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Abstract

A barium titanate ferroelectric cylindrical plasma source has been developed, tested and delivered for the Neutralized
Drift Compression Experiment NDCX-IT at Lawrence Berkeley National Laboratory (LBNL). The plasma source design
is based on the successful design of the NDCX-I plasma source. A 7 kV pulse applied across the 3.8 mm-thick ceramic
cylinder wall produces a large polarization surface charge density that leads to breakdown and plasma formation. The
plasma that fills the NDCX-II drift section upstream of the final-focusing solenoid has a plasma number density exceeding
10'9 cm™2 and an electron temperature of several eV. The operating principle of the ferroelectric plasma source are
reviewed and a detailed description of the installation plans is presented. The criteria for plasma sources with larger
number density will be given, and concepts will be presented for plasma sources for driver applications. Plasma sources

for drivers will need to be highly reliable, and operate at several Hz for millions of shots.
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1. Introduction

In order to compress space-charge-dominated ion beams
and deliver high fluence beams to high energy density lab-
oratory plasma (HEDLP) targets and heavy ion fusion
(HIF) targets, the beam space-charge must be neutral-
ized. In ion-beam-driven HEDLP and HIF scenarios, an
accelerator generates a high density, high energy beam,
and arranges the beam’s phase space such that, in the ab-
sence of space-charge and thermal effects, the beam would
drift ballistically to a focus at which all particles would
arrive simultaneously. Thermal emittance effects can be
minimized by careful and deliberate manipulation of the
beam in the accelerator. The repulsive effects of space-
charge can be mitigated by allowing the ion beam to pass
through a large-volume plasma that acts as a reservoir of
neutralizing electrons, in the case of a positively charged
ion beam. These plasma sources must not otherwise inter-
fere with beam propagation.

Theory, modeling, simulation, and experiments in this
area have been carried out under the auspices of the Heavy
Ion Fusion Science Virtual National Laboratory (HIFS-
VNL). Experiments have been carried out at Lawrence
Berkeley National Laboratory (LBNL) on the Neutralized
Transport Experiment (NTX) and the Neutralized Drift
Compression Experiment—I (NDCX-I). These experiments
demonstrated the feasibility of using a large-volume, dense
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plasma to neutralize the space-charge of a 300 keV singly-
ionized potassium ion beam and allow it to focus longitu-
dinally and transversely to a small spot size. While the
NDCX-I facility was able to carry out experiments using
beams with high perveances that are relevant to heavy
ion fusion driver systems, the facility was not designed to
create target density and temperatures corresponding to a
warm dense matter (WDM) state, nor did it allow detailed
studies of beam target interactions near the Bragg peak of
the energy deposition curve.

The NDCX-II facility is a new user facility operated by
the HIFS-VNL at LBNL that will create target conditions
corresponding to the WDM regime, and also lead to the
development of an improved fundamental understanding
of the physics that governs the process of neutralized drift
compression and beam-plasma interactions with applica-
tion to heavy ion fusion [1-4]. Plasma sources have been
designed and built for NDCX-II to ensure that sufficient
plasma will be available for beam charge-neutralization. In
this paper, the NDCX-II plasma sources used upstream of
the final focus solenoid are discussed, as well as progress
on optimizing and improving them. The plasma source
requirements for a full-scale HIF driver system are also
discussed.

2. NDCX-II plasma requirements

The NDCX-II ion beam is a singly-ionized lithium beam
in which 50 nC charge bunches will have a radius of ap-
proximately 2 cm and a length under 20 cm when they
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exit the final cell of the acceleration and transport sec-
tion with an average kinetic energy of 1.2 MeV. These
parameters correspond to a beam number density in the
10° cm 2 range and an effective pulse duration of approx-
imately 30 ns. However, at this point in the machine, the
beam will have been given a strong velocity tilt so that the
head of the beam is traveling more slowly, while the tail
of the beam is traveling more quickly. Thus, as the beam
drifts through the meter-long neutralized drift region of
NDCX-II, the beam bunch will be compressing longitudi-
nally, with the number density increasing linearly along
the drift length. When the beam reaches the entrance of
the 8 T final focusing solenoid, it will have compressed lon-
gitudinally to a length of under 4 cm, thereby increasing
the peak beam density to the 10'° cm~3 range.

