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Abstract

A series of implicit, electrostatic, two- and three-
dimensional, particle-in-cell simulations are used to model
heavy ion beam neutralization and focusing in the Scaled
Final Focus Experiment at the Lawrence Berkeley National
Laboratory. The simulations confirm the charge neutraliz-
ing effect of electrons introduced into the beam path as the
beam is focused and exiting the accelerator.

1 INTRODUCTION

The Final Focus Scaled Experiment [1] (FFSE) at
Lawrence Berkeley National Laboratory is designed to
study vacuum ballistic focusing of a heavy ion beam. The
dimensional parameters are one-tenth scale values of the
HIBALL-II heavy ion driver design [2] and the beam dy-
namics parameters are then scaled to preserve the emittance
and perveance [1]. In one set of experiments, the beam
current was raised to approximately four times the scaled
value in order to examine the role of electron-neutralization
of the beam space-charge.
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Figure 1: Plot of the measured beam current density exit-
ing the accelerator (time-integrated) near the middle of the
beam pulse, prior to focusing. Contour levels are linear
with darker shades denoting higher current density.

In the experiment, the 400 �A, 160 keV Cs+1 ion beam
is brought to a focus 80 cm from the exit of the last
quadrupole. The beam spatial profile is measured with a
thin slit diagnostic and the beam pulse duration is 10 �s.
The accelerator generates a highly reproducible beam with
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a non-circular cross-section, as shown in Fig. 1. This data
is taken from near the center of the beam pulse and shows
that the current-density is non-uniform across the beam.

The source of electrons used in neutralized beam runs is
a glowing tungsten filament placed across the beam path.
The effective filament temperature of � 2100 K provides
a dense, ready source of cool electrons (� 0:2 eV) in the
beam path. The 75 �m thick filament intercepts less than
1% of the total beam current [1].

The horizontal and vertical beam profiles from the neu-
tralized and unneutralized beams were obtained from a slit
diagnostic at the focal position. The slit width is 0.05 mm,
and the step size between measurements is 0.25 mm for the
unneutralized beam and 0.1 mm for the neutralized beam.

2 SIMULATION MODEL

Two-dimensional, axisymmetric, electrostatic particle-
in-cell (PIC) simulations were carried out first. All simula-
tions described here use the LSP code [3, 4]. The implicit
field and particle algorithms were used for these long time
scale (> 2 �s) simulations. The simulation region is 120
cm long (L) and 3 cm in radius (R), enclosed by conducting
walls. The injected beam is assumed to have the axisym-
metric (tophat) current density profile shown in Fig. 2. This
profile was obtained by averaging eight radial profiles orig-
inating from the beam center-of-mass. (The beam center-
of-mass was determined from Fig. 1 to be x ' �0:21 mm
and y ' +0:3 mm.) The beam ions have a 67-cm focal
length (distance of the experimental diagnostic), and then
an additional angle is randomly added to each ion to model
the emittance [1]. The source of neutralizing electrons was
modeled by space-charge limited emission from the beam
entrance plane (z = 0). The field-emission threshold was
set to 0.01 V/cm, much less than the beam space-charge
fields, enabling a nearly continuous supply of electrons to
be pulled from the beam injection boundary.

The beam is injected from the left boundary for 2.4 �s.
The injected beam ions are 160 keV Cs+1 (� = 0:0016),
with a current that rises linearly from zero to 400 �A in
200 ns and then remains constant. The beam density and
electric field profiles were analyzed at z = 67 cm.

Previous work has shown that ion beams neutralized by
co-moving electrons are unstable [5]. This Pierce-type
instability has a current threshold (in the non-relativistic
limit) of It ' 3[1+(1:31R=L)2]Il, where the nonrelativis-
tic electron space-charge-limiting current [6] is I l(A) '
66 � 10�6V 3=2, and V = me�

2c2=2e. For the FFSE
parameters, the beam current exceeds the threshold I t '
100 �A. Neutralization degraded significantly in the simu-
lations after the beam reached the downstream conducting

0-7803-7191-7/01/$10.00 ©2001 IEEE. 3003

Proceedings of the 2001 Particle Accelerator Conference, Chicago



0.0 0.2 0.4 0.6
0.0

0.2

0.4

J b
(m

A
/c

m
2 )

r (cm)

Figure 2: Radial current density profile used in the 2-D
simulations.

boundary (t > 2:5 �s).

3 SIMULATION RESULTS

Table 1 lists the 2-D simulations that were run to exam-
ine the neutralization of the 400 �A FFSE beam. The first
simulation modeled complete neutralization of the beam by
turning off self-forces in the simulation; i.e., the injected
beam ballistically drifted through the simulation volume.
This “orbit” calculation gives a lower limit on the beam
spot size at the target plane (no net pinching forces are
expected for this beam perveance). The second simula-
tion assumed no electron sources and the beam expanded
as it propagated due the unneutralized beam space charge.
The third simulation used the space-charge-limited emis-
sion model discussed in Sec. 2 to provide neutralizing elec-
trons. Table 1 also lists the RMS radius of the beam
at z = 67 cm and the radial and axial electric field at
z = 67 cm, r = rRMS and t = 2:4 �s.

