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Experimental Observation of Ion Hose Instability
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A theoretically predicted instability of the ion-focus-regime guiding of intense relativistic electron
beams, known as the ion hose instability, has been observed in an experiment. A 1.5-ps, 1.2-kA, 2.2-
MeV electron beam has been successfully injected into and propagated down a 21-m preionized channel.
Oft'-axis beam oscillations have been found to grow and then saturate at large amplitude. Observed

growth times, real frequencies, and saturated amplitudes are in agreement with theoretical scaling pre-
dictions and with numerical simulation of the ion hose instability.

PACS numbers: 41.80.Ee, 52.35.—g, 52.40.Mj

Ion-focus-regime (IFR) guiding of intense electron
beams has emerged in recent years as an effective
electron-beam transport technique. ' When an electron
beam is injected into a plasma column, the beam head
radially expels plasma electrons. The resulting positive-
ion column provides an electrostatic guide force for the
remainder of the beam. The experimental and theoreti-
cal work reported in this Letter was carried out to detect
and investigate a potential disruption of IFR guiding
known as the "ion hose" instability. 3

Ion hose instability develops when an offset between
an electron beam and IFR channel causes mutual trans-
verse oscillations in response to the electrostatic guide
force. The key physical parameter, characterizing the
strength of the guide force, is the neutralization fraction

f=N;/N„where N; is the line density of channel ions

(singly charged) and N, is the beam line density. Previ-
ous attempts at detecting ion hose instability were ham-

pered by an inability to assure that f was not continually
modified, as a function of time into the beam pulse, by
beam-generated ionization.

The characteristic transverse oscillation wavelength of
an electron beam is Xt), =2'/Qt)„where Q~ is the be-

tatron frequency n/), =(c/a)(fIb/yl~) ' [c is the speed
of light; y, the relativistic y; IA=m, c3/e the Alfven
current; It„beam current; a =(a,2+a;2)/2 with a, and

a; the beam and channel scale radii (cgs Gaussian
units)]. The characteristic transverse oscillation fre-
quency of an IFR channel is a)p; = (ym, /fm;) '/

Qt), .
In the limit of an immobile channel (0)t); =0), the ion

hose frequency is to=0 and the beam responds with
wavelength X Xt), precisely. A mobile channel (tot);NO)
responds to the beam motion so that co~0, but the ion
hose wavelength is still X = kt), since (ym, /m; ) '/ «1.
The IFR channel is imprinted with a modulation at
k=1(,)), and succeeding portions of beam are therefore
driven at a frequency close to Qt), . This resonant in-

teraction increases the amplitude of beam motion as a
function of propagation distance. Being a convective in-

stability, the amplitude also increases from head to tail
on the beam.

Buchanan has used nonlinear equations to describe the
mutual electrostatic interaction of an overlapping elec-
tron beam and IFR channel, each with Gaussian radial
profile. We have augmented his equations to include
the effect of the weak axial magnetic field which is
present in our experiment. Our model equations are
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In these equations b =(b„,b~) and c=(c„,c~) are offsets
of beam and channel. Cyclotron wave numbers are k„
=2zeB/ym, c and k«. =(ym, /m;)k«, B is the applied
axial magnetic field. Betatron wave numbers are
kp, =Op, /c and kp;=co~;/c. z is a unit vector in the
direction of beam propagation. (=et —z, and t is time
in the laboratory reference frame. We use a saddle-point
approximation for the linearization of Eqs. (1) and (2)
which is valid in the limit where zk& »(k&;. Our result
for the magnitude of the offset may be written as

b(z, g) =boe '~, where

G(z, g) =(3"'/8)(k'g'k z) '"(I+n'/4n' ) -'"
(3)

is the logarithmic gain and n« =ck„.In the limit 0„
0, this recovers Buchanan's result. In the experi-

ment, 02,/40t), «1. The saddle-point result provides
scaling predictions used to interpret the experimental
data. The electron beam in the TROLL accelerators 9 is
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created in a shielded cathode, but then enters a
solenoidal magnetic field and begins to spin because of
conservation of canonical momentum Pe. The spin effect
is not described by the preceding analysis. This spin fre-
quency is calculated to be v=15 MHz, but the "spin" is
not thought to couple to the "orbital" motion of the
offset beam.

