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Abstract
The Neutralized Transport Experiment (NTX) has been built at the Heavy Ion Fusion Virtual National Laboratory. NTX is the first successful integrated beam system
experiment that explores various physical phenomena, and determines the final spot
size of a high intensity ion beam on a scaled version of a Heavy Ion Fusion driver. The
final spot size is determined by the conditions of the beam produced in the injector,
the beam dynamics in the focusing lattice, and the plasma neutralization dynamics
in the final transport. A high brightness ion source using an aperturing technique
delivers 25 mA of single charged potassium ion beam at 300 keV and a normalized
edge emittance of 0.05 7r-mm-mr. The ion beam is injected into a large bore magnetic quadrupole lattice, which produces a 20 mm radius beam converging at 20 mr.
The converging ion beam is further injected into a plasma neutralization drift section
where it is compressed ballistically down to a 1 mm spot size. NTX provides the first
experimental proof of plasma neutralized ballistic transport of a space-charge dominated ion beam, the information about higher order aberration effects on the spot size,
the validation of numerical tools based on excellent agreement between measurements
and numerical simulations over a broad parameter regime, and the development of
new diagnostics to study the ion beam dynamics. The theoretical and experimental
results are presented on the beam dynamics in the ion diode, downstream quadrupole
lattice, and final neutralized transport.
Thesis Supervisor: Richard J. Temkin
Title: Senior Scientist
Thesis Supervisor: Chiping Chen
Title: Principal Research Scientist
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Chapter 1
Introduction
1.1

Highly Compressed Ion Beams and their Applications

High brightness heavy ion beams are required in several applications in which a
large amount of power is delivered in a small volume. The two applications which
motivate the present work are Heavy Ion Fusion (HIF) and High Energy Density
Physics (HEDP). The Heavy Ion Fusion Program has been working for three decades
(starting in 1976) to design a HIF driver that will accelerate heavy ion beams and
focus them to a small spot to implode a DT target by inertial confinement. A possible
scenario would be to accelerate 120 ion beams to an energy of 4 GeV and a total
current of 10 kA, compress them to short pulses of 8 ns, and focus each beam to
a spot size of 2 mm, achieving a peak deposition of 1012J/m 3 (Figure 1-1). The
Heavy Ion Fusion Virtual National Laboratory (HIF-VNL) is also developing the
intense ion beams needed to drive matter to the regimes required for High Energy
Density Physics. A possible scenario for accessing the Warm Density Matter regime
(temperatures of 1-10 eV) would be to accelerate one beam of single charged Neon
ions to an energy of 30 MeV and a current of 1-2 kA, compress it to a short pulse of

Target Factory
To produce many low cost targets

Driver
To heat and comoress the
target

Fusion Chamber
To recover the fusion energy
pulses from the targets

m

beams

eiement
array

MMM
Steam Plant
To convert fusion heat into electricity

Figure 1-1: IFE power plant.

0.5-1.0 ns, and focus the beam to a spot size of 1 mm, achieving a peak deposition
of 1011J/m

3

(Figure 1-2).

The common beam physics required to obtain such densities involves high brightness beam injection and acceleration, neutralized drift compression, and final focus
optics that can generate the necessarily small focal spots in space and time. Accelerators producing appropriately tailored energy profiles of intense heavy ion beams
can provide a useful tool for creating uniform high energy density matter to study
the strongly coupled plasma physics of warm dense matter in the near term, and for
inertial fusion in the longer term. Both fusion and high energy density physics applications of heavy ion beams require understanding the fundamental physics limits to
the compression of ion beams in both space and time before they reach the target,
as well as a basic understanding of collective beam-plasma interaction processes and
beam energy deposition profiles within the dense plasma targets.

600
INJ

2-3 MV

Figure 1-2: HEDP facility.

1.1.1

Heavy ion fusion (HIF)

Fusion is the reaction in which two light atoms, such as atoms of hydrogen, combine
or fuse to form a heavier atom, such as an atom of helium (Figure 1-3). In the process,
some of the mass of the hydrogen is converted into energy. Hydrogen atoms repel
each other due to the electrical charge of their core or nucleus. For fusion to occur,
the atoms of hydrogen must be heated to extremely high temperatures (millions of
°C) so they have enough thermal energy to overcome this repulsion, and then they
must be held together or confined long enough for fusion to occur.
The US Department of Energy (DOE) supports two major fusion-research programs, one based on the magnetic confinement of large volumes of low-density fusion
fuel, the other on the inertial-confinement of small, high-density targets of the same
fuel. With the magnetic confinement fusion, strong magnetic fields hold the electrically charged or ionized atoms together as they are heated. With the inertial con-

Figure 1-3: Fusion.
finement fusion (ICF), a tiny pellet of frozen hydrogen is compressed and heated so
quickly that fusion occurs before the atoms can fly apart, so the reaction is confined,
in effect, by the inertia of the fuel. With ICF (Figure 1-4), the fuel capsule consists
of a hollow shell of frozen deuterium, and tritium which is set inside a chamber a few
millimeters in size. This frozen shell of thermonuclear fuel is surrounded by an outer
"ablation" layer that is rapidly heated by energetic laser or charged-particle beams
until it turns to plasma. The plasma flying out from the ablation layer implodes the
fuel, compressing its density about a thousand times and causing it to burn. If the
fuel burns rapidly enough, it is confined by its own inertia and requires no external
confinement system. This confinement lasts long enough for the reaction to produce
energy.
In July of 1976, a meeting was held in Berkeley, California, to discuss an idea
for using accelerator technology to produce fusion energy that was first proposed by
Alfred Maschke and Denis Keefe [1]. The issue discussed was whether intense, short
bursts of high powered heavy ion beams could ignite thermonuclear fuel confined by
its own inertia so as to produce a net gain of energy. The implosion that ignites the
fuel is set off or driven by high-powered beams of heavy ions such as xenon, mercury,
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Figure 1-4: ICF.
or cesium, which are focused on the capsule. At such a high current, space-charge
forces-the mutual repulsion among so many positively charged ions-become a serious
impediment. The accepted solution is to simultaneously bombard a fuel capsule with
a large number of independently focused, lower current beams.

Since that date,

scientists and engineers in the USA, Europe and Japan began working on techniques
of accelerating, transporting, and focusing heavy ion beams at higher currents than
ever before.
The fusion target most compatible with HIF is the so-called "indirect drive target"
which consists of a metal shell or Hohlraum containing a spherical shell of frozen
thermonuclear fuel (Figure 1-5). The heated Hohlraum emits intense X-rays that
compress the fuel capsule to thousands of times its initial density and heat it, near
the center, to thermonuclear temperatures. The key requirement for the beams used
to heat an inertial-fusion target is power density. During the brief time the target is
being heated, energy must be deposited at a rate of about 4 x 1014 W.
In principle, both lasers and beams of charged particles are able to meet this requirement. To date, most research has focused on developing high-power lasers to

foot

"Distributed radiator" target
Beam spot 1.8 mm x 4.1 mm
5.9 MJ beam energy
Gain = 68

"Hybrid" target
Beam spot 3.8 mm x 5.4 mm
6.7 MJ beam energy
Gain =58

Figure 1-5: IFE targets.

study target ignition, like in the National Ignition Facility (NIF), which is currently
the most important physics issue for inertial fusion. Proof-of-principle experiments
like these, however, are designed to operate at few shots per day, so repetition rate
and efficiency are unimportant. Commercial energy production imposes additional requirements on an inertial-fusion driver. Besides producing the required power density,
a commercial driver must also have an adequate repetition rate and be efficient and
reliable. These added requirements are best satisfied by ion accelerators. Accelerators
have been shown to work reliably at high repetition rates for ten years or more, giving
them a better demonstrated reliability than large laser systems. For these reasons,
committees chartered by the US Department of Energy and by Congress have identified ion accelerators as the most promising drivers for inertial-fusion power plants.
Ion drivers for fusion are expected to share the same basic technology of existing
accelerators; however, the unusual demands for very large instantaneous beam power
and a small (-3 mm) focal spot require a substantial revision of conventional designs.
A low transverse beam temperature or emittance is essential for a small focal spot,
so low-temperature injectors with a high current density are being developed. To
manage the large space charge of the ions, conceptual designs accelerate many beams
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Figure 1-6: HIF Driver.

in parallel, which also require the beam duration to be reduced from its initial value,
by about three orders of magnitude. Much of the present research is directed toward
meeting these stringent requirements.
A schematic diagram of a generic induction accelerator designed to produce 100
kA of cesium ions at 4 GeV is shown in Figure 1-6. To achieve 100 kA, it uses several
methods: multiple beams, beam combining, acceleration, and longitudinal bunching.
The accelerator systems and beam manipulations found in typical heavy-ion driver
designs are represented by boxes. Typical ion kinetic energy, beam current, and pulse
length at various points in the accelerator are also shown in Figure 1-6.
Typical parameters at the target are: Total Beam Energy of 5 MJ, Focal Spot
Radius of 3 mm, Ion Range of 0.1 g/cm2 (1 mm in typical materials), Pulse Duration
of 10 ns, Peak Power of 400 TW, Ion Energy of 3-10 GeV, Current on Target of 40
kA (total), Ion Mass of 200 amu. The target chamber and final focus requirements
add more constraints: Target yield requires the repetition rate to be about 5 Hz for
an attractive power plant of -1 GW. Thermal and mechanical stresses require the
standoff from the target to the wall to be about 5 m. Chromatic aberration of optical
system requires the energy variation to be less than 0.3%. Standoff and spot size
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Figure 1-7: Beam quality preservation.
require the transverse beam temperature to be less than 1 keV.
There are many scientific and technical challenges that remain before a practical HIF power plant can be realized. The main scientific challenge (Figure 1-7) is
to accelerate, compress and focus short bunches of heavy ion beams at high beam
currents and high peak-power levels required to drive targets, while preserving high
beam brightness (i.e., highly parallel motion of ions co-moving within the ion bunch)
sufficient to focus onto targets of a few millimeters in size. Another scientific challenge is to understand how the intense ion-beam pulses interact with a low-density
gas and plasma in the fusion chamber while they travel to the target.

1.1.2

High energy density physics (HEDP)

High Energy Density Physics is a new frontier of physics with multiple applications.
The physics and applications of this new discipline are described in detail in two
recent reports [2,3]. Of particular interest to the ion beam community is the Warm
Dense Matter regime (1-10 eV) where the plasma is strongly coupled.
Heavy ion beams have a number of advantages as drivers of targets to create matter with extremely high energy density. First, heavy ions have a range exceeding the
mean-free-path of thermal x-rays, so that they can penetrate and deposit most of
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their energy deep inside the targets. Second, the range of heavy ion beams in dense
plasma targets is determined primarily by Coulomb collisions with the target electrons; the ions slow down with minimal side-scattering, and their energy deposition
has a pronounced peak in the rate of energy loss dE/dx that increases with the beam
ion charge state Z. Also isochoric heating of substantial volumes to uniform, elevated
temperatures are expected to be achievable using heavy ion beams. These properties
make heavy ions an excellent candidate for high energy density physics studies, where
thin target plasmas would be uniformly heated by locating the deposition peak near
the target center (Bragg peak heating). Figure 1-8 shows the technique used in experiments at the Gesellschaft fuer Schwerionenforschung (GSI) in Germany, and the
technique proposed for the experiments at HIF-VNL.
The primary scientific challenge in exploiting these desirable properties in the
creation of high energy density matter conditions in the laboratory is to compress
the beam in time (by 1000 times overall, requiring 10-100 times more longitudinal
bunch compression than the present state-of-the-art) to a pulse length that is short
compared to the target disassembly time, while simultaneously compressing the beam
in the transverse direction (by 10 times) to a small focal spot size for high local
deposition energy density. Proposed new experiments, like the Neutralized Drift

Compression Experiments (NDCX series) [4], compressing intense ion beams within
a neutralizing plasma would significantly extend the beam current into high-intensity
regimes where the beam would not otherwise propagate in the absence of background
plasma, and where beam-plasma collective effects with longitudinal and azimuthal
magnetic focusing fields have not been previously explored.

For low energy ions

(in the few to tens of MeV range), requirements to study strongly-coupled plasma
properties in the warm dense matter regime are: target foils of thickness a few to
tens of microns, 1 to 20 Joules (in a single beam), 0.5 to 10 eV temperature, 0.2 to
2 nanosecond final pulse duration, and 0.5 to 2 mm diameter focal spot size.
A basic understanding of the collective processes and nonlinear dynamics of intense, high-brightness, heavy ion beams, and a determination of how best to create,
accelerate, transport, compress and focus these beams to a small spot size are critical
to achieving the scientific objectives of heavy ion fusion and ion-beam-driven studies
of warm dense matter. Most of the kinetic energy of heavy-ion beams is in the directed motion of the beam particles, but a small fraction is in random kinetic energy,
characterized by the effective temperature of the beam particles. Plasma electrons
can be used to neutralize much of the repulsive space charge that resists the beam
compression in time and space, but the beam temperature ultimately limits the smallest achievable spot size and pulse duration after the space charge forces are removed
from the beam inside plasmas. To minimize the beam temperature, and thereby
maximize the energy deposition in the target, the beam dynamics must be controlled
with high precision throughout the entire dynamical trajectory, using accurately positioned and tuned confining magnets, carefully tailored accelerating fields, and final
charge neutralization techniques that do not degrade the beam quality.
Accelerators for both high energy density physics and fusion must initially inject
sufficiently bright (low temperature) beams, accelerate the heavy ions to the desired
energy range, and then longitudinally compress and radially focus the beams onto the
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target with minimal growth in the longitudinal beam temperature (much less than a
factor of 10 to allow overall axial bunch compression by a factor of 100 or more), and
with minimum transverse temperature growth (much less than a factor of 10 to allow
radial focusing by more than a factor of 10).

1.2

Integrated Beam Systems for Highly Compressed
Ion Beams

The concept of integrated beam systems, which follow an ion beam from the source
to the target, is a key aspect for achieving the HIF and HEDP goals. The ability
to produce a highly compressed ion beam at the target depends ultimately on our
understanding of the ion beam history from the source, through the accelerator and
the final focus systems, to the target. The development path towards an ultimate HIF
or HEDP driver has to involve several intermediate proof-of-principle experiments.
The Integrated Research Experiment (IRE) [5] and the Integrated Beam Experiment
(IBX) [6] described in Section 1.2.2 are two projects that have been proposed. The
Neutralized Transport Experiment (NTX), the subject of the present thesis, may be
considered the first of such integrated beam experiments (see Section 1.2.3). Before
we consider these integrated beam experiments, we review in Section 1.2.1 the driver
issues addressed in the past with small scale experiments.

1.2.1

HIF driver and small scale experiments

In order to accelerate enough ions to deposit the -5 MJ of energy needed to implode
and ignite the target, while minimizing the diameter (and therefore the cost) of the
accelerator, the accelerated beams must be very intense. Thus one major task of
the heavy ion fusion research program is to determine the stability and behavior of
these intense beams. Since the charge can not be transported economically in a single
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beam, the accelerator must transport in parallel a large array of beams ('

30-100,

depending on design). Cost optimization gives a time duration for the beams of tens
of microseconds at the beginning of the accelerator. The beams must arrive at the
final focusing system with low enough transverse temperature (emittance) that they
can be focused to the small spots required, and low enough longitudinal temperature
that aberrations in the final lens system do not enlarge the spot. The basic issues
fundamental to feasibility of heavy ion fusion drivers therefore are those of producing
low-emittance intense beams, maintaining good beam quality while accelerating to
a few GeV and performing all necessary beam manipulations including a) bending
the beam trajectory, b) compressing the beam longitudinally, and c) transporting the
focused beam through the target chamber environment without degrading the focal
spot (Figure 1-9).
The HIF-VNL has addressed many of these fundamental issues in small, relatively
inexpensive experiments where relevant physics parameters, as the beam perveance,
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important to particle dynamics are in the same range as in the driver, but the beam
is at low energy. Using this approach of small experiments at low kinetic energy, the
Heavy Ion Fusion program has investigated the stability of intense beams, including
the emittance growth inherent in beam shape and profile changes; the interaction
of the intense beam with the walls through image charge effects, and the effect on
the beam of certain beam manipulations such as longitudinal compression, transverse
combining of beams, and focusing to a spot.
These were experiments with ion density in the driver parameter range, and with
sufficient length to allow evolution of beam emittance over several cycles of the frequencies of interest; but they were far from the parameter range of the driver in other
key features, and therefore could not explore certain issues.
There is a class of important phenomena which can also be explored at low energy, in short length experiments, but which requires high current beams.

