapidly
in the region of instability, sometimes reaching a hol-
low equilibrium" ' in the tail of the beam.

The radial component of the equation of motion for
electrons in the body of the beam is i' —I'~ /

y m r = —co&r, where Pz is the canonical angular
momentum, and the betatron frequency is

o) p2
——2(pc/r) 2 [il, (r) —i~ (r) ]/IA

1+b /a
1+r'/a' (2)

which leads to an avalanche coefficient peaked on axis,
because of its strong dependence on E. On-axis
enhancement of conductivity can trigger the instabili-
ty, because j~ = o-E is also peaked on axis. Because the
nonlinearities of the equations greatly complicate
analytical techniques, most studies have relied on
particle-simulation methods, in which the complete
self-consistent conductivity model of Eq. (1) can be
included.

for a space-charge —neutralized beam. Here, ib and i~
are the magnitudes of the beam and plasma currents
inside the radius r. Whenever co& & P8/y m r the
force on the beam electrons is repulsive. Current dis-
tributions monotonically decreasing in radius with in-
duced plasma current exceeding the beam current in-
side of a particular radius produce a repulsive force on
the beam electrons inside of that radius, triggering the
hollo wing.

The importance of avalanche ionization in the hol-
lowing instability was established by Joyce and Lampe,
who found that E/p must be greater than —130 kV
cm ' atm ' (in air) at its maximum near the pinch
point for an n =2 instability to appear in the simula-
tions. ' The rate of generation of conductivity by the
beam is

Bo-/Bt = c le b + v, o- —a, a-',

where the first term represents direct ionization by
beam electrons and delta rays, the second, avalanche
ionization, and the third, recombination. The
avalanche-ionization rate, v;, is a strong function of in-
ductive electric field, E, and pressure, p, varying as
(E/p)". In the parameter range of interest, n increases
from n —2 (for E/p & 300 kV/cm atm) to n —6 (for
E/p & 80 kV/cm atm). For a Bennett pinched beam
with radius a, the electric field usually has the form
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We performed experiments with the 4-MeV, 70-kA
beam produced by the IBEX accelerator, ' ' verifying
the hollowing instability in air at pressures below the
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FIG. 1. Stability boundaries determined from cPzoP
simulations for beams with 0.5- and 2-cm radii. In the area
above and to the left of the curves, the Joyce-Lampe cri-
ter!on E/p = 130 kV/cm atm would be exceeded and the
beam would be unstable (Ref. 10). On this graph, constant
rates of current increase are plotted as straight lines. Thus,
the 6-kA/ns IBEX beam is predicted to be unstable at pres-
sures below the intersection of the 6-kA/ns line with the ap-
propriate radius curve.

predicted threshold. The rapid rise of hearn current
(4—6 kA/ns) allowed us to experiment in a regime
where the threshold occurred at high pressures, where
the air chemistry governing conductivity is reasonably
well understood. Figure 1 depicts the 130-kV/cm-atm
hollowing-instability threshold boundary for a range of
alI' pI'essul es, computed using cPRQP. The intersec-
tion of the current rise rate with the boundary predicts
the beam to be unstable to hollowing at pressures of
about 80 Torr and below.

cPRoP is a version of the two-dimensional relativistic
electromagnetic particle-in-cell beam simulation code
ccUBE, ' modified to include a moving coordinate
mesh, an arbitrary conductivity field solver, and the
aMcoxD air chemistry package. '8 Peak electric fields
near the beam head were determined from many short
CPRoP runs with various combinations of air pressure
and beam current, rise time, and radius to obtain the
data in Fig. l. For economy, particles were held fixed
in the beam frame. The peak electric field was found
to depend only on current rise divided by pressure
(I/p), pressure (p), and beam radius (r); the depen-
dent on r is weak.

The IBEX diode produced a quiescent beam with a
solid, Bennett-type profile with radius a —0.7 cm
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FIG. 2. Time-integrated photographs of beam-produced
air fluorescence.

