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Abstract

Heavy ion drivers for high energy density physics ap-
plications and inertial fusion energy use space-charge-
dominated beams which require longitudinal bunch com-
pression in order to achieve sufficiently high beam in-
tensity at the target. The Neutralized Drift Compression
Experiment-1A (NDCX-1A) at Lawrence Berkeley Na-
tional Laboratory (LBNL) is used to determine the effective
limits of neutralized drift compression. NDCX-1A inves-
tigates the physics of longitudinal drift compression of an
intense ion beam, achieved by imposing an initial velocity
tilt on the drifting beam and neutralizing the beam’s space-
charge with background plasma. Accurately measuring the
longitudinal compression of the beam pulse with high res-
olution is critical for NDCX-1A, and an understanding of
the accessible parameter space is modeled using the LSP

particle-in-cell (PIC) code. The design and preliminary ex-
perimental results for an ion beam probe which measures
the total beam current at the focal plane as a function of
time are summarized.

INTRODUCTION

One of the most significant challenges in developing
heavy ion drivers for high energy density physics appli-
cations and inertial fusion energy is in the final transport
section. In a heavy ion driver, intense beams of ions are
transported from a final-focus magnet system through the
target chamber, where they focus on the target with a spot
size of a few mm. After the intense beams of ions leave the
final-focus magnet system, the ions drift about 6 m without
further external focusing to the center of the target cham-
ber. In addition, when the ion beams reach the center of the
target chamber, the current of each beam must be on the
order of tens of kAs with a pulse length of less than 10 ns.

In order to focus an intense ion beam to the small spot
size required, the majority of the ion beam’s space-charge
must be neutralized during the final transport stage. A low-
density plasma positioned between the final-focus magnets
and the target chamber provides electrons which neutralize
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the beam’s space-charge and allow the intense beams to be
focused beyond the space-charge limit.

The Heavy Ion Fusion Virtual National Laboratory con-
structed the Neutralized Transport Experiment (NTX) at
the Lawrence Berkeley National Laboratory to study, on
a reduced scale, the physics of the final-focus and neu-
tralized transport of space-charge-dominated beams [1].
The 400 keV injector generated a low-emittance, variable-
perveance K+ beam, which passed through a magnetic-
focusing section in order to study the magnet tuning
physics and its effects on the phase-space evolution of the
beam. The beam was given a convergent angle and allowed
to drift through a region containing background plasma.
The plasma electrons provided sufficient neutralization of
the beam space-charge that a final transverse spot radius of
< 2 mm was achieved at the focal plane. The neutraliza-
tion physics, description of the beamline system, and other
experimental results obtained on NTX were recently pub-
lished [1, 2, 3].

Transverse focusing of an ion beam is only part of the
challenge. In order to achieve < 10 ns pulse lengths, each
ion beam pulse must also be compressed along the direc-
tion of propagation. In order to achieve high current densi-
ties on target, there is a need to determine the physical and
technological limits of longitudinal focusing, achieved by
applying a time-dependent head-to-tail velocity tilt to the
beam and allowing it to drift through a background plasma.
The concept is called neutralized drift compression, and the
upgrade of the NTX facility is called the Neutralized Drift
Compression Experiment-1A (NDCX-1A).

In NDCX-1A, the primary addition to NTX is the in-
duction module, which is a linear induction accelerator [4]
with one acceleration gap that applies a voltage pulse to the
beam to create the required axial velocity tilt. The beam
pulse then drifts through the background plasma until a fo-
cal plane in current density is reached. The two main goals
of NDCX-1A are to determine the limits of how high the
current density can be compressed and how accurately the
compression factor can be measured. Simulations using the
LSP particle-in-cell (PIC) code [5] predict a pulse width of
a few ns with up to about one A/cm2 of current density at
peak compression. Therefore, fast diagnostics have been
incorporated into NDCX-1A and are being tested.
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FAST FARADAY CUP SIMULATIONS

The NDCX-1A requires accurate measurements of the
compressed ion beam current, Ib(t), current density,
Jb(x, y, z, t), and pulse width at the longitudinal focal
plane near the end of the plasma region. Several probe de-
signs, based on PIC simulations, are being tested to mea-
sure these parameters. The use of the LSP code [5] is
one method for simulating an ion beam pulse propagating
through a background plasma. The LSP code is an electro-
magnetic PIC code designed for large-scale plasma simu-
lations and supports multiple coordinate systems and ge-
ometries. The LSP code has been utilized in order to realis-
tically predict the accuracy of the probe designs.

