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Abstract

We have observed evidence of a multi-stream
instability in a long non-relativistic space-charge
dominated beam in the University of Maryland Electron
Ring (UMER). The initial bunch is injected to fill a
fraction of the ring and coast without longitudinal
containing fields (or RF). The longitudinal space-charge
forces in these intense beams cause it to expand axially
and wrap the ring multiple times. The velocity separation
between the wrapped filaments decreases as the bunch
propagates. The onset of the instability occurs when the
separation between filaments is equal to a longitudinal
wave speed, c¢s. This has been observed experimentally
and compared with analytical calculations as well as
Particle-In-cell (PIC) simulations, with good agreement.
The onset depends on the injected beam current, fill
factor, and other experimental conditions.

INTRODUCTION

Stream instabilities are a common feature in charged
particle beam systems, such as between ion beams and
background electrons or multi-bunch single species
beams, where there the macro pulse is a compilation of
short bunches [1-6].

We discuss simulation and experimental measurements
of a streaming instability observed to result from the free
expansion of a coasting rectangular bunch in a storage
ring. We obtain good agreement with simulations when
the measured transverse loss rates of the beam are
included in the model.

Longitudinal Erosion

The coasting beam, injected into UMER, debunches
due to longitudinal space-charge forces and evolves with
a velocity profile as shown in Fig. 1 [7]. The outermost
edge of the bunch head/tail is predicted to have particles
with velocities that are Av = +2c¢, above/below the main
beam velocity of v,; where the longitudinal wave speed is
defined as c? = qgA,/4ms,y>m, m is the electron mass,
q is the electron charge, v, the Lorentz factor, A, the line-
charge density, g, the permittivity of free space and the

variable g = 2In b/ a 1s the geometry factor accounting
for the pipe shielding of the longitudinal self-fields in a
pipe of radius b with a beam of radius a [8-9].

Both the head and tail of the beam continue to elongate
and wrap the circumference of the machine at a rate of
4c,.  As the bunch continues to wrap, the velocity
separation between filaments decreases and approaches a
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longitudinal wave speed, c;.
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Figure 1: Illustration of the line-charge density and
velocity profile of an intense rectangular bunch.
Longitudinal space-charge accelerates/decelerates
particles in both the head and tail of the bunch from the
injected beam velocity, v,.

Onset of the Instability

The onset of instability occurs when the separation
between the wrapped filaments is equal to a longitudinal
wave speed, cg[10]. The onset of the instability can be
calculated using Eq. 1 derived in [10]:

o
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where S,nse¢ 18 the beam propagation path length to the
onset of the instability, C is the circumference of the ring
(11.52 m), 7 is the unitless initial fill factor, n = 7, /7,
the ratio of injected bunch length 7, (in time) to the
revolution period 7, (197.39 ns). This formulation
assumes no current loss over the distance the beam has
propagated. = The filament threshold may also be
calculated using Eq. 2 derived in [10]:

M, =8|n—1]+n )

The number of filaments at the onset of the instability,
for a fill factor of 0.5, is 4.5. This number decreases with
larger fill factors.

EXPERIMENTAL OBSERVATIONS

Multiple experiments were conducted to explore the
onset of the instability over a broad range of beam
parameters, including the injected current and fill factor.
A resistive wall current monitor, 6.4 m downstream of the
gun, is used to measure the current versus time for the
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various cases studied. Figure 2 below, illustrates a wall
current monitor trace for a 6 mA 98.77 ns bunch with an
initial fill factor of 0.5.
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Figure 2: Measured current profile using the resistive wall
current monitor, for the 6 mA 98.77 ns bunch with a fill
factor of 0.5. Note the onset of the instability at 16.5 ps.

The onset of the instability occurs in 16.5 ps or 83.2
turns (958.4 m) for this particular beam current and fill
factor. Further measurements in [10] have shown that the
onset of the instability occurs sooner for larger fill factors
as well as larger beam currents.

WARP SIMULATION

The instability is also observed under similar conditions
in a PIC code WARP [11]. Simulations of the 10 keV
beam were performed in a straighten model using an RZ
field solver with periodic boundary conditions in the axial
direction equal to the ring circumference. The number of
cells in r and z was 64 and 256, with an approximate step
size of 1.71 ns. The total number of macro-particles was
10 million.  The three dimensional behaviour was
otherwise ignored except when including the measured
loss rates observed in the experiment over multiple turns
[12-13].

Simulation without Loss Profile

Initially, no current loss simulations were performed in
order to validate the theoretical framework of the
instability observed in UMER. Figure 3 below, illustrates
a no current loss simulation with multiple wrappings of
the bunch after the beam has propagated 908.5 m in the
ring. At this point the beam has an unwrapped length
>6C, where the length of the z axis in the phase space plot
corresponds to the ring circumference (11.52 m).

05 Beam Dynamics and Electromagnetic Fields

D03 High Intensity in Circular Machines

WEOAB103

M 12000
107

. o/ VL o
wim [ % ol
VAV

VM
58 V\N - B 4000
M o0

Figure 3: Simulated phase space image over multiple
turns, wrapping the ring >6C for an injected bunch length
of AL = 0.506C or fill factor of 0.506. The length of the z
axis corresponds to the ring circumference.  This
simulation includes no current loss.

The simulation allows us to observe the longitudinal
phase space images and the number of filaments that
occurs at the onset of the instability. The modulated
filaments, in Fig. 3, illustrate a well-developed instability.
Figure 3, also illustrates that the separation between
filaments is less than a longitudinal wave speed. At this
point, the beam has >6 filamentations, corresponding to
the fact that it is beyond the 4.5 threshold calculated
previously using Eq. 2.

Simulation with Loss Profile

When current loss is included in the simulations, to
better model the experiment, the onset of the instability is
delayed from the analytical calculations as a result. This
occurs as a result of the current dependent behaviour of
the longitudinal wave speed. Deviations from the injected
current, alters the erosion rate per turn and delays the
onset of the instability.

We obtain good agreement with measurements of the
onset when the carefully measured loss rates are
incorporated into the simulation model [10].

CONCLUSION

We have shown both experimentally and
computationally, a multi-stream instability occurs in a
single long electron bunch propagating in a ring that is a
function of both the initial bunch length (initial fill factor)
and current. We also present the results of a simple
theory, allowing one to predict the onset of the instability
given no current loss. When current loss is accounted for
in the simulation model, we obtain good agreement with
measurements.
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