In order to search for the predicted instability, an ex-
periment was conducted at Sandia National Labora-
tories (Fig. 1). A long-pulse accelerator, TROLL, was
developeds9 which produced a 1.5-tus, 1.2-kA electron
beam with a 2.2-MeV voltage plateau for this experi-
ment. The 11-cm-diam beam was focused down to 2 cm
with a solenoid lens and injected into a preformed plas-
ma channel. The plasma channel was generated by
means of a hot-filament electron source immersed in a
weak cusp magnetic field. The field in the downstream
end of the cusp was matched to a 60-G axial field in the
gas-filled propagation tank so that the plasma generated
in the cusp region diffused along the field lines to the end
of the tank. The line density Ãi of channel ions was
found to be proportional to the power supplied to the
electron source. The tank was pumped to a base pres-
sure below 6x10 Torr, thus assuring negligible con-
tamination of the noble-gas plasma. The whole system
was backfilled with noble gas to 3x10 Torr, measured
in the tank with an ionization gauge. Helium, argon,
and xenon gas were individually used in order to ensure a
monatomic ion species and to provide a significant dy-
namical range in ion mass.

Ion-channel profile and density measurements were
made with Langmuir probes. The profile was found to
be nearly Gaussian with I/e radius a;=2.0 cm. The
density measurements were used to compute the values
of f. To avoid beam perturbations no channel measure-
ments were made during the beam shots. Beam diagnos-
tics consisted of diode voltage and current measure-
ments, and 8-dot loops at 0, 6.6, and 19 m down the tank
(Fig. 1). At the 6.6- and 19-m locations, four 8-dot
loops were positioned 90' apart to locate the centroid of

the beam current. The current-normalized position sig-
nals were calibrated with an offset transmission line run-

ning the length of the drift chamber and driven by a fast
pulser. A 3.8-cm-radius current collector was positioned
in the center of the end flange of the tank at 21 m. This
monitor was used with the position monitors at 6.6 and
19 m to con6rm the beam displacement, to determine the
approximate beam diameter, and to center the channel.
An x-ray pinhole camera was used to determine the
time-integrated beam position and diameter on each
shot. Time-dependent beam position and diameter were
monitored on each shot with a four-frame x-ray framing
camera.

In order to investigate beam transport without a focus-

ing channel, and to measure the initial conditions, shots
were fired with the tank field off and the cusp coils and
focusing magnet on. X-ray photographs of the beam in-

cident on a target at z 0 showed a 1.3-cm offset in the
x direction and a 1/e radius a, =1.2 cm. A pulse-
length-averaged initial transverse beam velocity (v„,v~)

(0.6, 0.1) cm/ns was deduced from the 6.6-m centroid
monitor. There was no visible x-ray image at 21 m and
no measurable current collected. This indicated free ex-
pansion of the beam.

With the tank field on, but no focusing channel, a
diffuse x-ray image was seen on the end flange with 200
A of collected current. If the beam had collisionally ion-
ized the gas, thereby slightly increasing f above zero, an
improved focus as a function of time into the pulse would
have been apparent. The collected current did not show
such an improvement in focus with time.

The change Bn; in ion density n; over the pulse dura-
tion zz due to ionization by the beam is bn; n, n„zPa,„c
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FIG. 1. Schematic of experimental setup showing TROLL
diode, solenoidal lens, channel formation section, and gas-611ed
tank.
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FIG. 2. Beam current vs time at various locations down-
stream for a Xe shot. At 0, 6.6, and 19 m, the current is that
enclosed within the 40-cm-radius tank. At 21 m the current is
that collected on a 3.8-cm-radius collector. The 21-m trace
shows drastic loss of the beam tail due to ion hose instability.
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FIG. 3. Growth time and real frequency vs IFR channel ion
mass m;. Shown are the data (solid symbols), simulation (open
symbols), and theoretical predictions.

FIG. 4. Growth time and real frequency vs IFR channel
neutralization fraction f N;/N, . Shown are the data (solid
symbols), simulation (open symbols), and theoretical predic-
tions.