While the beam will continue to compress longitudi-
nally, the 8 T final focus solenoid will cause the beam
bunch to begin compressing radially. Therefore, the beam
ion number density will increase rapidly after the beam
bunch emerges from the final focus magnet and drifts to-
wards the target plane. The result of the simultaneous
longitudinal and radial compression of the beam is a beam
bunch at the target plane that has a radius that is less than
0.5 mm and a length that is nearly 0.5 cm, corresponding
to a pulse duration of 1 ns. At the target plane, the beam
density is expected to be in the 10'® cm™3 range, per-
haps approaching 104 cm™2 . Figure 1 shows the approx-
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Figure 1: The ion beam density plotted as a function of drift distance
for a simple model in which the bunch length decreases linearly with
distance and the radius is constant until 0.8 m, after which the radius
decreases linearly with propagation distance. Here, a 50 nC charge
bunch is assumed with a 2 cm initial radius and a 0.5 mm final radius.

imate expected peak beam density along a one-meter-long
neutralized drift region in NDCX-II. Here, the final focus
solenoid is taken to be a thin lens placed 0.8 m along the
drift length. Note that while the curve in this figure is
illustrative and based on a simple geometric model of a
compressing beam, it is nonetheless consistent with ASP
and WARP simulations of the expected NDCX-IT beam
performance [5].

The beam density is not expected to exceed 10*! cm™
upstream of the final focusing solenoid; therefore, in this
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region, the ferroelectric plasma source used on NDCX-I
serves as the basis for the NDCX-II plasma source because
it routinely generates plasmas with number densities in the
mid-10'° em~3 range. In the NDCX-II target chamber,
where the beam density will be greater, the quartet of
cathodic arc plasma sources that was used on NDCX-I will
be used to provide plasma within the final focus solenoid,
downstream of the solenoid, and near the target plane on
NDCX-II [3].

3. Ferroelectric plasma source

A plasma source based on high-dielectric ceramics was
selected for the drift region upstream of the final focus
solenoid because such a source can generate sufficiently
dense plasma without the introduction of extraneous elec-
tric or magnetic fields, and without the addition of any
feedstock gas into the system [6, 7]. Barium titanate is a
ceramic with a relative dielectric coefficient of several thou-
sand. When a voltage is applied across a slab of this mate-
rial, a large polarization surface charge density is created.
If the electrodes that are used to apply the voltage are not
solid, but instead are mesh-like, then tangential electric
fields are formed at the ceramic/electrode/vacuum inter-
face. These strong electric fields lead to a breakdown of
the surface material, the electrode material, and the break-
down of adsorbed gas on the ceramic surface. The plasma
propagates along the ceramic surface with the uncompen-
sated bound polarization surface charge density effectively
neutralized by the plasma.

Figure 2: The NDCX-II ferroelectric plasma source. The plasma
source is assembled using 4.06 cm-long barium titanate rings that
are stacked together to form modules of various lengths. Each ring
is fitted with a rolled strip of perforated steel sheet that forms the
inner electrode. Thin wires are drawn axially along the inner surface
to ground the inner electrodes and to hold the module together. The
high-voltage pulse is applied to the copper jacket that surrounds the
exterior of the module.