With

driver-scale beam radius comes a high space-charge potential, so that the beam can
interact strongly with any electrons produced. Three experiments are investigating
the interaction of intense beams with electrons. The High Current Experiment (HCX)
[7] is measuring the quantity and orbits of electrons produced if the beam is allowed
to scrape the vacuum wall (electron cloud effects). The Neutralized Transport Experiment (NTX) [8] has been conducted to study neutralization-assisted focus of an
intense ion beam to a small spot. And the Neutralized Drift Compression Experiment
(NDCX1) [9] which studies the longitudinal compression of intense ion beams by factors of over an order of magnitude. When these high-current low-energy experiments
conclude, the program will have demonstrated the production, stable transport, acceleration, compression, beam neutralization using plasmas, electron production and
control, and the final focus of intense space-charge-dominated beams. For each of
these processes, phase space changes have been measured and matched with extensive particle-in-cell computer simulations.

The HIF-VNL has made advances over the past several years that include: (i)
high current ion sources and injectors (0.1 to 1 A of potassium) that have been
shown to have adequate initial beam brightness (sufficiently low transverse and parallel temperatures) to meet the requirements at injection [10]; (ii) negligible beam
brightness degradation has been observed in the transport of 200 mA potassium ion
beams through electric and magnetic quadrupole focusing lattices including control
of electron cloud effects [7]; (iii) more than 95% of potassium beam space charge has
been neutralized with a preformed plasma over -1 meter lengths without deleterious
beam-plasma instabilities [8], and (iv) longitudinal compression of intense ion beams

[9].
A high brightness heavy ion accelerator for creating powerful beams to study warm
dense matter is also being designed at LBNL [11]. The components are an injector
that delivers - 0.1MC of lithium beam, and an accelerator that boosts the energy to
about 3 MeV. Further beam manipulations will compress the beam to a final spot
radius of 1 mm and a pulse length of 1 ns. In order to reach those final parameters,
it is required to extract a high brightness beam and minimize the transverse and
longitudinal emittance growth along the accelerator. The injector is based on the
Accel-Decel concept [11] which enables the extraction of a high line charge density
beam from the ion source, and the accelerator is based on the Pulse Line Ion Accelerator concept [12], which uses a slow-wave structure based on a helical winding, on
which a voltage pulse is launched and propagated to generate the accelerating fields
(Figure 1-10).

1.2.2

The integrated research experiment (IRE) and the integrated beam experiment (IBX)

The U.S. Heavy Ion Fusion program has considered building a set of proof-of-principle
experiments which will demonstrate the feasibility of all driver beam manipulations
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Figure 1-10: High brightness injector for Warm Dense Matter applications.

which can be investigated at small scales. An intermediate-scale experiment, the Integrated Beam Experiment (IBX) [6], is an experiment which would access important
areas of physics, and constitute an integrated test of much of the physics of the driver.
It would produce a base of data and experience which would lay the groundwork for a
larger, proof-of-performance experiment, the Integrated Research Experiment (IRE)
[5], a proof-of-performance experiment which would demonstrate all the physics and
technology necessary for a driver (Figure 1-11).The IRE must address a wide variety of scientific issues. Some of these issues are associated with high intensity beam
physics in the accelerator itself. In particular, the IRE must determine and, if possible, expand the limits on long-term transverse and longitudinal beam dynamics. It
must measure transverse and longitudinal emittance growth. It must determine under
what conditions there are longitudinal instabilities. If these instabilities are deleterious, it must provide a vehicle to develop countermeasures, e.g., feedback stabilization.
The IRE must allow us to study halo formation and its effect on required beam clearance. It must allow us to study effects associated with high intensity beams such as
the presence of unwanted electrons (electron cloud effects). There are also important

issues in the target chamber. Most heavy ion fusion concepts have, in the past, been
designed to operate at sufficiently high kinetic energy that beam neutralization in the
chamber is not required. Operation at lower kinetic energy (actually lower voltage)
leads to lower cost for induction linacs but requires beam neutralization. The IRE
must be capable of validating the unneutralized propagation mode and it must be capable of definitive research on the neutralized propagation modes such as neutralized
ballistic focusing and the various channel transport modes. The IRE must be capable
of addressing remaining target physics issues such as validating our understanding of
the beam-plasma interaction. Additionally, it would be desirable to be able to study
target physics issues such as fluid instabilities in direct drive and other topics in high
energy density physics.
Though each fundamental beam manipulation has been individually explored in
separate small scale experiments, in the driver they will be sequential, and the errors
and changes in the beam distribution function which result from previous manipulations will be fed in as initial perturbations to the next area of transport. The
integration of all beam manipulations in a single small scale experiment will be one
of the chief scientific missions of the Integrated Beam Experiment (Figure 1-12). As
a result, the experiment will also benchmark computer codes which will be used to
design future experiments with end-to-end computer simulation. The science issues
which could not been investigated in previous small scale experiments are those which
require high energy, multiple beams, and long length scales. Simply extending the
length of the accelerator offers entry into significant new physics without the higher
cost of accelerating to near driver scale energy or adding a large number of beams.
This is the choice that the Integrated Beam Experiment would represent. With one,
or a few, beams accelerated to tens of MeV (-1/300 of the energy of a driver beam),
which means propagation over -70 meters, it would be possible to include all driver
beam manipulation sections (Figure 1-12) and test the integrated source to target
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physics. New phenomena that can be studied in such machine include longitudinal
wave production and propagation during acceleration and longitudinal pulse compression, and the beam emittance growth caused by these waves; longitudinal-transverse
coupling; effects of electrons on the ion beam; production of beam halo; evolution of
the shape of the beam head and tail, and production of longitudinal waves by this
process; long-length-scale emittance growth; investigation of limits to acceleration
rate; upstream correction of beam aiming at the final focus.
The main differences between the IBX and the IRE are consistent with this difference in scale, capability, and mission. They are: (1) the final kinetic energy of the
IRE would be a few 100 MeV, while for the IBX we envision 5-20 MeV, (2) the IBX
pulse length would be much shorter than that in the IRE in order to save induction
acceleration core cost, and (3) the IRE would be a significant multibeam experiment
(-30-100 beams), where the IBX is expected to have 1-to-a-few beams. The difference in number of beams and final kinetic energy imply a vast difference in total
current in the two experiments. The scientific mission of the IRE covers the beam
physics which can only be done at high energy or with the high total current implied
by high energy and large numbers of beams. Most of the multiple beam physics of
the driver would be studied first on the IRE, especially inductive effects that occur
only at high velocity, and the interaction of multiple beams and the electrons neutralizing them in the target chamber. The effect on the longitudinal stability of the
interaction of the beams with the induction cores is another important topic. This
"beam loading" will be negligible in the IBX because of low beam velocity and the
small number of beams. The study of electron accumulation in the beam requires
a long pulse length, and therefore though much electron physics could be explored
on the IBX, a significant part of the problem remains for the IRE. The IRE would
also give the first transport for lengths of the order of the driver length, providing a
definitive test of the effect of long transport on beam quality. For this reason much
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Figure 1-11: IRE-schematics.
of the physics first explored on the IBX would be tested again over long length scales
in the IRE. Finally, the IRE is expected to be capable of exploring some heavy-ion
target-interaction physics, while the IBX will not have the kinetic energy for this mission. The IRE would be capable of upgrade to an Engineering Test Facility (ETF)
which could test target chamber design.This is a key step for heavy ion fusion, which
would integrate the physics of previous experiments and introduce new capability for
exploration of physics of high importance to the program.

1.2.3

The neutralized transport experiment (NTX) as a first
integrated beam experiment

In preparation for the design and construction of the IBX and IRE, the Neutralized
Transport Experiment (NTX) has been designed to be the first integrated beam
experiment for the production of high energy density beams. NTX provides the first
experimental validation of neutralized ballistic transport of a space-charge-dominated
beam. It is an integrated beam experiment in the sense that the final focal spot
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size depends not only on the physics of neutralized ballistic transport but also on
the production of a high brightness source, and an understanding of the quadrupole
focusing system immediately upstream of the neutralized drift section. In support of
the NTX experiment, we have also developed and calibrated end-to-end simulations
that will be essential for future integrated experiments.
Although the NTX experiment uses a beam that is orders of magnitude lower in
current than a driver for heavy-ion fusion, a careful choice of parameters guarantees
that the transport physics closely matches that of a full-scale system. This beam
is required to hit a millimeter-sized target spot at the end of the drift section. The
objective of the NTX experiment and associated theory and simulations is to study the
various physical mechanisms that determine the final spot size (radius r ) at a given
distance (f) from the end of the last quadrupole. In a fusion driver, f is the standoff
distance required to keep the chamber wall and superconducting magnets properly
protected. The NTX final quadrupole focusing system produces a converging beam
at the entrance to the neutralized drift section where it focuses to a small spot. The
final spot is determined by the conditions of the beam produced at the source before
entering the quadrupole section, the beam dynamics in the magnetic lattice, and the
plasma neutralization dynamics in the drift section. The main issues are how to
control the emittance growth due to high order fields from magnetic multipoles and
image fields. This system serves as a prototype from which larger integrated systems
can evolve.
To date, beam-transport experiments through the NTX final-focus system have
produced high-perveance beams with the emittance and convergence angle needed for
chamber-transport experiments. These first experiments have demonstrated dramatically improved focusing by passing the beam through a low-density plasma produced
by a metal-arc source and have studied the effects of a second plasma near the beam
waist, mimicking the effects of a photo ionized plasma near the fusion target. We have

also compared the experimental findings with the results of numerical simulations.
In parallel to the transport experiments, two new diagnostic tools were developed.
The first, a refinement of the conventional "pepper-pot" imaging technique, gives a
detailed time-resolved view of the 4-D transverse phase space for beams that have
good pulse-to-pulse reproducibility. Using this technique to map the 4-D phase-space
distribution at the exit of the NTX final-focus system provides initial conditions for
more realistic simulations of the neutralized-transport experiments. The other tool
is a non-intercepting diagnostic that uses a low-energy electron beam directed across
the NTX beam line to map out the transverse charge distribution of the ion beam.
Both diagnostic techniques provide information about the structure of the NTX beam
and facilitate our understanding of neutralization physics.

1.3

Key findings and thesis organization

This thesis describes the physics design, numerical simulations, construction and experimental results of the Neutralized Transport Experiment (NTX) built at the Heavy
Ion Fusion Virtual National Laboratory. NTX is the first successful integrated beam
system experiment that explores various physical phenomena, and determines the final spot size of a high intensity ion beam on a scaled version of a Heavy Ion Fusion
driver. The final spot size is determined by the conditions of the beam produced in the
injector, the beam dynamics in the focusing lattice, and the plasma neutralization
dynamics in the final transport. A high brightness ion source using an aperturing
technique delivers 25 mA of single charged potassium ion beam at 300 keV and a
normalized edge emittance of 0.05 7r mm-mr. The ion beam is injected into a large
bore magnetic quadrupole lattice, which produces a 20 mm radius beam converging
at 20 mr. The converging ion beam is further injected into a plasma neutralization
drift section where it is compressed ballistically down to a 1 mm spot size.

NTX provides the first experimental proof of plasma neutralized ballistic transport
of a space-charge dominated ion beam, the information about higher order aberration effects on the spot size, the validation of numerical tools based on excellent
agreement between measurements and numerical simulations over a broad parameter
regime, and the development of new diagnostics to study the ion beam dynamics.
The theoretical and experimental results are presented on the beam dynamics in the
ion diode, downstream quadrupole lattice, and final neutralized transport.
The main contribution of this thesis is the conclusion that a challenging problem
as is the concentration of a large amount of particles in a small space can be accomplished by following a careful integration of theory, design, computer simulations and
experimental measurements to produce the required result. The main challenges in
the production of a high concentration of beam power in a small volume are a reliable
and accurate end-to-end simulation of the beam dynamics taking into account as
much information as possible about the external fields and beam initial conditions,
control of secondary electrons, and accurate beam diagnostics to measure the phase
space distribution at various locations to compare with expected results as well as to
reinitialize the simulation program. This paradigm is used in the design, construction
and operation of the Neutralized Transport Experiment (NTX).
This thesis is organized as follows:
Chapter 2 gives an overview of the Neutralized Transport Experiment (NTX).
The physics of neutralized transport for driver-scale beams is reviewed in Section
2.1 and used to explain the scale and experimental goals of NTX in Section 2.2.
In Section 2.3, we describe the NTX beam-line layout. Section 2.4 describes the
diagnostic suite, including a detailed description of two new diagnostics developed
for NTX: an improved optical technique for mapping the 4-D transverse phase-space
of the beam, and a non-intercepting diagnostic to measure the beam charge density.
These improved measurement techniques are essential for quantitative validation of

code predictions. Section 2.5 describes the numerical tools used for the design and
numerical simulations of the NTX experiment.
The beam line has three principal components: the injector, the magnetic-focus
lattice, and the neutralized-transport section. Each of these components presents
design challenges, and we discuss the design and characterization of each.
Chapter 3 describes the design of the diode that generates the ions from a source,
the aperturing system that removes the unwanted ions to produce a high brightness
ion beam, and a secondary-electron control system. It also describes the experimental
results of the final source design used in NTX.
Chapter 4 gives a detailed account of the theoretical, computational and experimental effort to design a Final Focus System that produces a high quality beam with
the appropriate initial condition to be injected into the neutralized drift section.
In Chapter 5, the components of the neutralized transport system and experimental results from NTX are presented. Measurements of beam transport through the
magnetic lattice are presented first and compared with particle-in-cell (PIC) simulations made using the computer code WARP [13]. We then present the corresponding
data in the neutralized drift section, along with theoretical results from WARP and
the electromagnetic PIC code LSP [14, 15].
Chapter 6 summarizes NTX accomplishments to date, presents the conclusions,
and discusses the directions of future work.
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Chapter 2
Overview of the Neutralized
Transport Experiment NTX
The topic of final focus systems for high intensity beams has been an important
subject of theoretical [16-19], and experimental [20] efforts since the beginning of the
Heavy Ion Fusion project in 1976. The first designs were derived from systems already
in use in particle accelerators for high energy physics where space-charge is negligible, and which incorporated sextupoles and octupoles elements for the correction of
chromatic and geometric aberrations (Figure 2-1).
Chromatic aberrations affect the focal spot radius due to deviations from the nominal ion momentum causing a variation in the focal length produced by the magnet
system. These aberrations may result from initial transients in the injector, from
residual momentum tilt due to beam compression, or from the momentum spread, or
longitudinal emittance produced along the beam line. Geometric aberrations are due
to nonlinear external fields and deviations from paraxial ray optics.
In HIF the space charge effects are dominant, and the well-known chromatic and
geometric effects are modified by space charge. In addition, during the final drift of
the ion beam through the chamber, uncompensated space charge forces would lead

p
p
non-linear lens
geometric aberration

linear lens
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Figure 2-1: Geometric and Chromatic aberrations.
to blow-up of the final focal spot.
In the more recent mainline scenario of a final focus system for an HIF driver [12],
the beam is transported in the final focus section through several strong large aperture
magnetic quadrupoles, and is then allowed to drift ballistically through neutralizing
plasma in a low-density (millitorr) gas onto the target (Figure 2-2).
There are nonlinear processes both in the magnetic section as well as in the neutralized transport section. To investigate these phenomena, the Neutralized Transport
Experiment (NTX) was built at LBNL [8]. The NTX beamline (Figure 2-3) consists
of 4 large bore quadrupoles followed by a neutralized drift section. A low emittance
K± beam is made to traverse this 4-quad lattice, at the exit of which, the beam enters
a 1-meter long drift section with an injected plasma. The beam is diagnosed at the
exit of the 4-quad section as well as the end of the drift section.
This chapter provides an overview of the NTX experiment. NTX is designed to
study the physics of a final focus system for an HIF driver. The key driver issues
and the scaling laws that justify a small scale experiment are described in Section
2.1. The specific objectives and overall layout of NTX are discussed in Section 2.2
and 2.3. The diagnostic and simulation tools used througout the entire experimental
campaign are presented in Sections 2.4 and 2.5 respectively.
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Figure 2-2: Neutralized Final Focus System.
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2.1

NTX, a Prototype Integrated Beam Experiment
for the Final Focus System for Heavy Ion Fusion