Table 1: 2-D LSP simulation results. The electric field val-
ues and beam RMS radii are taken at z = 67 cm.

Run Neutralization rrms Er Ez

(mm) (V/cm) (V/cm)
sm10 Complete 0.84 - -
sm11 None 2.72 31 0.5
sm12 Partial 0.95 57 -3.0

The integrated beam charge profiles at z = 67 cm from
the three simulations are shown in Fig. 3. For the com-
plete and partially neutralized simulations, the entire beam
is within 2 mm, while the unneutralized beam has a much
broader profile. Thus, the wall emitted electrons provide a
very high degree of charge neutralization.

For direct comparison of the simulation results with the
experimental measurements, the radial charge density pro-
files from the simulations were converted to slit measure-
ments similar to the diagnostic used in the experiment.
These comparisons are shown in Fig. 4. The individual
curves are normalized by their areas. The solid lines denote
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Figure 3: Time-integrated beam charge as a function of ra-
dius from the 2-D simulations at z = 67 cm and t = 2:4
�s.

the simulation results and dashed lines denote the exper-
imental measurements. Comparisons in both the vertical
and horizontal measurement planes were made, but only
the vertical plane experimental results are shown here. The
experimental curves are shifted by less than 1 mm to obtain
the best comparison with the simulation results. For both
the unneutralized and unneutralized beams, good agree-
ment is found over most of the beam widths.
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Figure 4: Comparison of the simulated (solid line) and ex-
perimental (dashed line) slit diagnostic measurements, ver-
tical plane.

In both vertical and horizontal planes, the neutralized
beams are significantly smaller than the unneutralized
beams, demonstrating the almost complete elimination of
the space-charge spreading of the beam when the hot fila-
ment was introduced into the beam path. For the neutral-
ized case, the experimental result does appear to be slightly
narrower than the simulated result, possibly indicating bet-
ter overall charge neutralization than was obtained in the
simulation. Differences are more likely due to the asym-
metric phase-space distribution of the injected beam whose
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spatial distribution is shown in Fig. 1.
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Figure 5: Profiles of the radial electric fields at z =
67 cm from the unneutralized (solid lines) and neutralized
(dashed) simulations. The dotted lines indicate the beam
RMS radius.

In Fig. 5, the radial electric fields from the simulations
are shown at z = 67 cm and t = 2:4 �s. The beam RMS
values given in Table 1 occur at slightly smaller radii than
the peak radial electric field values in both simulations.
These field profiles indicate that the neutralization fraction
at the focus for the neutralized beam is approximately 85%.

Electrons co-moving with the beam are expected to heat
as the beam compresses radially (see, for example Ref. [7]).
The electron speed distributions for electrons in the vicin-
ity of the beam head are shown in Fig. 6 at 0.4, 0.8, 1.2,
and 1.6 �s. This data is taken from the neutralized simu-
lation, and these times correspond to beam head positions
of 19, 38, 58, and 77 cm. These distributions indicate that
the electrons gradually heat as the beam head approaches
the focal position at z = 67 cm. The electrons are heated
significantly as the beam reaches the minimum radius.
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Figure 6: Electron speed distribution from the neutralized
simulation (sm12) at several times. The vertical dashed line
indicates the ion beam speed.

Examination of the total electron population in the sim-
ulation as a function of time indicates that the bulk of
the electron distribution moves at roughly the beam speed.

However, a hot tail population is observed to grow after the
beam head has passed through the focal plane. The elec-
tron radial velocity distribution remains essentially sym-
metric throughout, but the positive axial electron distribu-
tion heats in time (before the beam reaches the downstream
wall). The nature of this growing “tail” population may be
due to the two-streaming interaction of the beam and elec-
tron populations [8]. More detailed numerical simulations
are needed to quantify this.

3-D simulations using the 2-D beam spatial profile from
Fig. 1 were also carried out to examine measured beam
asymmetries at the focal plane. These simulations (both
ballistic and unneutralized) did not produce any signifi-
cant differences in the beam profiles at the focal position
when compared with the 2-D axisymmetric simulations de-
scribed above. This suggests that the details of the beam
phase-space are responsible for the asymmetric features in
the measured beam profiles.

4 DISCUSSION

The PIC code LSP has been used to examine beam neu-
tralization in the FFSE. Simple assumptions about the in-
jected beam distribution and electron source demonstrate
the effect of charge neutralization on the beam spatial dis-
tribution at the focal plane. The results presented here con-
firm the conclusion of the FFSE in that electron neutraliza-
tion is responsible for the observed enhancement in beam
focusing. An axial supply of electrons can neutralize down
to a minimum potential of me�

2c2=2e [9]. Here, this min-
imum potential is ' 0:7 V, while the unneutralized beam
potential is approximately 7.5 V. This indicates a neutral-
ization fraction of approximately 90%, consistent with the
results obtained in the simulations.
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