FIG. 3. Four-frame x-ray pinhole-camera images of the
beam striking a 380-p, m-thick tantalum converter 20 cm
from the anode. The small intense spot at the ten o' clock
position in each circular frame is the image of the beam on
the anode foil.
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FIG. 4. Axial mode pattern determined from x-ray
framing-camera data. Here, hr is the thickness of the
hollow-beam annulus. Filamentation is noted by the dom-
inant mode number observed.

measured with an x-ray framing camera.
The beam was injected into the 20-cm-radius prop-

agation chamber through a 305-p, m-thick titanium
anode that scattered the beam sufficiently to match it
to the pinch force exerted by the —20-kA net current.
Increased foil scattering at early times in the pulse
resulting from the voltage rise and scattering depen-
dence on energy ((0) —1/y) also provided emittance
tailoring of the beam head that may have helped to
suppress the resistive hose.

We observed the hollowing instability of the beam
as predicted. Time-integrated photographs of beam-
excited air fluorescence clearly show the hose instabili-
ty at high pressure, and hollowing at pressures below
—0.1 atm (Fig. 2).

The most persuasive observations were time-
resolved radiographs of the beam made with an x-ray
framing camera. This four-frame pinhole camera used
sealed microchannel-plate image intensifier tubes to
image bremmstrahlung radiation from a thin tantalum

target foil, producing a 5-ns exposure each 7 ns. The
target foil was tilted and viewed from an angle to dis-
place the image of the anode from the image of the
beam. These radiographs showed dramatic, large-
amplitude hollowing at pressures of 60 Torr or less
(Fig. 3), but only slight hollowing at 80 Torr.

The mode patterns obtained from radiographs of tar-
gets at different axial positions were strikingly similar
to the mode patterns seen in computer simulations;
compare Fig. 4 with Fig. 5, which shows instantaneous
particle positions late into a laboratory-frame cPRoP
simulation of the IBEX beam in 40-Torr air. Simula-
tions designed to model as closely as possible the actu-
al experimental conditions were performed at 40, 80,
120, and 160 Torr. Large-amplitude, long-wavelength
hollowing occurred in 40-Torr cases after the beam
current reached its full value (Fig. 5). In contrast,
80-Torr simulations exhibited small-amplitude, short-
wavelength hollowing. The 120-Torr runs, beyond the
range of experimental pressures, only showed transito-
ry hollowing early in the current rise. The beam was
completely stable in 160-Torr simulations.

A dominant feature of the simulations was that the
hollowing rapidly evolved into a standing wave in the
laboratory frame, with the particles streaming through
the stationary mode pattern shown in Fig. 5. This was
also observed in the experiment; compare the beam
radius in one frame of the x-ray data with that in the
next frame, which is shuttered 7 ns later (Fig. 3). This
is the reason that the hollowing is so pronounced in
the time-integrated photographs (Fig. 2). The frozen-
in nature of the instability results from the very long
time needed for magnetic fields to decay in the high-
conductivity plasma generated by the beam. The de-
cay time was measured to be ) 100 ns at p «80 Torr,
much longer than the —20-ns beam duration,

We tested the conjecture that a peaked return-
current profile is destabilizing by artificially spreading
the return current with twelve axial copper wires
equally spaced on a circle surrounding the beam. This
stabilized the beam to the large-amplitude hollowing
(Fig. 6).
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FIG. 5. Axial mode pattern from CPROP simulation. This is a standing wave in the laboratory frame, with the particles mov-
ing through the almost stationary pattern.
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FIG. 6. Time-integrated photographs showing the stabilizing effect of surrounding the beam with twelve copper wires to ar-
tificially spread the conductivity.

The four-frame radiographs also revealed a tendency
of the beam to tear into filaments after hollowing.
The dominant mode numbers observed were
3 & m & 6, although isolated instances of m as great as
10 were observed. Fully developed filamentation was
observed only near or downstream from the node of
the hollowing. The pressure threshold for filamenta-
tion must be lower than that for hollowing, because
filamentation was never observed for p ) 60 Torr,
while the hollowing threshold was somewhat in excess
of 80 Torr.

In summary, we used the IBEX accelerator to pro-
duce a quiescent solid beam with a current rise time
suitable for verifying theoretical predictions of the hol-
lowing instability in an air pressure regime of interest.
The beam became unstable in the pressure range
predicted by simulations. Artifical spreading of the
conductivity greatly reduced the instability amplitude,
lending credence to the notion that a concentrated re-
turn current is necessary to trigger the instability. Fi-
nally, the beam tore into filaments after hollowing, an
effect that could not have been predicted with the axi-
symmetric simulations.
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