The NTX is intended as an integrated experiment to test simultaneously various
aspects of a scaled version of a heavy ion fusion driver or HEDP facility, including
the injector, the transport through a magnetic quadrupole lattice, the final focusing,
and the transport through a plasma-neutralization region.
The final transport section in a heavy-ion inertial-confinement fusion system poses
major challenges. After exiting the final-focus magnet system, intense beams of ions
with a current totaling tens of kiloamperes must drift without further external focusing to the center of a target chamber, a distance of about 6 m in recent conceptual
designs [211. To obtain adequate target gain, these beams must all hit spots a few
millimeters in diameter on the ends of the cylindrical fusion target.
From the very early days of heavy-ion fusion (HIF), final focusing has been a subject of intense study [22-24], with perhaps the most comprehensive study being that
of HIBALL-II [25]. These studies assumed that the chamber could have a sufficiently
high vacuum that beam ions would experience no forces other than their collective
space charge during the final transport to the target. In this final drift section, the
beam space charge acts to enlarge the focal spot, so the beam species, current, and
energy in early studies were chosen to make the space-charge blowup manageable.
For example, Olson [24] proposed a baseline case using 30 kA of 10 GeV U+1 ions in
a moderate vacuum of 10-4-10 -3 Torr. Numerical and experimental studies indicate
that such so-called "ballistic" transport could, in fact, be feasible. A 1998 scaled experiment [20] based on the HIBALL-II final-focus design was performed at Lawrence
Berkeley National Laboratory (LBNL), obtaining excellent agreement between theory
and experiment. Also, detailed numerical simulations of driver-scale systems showed
good spot sizes for the Olson parameters [26].
50

Since the HIBALL-II study [25], however, several significant shifts in conceptual
designs for HIF drivers have made ballistic chamber transport unattractive. One
change has been the development of indirect-drive targets [27], which give a more
symmetrical energy deposition on the deuterium-tritium capsule than the directdrive HIBALL-II target [25], but require more energy to heat the cylindrical metal
"hohlraum" enclosing the capsule. At the same time, driver economics favors beams
with lower kinetic energy, at the cost of requiring higher total beam current. This
higher current can be partly offset by using more beams, but even with an ion mass
of 200 amu, more than 450 beams would be required to reduce space-charge effects
sufficiently to allow ballistic transport. Another development has been the adoption
of "thick-liquid" walls as the mainline US approach to protecting the fusion chamber.
In HYLIFE-II [28] and more recent designs [21], jets of molten salt fill much of the
volume between the target and the chamber interior wall and absorb much of the blast
wave and the radiation. The vapor from these jets has a pressure about 0.6 mTorr
and consists mainly of Be 2 F and LiF. Due to collisional stripping by this gas, a singly
charged ion beam develops a wide spread of charge states by the time it reaches the
target, with the average charge state being about two. The effective perveance of the
beam is not increased by a similar factor because the liberated electrons propagate
along with the beam, but the beam itself becomes much more sensitive to the net
space-charge field. Finally, the distributed-radiator targets [29,301 developed in recent years exacerbate the problem of beam focusing by requiring that beam energy be
deposited in a narrow annulus on the hohlraum ends, rather than over the entire end
surfaces. The gain for these targets degrades if the focal radii of the beams exceed two
millimeters, thus requiring beams with a low transverse temperature and net charge.
A recent HIF driver study [21] reconciles these stringent final-focus requirements.
A pivotal feature of this design is the use of low-density plasma in the beam line
between the final-focus magnets and the chamber to neutralize much of the beam

space charge [14, 15, 311. If there are enough electrons in the volume swept out by
a beam, they can be trapped by the space-charge potential well of the beam and
provide charge neutralization during the final transport to the target, thus allowing substantial beam currents while still maintaining the low net charge needed for
good focus. In addition, after the target has been pre-heated by lower-current "foot"
pulses, thermal radiation from the target will photoionize the nearby background gas,
providing additional neutralization as the beam approaches the target.

2.2

NTX Objectives

The Neutralized Transport Experiment (NTX) has been designed to study, on a reduced scale, the physics of the final focus and neutralized transport of beams with
high space charge. The experiment was designed as part of the research program
developed by the Virtual National Laboratory for Heavy-Ion Fusion, a formal collaboration of Lawrence Berkeley National Laboratory (LBNL), Lawrence Livermore
National Laboratory (LLNL), and Princeton Plasma Physics Laboratory (PPPL).
Construction of the experiment at LBNL began in FY01, and the first transport
experiments were carried out in the Fall of 2002. As the photograph in Figure 2-4
shows, the experiment is quite small in scale. Both the current and the energy are
orders of magnitude smaller than driver parameters, but we have chosen the beam
and lattice parameters so that the transverse dynamics and neutralization physics
of NTX closely model a full-scale system. The experiment is designed to survey a
wide parameter space, and there are two independent plasma sources to simulate the
upstream neutralizing plasma and the photoionized plasma around the target. While
the experiment is specifically designed to study the physics of neutralized chamber
transport for heavy-ion fusion, the technique of plasma neutralization may also be applicable to other situations requiring the focusing of space-charge-dominated beams.

400 kV Marx generator pinhole diagnostic
four magnetic
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("plasma plug")
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("target plasma")

Figure 2-4: Photograph of the Neutralized Transport Experiment (NTX).

Two such situations are the focusing of collider beams near the interaction point and
the study of high-energy physics using intense particle beams.
Two quantities are important for choosing the scaled parameters of NTX. The
generalized perveance Q, loosely defined as the ratio of the edge potential of a beam
to its directed kinetic energy [32], characterizes the importance of space charge in
the transverse dynamics of a beam. The unnormalized emittance E is a measure
of the transverse phase-space area of the beam [33]. During the final transport, the
perveance and emittance are constant in the absence of collisions and nonlinear spacecharge fields, and for any particular choice of the initial beam radius and convergence
angle, they determine the transverse beam dynamics during final transport.

Perveance is dimensionless and, for a nonrelativistic beam, is given in SI units by
1 2ZeIb

Q= 47reo mi

(2.1)

where Ib is the beam current, and Z, mi, and vi are respectively the charge state,
mass, and velocity of the beam ions. Early analytical work by Olson [24] estimated
that the upper perveance limit for ballistic transport is Q r 1.6 x 10- 5 . The earlier
HIF designs, which had Q _ 10-6, satisfy this criterion comfortably, whereas recent
designs typically require Q to be a few times 10- 4 . The NTX injector can generate
beams with Q values up to about 10-3. This higher perveance has important ramifications for the focusing and final transport of an intense beam. Since the beam radius
increases with perveance when the transverse dynamics is dominated by space charge,
beams in a modern driver will sample more field aberrations in the final-focus magnets
than in older designs, assuming a similar magnet design. These aberrations introduce
radial and azimuthal variations in the focal distance, which degrades the focal spot.
Due to their high perveance, beams for modern driver designs require some form of
external neutralization after final focus in order to achieve an acceptable focal-spot
radius.

The use of low-density plasmas to neutralize space-charge-dominated ion beams
during the final transport has been studied analytically and numerically in recent
years [34-41]. Due to the thick liquid wall in a modern fusion chamber, it is difficult
to fill the inside of the chamber with a plasma at the repetition rate of several shots
per second needed for a driver. However, it is straightforward to inject a low-density
plasma, referred to as a "plasma plug," along the beam path between the last finalfocus magnet and the chamber entrance. An ion beam passing through this plasma
drags along electrons as it exits, and these co-moving electrons then provide substantial neutralization for the beam along the remaining path to the target. Two other

processes inescapably generate plasma in the chamber. First, collisions between the
beam and the background gas ionize the gas molecules in addition to stripping electrons from the beam ions. Second, once the target becomes hot, photons are emitted
which photoionize the background vapor in the region around the target. This photoionized plasma provides additional neutralization during the critical final part of
the beam trajectory. None of these three plasma sources alone provides sufficient neutralization [34, 35, 39, 40], but detailed numerical simulations indicate that together
they can give a usable beam focal-spot radius. One of the significant theoretical successes in recent years is use of the electromagnetic PIC code LSP to demonstrate the
technical feasibility of a driver point design that meets all of the constraints imposed
by the target, focusing, neutronics, and chamber-engineering considerations [21].
In addition to adequate neutralization, achieving a usable focal spot also requires
that the transverse emittance of each beam remain sufficiently small during the final
transport. In this thesis, we define emittance in terms of distribution averages over
the transverse phase-space coordinates x, y, x' - dx/dz and y' E dy/dz by

E-

,

(2.2)

where Ex and e~ are the unnormalized "edge" emittances [331 in the two transverse
directions, defined as
2 x'

2

(2.3)

E = 4V (y2 ) 2 - (y 2.

(2.4)

ex = 4V (X

-
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The unnormalized "edge" emittances, which are four times the root-mean-square
(rms) emittances, can be increased by nonlinearities both in the beam space-charge
field and in the external focusing fields. The emittances of the beam entering the finalfocus lattice are determined by the values at injection plus what are predicted to be

small growth during acceleration and compression. The final-focus magnetic lattice,
however, is a potentially significant source of emittance growth. The primary function
of this magnetic system is to prepare a converging beam for the final transport. To
develop the needed convergence angle, a strongly space-charged-dominated ion beam
must experience large envelope oscillations, during which phase-space distortions due
to geometric aberrations in the magnetic fields can lead to emittance growth. While
these higher-order effects are well known in final-focus systems with negligible spacecharge effects, aberrations in space-charge-dominated beams remain an issue to be
addressed in this thesis.
The major objectives of NTX are to study the final focusing and neutralized transport of space-charge-dominated heavy-ion beams, and to validate the physics models
in the numerical simulations. To expedite the experiment and minimize the cost, we
choose to use a beam with lower-mass ions than in a driver and a particle energy
that is four orders of magnitude smaller. Also, the physical size of the beam line is
about one sixth of the corresponding driver section. The remaining beam parameters are chosen to ensure that results from this low-energy experiment are relevant to
the design of a HIF driver. By scaling the equations for transverse dynamics in the
same manner as an earlier scaled final-focus experiment [20], we find that driver-like
dynamics is obtained by using the same perveance as a driver, by reducing both the
emittance and initial beam radius by the ratio of lattice lengths, and by scaling the
final-focus magnetic fields appropriately with the ion mass and speed.
This scaling is easily shown to preserve the beam response both to the final-focus
quadrupole fields and to any higher-order magnet aberrations. A low-energy beam
will therefore have the same envelope trajectory and emittance-growth characteristics
as a high-energy beam with the same perveance, provided that image forces and
interaction with any background gas are negligible. This makes the NTX final-focus
lattice a good model of a driver-scale lattice.

A small-scale experiment can also address key aspects of driver-scale neutralization
physics. Theoretical work by Olson [24], as well as the results of recent simulations
[39], indicates that the degree of neutralization from a plasma plug depends principally on the perveance, provided that the plasma has sufficiently high charge density
and is in contact with a metal wall that can emit electrons. Space-charge-limited
emission at this boundary is crucial because emitted electrons replace those captured
by a passing ion beam and thereby maintain the quasineutrality of the plasma. The
physics of beam neutralization by the photoionized plasma around the target is likewise determined mainly by the beam perveance and is modeled on NTX by generating
a plasma with an appropriate density near the beam focal point.

The final objective of NTX is to make detailed, quantitative comparisons of experimental data with the results of numerical simulations. These comparisons will both
help refine the numerical models in the simulation codes and guide improvements in
the experimental design and operation. A clear demonstration of the predictive capability of these codes will justify our reliance on them for designing later experiments.

Of course, several driver issues cannot be addressed on NTX. Due to the low
current in the experiment, no self-focusing by the beam net current will occur, and
indeed, the effect is expected to be minor even at driver parameters. Image forces in
the magnetic-transport section are likewise negligible on NTX. Cross-sections for collisional ionization of the beam and background gas have very different cross-sections
for low-energy and high-energy ions, so the effects of collisions cannot be modeled in
a scaled experiment. The effects of many beams overlapping as they converge on a
target are obviously missing from a single-beam experiment like NTX. Finally, photoionization of an ion beam by X rays from the heated target cannot be studied due
to the lack of suitable radiation source. Future experiments on a larger scale than
NTX are needed to investigate these issues.
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Figure 2-5: Plan view of NTX .

2.3

NTX Beamline and Parameters

NTX uses a 300-400 keV beam of singly charged potassium (K + ) ions to study the
final focusing and plasma neutralization of a strongly space-charge-dominated ion
beam. The energy, which is small compared with typical driver energies, is determined by the decision to use a pulsed-power source used from an earlier experiment.
However, as discussed in Section 2.2, NTX replicates driver-like transverse dynamics
by a careful choice of beam and lattice parameters. The beam source is designed to
produce a current of 75 mA, corresponding to a perveance of about 10- 3 , and we use
beam aperturing to achieve the goals of variable perveance and low emittance. The
apertures inserted after the source allow the current and perveance to be reduced
by as much as an order of magnitude, and excluding the less intense portion of the
beam near the edge simultaneously reduces the beam emittance and increases the
brightness.

The drawing of the NTX beam line in Figure 2-5 shows the layout and scale of the
experiment. Pulsed power is provided by the same Marx generator that was used in
the Multiple Beam Experiment (MBE-4) [42]. This generator can deliver a pulse of
up to 500 kV with a maximum duration of about 20 ps. A timed crowbar switch on
NTX produces pulses with a rise time of 0.5-1 ps and a "flat-top" of about 10 ps. The
remaining NTX components are designed specifically for the experiment and consist
of three major sections: a low-emittance potassium gun [43], a magnetic transport
section with four pulsed quadrupoles [441, and a one-meter-long drift section with
plasma neutralization [45].
The K+ beam is produced by a standard hot-plate source [46], and the perveance
and emittance are controlled by passing the beam through a metal aperture after the
diode. Negatively biased rings on either side are used to capture electrons liberated
by ions striking the aperture plate. The change in transverse emittance that results
from aperturing primarily affects the focal-spot size. For the space-charge-dominated
NTX beam, WARP [13] simulations show that dynamics in the final-focus lattice is
insensitive to the beam emittance.
Although the NTX beam typically has a 2-cm radius as it enters and exits the
magnetic-transport section, the magnets nonetheless have a 15-cm radius bore. Any
four-magnet focusing system gives the beam a large radial excursion before the last
magnet, and in NTX, we want to handle perveances that are substantially higher than
expected in a driver, so the large bore is used to accommodate large radius swings,
while still keeping the beam away from the more nonlinear magnetic fields near the
wall. The choice of a 60-cm half-lattice period and 2.4-m total length follows from
practical considerations, such as the available power supplies for the magnets and
limits on the overall length of NTX.
The layout of the 1-m NTX plasma neutralization section is shown in Figure 2-6,
and the sketch in Figure 2-7 shows how it functions. The upstream plasma, modeling

stic box

Figure 2-6: Plan view of the NTX Neutralization Section.

the plasma plug that neutralizes the beam after it exits the final-focus section, consists
mainly of electrons and doubly charged aluminum ions from a pulsed cathode-arc
source (sometimes called a metal-vapor vacuum arc or MEVVA source). The plasma
itself is centered 0.25 m after the end of the last magnet so that it is well away from
the fringe fields, and it extends about 0.05 m in both directions. After the beam exits
this first plasma, it drifts 0.75 m through a 3.5-cm-radius beam pipe into a diagnostic
area at the nominal focal point. A second plasma generated at the center of the
cross simulates the photoionized gas that will surround a target hohlraum after it
has been heated by early low-current "foot" beams. This "target" plasma is generated
by a pulsed radio-frequency (rf) source and has a charge density approximating that
expected in a fusion chamber. A diagnostic box is placed at the focal point.
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Figure 2-7: Generic layout of a plasma-neutralization system.

2.4
2.4.1

Diagnostics
Single and double slit mechanical diagnostics

The initial measurements of the NTX beam were made with the same diagnostic
tools used on MBE-4 [42,47] and other early HIF experiments.

A diagnostic box

containing various combinations of slits and Faraday cups is moved to the end of each
NTX section as the experiment is being assembled, and the beam is characterized at
each of these points. A Faraday cup, with a 2-cm entrance radius and a guard ring
biased to exclude electrons, is used to make time-dependent current measurements,
and a "slit-cup," consisting of a movable slit with an attached Faraday cup to measure
the transmitted current, is used to measure the line-integrated beam profile. A second
movable slit is used along with the slit-cup to map out the transverse phase space of
the beam by a standard double-slit technique [48]. The slit and the slit-cup, aligned
in parallel to the first slit and located behind it, are moved so as to sample either the
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Figure 2-8: Slit scanner diagnostics.

(x, x') or (y, y') phase space, as illustrated in Figure 2-8, with the collected current
being recorded for typically 400 or more shots. These data are then used to construct
contour plots of phase-space density in the various two-dimensional (2-D) planes. The
response time of the Faraday cup allows a time resolution of about 150 ns. In addition
to transverse emittance, these data yield other time-resolved quantities, such as the
beam size, centroid position, and density profile.
In addition to these conventional diagnostics, NTX now uses optical diagnostics
to provide detailed, time-resolved information about the ion-beam transverse phase
space. Work has also been performed to characterize a non-intercepting electronprobe technique that provides information about the transverse structure of the beam
charge density. The design and implementation of these diagnostics are discussed in
the following subsections.