The ion beam probes designed for NDCX-1A are mod-
ified Faraday cups. Generically, a Faraday cup consists
of a negatively-biased repelling ring located “upstream” of
a positively-biased collector cup enclosed in a grounded
housing such that plasma particles and secondary electrons
in the system are controlled. A design that admits the en-
tire compressed ion beam is inadequate for the purposes of
NDCX-1A because of the complex plasma and secondary
electron behavior within the probe. In order to accurately
measure Ib(t) or Jb(x, y, z, t) in NDCX-1A: (1) plasma
ions and beam ions must not shield the negatively-biased
repelling ring; (2) co-moving plasma electrons must be
completely rejected from the probe; (3) beam ions must not
be allowed to strike the repelling ring and create secondary
electrons; (4) secondary electrons created by ion bombard-
ment on the collecting surface must be trapped; and (5)
beam current densities up to an A/cm2 must be measured
at the collector with sub-nanosecond time resolution.

The LSP simulations predict that the regular Faraday
cup design should be modified such that it includes a
grounded frontplate with Debye-length-size holes, replaces
the repelling-ring with a repelling-plate with slightly larger
holes, and replaces the collector cup with a collector plate.
The aligned holes of the frontplate and repelling-plate (or
the backplate) lend some geometric shadow to the probe by
allowing only a fraction of the compressed beam pulse to
enter the diagnostic, thereby simplifying the control of the
five important processes listed above.

The design used in the initial experiments consists of a
frontplate with hole radii approximately a Debye length
in size (np ∼ 1010 cm−3, kTp ∼ 3 eV), followed 1 mm
“downstream” by a backplate with larger hole radii, and a
collector plate 1 mm “downstream” of the backplate. Table
1 shows the hole radius, the horizontal hole-to-hole separa-
tion, and the applied bias for each of the plates. The vertical

Table 1: “Pinhole” Faraday cup specifications
Plate rhole Hole-to-hole Bias
Front 114 µm 1016 µm grounded
Back 241 µm 1016 µm −150V
Collector N/A N/A +50V

hole-to-hole separation is
√

3/2 times the horizontal sepa-
ration, and each row of holes is staggered with respect to
the adjacent rows, giving an hexagonal arrangement. The
frontplate and backplate are each 102µm thick (< 2rhole),
made of stainless steel, and contain 2,146 holes.

The LSP simulations predict that plasma ion densities
two orders-of-magnitude lower (∼ 108 cm−3) than the
bulk plasma densities will be accelerated by the electric
field between the frontplate and the backplate, but will be
repelled from the collector due to the stronger, reversed
electric field between the backplate and collector. Plasma
ions that strike the backplate are expected to create neg-
ligible amounts of secondary electron current (< 10µA).
The frontplate is grounded so as to minimize the pertur-
bation to the surrounding plasma environment. Neither
the plasma ions nor the beam ions are expected to signif-
icantly shield the backplate’s potential, due to the close 1
mm spacings. Co-moving plasma electrons are completely
rejected from the probe by the electric field between the
frontplate and the backplate, and the secondary electrons
created by ion bombardment on the collecting surface are
trapped by the electric field between the backplate and the
collector. If all co-moving electrons were not rejected, then
Ib(t) would be under-estimated; if all secondary electrons
were not trapped on the collector, then Ib(t) would be over-
estimated. The holes in the backplate are designed to allow
diverging beam ions (< 125 mr) to pass without striking
the backplate and creating large secondary currents. The 1
mm gaps were chosen to reduce space-charge effects and
to minimize induced image current effects at the collector.
Therefore, the entire beam (less the 5% transmission fac-
tor) will be admitted into the d = 5 cm probe and the col-
lector will measure the total beam current, Ib(t), before the
beam has sufficient time to decompress due to space-charge
forces. Figure 1 shows (a) the probe measuring Ib(t) in the
LSP simulation, and (b) a photograph of the probe.
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Figure 1: Ib(t) probe: (a) particle-plot from LSP simulation
(aspect ratio 1:1), and (b) photograph before installation.
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INITIAL EXPERIMENTAL RESULTS