Plasma sources based on the NDCX-I ferroelectric plasma
source design [8, 9] have been built and delivered to the



NDCX-II facility for installation (see Figure 2). The NDCX-
IT sources are made using barium titanate cylinders that
are have an 8.38 cm outer diameter, a 7.62 cm inner di-
ameter, and are 4.06 cm long. These cylinders have a sil-
ver coating on their outer surface that serves as the high-
voltage electrode. Perforated steel strips approximately
2.5 cm in width are rolled and inserted into each cylinder
to form the inner electrode where plasma formation occurs.
Up to five cylinders can be stacked together, wrapped in a
copper jacket, and held together by thin wires strung back
and forth axially along the inner surface between two alu-
minum end rings to form a plasma source module. Insu-
lating white delrin end collars prevent high-voltage arcing
at the ends of the module. Protective kapton strips have
been added to the interior surface of the plasma source
modules at the interfaces between adjacent ceramic cylin-
ders to eliminate high-voltage failures between cylinders.
Thyratron-switched pulsers with 150 nF of storage capaci-
tance charged to 7 kV are used to drive the plasma source
modules. In this way, plasmas are created with number
densities in the mid-10'® cm ™3 range that persist for tens
of microseconds.
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Figure 3: A schematic of the proposed drift section of NDCX-II, in
which the beam propagates from left to right, shows the final cell on
the left with its stack of ferrite cores that drives the induction gap,
and its pulsed solenoid for beam transport. The ferroelectric plasma
source modules sit on aluminum cradles inside a bellows, two crosses,
and a gate valve. To integrate properly with the system hardware,
the plasma source modules shown here are constructed with three,
five, five, three, three, and five rings.

The number of modules and the lengths of the individ-
ual modules was determined during the NDCX-II design
process in order to integrate simply with the system. For
example, a gate valve must be included in the NDCX-
IT system at a location downstream of the final cell so
that target chamber can be opened for target insertion
and maintenance without venting the entire accelerator.
Effective neutralization of the ion beam by the plasma
electrons is critical, and so the gate valve is not placed
between the final cell and the ferroelectric plasma source,
but rather at a location that is approximately half way
along the neutralized drift region. Figure 3 shows the lay-
out of the planned installation of the ferroelectric plasma
source on NDCX-II. The plasma source entrance is placed

immediately downstream of the final cell, and the lengths
of the modules are designed to fit within standard vacuum
bellows and crosses. Aluminum cradles (see Figure 2) sup-
port the plasma sources and center them with respect to
the beam axis. Not shown in Figure 3 are the final focus-
ing solenoid and target chamber that sit downstream of
the ferroelectric plasma source.

While these plasma sources will provide sufficient plasma
for NDCX-II experiments, improvements to the ferroelec-
tric plasma source design are being explored in order to
increase the maximum achievable plasma density, and in-
crease the lifetime of the plasma source nevertheless. Fig-
ure 4 is a photograph of a modified three-ring ferroelectric
plasma source. To improve the high-voltage standoff capa-

Figure 4: A prototype ferroelectric plasma source with a white del-
rin outer jacket that holds the module assembly together axially
and insulates the high voltage applied to the outer surface from the
chamber wall. The inner electrode is made from a continuous helical
copper winding to create better contact with the ceramic wall and
provide increased electrode spacing.

bility, the delrin end collars have been redesigned to com-
pletely encase the outside surface of the plasma source.
Only a small tab (not visible in Figure 4) protrudes for
applying the high-voltage pulse. Further, the exterior del-
rin enclosure is made as two threaded pieces that connect
in order to provide the axial compression required to hold
together the stack of ceramic cylinders. The rolled per-
forated steel sheets that lined the inner surface of each
ceramic ring have been replaced with a single, continuous
helical copper winding. Acting as a torsion spring, the
copper coil uniformly presses against the walls of the ce-
ramic rings. Either end of the copper coil can serve as
the ground connector. The kapton strips that cover the
interfaces between adjacent ceramic rings are especially
important since the copper coil passes directly over the in-
terfaces between ceramic cylinders. The pitch of the cop-
per winding is chosen so that the spacing between turns is
approximately 2 mm. This is significantly larger than the
hole size of the perforated steel sheet and allows for the
plasma to expand along the surface of the cylinder.