2.4.2

Optical diagnostics

We have developed an optical diagnostic technique (Figure 2-9) for NTX as a faster
and more flexible alternative to the double-slit technique. This optical technique,
which is related to the gated beam imager (GBI) [49], uses scintillator plates imaged by an image-intensified charge-coupled-device (CCD) camera. The GBI uses a
"pepper-pot" to create an array of beamlets that are imaged directly onto a gated
microchannel plate (MCP). The new NTX technique differs in two ways. First, a thin
sheet of scintillator material is substituted for the MCP imager, allowing the MCP to
be placed away from the beam line with the camera. Second, a single movable pinhole replaces the pepper-pot because the convergence of the NTX beam would cause
side-by-side beamlets to merge. The technique is simple, compact, and more flexible,
because only the scintillator material is placed in the path of the beam. Hundreds
of NTX shots are needed to map out the beam phase space than for the double-slit
method, but this requirement is manageable due to the reproducibility of the NTX
beam and the ease of each measurement.
For the images presented here, the scintillator material is a 98% aluminum oxide
ceramic.

Charge neutralization is provided by a 90% transmission metallic mesh

(0.28-mm line spacing) placed on or near the surface of the scintillator. Beam ions
striking the mesh generate secondary electrons. The secondary electron yield from
beam ions striking the mesh is greater than ten electrons per ion, so sufficient free
electrons are generated on the mesh to charge-neutralize the insulating surface of the
scintillator. By applying a negative bias to the mesh, stray external electrons are
decelerated and deflected away from the scintillator, limiting their contribution to
the optical image to negligible levels. The measured rise time of the scintillator is less
than 50 ns; while the fall time is about 1 its. There is no evidence for saturation or
thermal quenching in the scintillator response. We tested linearity over the range of
measured intensities by imaging the same beam in horizontal and vertical slit scans.

The local intensities in the two scans differed by an order of magnitude, but the
summed intensities of all images in each of the two scans agreed. The lifetime of the
scintillator material under intense ion beam bombardment is limited, but the current
and energy of NTX are sufficiently low that this limitation is not a concern. However,
accumulated damage to the metallic mesh at NTX parameters can cause a weaker
signal in portions of a scintillator image, a feature evident in some of the images.
Time-resolved beam images on the scintillator screen are captured with a Roper
Scientific gated-intensified CCD camera viewing the scintillator through a vacuum
window, and images are processed using the public-domain program ImageJ. Figure
2-10 shows a typical beam image taken on NTX near the focal point.
Whole-beam scintillator images, like those in Figure 2-10, are the primary optical
diagnostics reported here, but a scintillator-based imaging technique is also being used
now to map the four-dimensional (4-D) phase-space distribution of the NTX [45]. The
phase-space distribution f(x, y, x', y') is measured over many shots by scanning the
beam cross section with a movable pinhole having a diameter of 20 thousands of
an inch. The transmitted beamlet then travels to the nominal focal point, about
1 m, where it strikes the scintillator plate. The position of the pinhole defines the
coordinates x and y, and from the image, we can extract the density distribution of x'
and y'. Figure 2-11 shows this technique schematically, along with selected images of
the individual beamlets that reveal a very detailed phase-space structure. A detailed
knowledge of the 4-D phase space is essential both for more realistic initializations of
neutralized-transport simulations and for understanding the NTX measurements.

2.4.3

Non-interception charge-density diagnostic

All the NTX diagnostics mentioned above entail inserting apparatus temporarily into
the beam line, either blocking or significantly altering the ion beam. Moreover, since
characterization is not normally done while experimental data is being recorded, there
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Figure 2-9: Optical slit scanner diagnostics.

Figure 2-10: Typical image from optical diagnostics.
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Figure 2-11: Phase space optical scanner.
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Figure 2-12: Electron beam deflection by ion beam space charge. (a) A transverse
cross-sectional view of an arbitrary charge distribution in the x and y directions.
Probe electrons of velocity vx are directed horizontally from left to right (-x to +x)
at various heights, y, and acquire a velocity vy orthogonal to vx, (b) an axisymmetric
nonrelativistic charged particle beam which is long relative to its transverse dimensions, and where the charge density is a function of radius only, the electric field Er at
any given radial distance, r, from the beam center will be proportional to the charge
enclosed within a concentric cylindrical Gaussian surface of radius r, as shown by the
dashed circle.
is a possibility that beam parameters may change after being measured.
As an alternative, we have developed a non-intercepting beam diagnostic to characterize an ion beam during its operation. By repeatedly measuring the deflection of
a low-current electron beam propagating across the NTX beam, we can map out the
transverse charge density of the ion beam (Figure 2-12).

For non-relativistic ion beams that are long compared with their cross section, an
electron injected on a plane perpendicular to the beam motion will remain on that
plane, i.e., the x - y plane in Figure 2-12(a). Under the assumption that the electron
moves in such a way that v, > vy, the trajectories can be considered straight lines
with a small angular deflection after passing near the ion beam. Since the e-beam
accelerates when approaching the ion beam, and decelerates when moving away from
the ion beam, vx can be considered constant along the e-beam trajectory.
The deflection angle can be obtained from the equation of motion

dvy
dv

ee Ey,

m

dt

(2.5)

where e and m are the charge and mass of the electron, and Eyis the electric field
produced by the ion beam charge distribution on the x - y plane.
Since vx = dx/dt, we have

dv_
dx

e EY,
mvx

(2.6)

e Ey,

(2.7)

and
dO -

mvx

dx-

Y"

where 0 = vy/vx. Therefore, the deflection angle is given by integrating Ey along the
e-beam trajectory, from the point where the e-beam enters the diagnostic box, to the
point where the e-beam hits a measuring device, like a scintillator.

0=

m

my?2

Eydx,

(2.8)

From Maxwells equation V * E = p/eo, and since Ez is zero for the ion beam with
uniform density along its direction of motion, we have

OEx
8z

+

OE,
ay

=

p(x,y)
Eo

(2.9)

Integrating this equation along an e-beam trajectory (y=constant) we obtain,

aEx dx +I

EY dx =

p(x, y)dx.

(2.10)

The first term is zero since Ex vanishes far away from the ion beam.
If we define the current intercepted by a thin wire or a slit at position y and of
width dy as I(y), then

d

Edx oc I(y).

(2.11)

From Eq. (2.8) we obtain

I(y) oc

dy

(2.12)

Therefore a slit- or wire-scan current measurement can be related to an e-beam
deflection scan measurement through its derivative. To determine, without making
any assumptions of charge distribution shape, the 2D charge density distribution, a
full set of deflection measurements over many different electron-beam directions x
and offsets, y must be made. This procedure produces the Radon Transform of the
2D density distribution. Once the Radon Transform is obtained, various methods
of computing tomography can be used to invert the Radon Transform, yielding the
density distribution.
The above method of analysis simplifies when the beam density distribution is axisymmetric. Analytic solutions for various axisymmetric one-dimensional (1D) charge
distribution functions can be formulated. For example, Figure 2-12(b) shows an ax-

isymmetric nonrelativistic charged particle beam which is long relative to its transverse dimensions, and where the charge density is a function of radius only, the electric
field Er at any given radial distance, r, from the beam center will be proportional to
the charge enclosed within a concentric cylindrical Gaussian surface of radius r, as
shown by the dashed circle. For an electron beam passing through an ion beam, the
amount of line charge density "seen" by the e-beam will vary as the e-beam travels
through. This results in a decrease of the acquired transverse velocity, which has
a functional dependence on the e-beam offset y from the ion beam axis, going to
zero for zero offset y. By scanning the e-beam through various offsets y, the radial
dependence of A (and thus the volumetric charge density p) can be calculated. In
particular, for an exponentially decaying density distribution

p(r) = poe - r/ro,

(2.13)

the vertical aquired velocity vy is

-,7r/2
where ro is the exponential decay radius. Similar formulas can be derived for hardedged uniform, Gaussian, and Gaussian-hollow axisymmetric beam density distributions. Common to all solutions is the result that deflection angle is invariant with
y, once the entire charge distribution is not intercepted. The above analyses assume
linear electron trajectories from x=-oo to x=+oo with a ground potential at infinity.
The sub-millimeter electron beam has a current of 1-5 pA and an energy of 58 kV. A chicane of four magnets, labeled D1-D4 in Figure 2-13, first deflects its
trajectory some chosen distance above or below the beam axis, and then on the other
side of the NTX beam line, deflects it back approximately to the original plane, where
its position is registered on a scintillator for optical analysis. The current and energy

Lector

Figure 2-13: Sketch of the NTX non-intercepting beam diagnostics.

of the electron beam are chosen so that it will not significantly perturb the NTX
beam but will itself be significantly deflected. Provided that the electron-beam space
charge is negligible compared with the NTX beam, the electrons will be deflected
at a predictable angle that depends on the charge-density distribution of the NTX
beam, integrated along the electron-beam trajectory. By varying the strength of the
magnetic fields on a series of NTX shots, the electron beam can pass through every
part of the ion beam, and the scintillator detects the resulting deflections as functions
of time along each pulse.
Figure 2-14 shows a photograph of the assembled diagnostic box, with the electron
gun, magnets, and scintillator all placed inside a vacuum chamber maintained at
better than 10- Torr. The commercial electron gun has a LaB6 cathode that operates
at an energy of 5-10 keV and delivers a beam current that meets the requirement of
1-2 MA. The dipoles D1-D4 are iron-dominated to minimize the current requirement
and provide high field uniformity, and they are designed to operate inside the vacuum
chamber with the cathode. The detector is a Yttrium Aluminum Perovskite (YAP:Ce)
scintillator with a 100-nm aluminum coating on the front surface to drain accumulated
charge. A CCD camera is focused on the scintillator and is connected to a computer

Figure 2-14: Photograph of the NTX non-intercepting beam diagnostics.
to record image data. We measure ± 3-cm vertical displacement of the electron beam
while varying the current through magnets D1 and D2, confirming that this diagnostic
can scan an ion beam with a diameter up to 6 cm. Results of this diagnostic and
design details are presented elsewhere, along with preliminary experimental findings

[50].
The diagnostic system has been installed in the NTX ion beam line to measure the
ion beam density profile. The measured profile is compared with a direct scintillator
measurement for the same ion beam parameters. Figure 2-15 shows the transverse
displacement of the e-beam trajectory by the ion beam as the e-beam scanning height
is varied relative to its axis to scan the ion beam radial profile. The lines with solid
diamonds and hollow circles show, respectively, the experimental data and theoretical
predictions. For the experimental data, the e-beam is vertically translated over a 4
cm height across the ion beam. A Python tracking code is used to model the e-beam
deflection assuming an axissymmetric gaussian charge density distribution of 14 mm
width and A = 2 x 10-8 C/m, e-beam energy of 8 keV and 2D (z, x) slab geometry.

e-beam scan height (mm)

Figure 2-15: Transverse displacement of perturbed e-beam trajectory by an ion beam
as a function of unperturbed e- beam trajectory. Experimental (solid diamonds) and
calculated (hollow circles).
Figure 2-16 shows a comparison of the integrated ion beam density profiles measured optically by placing a ceramic scintillator in front of the ion beam, and by the
e-beam system. The integrated densities are obtained by doing a least-square fit on
the data presented in Figure 2-15 to obtain I(y). The derived profiles agreed well for
this 1.3 cm ion beam profile. Because of relative insensitivity to background subtraction, inherent in the optical imaging, the e-beam diagnostic has an advantage over
the direct measurement of the beam profile with the scintillator. This is important
when measuring beam halos.

2.5

Numerical Tools

In the HIF-VNL we have available a suite of computer codes to design the experiments,
model details of their performance, and to analyze the data. These codes, which range
from zero-dimensional systems codes to 3-D particle-in-cell simulations, are able to
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Figure 2-16: A comparison of the integrated ion beam density profile measurements.
The lines with hollow and solid circles show, respectively, the ion beam profiles measured destructively by directly placing a ceramic scintillator in front of the ion beam,
and nondestructively using the e-beam diagnostic system.

model all parts of an accelerator from source to target at an appropriate level of
detail (Figure 2-17). In the accelerator, the areas studied include beam formation
(ion source), beam matching, emittance growth, lattice-error tolerances, beam-halo
formation, and bunch compression. Beam transport in the reactor chamber is also
being examined to determine the best ways to neutralize the beam and to minimize
the focal spot. In this thesis, the main computer codes used to run the numerical
simulations are the (r - z and x - y) particle-trajectory code EGUN for gun design,
and the 3-D particle-in-cell code WARP. For the neutralized transport section, WARP
is used by neglecting the plasma dynamics and assuming an effective space-charge
neutralization for the ion beam. The 3-D electromagnetic code LSP is used for a
self-consistent simulation including the ion beam and the neutralized plasma. For
data analysis, we have a series of dedicated data reduction programs written in the
computer language PYTHON. For image analysis the program of choice is ImageJ.

Study instabilities, halo, electrons, ..., via coupled detailed models

Systems code IBEAM for synthesis, planning

Figure 2-17: Codes for beam dynamics simulations.

2.5.1

EGUN

The (r - z and x - y) particle-trajectory code EGUN [51] computes trajectories
of charged particles in electrostatic and magnetostatic focusing systems including
the effects of space charge and self-magnetic fields. Starting options include Child's
Law conditions on emitters of various shapes, user-specified conditions input for each
ray, and a combination of Child's Law conditions and user specifications. Either
rectangular or cylindrically symmetric geometry may be used. Magnetic fields may
be specified using an arbitrary configuration of coils, or the output of a magnet
program, such as Poisson, or by an externally calculated array of the axial fields.
The program first solves Laplace's equation.

Next, the first iteration of particle

trajectories is started using one of four starting options. On the first iteration cycle,
space charge forces are calculated from the assumption of paraxial flow. As the rays
are traced, space charge is computed and stored. After all the particle trajectories
have been calculated, the program begins the second cycle by solving the Poisson
equation with the space charge from the first iteration. Subsequent iteration cycles
follow this pattern. The Poisson equation is solved by an alternate column relaxation
technique known as the semi-iterative Chebyshev method. A fourth-order RungeKutta method is used to solve the relativistic differential equations of the trajectory
calculations.

2.5.2

WARP

WARP [13] is a multidimensional (2-D and 3-D), electrostatic intense beam simulation
program developed and used at the Heavy Ion Fusion Virtual National Laboratory.
It allows flexible and detailed multi-dimensional modeling of high current beams in a
wide range of systems, including bent beam lines using a "warped" coordinate system
(from which the code derives its name). It is being designed and optimized for heavy
ion fusion accelerator physics studies. At present it can model the beam dynamics
76

in a 3-D description, an axisymmetric (r, z) description, a transverse slice (x, y) description, a simple envelope model used primarily to obtain a well-matched initial
state, and envelope/fluid models used for scoping and design. The discrete-particle
models in WARP combine the particle-in-cell (PIC) technique commonly used for
plasma modeling with a description of the "lattice" of accelerator elements. WARP
is a time-dependent particle code - the particles are advanced in time and the self
and applied fields are applied directly to update the particles' momenta. The calculation can follow the time-dependent evolution of beams, or can efficiently be used to
study steady-state beam behavior in 3-D or 2-D (r, z) by solving for the self-consistent
field only infrequently or by using an iterative method. The transverse-slice model
is s-dependent, and is effectively a steady-flow model. The beam can be initially
generated from one of several general distributions or from first principles via spacecharge-limited injection from an emitting surface. The self-consistent field is assumed
electrostatic - Poisson's equation is solved on a Cartesian mesh that moves with
the beam. In a bend, the solution is altered to include the curvature of the coordinates. Complex conductor geometry can be included in the field solution using a
subgrid-scale, or cut-cell, boundary algorithm to afford a realistic description of the
geometry while minimizing the required grid resolution. Regions where the physics or
the geometry requires a small spatial scale can be resolved as finely as needed using
Adaptive Mesh Refinement, implemented in WARP. In order to accommodate spacecharge-limited injection with very fast rise time, a specialized refinement patch is
implemented. Near the emitting surface, the self-fields are calculated along independent one-dimensional lines normal to the surface, with increasing refinement towards
the surface. Figure 2-18 shows a self consistent calculation of the ESQ Injector using
WARP.

Figure 2-18: WARP simulation of the ESQ Injector.