Initial measurements taken with the “pinhole” Faraday
cup show that, when only plasma is present, the collector
plate draws no current and the backplate draws about 0.2
mA of plasma ion current, in agreement with LSP simula-
tions with plasma density np ∼ 1010 cm−3. The probe
biases were chosen such that the diagnostic would operate
properly under the harshest conditions expected at the fo-
cal plane (np = 1011 cm−3, npeak

beam = 1010 cm−3). The
injector produces a 6µs-long, 299 keV K+ beam of ap-
proximately 2 cm radius which is transported in the +ẑ
direction through the magnetic-focusing and plasma drift
sections. Its current is then measured by the probe in the
presence of plasma. The voltage swing across the acceler-
ation gap is set to create an electric field whose direction
is initially in the −ẑ direction and changes to point in the
+ẑ direction later in time, so that the head of the beam is
slowed and the tail is accelerated, causing a focal plane in
current density to be created about 1 m “downstream”. The
induction module’s timing and voltage act on the middle
2 µs section of the beam such that the longitudinal focal
plane coincides with the plane of the collector plate.

Figure 2 shows the current Ib(t) recorded by the collec-
tor plate. The negative dip in the data is believed to be an
electronic artifact (reflection from a coupling box). Figure
3 is the same data, but normalized to the initial beam cur-
rent (without an applied tilt) and expanded around the lo-
cation of peak compression to show error bars (of the nine-
shot average) as well as comparison to LSP simulations.

The initial results of the fast Ib(t) diagnostic in NDCX-
1A are encouraging. The observation of over 50× longitu-
dinal compression in the presence of plasma has been veri-
fied by optical measurements and agrees well with LSP sim-
ulations using realistic experimental parameters, including
the applied velocity tilt. Without the neutralizing plasma
present, a factor of approximately 20× compression was
measured, also in agreement with LSP simulations.

Future research will include four key areas. First, there
are small pulse-width (full-width, half-maximum) discrep-
ancies between the “pinhole” Faraday cup (5 ns), optical
measurements (2 ns), and LSP simulations (3.25 ns). In-
duced image current signals in the backplate of the probe
suggest pulse widths between 3 and 4 ns. Thus, elec-
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Figure 2: Ib(t): Average of nine shots near focal plane.
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Figure 3: Initial measurement of longitudinal compression:
(Black) Experiment, (Red) LSP simulation.

tronic modifications for faster temporal response need to
be investigated. Second, noise and sampling issues need to
be addressed. Larger, more closely-spaced holes would re-
duce the signal noise and increase the statistical sampling
of the beam, at the cost of using higher biases in the probe
to control the plasma and secondary behavior as well as de-
graded structural integrity of the frontplate and backplate.
Currently, sub-mm-scale fluctuations in current are lost to
the frontplate and averaged over. Further calibration tests
are required to verify the beam current magnitude. Third,
the role of desorbed gas from the frontplate and collector
plate needs to be considered, although its effect on the mea-
surement appears to be small. Fourth, the current density
diagnostic will be similar to the Ib(t) probe except it will be
smaller and moveable. It will map out Jb(x, y, z, t) at the
focal plane and provide key insights into the physical and
technological limitations of neutralized drift compression.

Neutralized drift compression offers the potential of
compressing heavy ion beams to very high current densities
and, therefore, shorter accelerators could be used as heavy
ion drivers for high energy density physics and fusion ap-
plications, making them more compact and cost-effective
than previously envisioned.
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