The combination of improved electrode contact with
the ceramic wall and larger electrode spacing both lead to
improved plasma source performance. In Figure 5, burn
marks indicating localized plasma formation sites can be
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Figure 5: (left) A faint regular square grid burn pattern is visible on
the interior of a barium titanate ceramic ring after the perforated
steel sheet electrode is removed. The marks indicate the locations of
plasma formation. (right) A clear series of burn marks visible after
the copper coil is removed show that the copper coil provides better
contact, allowing for more uniform and dense plasma emission.

seen in photographs of sections of the barium titanate ce-
ramic ring interior walls for the cases when the perforated
steel sheet insert was used [Figure 5 (left)] and when the
helical copper winding was used [Figure 5 (right)]. When
the perforated steel sheet was used, the regular square grid
of the perforations is visible, but the marks are faint and
nonuniform. In contrast, when the helical copper winding
is used, the burn marks are darker, and also reasonably
uniform along the length of the copper coil. This suggests
that more point-like plasma discharges are formed using
the modified plasma source design, leading to a larger to-
tal plasma density.

4. Heavy ion fusion driver requirements

Heavy ion fusion drivers will generate beams of con-
siderably greater energy than NDCX-II and, thus, be sub-
stantially larger facilities. For example, heavy ion fusion
drivers, such as those described in the Robust Point De-
sign [10], will include kilometers-long accelerators followed
by drift compression sections that will be hundreds of me-
ters long. This driver design concept makes use of multi-
ple ion sources and injectors to create over 100 beams of
1.6 MeV singly-ionized bismuth ions that are accelerated
to 4 GeV, after which the beams undergo drift compres-
sion before entering the target chamber. During this drift
compression, the beams increase in peak current from un-
der 100 A per beam to approximately 2 kA per beam. If,
for example, initial and final beam radii of 4 cm and 1 mm
are assumed, the corresponding peak beam densities at
the beginning and end of the drift compression region are
1019 cm =2 and 10'* cm ™3 respectively.

While the NDCX-II ferroelectric plasma sources al-
ready create plasmas with densities of 10!° cm=3, it is also
possible that they will be able to generate plasmas with
densities approaching 10'* e¢m™2 in order to meet driver
requirements. Modification of the plasma source pulser

waveform shape is being studied as a method for increasing
the plasma density by rapidly changing the applied voltage
using crowbar circuits. Improved plasma source module
engineering and ceramic material manufacturing methods
may allow for higher charging voltages to be used, leading
to higher plasma density without high-voltage breakdown.
The modular nature of the ferroelectric plasma source im-
plies that it can be scaled from the one-meter drift length
of NDCX-II to the drift length of a driver system. More-
over, plasma sources in a driver would be required to have
repetition rates of several Hz, and this is achievable by
increasing the performance of the plasma source charging
and energy storage systems. The plasma source repetition
rate is not limited by the properties of the barium titanate
ceramic material.

However, if, for practical energy production purposes,
reactor outages are limited to one per year, then plasma
sources operating at several Hz must be able to function
for 10® shots. Present ferroelectric plasma sources typi-
cally operate for 10° shots before refurbishment or repair
is needed. Therefore, studies will be carried out to de-
termine whether or not improved plasma source design,
engineering, and material quality control can contribute
to extended plasma source lifetimes. With continued de-
velopment and improvement, ferroelectric plasma sources
may be well-suited for heavy ion fusion driver applications.

5. Conclusion

Ferroelectric plasma sources developed for NDCX-I are
well-suited for use on NDCX-II. They are capable of pro-
viding plasmas with densities in the 10'° cm™2 range for
10 ps durations in order to create a large-volume source of
neutralizing electrons for the NDCX-II lithium ion beam as
it travels from the exit of the final cell to the entrance of the
8 T final focusing solenoid. To improve the plasma source
performance, the outer jacket has been redesigned and the
inner electrode design has been optimized to enable higher
density plasma generation. The current-generation ferro-
electric plasma sources may also be adequate for certain
heavy ion fusion driver schemes, but improvements must
be made to increase the plasma density and lifetime of the
plasma source. Finally, while ferroelectric plasma sources
may be useful in the neutralized drift section of a heavy
ion fusion driver, it must be acknowledged that beam neu-
tralization in the environment of a heavy ion fusion reactor
chamber remains a difficult problem.
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