2.5.3

LSP

LSP [15] is a 3-D (as well as 2-D and 1-D) electromagnetic code for large-scale electromagnetic plasma simulations using the particle-in-cell method. Both explicit and
direct-implicit electromagnetic field and particle-advancing algorithms are available.
Algorithms are also implemented for field emission, transmission-line boundaries, dielectrics, dispersive magnetic materials, secondary electron generation, multiple scattering, ionization of neutrals, surface heating, and desorption of neutrals from surfaces. A hybrid fluid model for electrons has been implemented, allowing electrons in
dense plasmas to be modeled with a kinetic or fluid treatment as appropriate.

2.5.4

ImageJ

ImageJ is a public domain Java image processing program. It runs, either as an
online applet or as a downloadable application, on any computer with a Java virtual
machine. It can display, edit, analyze, process, save and print 8-bit, 16-bit and 32-

bit images. It can read many image formats including TIFF, GIF, JPEG, BMP,
DICOM, FITS and "raw". It supports "stacks", a series of images that share a single
window. It is multithreaded, so time-consuming operations such as image file reading
can be performed in parallel with other operations. It can calculate area and pixel
value statistics of user-defined selections. It can measure distances and angles. It can
create density histograms and line profile plots. It supports standard image processing
functions such as contrast manipulation, sharpening, smoothing, edge detection and
median filtering. It does geometric transformations such as scaling, rotation and
flips. Image can be zoomed up and down. All analysis and processing functions are
available at any magnification factor. The program supports any number of windows
(images) simultaneously, limited only by available memory. Spatial calibration is
available to provide real world dimensional measurements in units such as millimeters.
Density or gray scale calibration is also available. ImageJ is designed with an open
architecture that provides extensibility via Java plugins. Custom acquisition, analysis
and processing plugins can be developed using ImageJ's built in editor and Java
compiler. User-written plugins make it possible to solve almost any image processing
or analysis problem.
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Chapter 3
Ion Source
3.1

Calculation of the Pierce Electrode Shape for
Aberration-free Sheet Particle Guns

In order to explore aberrations in magnetic transport and the effects of incomplete
neutralization, an ion source with a variable perveance and a very low emittance
has been designed and tested. The source characteristics are summarized in Section
3.3. Figure 3-1 shows the schematic of a typical ion diode and Figure 3-2 shows a
photograph of the emitter and Pierce (focusing) electrode assembly.
The search for aberration-free diode geometries for the extraction of high-perveance
Pierce

exit aperture

I

tungsten
substrate

T

_d'ode gap -

Figure 3-1: Schematic of a typical ion diode.

Figure 3-2: Photograph of the emitter and Pierce (focusing) electrode assembly.
beams has been a topic of research for the past 60 years, ever since Pierce [52] found an
analytic solution for sheet beams. Pierce's solution can only be used in guns that do
not have an aperture, or that have a high transparency mesh placed at the extracting
electrode aperture to let the beam out and still define an equipotential. Furthermore
his mathematical method, based on analytic functions of a complex variable to solve
for the field potential outside the beam region, cannot be used in general geometries.
We will describe a procedure to find aberration-free gun geometries for non-relativistic
beam diodes in the framework of the cold-fluid description. Discussions are made regarding appropriate boundary conditions, and analytic and numerical methods are
introduced in order to solve such a complex diode problem.

3.1.1

Cold fluid description of non-relativistic beams

It is plausible to assume that the beam flow is governed by the cold-fluid equations,
because the thermal energy of the particles (i.e., the temperature) is negligibly small
compared with the energy associated with the mean flow of the beam in a well-

designed particle gun. In the IS units, the cold-fluid equilibrium equations are:

(V -V)yV = -[Eo
m

+ Es + Vx (Bo + BS)],

(3.1)

V (nV) = 0,

(3.2)

V - (Eo + Es) = q n,

(3.3)

V x (Eo + Es) = 0,

(3.4)

V x (Bo + B') = MoqnV,

(3.5)

V-(Bo + Bs) = 0

(3.6)

where q and m are the ion charge and rest mass, respectively, n(x) is the ion density
and V(x) is the ion flow velocity,

r(x) = X1

(x)]
V2c2
c

-1/2

(3.7)

is the relativistic mass factor, which is kept to be non-unity in the present formulation applicable for both electron and ion diodes; c is the speed of light in vacuum,
Eo(x) and Bo(x) are the externally applied electric and magnetic fields, respectively,
E'(x)and BS(x) are the self-electric and self-magnetic fields of the ion beam, respectively.
There are four variables, namely, n(x), V(x), ES(x), and Bs(x), that must be
solved with appropriate boundary conditions discussed below.
For future references, introducing the electrostatic potential O(x) and magnetostatic vector potential A(x) defined by

E(x) = Eo(x) + E'(x) = -V((x),

(3.8)

B(x) = Bo(x) + Bs(x) = V x A(x),

(3.9)

and the current vector potential X(x)defined by

J(x) = qn(x)V(x) = V x X(x),

(3.10)

we express the cold-fluid equilibrium equations as

(V V)V = m
q[E + V x B],

(3.11)

V2 ¢ = -qn,

(3.12)

V2 A = -poqnV,

(3.13)

where A(x) has been assumed to satisfy the gauge condition

V.A(x) = 0.

(3.14)

Evidently, the cold-fluid equilibrium equations are highly nonlinear.
For a non-relativistic diode, the applied and self-magnetic fields may be negligibly
small. Under the approximations

7(x)

-

1,

B(x) = Bo(x) + Bs(x) = 0,

(3.15)
(3.16)

we only need to solve Eqs. (3.1)-(3.3). Assuming the laminar flow condition

VxV(x) =0

(3.17)

we find from Eq. (3.1) that

SmV2(x) +q(x)] =0

(3.18)

or

-mV 2 (x) + q¢(x) = const = 0,
2

(3.19)

where we have set the constant to be zero so that for a space-charge limited emission
gun (zero flow velocity emission) the electrostatic potential is zero at the emitter.
Since J(x) = qn(x)V(x), then

n(x)

IJ(x)
-I

J(x)

1 I

jq IV(x)l

qJ

2

-qo(x)'(

(3.20)

where J(x) is the magnitude of the current density vector J(x).
Therefore, the entire non-relativistic diode problem is reduced to the following
two equations

V.J(x) = 0,
V2

1

= 1

m J(x)
(x)

(3.21)
(3.22)

which must be solved subject to appropriate boundary conditions. Notice the change
of notation in Eq. (3.22) so that these equations describe the flow of negative particles
of charge -q < 0, and that the potential is non-negative.

3.1.2

Prescription to Find Aberration-Free Gun Geometries

Equations (3.21) and (3.22) form the basis to find the field potential (0) configurations
inside the beam region by prescribing a divergence-free current density flow (J) and
defining beam boundaries in such a way as to have self-consistent boundary conditions
for the electrostatic potential. The potential inside the beam is a solution of the

following system

V2 = 1
1
0

-o

Im
-

J(x)

2q

q(x)

(3.23)

e~mitter= 0,

(3.24)

Pcollector= o,

(3.25)

beam-boundary= f(X),

an

(3.26)

where f(x) must be chosen self consistently.
Once q is found inside the beam region we solve for the potential '0 outside
the beam region by solving Laplace's equation and matching the inside and outside
solutions for the potential and the normal derivative at the beam boundary. This is a
Cauchy problem for Laplace equation,

V 2 0(x) = 0,

)beam-boundary = Obeam-boundary,

8n

beam-boundary= f(X).

(3.27)

(3.28)

(3.29)

For the beam interior, the simplest choice for an aberration-free beam flow is to
set J = Je, where J = constant, i.e., particles follow straight line trajectories from
the emitter to the collector. Figure 3-3 describes a generic system for a constant
current density flow.
The boundary conditions appropriate for this type of flow are described in Figure
3-4. The emitter and collector are equipotential surfaces and the field must be parallel
to the beam boundaries. In this situation f(x) = 0 on the beam boundary, i.e., the
electric field normal to the field boundary vanishes.
The boundary conditions to determine the equipotential extensions from the emitter and from the collector are described in Figure 3-5. Notice that the boundary

EMITTER

COLLECTOR

Figure 3-3: Generic Gun System for Constant Current Density Flow.

0=0

4=¢o

Figure 3-4: Boundary conditions for Generic Gun System for Constant Current Density Flow.

V2 =0

CONSTANT CU RENT DENSITY FLOW

___---

Figure 3-5: Boundary conditions for exterior solution of Generic Gun System for
Constant Current Density Flow

conditions are specified only for the beam boundary. The potential 4 does not have
to match the potential 0 anywhere else.

More complex flows, like converging axisymmetric flows, can be described by an
appropriate choice of the divergence-free current density vector J(r,z). For example
the uniform beam flow between concentric spheres is described by

C
z)
J(r,

r 2 + z22)3/2

(rer + zez)

(3.30)

where C is a constant. The choice

J(r,z)

C
2 ) (re,
r(r + Z
2

+ ze,)

with C being a constant, will generate a non-uniform flow.

(3.31)

3.1.3

Sheet beams and Pierce diode solution for 2-D flow

For constant current density flow in slab geometry, where the beam is flowing along
the z-direction and is infinite along the y-direction, we have from Eq. (3.23),
1m
V2 ¢(x, z) = -

q

so• 2q

J
J-,

XIZ

(3.32)

where
J(x, z) = -Je,

(3.33)

and J > 0 is an arbitrary constant. In order to fix the value of J, an additional
boundary condition must be imposed on q. We choose the space-charge limited
emission condition ¢'(0) = 0.

3.1.3.1

Electrostatic potential solution inside the beam.

Equation (3.32) is the equation for the potential inside the beam. Since there are no
forces along the x-direction, then

¢"(z) = i

q

0(0) = 0,

(z

(3.34)

(3.35)
(3.36)

'(0) = 0,

(3.37)

where d is the distance from the emitter to the collector. The boundary conditions
on the beam boundary are trivially satisfied since the potential does not depend on
the x-direction.

The solution to Eq. (3.34) is

Z

N(z) = 00o

4/

3

(3.38)

The current density J is related to 0o and d by the Child-Langmuir Law
4E3

J = 4_O
9
3.1.3.2

2q

2

00.
m d2

(3.39)

Electrostatic potential solution outside the beam.

Outside the beam the electrostatic potential obeys Laplace's equation. In slab geometry the upper and lower regions bounded by the equipotentials from the emitter and
the collector are independent and the solution in one region can be obtained from
the other by reflection. For simplicity let's define as x = 0 the position of the upper
beam boundary. Then we have to solve

1x92

+

&z2

=0

(3.40)
4/3

Obeam-boundary =o

89

beam-boundary=

0.

(3.41)

(3.42)

It is straightforward to obtain a solution to Eq. (3.40) by working in the complex
plane defined by the variable w = z + ix, which gives

, )

=

z +ix

4 /3

(3.43)

Since the right hand side of Eq. (3.43) is the real part of an analytic function,
it is a solution of Laplace's equation; also since it is symmetric about x = 0, then
-(x

= 0, z) = 0. Furthermore #(x = 0, z) =

o (n)4/3
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Figure 3-6: Equipotentials of

4'.

In the polar coordinates z = p cos 0, x = p sin 0, we have

O(p, 0) =

0

()

41

3 cos(40/3).

(3.44)

Figure 3-6 shows the equipotentials of 0. The only region relevant for our analysis
is the region bounded by the equipotential that start from the emitter, the equipotential that start from the collector ,the x = 0 line and the boundary at infinity. Figure
3-7 shows the gun design based on this solution obtained by Pierce in 1940 [52].

Notice that in polar coordinates, the equation for the equipotential that starts at
the emitter is given by
0 = 31r/8,

(3.45)
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Figure 3-7: Pierce solution for uniform rectilinear space-charge flow in slab geometry.
and the equation of the equipotential that starts at the collector is

(p/d)4/3 cos(40/3) = 1,

(3.46)

as illustrated in Figure 3-7.

3.2

Current transient elimination in one-dimensional
diodes

Section 3.1, which describes a procedure to obtain an aberration-free ion beam didoe design, assumes a time-independent steady-state space-charge-dominated (ChildLangmuir) flow. In practical situations, during beam turn-on the voltage at the source
is increased from zero to start extracting the beam; it stays constant for a time comparable to the desired pulse length, and is decreased to zero to turn off the emission.

The transient behavior is dominated by the extraction pulser voltage time profile and
the transit time of the ions inside the diode.
The transient longitudinal dynamics, i.e., the relationship between the timedependent voltage on the "extracting electrode" and the current and energy at the
end of the diode is simulated by running particle-in-cell codes like WARP3D in a
time-dependent mode.
Figure 3-8 shows the experimental waveforms, from the 2 MeV ESQ Injector at
LBNL, of the current and energy transient oscillations, which decay away within a few
multiples of the particle transit time across the gun, for the case of a sudden turn-on
of the extracting voltage. The elimination of these oscillations is very important for
space-charge-dominated beams since such oscillations will lead to envelope variations
along the beam which will reduce the dynamic aperture of the accelerator.
In this section we discuss the generalization, to any complex geometry, of a method
proposed by Lampel and Tiefenback [53] to eliminate transient oscillations in a onedimensional planar diode. This generalization has been implementated in WARP3D.

3.2.1

Current transient elimination in a one-dimensional planar diode

In a one-dimensional planar diode it is possible to find an analytic solution for the
extracting voltage waveform that will eliminate the current and energy transient
oscillations.
Figure 3-9 shows a schematic diagram of a planar diode. Let O(x) be the potential
corresponding to the steady-state space-charge-dominated flow:

O(x) = -V(x/L) 4 / 3 .

(3.47)
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Figure 3-8: Current and energy transient oscillations for the case of a sudden turn-on
of the extracting voltage.
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Figure 3-9: Schematic diagram of a planar diode.

3.2.1.1

Correction of beam head oscillations

To calculate the required V(t) we use the following procedure starting from the steady

state solution [53].

* Divide the diode into two regions on either side of the plane at x = ( (Figure
3-10).

* Eliminate the charge for x > (.
* Keep field solution for x < ( unchanged by requiring the field at x = ( to be
the same as in the steady-state space-charge-dominated flow.
* Find the potential at the collector to satisfy Laplace's equation for x > (, and
continuity of potential and field at x = ý. The result is

c(0)=

-V[

-

3(4/L)1/3 3(3/L)4/3].

(3.48)

* Express the parameter ( in terms of the time at which the leading particles in
the beam are at (. From energy conservation we obtain

1m(dý/dt)2 = qV(ý/L) 4/ 3 .
2

(3.49)

By integrating the preceding equation we obtain

,
(ý/L) = (t/r)3

(3.50)

where the transit time factor is defined as

T

= 3 mýL 2 /2qV.(5

(3.51)

Collector

Source

Figure 3-10: Beam head uniform current flow.
Since V(t) =

/c((),

the beam head oscillations will be corrected by applying the

following voltage waveform at the collector

V(t) = -- V[ (t/)

-

(t/T)4] for t < T,

V(t) = -V for t > T,

(3.52)

(3.53)

which is illustrated in Figure 3-15.

3.2.1.2

Correction of beam tail oscillations

The procedure can be extended to eliminate beam tail oscillations by dividing the
diode into two regions on either side of the plane at x = (, eliminating the charge for
x < ( (Figure 3-11), keeping the field solution for x > ý unchanged by requiring the

Collector

Source

Figure 3-11: Beam tail uniform current flow.

field at x = ( to be the same as in the steady-state space-charge-dominated flow, and
changing the potential at the collector to satisfy Laplace's equation for x < ý, and
continuity of potential and field at x = (. The solution in terms of the parameter ( is

1
3

c() = -V[1 + -((/L)4/3].

(3.54)

Setting the time origin as the time when the emission stops, the beam tail oscillations will be corrected by applying the following voltage waveform at the collector:

1
V(t) = -V[1 + -(t/)
3

4]

for t < T.

(3.55)

Source

Figure 3-12: Schematic diagram of a concentric-spheres diode.

3.2.2

Current transient elimination between concentric spheres

For the Child-Langmuir flow between concentric spheres (or between infinite coaxial
cylinders), the procedure described above provides a set of ordinary differential equations whereby a solution for the extracting voltage waveform can be obtained that
will eliminate the current and energy transient oscillations.
Figure 3-12 shows a schematic diagram of a diode formed by two concentric
spheres. Let O(r) be the potential corresponding to the steady-state space-chargedominated flow. The Poisson equation is

(1/r 2)(d/dr)(r2 d/dr) = -p/eo.