(n„,neutral-gas density; v,„,electron-neutral ionization
cross section). For our experiment n„=10'2 cm
n, =10' cm; z~=l0 s; e,„=10's cm; therefore
bn;/n;=10 . In order for bn;/n;=1 the beam would
have to pinch down radially by a factor of 10. The four-
frame x-ray framing camera showed no evidence of such
pinching. Secondary ionization by the ions is unimpor-
tant since v;/c-(1 f)' [(60—keV)/m;c ]' =10 (v;
ion radial velocity); therefore, assuming o;„=10
cm2, we have Bn;/n; -n„r~a;„v;=10

In order to investigate ion hose, two key parameters
were varied, with all others held fixed. First, f was
changed by means of variation of N;; second, ion mass
m; was varied. To see gain G at a given point z in the
laboratory pulse length zz —(zk@) 'i

co~;
' must propa-

gate past the point. The predicted scaling of r~ with f
and m; is thus ri, -f 'i m i2. At a location z in the
laboratory the gain of a segment of beam, with respect to
the amplitude at (=0, scales with f and rn; as G-f '+m; 'i3; in particular, the amplitude at the end of
the beam pulse thus scales as f 'i6m; 'i'. The frequency
co, of oscillations observed as the beam streams past a lo-
cation z in the laboratory is also predicted to scale as
ro -f' m; ' with f and m;.

Figure 2 shows the total current within the tank mea-
sured at 0, 6.6, and 19 m, as well as the current collected
on the 3.8-cm collector at 21 m, for a Xe shot. These
data show that all of the beam was transported within
the tank diameter but only the head of the beam was
transported within a 3.8-cm radius. The loss of the tail
of the beam is consistent with ion hose instability:
Coherent transverse oscillations are phase-mixed and
converted into a head-to-tail radius and emittance
growth. This interpretation is supported by the four-
frame x-ray framing camera which showed evidence of a
monotonic increase in beam radius from head to tail.

Figure 3(a) depicts logrz for gain G =log(4. 0/1. 3)
plotted as a function of logrn; for gases He, A, and Xe.
The values of f for the shots depicted fall within the
range 0.44 to 1.1. The best-fit line has slope 0.54~0.08
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FIG. 5. (a) Percentage of beam charge collected on the
3.8-cm collector at the tank end flange. Shown are the data
(solid symbols) and simulation (open symbols). (b) A striking
argon shot showing well-defined oscillation and growing en-
velope of ion hose instability. The data were recorded by the
8-dot monitor at the 6.6-m location.

which agrees well with the predicted slope of —,
' . Figure

3(b) shows the logarithm of the real frequency v,
ro, /2rr of oscillations observed at 6.6 m as a function of

logm;. The range off values is the same as in Fig. 3(a).
The best-fit line has slope —0.37+0.06, which com-
pares well with the predicted slope —

—,'. In Fig. 4(a)
logzr for gain G log(4.0/1. 3) as a function of logf is
shown for a Xe channel. The best fit to the data gives a
slope of —0.2~0.1 and the theoretical prediction is

Figure 4(b) shows logv, plotted versus logf for a
Xe channel. Theory predicts a slope of —,

' and the best-
fit slope is 0.16+ 0.11; the data have a large scatter.
Figure 5(a) shows the logarithm of the percentage of
charge transported to the 3.8-cm-radius current collector
at 21 m plotted versus logrn;. The indicated scaling with

m; is seen to be roughly m i . Figure 5(b) depicts the
off'set amplitude of one of the more striking argon shots.
This shot clearly displays a well-defined wave structure
with a growing envelope as expected for ion hose insta-
bility.

Computer simulations, using the nonlinear ion hose

1280



VOLUME 60, NUMBER 13 PHYSICAL REVIEW LETTERS 28 MARCH 1988

code BUCKSHOT, provide further support for our inter-

pretation of the experiment. BUCKSHOT is a 3D particle
code designed to study IFR physics issues. " The code
has been carefully tested by comparison with linear
theory and with a numerical solution of Eqs. (1) and (2)
without magnetic field for a single beam and channel
particle. ' Initial conditions used in the simulations were
chosen to represent the experimentally measured condi-
tions, described earlier, as closely as possible. Code pre-
dictions of the scaling of r~ and v, with m; and f are
shown on the plots of the data. The agreement between
the nonlinear simulations and the linear theory proves
that the linear scaling relations are valid even for large
amplitudes.

In conclusion, an experiment was conducted to investi-

gate a transverse instability in an intense electron beam
propagating with IFR guiding. The correlation between
experiment, linear theory, and nonlinear simulation pro-
vides strong evidence that the observed instability is in

fact the ion hose instability.
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