(3.56)

Since
1

-mv2 = -q¢ and p = I/47rr 2v,
2

(3.57)

we obtain
(d/dr)(r2 d¢/dr) = -(I/47ire0)

-m/2q¢,

(3.58)

where v and I are the beam velocity and current respectively.
To correct for the beam head transients we will follow the same procedure described in Section 3.2.1, starting from the steady-state Child-Langmuir flow solution.
* Divide the diode into two regions on either side of the sphere at r = ( (Figure
3-13).
* Eliminate the charge for r < (.
* Keep field solution for r > ( unchanged by requiring the field at r = ( to be
the same as in the steady-state space-charge-dominated flow.
* Find the potential at the collector to satisfy Laplace's equation for r < ý, and
continuity of potential and field at r = ý. The result is

)c(ý)= ý2(1/2

-

1/Rc)'(ý)

+ 0(().

(3.59)

* Express the parameter ( in terms of the time at which the leading particles in
the beam are at (. Flrom energy conservation we obtain (inward flow)

1m(dý/dt) 2 = -q#.

(3.60)

Since we do not have a closed form solution for O(r), V(t) will be obtained by
integrating numerically Poisson's and the velocity equations to obtain ¢(() and t(ý).
The initial conditions are
O(R) = 0,

(3.61)

'I(R8 ) = 0,

(3.62)
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Figure 3-13: Beam head uniform current flow.
T(R,) = 0.

(3.63)

Since V(t) = ¢c((), we obtain the required voltage waveform by substituting these
solutions into the expression for ¢C(().
A similar analysis, following a different approach, has been reported by Kadish
et al. [54]. Particle codes written to study the beam dynamics of one-dimensional

diodes have been used to check the validity of the procedure [55-57].

3.2.3

Current transient elimination in general geometries

The essential feature of the described procedure is to force the field solution in the
region occupied by the beam, at any given time, to be the same as the steady state
solution in the same region.

This can be done in one-dimensional structures by

prescribing an extracting voltage waveform V(t) since a condition at a single point
(the collector) is enough to fulfill the requirement.
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Figure 3-14: Current profile for the 2 MeV injector using the numerically calculated
voltage wave form.
For a two- or three-dimensional gun, the procedure requires the prescription of
extracting voltage waveforms along a curve or on a surface, respectively. Since this
requirement is not attainable we can compensate only partially the transient oscillations. For an axisymmetric structure, for example, one may use as an effective
potential the average energy of the particles at a given cross-section and follow the
same procedure as that described for one-dimensional structures.
We have implemented the general procedure to eliminate transient oscillations in
the three-dimensional particle-in-cell code WARP3D.
We have also implemented it in two injectors, namely, the earlier 2 MeV Injector [58] and the present NTX diode. Figure 3-14 shows the current at the end of the
cylindrically symmetric 2 MeV injector using the numerically calculated voltage waveform V(t) applied on the extracting electrode. The resulting current profile exhibits
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Figure 3-15: Voltage waveform as calculated and used in WARP3D and the corresponding ideal waveforms for the planar, and spherical-equivalent diodes.

a decrease in the beam head transient oscillation. Since the 2 MeV heavy ion fusion
injector gun is poorly represented by either a planar diode or a two-concentric-sphere
diode, attempts to use the voltage waveforms V(t) calculated for such geometries
resulted in a rather small decrease in the transient oscillation. Figure 3-15 compares
the waveforms obtained for the planar and spherical diodes.
An attempt to elliminate transient oscillations in the NTX diode will be discussed
in Sec. 3.3.3..
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3.3

The NTX Variable-perveance Heavy Ion Source

3.3.1

Design and performance of a high brightness ion source

The NTX experiments require a beam current that can be varied by one order of
magnitude, up to 75 mA. This variability is needed both to investigate the effects of
aberrations in final focus and to test the sensitivity of plasma neutralization to beam
current.

In addition, neutralization studies also require a high source brightness,

a quantity which is proportional to the beam current divided by the square of its
emittance [33]. The use of aperturing to vary the perveance simultaneously generates
high-brightness beams by removing the edge of the beam after it exits the diode.
Beam scraping, however, produces secondary electrons that must be controlled. Stray
electrons can introduce nonlinear space-charge forces, which can lead to an increase of
the transverse emittance [59] and, in extreme cases, to beam disruption. In NTX, the
secondary electrons are controlled by placing electron traps near the beam scraper.
Each of these electron traps has a sufficiently large negative potential to confine the
electrons even in the presence of the positive ion-beam self field.
The EGUN [51] calculation in Figure 3-16 shows potential contours and steadystate ion trajectories for a nominal case of the ion gun, including the diode and the
beam aperture and electron-trapping device. The 75-mA K + beam is produced on
the surface of a 2.54-cm diameter alumino-silicate source [46] heated to 1060 oC, and
it exits the 12-cm diode gap with an energy of 300-400 keV. A beam aperture plate,
with holes of variable diameter, is placed about 8 cm beyond the diode exit plate,
sandwiched between two metal rings of 5-cm length and 6.2-cm inner diameter. The
nominal 3 kV negative bias on these rings provides adequate trapping of the free
electrons produced by ions striking the aperture. Figure 3-17 shows a photograph of
the NTX beam scraper system.
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Figure 3-16: EGUN simulation of the NTX diode and beam aperture system.

Figure 3-17: Photograph of the NTX beam scraper system.
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We first characterize the diode without an aperture plate. At 400 kV, the peak
current is 77 mA, which agrees with the 73-mA EGUN calculation within the ±5%
uncertainty of the measurement. The measured current follows the familiar ChildLangmuir scaling [33] as the voltage is varied by a factor of three. The measured
beam profile and emittance show small deviations from uniformity due to known
imperfections in the beam optics. When an aperture of 2-cm diameter is inserted
and the nominal electron-trap voltage is applied, the measured current is 55% of
the total, again consistent with the EGUN prediction. The density profile of the
apertured beam is found to be much more uniform, and the emittance in each of
the transverse directions is lower by a factor of two, producing overall a doubling of
brightness.
Figure 3-18(a) shows that a smooth uniform bright beam profile is generated by
increasing source temperature, smoothing the source surface and positive biasing of
the aperture. As the bias potential on the aperture is reduced, electron neutralization
leads to enhanced current density on-axis and a highly non-uniform beam profile has
been observed (Section 3.3.4).
The line-integrated beam profile is parabolic, indicative of a uniform beam profile,
and the normalized edge emittance is measured to be 0.05 r-mm-mr, which is less
than a factor of 2 times of source-temperature-imposed value.
When the ion beam is apertured and a negative bias voltage of 3-6 kV is used
to capture electrons, the measured beam profile is quite uniform. The slit-integrated
density profile shown in Figure 3-19 for a 25-mA beam deviates from the corresponding EGUN calculation by a maximum of 2%, with the average deviation being much
smaller. The measured emittance is less than a factor of two above the value expected from the source temperature alone (E 0 7.5rx-mm-mr). The only significant
qualitative difference between the experimental phase-space plots in Figure 3-19 and
the corresponding computer-generated plots is a slight S-curve deviation in x' result106
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ing from a third-order ("spherical") aberration in the NTX focusing system. The K +
beam in Figure 3-19, with energy of 300 keV and e • 12.57r-mm-mr, is used for the
neutralized-transport experiments reported here.

3.3.2

Current-voltage relation

The K+ beam is produced within the source chamber by a standard hot-plate [46]
of a 2.54 cm diameter alumino-silicate source across a diode with a 12 cm gap. The
pulsed power is provided by a Marx generator and crowbar switch that were used in
the Multiple Beam Test Experiment (MBE-4) [42]. This Marx generator produces a
pulse with 0.5-1 /-s rise time and is crowbared to produce a 5-ps "flat-top". The unapertured beam current follows the Child-Langmuir Law, reaching 80 mA at 400 keV.
Figure 3-20 shows the Marx voltage waveform, the extracted ion current waveform
and the confirmation of the Child-Langmuir law. With a 2 cm diameter aperture,
the current is reduced by approximately one half; a 1 cm diameter aperture reduces
the current to 1/4 of the 2 cm aperture value. Most of the detailed experiments have
been performed with the 2 cm aperture, where the current is 25 mA at 300 keV.

3.3.3

Current transient in the NTX gun

As described in Section 3.3.2, the NTX diode voltage waveform is provided by a Marx
generator and a crowbar switch. The Marx generator produces a rise time between
0.5 and 1 ps and is crowbared to produce a 5-ps "flat-top". The oscilloscope waveform
in Figure 3-20 (top-left) shows the Marx voltage profile wit a rise time -600 ns. The
crowbar limits the pulse to a 5-ps "flat-top", and produces a decay time -500 ns.
Since the transit time of the ions in the diode is -300 ns, the elimination of the
beam head current transient using the prescription described in Section 3.2 is not
possible due to the limitations of the Marx generator. A voltage waveform rise time
longer than the ion transit time in the diode produces a smooth rise time of the current
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Figure 3-20: Measured voltage and current waveforms and verification of the ChildLangmuir law
at the end of the diode as shown in Figure 3-20 (bottom-left). A modification of the
Marx generator to produce a rise time ~300 ns should produce a sharper current rise
time.
In order to correct the beam tail transient effects, a mechanism to stop the emission
of ions in the presence of diode voltage is required. There is an ongoing program at the
HIFS-VNL to control the ion emission from an alumino-silicate emitter by controlling
the emitter temperature with a laser beam; this mechanism is based on the fact that
the emission from the alumino-silicate emitter is negligible below temperatures <800

oc.

3.3.4

Control of secondary electrons

The K+ beam is produced by a standard hot-plate source [46], and the perveance
and emittance are controlled by passing the beam through a metal aperture after the
diode. Negatively biased rings on either side are used to capture electrons liberated by
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ions striking the aperture plate. The change in transverse emittance that results from
aperturing primarily affects the focal-spot size. For the space-charge-dominated NTX
beam, WARP simulations show that dynamics in the final-focus lattice is insensitive
to the beam emittance.
A smooth uniform bright beam profile is generated by increasing the source temperature, smoothing the source surface and aperturing the beam [8]. The use of an
aperture to vary the perveance also generates a high-brightness beam by removing
the edge of the beam after it exits the diode. Beam scraping, however, produces
secondary electrons that are controlled by an electron trap.
The control of electrons is very important in this experiment, as stray electrons
can introduce nonlinear space charge forces, which could lead to increase of beam
emittance, and disruption of beam propagation.

Our technique is to confine the

electrons generated by the perturbing process to its place of birth by adjacent electron
traps. These electron traps have negative potentials sufficiently large to confine the
electrons even in the presence of the positive potential (a couple of kilovolts in NTX)
from the self-field of the ion beam. Figure 3-16 shows a sketch of the ion gun and
the beam scraper system, as designed using the EGUN code, and Figure 3-17 is a
photograph of the aperture and electron trap located at the exit of the NTX diode.
The trap consists of two metal tubes, each of 5 cm length, and 6.2 cm inner diameter
with an aperture plate in between. The upstream and downstream tubes are located
0.8 cm from the aperture plate. A nominal negative 3 kV potential is provided on
each of the metal tubes, providing adequate electron trapping in the presence of the
ion beam. Another electron trap, 7.5 cm in radius, is located at the downstream end
of the beamline, 10.16 cm downstream from the last quadrupole magnet. A nominal
negative 7 KV voltage is used across this second trap to make it effective for collection
of stray electrons.
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Figure 3-21: Electron effect on density
We run a series of tests in order to prove the effectiveness of the NTX beam
scraper system. A Faraday cup is used to measure the total beam current exiting the
aperture plate, and a slit/ slit-cup arrangement to measure the line-integrated beam
profile (with slit cup only) and emittance (with slit and slit cup). The Faraday cup
and the slit cup each consists of a collector and a guard ring/grid with bias voltages
that are controlled to collect beam ions only. In addition, we also monitor currents
flowing through the aperture plate and each of the two electron traps.
To understand the effect of electrons generated by the beam on the aperture
and the diagnostic plates, we vary the bias voltage on the electron trap. The total
current measured in the Faraday cup increases as the magnitude of the negative bias
is reduced. We also measure the change in beam profile as the bias voltage is varied.
We notice that as the bias voltage moves towards zero, the on-axis current is greatly
enhanced. Associated with the on-axis enhancement is a slight reduction in the overall
radial dimension of the beam as shown in Figure 3-21.
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Figure 3-22: EGUN simulation of ions and electrons in the NTX diode and the scraper
system.
These observations are consistent with a picture where electrons are trapped
within the beam as the electron trap voltage is reduced. To quantitatively evaluate these effects, we have performed a series of simulations; using PIC codes as well
as ray-tracing codes. The predicted behaviour of ions and electrons are shown in
Figure 3-22. With the qualitative agreement of code and experiment, the following
picture emerges: when the negative bias on the electron trap is sufficiently high, the
electrons born on the aperture plate and the diagnostic plates are locally trapped.
Their effect on the ion beam is minimal. However, as the negative bias is reduced, the
electrons are finally able to break through the electrostatic barrier, and will accumulate around the beam axis (the bottom of the potential well). The region of electron
population increases with reducing bias voltage. These on-axis electrons cancel the
space-charge effect of the ions, causing the overall ion beam envelope to decrease,
and the on-axis ion density to increase. The total current through the aperture also
increases as a result.
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Chapter 4
Matching and Transport in a
Magnetic Quadrupole Focusing
System
4.1

Final Focus Physics and Scaling Relations

The relevance of NTX to the fusion driver is derived from the observation that the
key scaling parameter is perveance, defined in SI units by
1 2Zeb
Q=47reo
mivý '

(4.1)

(4.1)

where Ib is the beam current, and Z, mi, and vi are respectively the charge state,
mass, and velocity of the beam ions.
The beam dynamics of a low current, low energy beam, as in NTX, is identical
to a high current, high energy beam in a fusion driver, as long as the perveance is
the same, and the focusing fields are scaled appropriately. In the NTX experiment
the injector is designed to generate a very high-brightness, space-charge-dominated
potassium beam where the perveance is varied by means of a beam aperturing system
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immediately down stream of the ion source and upstream of the first quadrupole as
discussed in Chapter 3. By changing the aperture size, we vary the beam current at
a fixed energy.
A simple theoretical model for neutralized drift provides us the framework in
which we analyze more detailed experiments and simulations. For a beam which is
nearly ballistic, the focal length f is given by

ro

(4.2)

where ro is the beam radius and 0 is the angle of convergence at the entrance of the
drift section (i.e., at the exit of the quadrupole lattice). The final spot size r, at the
focal point is given by

= ,

(4.3)

where E is the unnormalized emittance of the beam at target. The first question, addressed with a combination of simulations and experiment, is whether we can achieve
the focal spot at target, more specifically, whether we can control the beam in the
quadrupole lattice to produce any desired beam size ro and convergence angle 0 at
the entrance to the drift section. As described below, beam control is obtained by
changing the magnetic strength of 4 quadrupoles. We have varied the quadrupoles to
obtain various values of 0 (5 mr, 10 mr, 15 mr and 20 mr) for a given beam energy
and current. The agreement between theory and experiment is excellent. We have
also varied individual quadrupole strengths, and demonstrated that the beam shape
changes in a predictable manner. In addition, the beam energy (and current) is varied, and again, the beam shape varied in a predictable manner. Finally, the perveance
is varied, and good agreement between simulations and experiments is obtained.
The ultimate objective for the fusion application is to deliver the entire pulse onto
the target with the same small spot. This is a nontrivial task because the beam
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energy and current from head to tail is not uniform. The different slices of the beam
may have somewhat different beam envelopes through the magnetic lattice, leading
to different beam size and convergence angle, and therefore variable focal length from
head to tail. We need to know the sensitivity of the beam optics to small changes in
beam energy. To evaluate this effect, we have measured the beam size as the energy is
varied. We have observed that energy variations of 1% lead to a reduction of current
density by 50%. This experimental result is consistent with theory. We have also
measured directly the spot size variation from head to tail and significant changes
have been observed. The voltage waveform shows a variation of -1%, and this energy
variation is enough to account for the head-to-tail variation in spot size. For future
work, we need to study the energy sensitivity for other lattices (e.g., a 6-quad lattice)
to determine if the energy sensitivity could be reduced. Also, time-dependent focusing
may be used to correct for the head-to-tail variations.
For a beam with a uniform transverse current density, the description of the beam
transverse size along the channel is given to first order by the envelope equations of
Kapchinskij and Vladimirskij [60],
d2 a

dz

2

2Q
e
2 = Ka +a + b +L
a3 '

2
2Q
d2b
= -Kb +
+ "'
2
b(
a +b
dz

(4.4)
(4.5)

where a and b are the transverse edge dimensions of the beam, z is the propagation
distance along the quadrupole lattice centerline, K is the quadrupole force given by
B'/[Bp], with B' being the magnetic field gradient and [Bp] being the beam rigidity, and ~xand e, are the unnormalized "edge" emittances defined in Eqs. (2.3) and
(2.4). The space-charge force is proportional to the perveance Q and the pressure
force is proportional to the square of the unnormalized "edge" emittances e, and u,.
For given perveance and unnormalized "edge" emittances, the beam envelopes do not
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Figure 4-1: Final focus lattice for ballistically neutralized drift.
change when the magnetic field is transformed proportional to the rigidity; and for
given perveance and rigidity, the beam envelopes are self-similar when the emittance
is proportional to the beam size and simultaneously the magnetic field is inversely
proportional to the beam size. For NTX, Q - 0.0006, corresponding to a 25 mA
potassium beam at 300 keV. An equal perveance driver beam will correspond to a 10
kA Xenon beam at 2.5 GeV. It is worth noticing that during the final focus transport the beam dynamics is space-charge dominated at the beginning, and becomes
emittance dominated as the beam approaches the focal plane.
Figure 4-1 shows the horizontal and vertical beam envelopes through the NTX
system, with and without beam neutralization after the final focus lattice.

The

quadrupole fields are chosen to obtain a beam of one-meter focal length (20 mm
radius, and 20 mr convergence) at the entrance to the neutralization region.
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The heavy ion beam is space-charge dominated in the final focus system, where
it has a large cross section and is highly non-paraxial. The beam expands in the two
center magnets, which determines the amount of nonlinear magnetic fields that the
beam samples as well as the degree of the non-paraxial motion. These geometrical
aberrations will change the focusing properties calculated by the envelope equations.
Therefore, particle tracking simulations require the knowledge of the multipole field
content of the magnetic field. It can be shown [16] that to third order the main
contributions to the beam dynamics come from the normal quadrupole, the normal
sextupole and pseudo-octupole components of the magnetic field. These three components are included in all the numerical simulations performed for the design of the
lattice.
Neuffer [16] has shown that the geometric aberrations depend only on the non
perturbed (first order) particle trajectories; therefore the scaling properties of the
geometric aberrations for a final focus system depend only on the perveance Q, if the
scaled field reproduces the multipole components of the original field. He also found
a formula to estimate the correction (increase) of the spot size given in Eq. (4.3) due
to geometric aberrations:
Ar,s
where

1350 x

iquad X 0 3 ,

(4.6)

is the length of the last quadrupole magnet and 0 is the convergence

fquad

angle in radians.

For NTX, the unnormalized emittance e - 20 7r mm-mr, the

convergence angle 0

-

20mr, and

iquad

- 0.4m, from which we estimate r,

-

1mm,

and Ar, - 4mm. In Chapter 5 we will show that experimentally and numerically we
obtain Ar,

-

0.5mm, about a factor of 8 less increase in spot size due to geometric

aberrations. The discrepancy comes from the fact that the estimate in Eq. (4.6) was
obtained by analyzing a specific lattice configuration (a quadrupole doublet) which
is very different from the NTX lattice.
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For fusion applications we require that the final focus system will deliver the entire
beam pulse onto the target with the same small spot size. Chromatic aberrations
affect the focal spot radius due to deviations from the nominal ion momentum which
result in a variation in the focal length produced by the magnet system. They can
be separated into two types. The first kind of chromatic aberrations depends on the
velocity and current changes from the beam head to the beam tail. The velocity and
current changes result from initial transients in the injector, from voltage errors in
the accelerating gaps, and from residual momentum tilt during beam compression.
Different slices of the beam may have somewhat different beam envelopes through
the magnetic lattice, leading to variations in the beam size and convergence angle,
and therefore variable focal length from head to tail. The second kind of chromatic
effects depends on the momentum spread at a given beam slice (i.e., the longitudinal
emittance). It is produced along the beam line by thermalization of velocity errors.
For a driver there is a requirement to keep a small relative momentum spread of
6p/p - 10- 3 , and to remove the velocity tilt by the time the beam reaches the focal
plane.

An estimate of the correction (increase) of the spot size [see Eq. (4.3)] due to
chromatic aberrations from momentum spread was obtained by Lee [61]:

6r, = 6f

(-),

(4.7)

where f is the focal length of the last quadrupole magnet, 0 is the convergence angle in
radians and Sp/p is the beam momentum spread. For NTX, the focal length f = im,
the convergence angle 0 - 20mr , and 6p/p

_

10- 3 , from which we estimate Ars
8

0.1mm. Hence, spot size increase due to chromatic aberrations from momentum
spread is negligible on NTX. Eq. (4.7) includes the partial cancellation of chromatic
effects by the space charge of a uniform density beam. The effects of beam space118

charge on the beam dynamics also include nonlinear forces arising from non-uniform
charge density distributions as well as image forces from the beam pipe. These effects
depend on the length of the lattice and the clearance between the edge of the beam
and the walls of the chamber, and are negligible for a short system as NTX.
It is possible to infer the effects of momentum spread by studying the sensitivity
of the beam parameters to small changes in energy for a given beam slice. The results
can be evaluated by measuring the beam size as the energy is varied for a given beam
slice.

4.2

The NTX Final Focus Lattice

The pulsed quadrupoles for final focusing must have excellent field quality so as
not to introduce unwanted aberrations due to magnet imperfections. The design,
construction, and measurements of these magnets are presented in this section.

4.2.1

Lattice design

The NTX magnetic-transport section is designed to correspond closely to a typical
HIF driver final-focus channel. The section consists of four pulsed quadrupole magnets
separated by short drift regions, plus the drift regions at the two ends.

Optical

scintillators imaged by CCD cameras and mechanical slit scanners [8] are used to
measure the beam profiles and phase space distributions of the beam at the end of
the Final Focus lattice. The three-dimensional (3-D) layout of the magnets and the
beam source is shown in Figure 4-2.
Figure 4-1 shows the horizontal and vertical beam envelopes through the system. The trajectory labeled "neutralized" models ideal neutralization by artificially
turning off the transverse space-charge field after exiting the final-focus lattice. The
quadrupole fields are chosen to produce a beam with 1-m focal length (20-mm radius
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Figure 4-2: NTX final focus transport layout.
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and 20-mr convergence angle) at the entrance to the neutralization region. The beam
is quite large in the two center magnets, which determines the required bore size and
winding radius.
Each magnet has a relatively short center section, and a substantial portion of
the magnetic field is contained in the end fringe fields, which have significant axial
components. Due to the large radius fluctuations in the focusing magnets, the ionbeam dynamics is highly non-paraxial. Consequently, the usual beam-axis-integrated
method of representing fields by normal multipoles of discrete length does not give
accurate particle trajectories in simulations, because these hard-edge field approximations omit the axial field components and nonlinear radial gradients that are major sources of particle deflection. Particle-tracking simulations therefore require the
knowledge of the full multipole content of the magnetic field. Previous work [16] has
shown that, to second order, the main magnetic-field multipoles contributing to beam
dynamics are the normal quadrupole, the normal sextupole, and the pseudo-octupole
components. These three components are included in all the numerical simulations
used in designing the NTX lattice, since 3-D magnetic analysis is essential.

4.2.2

Magnetic field modeling

Each magnet is a current-dominated quadrupole, with eight conductor turns per coil
in a single layer, arranged inside a cylindrical laminated-iron return core. A 3-D
finite-element model of the magnets is generated using the ANSYS/Emag program
and is solved for the 3-D static field. A scalar potential formulation is used, with
source current elements used for the coil. The space modeled, a one-eighth section of
half a magnet, is shown in Figure 4-3. Far-field (infinite boundary) elements bound
the end and the outer radius, 75 cm from the magnet midplane, which extends well
past the source and final focus points. A cylindrical Neumann boundary is used to
simulate the steel core in order to speed up the analysis when a fine mesh is used.
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Figure 4-3: Symmetrical magnet model with one-half octant shown.
This choice is acceptable because a coarse-mesh model with steel included shows no
significant saturation.
The resulting 3-D field map generated is decomposed into both normal and pseudo
multipoles as a function of distance in the axial direction. Figure 4-4 shows these
multipoles as a function of longitudinal distance z.

Both half-octant models and

full-magnet finite-element models, complete with spiral coil geometry, crossovers, and
leads, are computed to determine both symmetry-allowed and full-skew (normal and
skew) multipoles, respectively. The higher-order normal multipoles are comparatively
unimportant.

Finally, we have performed beam-tracking simulations through the

lattice of focusing elements generated by superposition of these field maps.

4.2.3

Magnet design and fabrication

The NTX magnet design differs from the initial specification [62] in the choice of a
larger bore and winding radius, as well as in the simpler coil design. Table 1 gives
the final design and operating parameters.
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Figure 4-4: Dominant (a) quadrupole and (b) pseudo-octupole coefficients for the
multipole decomposition B I(r, 0, z) = Gi(z)r cos(20) + G3 (z)r 3 cos(20) + ...
Parameter
Beam Aperture Radius, Rb
Magnet Winding Radius, Rw
Steel Inner Radius, Ri
Steel Outer Radius, Ro
Mag., Total Lengths, Lm, L0
Magnet to Magnet Spacing
Field Gradient, B'=dBx/dy
Maximum Field, B
Number of Turns, N
2-D Field Coefficients, Bn
Conductor Diameter, dc
Magnet Current, Imin,-Imax
Magnet Resistance, R
Magnet Inductance, L
Pulse Length (full half sine), t
Magnet Voltage (Max), V
Pulse Energy (Max), U
Energy Loss/pulse (Max), Qt
Operating Pulse Rates (Max)
Temperature Rise@Steady State (Max)

Value
14.9
17.32
18.33
25.63
46, 50
60
2-5
0.6
8
7 x 10 4
4.65
3.3-8.2
0.036
232
2.2
2.7
7.8
2.7
0.5, 0.1
25

Unit
cm
cm
cm
cm
cm
cm (ctr.-ctr.)
T/m
T, @ 12 cm
Turns/coil
T/T, @ 10 cm
mm
kA
Q
pH
ms
kV
kJ
kJ
Hz
°C, (0.5 Hz P.R.)

Table 4.1: NTX quadrupole magnet parameters
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Figure 4-6: NTX beam-pipe eddy currents and magnetic fields from 2-D finite-element
analysis. The linear dimensions indicate the beam-pipe thickness.
peak, as shown in Figure 4-6.
Six quadrupoles have been fabricated in order to provide two spares. One quadrupole
has been subjected to 104 full-current pulses to test reliability, and the others have
received 103 full-current pulses for acceptance testing. No cooling, other than free air
convection, is necessary. Figure 4-7 shows one of the coils during fabrication.

4.2.4

Magnetic field characterization

The choice of a technique to measure the quadrupole magnetic field was constrained by
two factors. First, the beam envelope varies significantly within the magnet, making a
3-D map of the field necessary. This requirement rules out techniques, such as rotating
(harmonic) coils, that generate an axially integrated field measurement. Second, the
magnets are pulsed because cooling requirements prevent the magnets from being
operated continuously, except at relatively low fields that would compromise the
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Figure 4-7: Photograph of an NTX magnet during fabrication.
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Figure 4-8: Illustration of the orientation of the windings on the magnetic-field probe.
All windings have circular cross sections and consist of two layers.

accuracy of the measurement. The time-varying fields preclude the use of Hall probes
and many other commercially available probes. Also, such probes do not allow us to
study the effect of eddy currents in the beam pipe on the magnetic field.
The quadrupoles are characterized using simple pickup loops to monitor the changing flux as the magnets are pulsed. The probe design, sketched in Figure 4-8, balances
the considerations of accuracy, signal strength, and ease of fabrication. Three separate pickup loops are incorporated into each probe to permit the measurements of
the magnetic field vector. Each loop has 20 turns (two layers of ten turns) of 0.13mm (5-mil) copper wire. The three cross sections have slightly different diameters to
minimize mechanical interference between the sets of windings. Four of these probes
are spaced equally around a disk at a 10-cm radius and mounted on a supporting
cylinder inserted into the magnet bore. The cylinder can be rotated about its axis
or adjusted vertically and horizontally, and the magnets are moved longitudinally on
rails so the probes can sample different axial positions.
We have two different modes of field measurements. For initial characterization,
the axis of the supporting cylinder is aligned with the magnet mechanical axis. With
the probes positioned lengthwise near the center of the magnet, the cylinder is rotated
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Figure 4-9: Oscilloscope traces of the probe output when the supporting cylinder is
rotated to place probes at center of the quadrupole windings. The left traces are from
loops oriented to sense the radial flux, and the right traces are from loops sensing the
azimuthal flux.
to maximize either the radial or azimuthal field for the four probes. Measurements
are then recorded as the cylinder is rotated in 15-degree increments for 90 degrees.
The magnet is shifted axially, and measurements are taken again as the cylinder is
rotated back in 15-degree steps to the starting angle. This process is repeated with the
probes near each end of the magnet. Each measurement records all three components
of the field vector at four positions. Although this is a very sparse field mapping,
any fabrication problems will stand out. The second mode entails a detailed mapping
of the field over a constant radial position relative to the magnet axis. These data
are then used both to determine the tilt and offset of the quadrupole field axis with
respect to the mechanical axis and to identify higher order modes.
Output from the probes is shown in Figure 4-9. The signal-to-noise ratio is excellent for probe orientations aligned with the field. Careful adjustment of the rotational
position of the probes can reduce at least one of signals to the noise level in the other
probe orientation. The field components calculated from the signals are shown in
Figure 4-10. The applied magnet current is shown with the field plots to demonstrate
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Figure 4-10: Magnet current along with the integrated and calibrated radial field
(left), and the corresponding azimuthal field (right).
the fidelity of the system and analysis. Figure 4-11 compares the measured longitudinal profile of the quadrupole field with the computed profile, where the peak fields
are normalized for comparison.

4.3

Beam Matching and Transport

The main issue of the magnetic-focusing experiments is the control of emittance
growth due to higher-order fields from magnetic multipoles and image fields. In this
section, we present experimental results from NTX on beam envelope and phase space
distributions, and compare these data with the results of particle simulations by the
PIC code WARP.
As discussed in Chapter 3, the K + beam is produced within the source chamber by
a standard hot-plate [46] of a 2.54 cm diameter alumino-silicate source across a diode
with a 12 cm gap. The pulsed power is provided by a Marx generator and crowbar
switch that were used in the Multiple Beam Test Experiment (MBE-4) [42]. This
Marx generator produces a pulse with 0.5-1 ps rise time and is crowbared to produce
a 6-ps "flat-top". A smooth, uniform, bright beam profile is generated by increasing
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Figure 4-11: Calculated and measured NTX quadrupole gradients.

the source temperature, by smoothing the source surface and by aperturing the beam
[8]. The use of an aperture to vary the perveance also generates a high-brightness
beam by removing the edge of the beam after it exits the diode. Beam scraping,
however, produces secondary electrons that are controlled by an electron trap. Figure
3-16 shows a sketch of the ion gun and the beam scraper system, as designed using the
EGUN code, and Figure 3-17 is a photograph of the aperture and electron trap located
at the exit of the NTX diode. The trap consists of two metal tubes, each of 5 cm
length, and 6.2 cm inner diameter with an aperture plate in between. The upstream
and downstream tubes are located 0.8 cm from the aperture plate. A nominal negative
3 kV potential is provided on each of the metal tubes, providing adequate electron
trapping in the presence of the ion beam. Another electron trap, 7.5 cm in radius, is
located at the downstream end of the beamline, 10.16 cm downstream from the last
quadrupole magnet. A nominal negative 7 KV voltage is used across this second trap
to make it effective for collection of stray electrons.
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The transport section consists of a double FODO channel with very short drift
regions, including the drift from the source into the channel, and the drift into the
plasma neutralization chamber. Figure 4-1 shows the calculated beam envelope (x
and y) through the system. The beam is quite large in the two center magnets, which
determines the required bore size and winding radius. The magnet has a relatively
short center section and a substantial portion of the magnetic field is contained in
the end fringe fields, with significant axial components. The beam is transported
through a 2.4 m long path magnetic section. The distance from the beam aperture
radius to the center of the first magnet, the quadrupole length, and the quadrupole to
quadrupole spacing are 26 cm, 46.50 cm, and 60 cm, respectively. The field gradient
and maximum field of a magnet are calculated to be 2-5 T/m and 0.6 T, respectively,
with a current range of 3.3 to 8.2 kA. The pulser for each NTX quadrupole magnet
consists of a bipolar-charged 2 mF capacitor which is discharged through thyristors to
produce a current half-sine wave with a pulse width of 2.3 ps. Bipolar charging and a
large capacitance were chosen to minimize the voltage from the magnet leads to the
grounded magnet housing for the maximum design current. The pulser output voltage
is monitored with a resistive voltage divider and the magnet current is monitored with
a current transformer. Inside the magnetic lattice, a thin wall (3.3 mm) stainless steel
tube of 13 cm inner radius is installed. Eddy currents are calculated by transient 2-D
finite element analysis, and it is found to result in a 7.4 % loss of the peak field, and
a 275 ps peak-field-time lag from the source current peak. It is observed that the
measured axial field fall-off profile agreed well with the computational model [63].
Our measurements with and without stainless steel tube also agree well with the
calculations.
Several diagnostics have been used to characterize the ion beam. The primary
diagnostics for this experiment consist of (1) a Faraday cup, (2) a slit /slit-cup system
and (3) a scintillator with a gated CCD camera system. The Faraday cup and the
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slit cup each consists of a collector and a guard ring (grid) with bias voltages that
are controlled to collect beam ions only. In addition, we also monitored currents
flowing through the aperture plate and each of the two electron traps. The removable
Faraday cup is inserted into the NTX beamline at the exit of the injector and at
the end of the magnetic lattice to measure total beam current. The slit/ slit-cup
arrangement is used to measure the line-integrated beam profile (with slit cup only)
and emittance (with slit and slit cup) at the same locations. Beam profile is measured
optically using a glass or ceramic (96% alumina) scintillator with associated camera.
Charge neutralization of this scintillator is provided by a high-transparency (8090% transmission) metallic mesh placed on or near the surface of the scintillator.
By applying a negative bias to the mesh, stray external electrons are decelerated
and deflected away from the scintillator, limiting their contribution to the optical
image to negligible levels. Time-resolved beam-induced images on the scintillator
screen are captured with a Roper Scientific gated, intensified CCD camera viewing
the scintillator through a vacuum window, and images are processed using the public
domain program ImageJ.
We have developed a new technique to measure the 4-dimensional phase space
distribution of the beam using the beam imaging diagnostics [8], as discussed in
Section 2.4. The phase space distribution f(x, y, x', y') can be measured by scanning
the beam with a small pinhole (20 mils in diameter) and letting the transmitted
beamlet to travel a long distance (-1 meter) before striking the scintillator where
an image is taken. The position of the pinhole defines the coordinates x and y, and
from the image we can extract the density distribution of x' and y'. Due to the
fact that the beam at the exit of the final focus system is prepared to focus to a
small spot in the absence of space charge, a standard pepperpot technique does not
work since all the individual beamlets would fall on a single spot. Figure 2-11 shows
schematically this technique along with some images of the individual beamlets that
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show a very detailed structure of the phase space distribution. The knowledge of the
4-dimensional phase space is essential in order to run more realistic simulations of the
beam focusing to a small spot while drifting through neutralizing plasma.
The primary simulation tool is WARP3D [13]. The code is used to simulate the
ion beam from source through the 4-quadrupoles and the neutralized drift section to
the target. Details of the experimental setup are incorporated into the code including
all electric (electrodes) and magnetic fields (third order non-linear magnetic fields as
calculated by ANSYS).
The ion beam extracted from the Pierce-type NTX diode suffers from spherical aberrations, as evidenced by phase-space distortions (high emittance) and nonuniform density profiles.

Since the source of these aberrations is the presence of

high-order field components, the particles at the edge of the beam are the most affected. A high-brightness beam is produced on NTX by removing the beam edge

after the pulse is generated in the diode [43].
A high brightness, low emittance ion beam is an essential component of the Neutralized Transport Experiment (NTX) to obtain the minimal spot size at the focal
plane. To study beam transport through the final focus system we have used an
apertured, 300 keV, 25 mA, beam with an initial unnormalized edge emittance of
12.5 rx-mm-mr and a semigaussian transverse phase-space distribution in the WARP3D simulations.

4.3.1

Envelope control

A series of measurements have been performed to demonstrate the control that
WARP3D has in predicting the quadrupole fields to obtain prescribed beam parameters. The first case is to produce a round beam with the nominal parameters of 20
mm radius and 20 mr convergence (one-meter focal length).
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Figure 4-12: Experimental (top) and WARP-3D simulation (bottom) results of the
NTX beam profile and phase-space distribution at exit of channel.

Figure 4-12 shows good agreement between the measured (top) and calculated
(bottom) beam profile and phase space distribution for the nominal energy (300 keV,
25 mA) and quadrupole field configuration at the entrance to the neutralization region. Figure 4-12 also shows that the final parameters for the nominal case correspond
to that of a beam of the required 1-m focal length (20 mm radius and 20 mr convergence).
The slight distortion (asymmetry) of the beam profile has been traced back to
a small rotation (5 mr) of one of the quadrupoles. The beam has a uniform core
with a narrow rim due to field aberrations and the final beam emittance of the beam
is about 25 7-mm-mr, which should allow the beam to be focused to a 1-2 mm
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Figure 4-13: Numerical results (right) and camera images (left) of the NTX beam
profiles as a function of the quadrupole field configuration.

focal-spot radius in neutralized-transport experiments. Furthermore, the Faraday
cup measurements of the beam current at the entrance and exit of the final focus
system show insignificant beam loss along the transport channel.
We have also compared the beam profiles for several quadrupole strength configurations as calculated by WARP3D and as measured. In Figure 4-13, for each
quadrupole, the corresponding row shows the profiles for a change of -5%, 0% and
+5% from the nominal quadrupole strength. This comparison shows good agreement
between measurements and simulations.
In order to study the dependence of the spot size on the convergence angle, we
have varied the quadrupoles to obtain various values of the convergence angle 9 (5
mr, 10 mr, and 20 mr) for a given beam energy and current. Agreement between
theory and experiment is excellent. Finally, the perveance is varied, and the same
code-experiment agreement is demonstrated.
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Figure 4-14: Numerical results (above) and camera images (below) of NTX beam
profiles as a function of the beam energy.

4.3.2

Energy scan

We have also performed a complete characterization of the quadrupole lattice by
comparing experimental results with particle simulations when the beam energy (and
current) is varied. Again, the beam shape varied as predicted by WARP3D, when a
3% energy shift correction is applied. Figure 4-14 shows good agreement between the
calculated (top) and measured (bottom) beam profiles at the exit of the final focus
system as the beam energy is varied in steps of 3% around the nominal energy which
corresponds to the image at the center. The numerical simulations track the beam
behavior as the beam expands by a large factor as the energy changes from -9% to
+9% around the nominal energy (Figure 4-15).

Since the unnormalized "edge" emittances E. and e, are weakly dependent on

the energy, we have also verified a property of Eqs. (4.4) and (4.5), that the envelope parameters a, a', b, and b' do not change when the magnetic field is transformed
proportional to the rigidity, i.e., proportional to the momentum of the ions.
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Figure 4-15: Calculated (blue plus sign) and measured (red diamond) beam sizes at
the exit of the final focus system as the beam energy is varied. A factor of 3% is
subtracted from the energy used in the calculation.

4.4

Sources of Errors

While we have very good agreement between theory and experiment in many aspects,
there are several observations, which are not yet well understood. We have mentioned
the need for an arbitrary energy calibration factor in order to obtain agreement between theory and code. To refine the energy calibration in the experiment, we have
performed a series of time-of-flight (TOF) experiments, as well as careful calibration
of resistive and capacitive monitors. Although the three different ways of energy
calibration agree within the experimental uncertainties, the discrepancy with theory
persists. In pursuit of the explanation of this discrepancy, we suspect that stray electrons might play a role. To ascertain this effect, we have incorporated a mesh liner
along the pipe. However, while the currents are clearly collected on the mesh, its net
effect on the beam profile is relatively minor.
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To quantify these effects, a series of experiments are performed. These include:
(a) stray electron effects on the beam inside the quadrupole lattice, (b) calibration of
beam energy, (c) measurements of quadrupoles field strength, (d) effectiveness of the
diagnostic devices, and (e) beam halo formation.

4.4.1

Stray electron effects inside the quadrupole lattice section

As we mentioned in Sec. 3.3, the NTX magnetic transport section contains an aperturing system for variable perveance, brightness and beam size. This aperturing
technique is provided with a sandwich-type electron trap to collect electrons.
Ions from the poorly matched beam head, and halo ions in the main pulse of
the beam can strike the outer wall of the final focus system beam tube. A single
ion impact can produce thousands of secondary electrons depending on the energy
and angle of incidence, with ions of grazing-angle incidence producing the largest
secondary electron yields. Only a small fraction of the beam ions striking the wall
is needed to provide a space-charge-limited supply of electrons from the wall. If the
secondary electrons are not stopped, they are attracted by the beam potential and can
provide some degree of beam neutralization. Presence of wall electrons is measured
using a long radial metal mesh, which is installed inside the magnetic drift section.
Mesh radial diameter, space of wire and mesh length are 23.5 cm, 1.27 cm and 2.28 m,
respectively. Figure 4-16 shows the 23.5 cm diameter metal mesh inside the magnetic
transport section, which is biased with a ±2kV potential.
The beam profile at the scintillator located at the end of the final focus magnets
and the current in the mesh as a function of the mesh voltage are measured. Figure 417 shows the measured current in the mesh by varying its bias voltage. As a negative
voltage is applied across the mesh, there is no significant current measured in the
mesh. It shows that there is insignificant number of ions from the beam halo near the
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Figure 4-16: A cylindrical metal mesh inside the beam pipe in the magnetic final
focus section.
beam pipe wall. When the voltage is switched to positive, significant current in the
mesh is measured. It shows that wall electrons are collected in the positive biased
mesh. These electrons are generated in the drift tube wall. But the beam is not
affected by electrons.
Figure 4-18 shows the beam radii corresponding to several beam energies under
the condition of the mesh bias powered to ±2 kV and without any mesh voltage. By
comparing these three cases, we find that the beam radius changes are insignificant.
It is inferred that for a large pipe, the wall electrons spend only a small fraction of
their time within the beam. The electrons are moving at their greatest velocity while
passing through the beam, reducing their net effect of beam neutralization. Though
a mesh inside the final focus magnetic section is not necessarily effective due to the
large diameter of the beam pipe, it provides good evidence that a positively biased
metal mesh can reduce beam neutralization due to stray electrons. This effect can be
very significant in a small size drift tube, as we have found in the neutralized drift
section with its 3 inch diameter pipe [8].
139

4.,

a-

(.

Mesh Bias (V)

Figure 4-17: Mesh current when applying voltage across the mesh. Different lines
correspond to different energies, ranging from 244 keV to 320 keV.

_____

-*-Mesh +2keV, average of a &b
KAmcnh nff

nxi

r-mmm

^f n k

k

A

-

Me,

E 25
In
-Y

•N
M

C

on

m5
170

195

220

245

270

295

320

Beam energy (keV)

Figure 4-18: Beam radius as a function of beam energy as the mesh bias is turned on
at ±2 kV and is turned off.
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4.4.2

Calibration of energy

The NTX source is powered from a Marx generator as mentioned in Chapter 3. The
voltage is measured with a capacitive voltage divider. Calibration of beam energy
is important because of the sensitivity of beam transport to the beam energy in a
quadrupole transport channel as we have shown in Section 4.3. To provide a crosscheck of the beam energy measurement, the capacitive system is compared to timeof-flight measurements and a resistive voltage divider system. The ion beams are
capable of supporting and transmitting a variety of waves. Longitudinal space-charge
waves are longitudinal oscillations of the beam within the conducting boundary of
a vacuum wall. These waves have been studied and applied to continuous electron
beams in microwave devices, bunched charged particle beams in particle accelerators,
and space-charge dominated charged particle beams. The equilibrium and stability
of these waves have been explored theoretically. In this subsection, we discuss a
diagnostic technique that utilizes longitudinal space charge waves in heavy-ion beams
to determine the beam energy using the time-of-flight (TOF) method. In the TOF
method we longitudinally perturb a slice of the beam with a fast voltage pulse applied
to a kicker near the path of the beam. The kicker may be any cylindrically symmetric
mechanical structure near the beam that can rapidly generate a localized longitudinal
electric field on the beam. A typical kicker and kick pulses are shown in Figure 4-19.
The voltage pulse applied to the kicker locally perturbs the energy of the beam
particles passing near the structure. The perturbation propagates in the form of a
wave that travels with the beam. In the long wavelength limit, there is a fast wave
traveling toward the front of the beam pulse and a slow wave traveling toward the rear.
Measuring the arrival time of the resulting space charge wave at a detector placed a
suitable distance downstream provides a measure of the beam energy. The structure
utilized as a kicker is a thin aperture which also limits the beam transversely for the
final focus experiments. The NTX TOF pulse has a rise time of about 4 ns, a fall time
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Kicker
pulse

Kick
pulse

Figure 4-19: Typical waveforms of kicker (yellow trace) and kick (green trace) pulses
for time-of-flight measurements. The oscilloscope vertical scale is arbitrary, the horizontal scale is 2 ps per division. The magenta and blue traces are auxiliary traces
captured in this image.
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Figure 4-20: Space charge wave in NTX for a low-current beam.

about 1 us, and a peak output voltage of -2.5 kV. The path length between the kicker
and registering beam current at a Faraday cup is 2.48 m. The initial pulse resembles
the longitudinal electric field (spatial derivative of the potential perturbation) at the
kicker. Beam ions are spread apart at the front of the wave and compressed at the
rear. The result is a double pulse which is very well defined in time. The time
reference for TOF measurements is the point in which the wave passes through zero.
This corresponds to those particles which were at the location of the aperture at the
time that the pulser voltage is turned on. The comparison between data and the 1-D
model is shown in Figure 4-20 for a small current (1 mA).
Agreement between model and data is good. However, for a large current (25 mA)
the discrepancy varies. Figure 4-21 shows relative difference between TOF beam
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Figure 4-21: The relative difference between TOF beam energy (open squares), resistive divider voltage (diamonds), and capacitive divider voltage readings (0% line)
as a function of NTX Marx voltage. Both TOF and resistive divider measurements
are shown as a function of capacitive divider voltage. 2% error bars are assumed for
both sets of measurements. A linear fit to the data points is also shown for each
set of measurements. The voltage indicated by the resistive divider lies between the
capacitive divider and the TOF measurements.

energy (open squares), resistive divider voltage (diamonds), and capacitive divider
voltage readings as a function of NTX Marx voltage. Both TOF and resistive divider
measurements are shown as a function of capacitive divider voltage. 2% error bars
are assumed for both sets of measurements. A linear fit to the data points is also
shown for each set of measurements. The voltage indicated by the resistive divider
lies between the capacitive divider and the TOF measurements.
The strength of the 4 quadrupole magnets is provided by 4 separate power supplies
using a pulser. Waveforms of each power supply are monitored on an oscilloscope
screen. There is a +0.5% magnetic field error bar when measured on wave forms
displayed on the oscilloscope. Moreover, the magnet current monitor is a current
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transformer with an accuracy specification of +1% and -0%. The existing timing setup
assumes that the peak quadrupole field occurs at the peak of the monitored magnet
current. In reality, there is attenuation and a time shift because of the diffusion of
the magnetic field through the 3.3 mm pipe wall. This phase shift is approximately
275 ps based on ANSYS 2-D transient EM finite element modeling. Because of this
time shift, the timing of the beam may not be during the peak quadrupole field. By
the same modeling, the peak field is attenuated by approximately 7% and has been
considered in setting the magnet currents.

4.4.3

Effectiveness of diagnostic devices

As was discussed in Sec. 2.4, the diagnostics that have been used in this experiment
are Faraday cups, Slit cups and scintillators associated with electronics and a CCD
gated camera. Though slit cups have available an electron guard ring, there exists the
possibility of generation of secondary electrons noise by the energetic particles, whose
presence can mislead the interpretation of halo particles studies. Moreover, once the
energetic particles strike on a scintillator, its effectiveness degrades as a function of
the incoming beam particle energy.

4.4.4

Beam halo formation

Finally, we have observed clear evidence of halo formation, i.e., the rings surrounding
the central image, in both configuration space (Figure 4-22) and velocity space (Figure
4-23).
We have not been able to account, from numerical simulations, for the origin
of the halo particles in configuration space. One source of halo formation could be
the unavoidable non-uniform ion emission from the alumino-silicate emitter, due to
fabrication tolerances or non-uniform temperature distribution.
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Figure 4-22: Evidence of beam halo formation in the configuration space. Image for
a 6% off-energy beam, measured at the end of the final focus system (beam size -2
cm)

Figure 4-23: Evidence of beam halo formation in the velocity space. Image from a
pinhole positioned at the end of the final focus system and at the center of the beam,
as measured at the focal plane.
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Figure 4-24: Translaminar components originated from non-ideal emitter position
with respect to Pierce electrode.
The origin of the halo formation in velocity space has been traced back to a diode
geometry property. The emitter is slightly receded from its ideal location with respect
to the Pierce electrode.

This non-ideal geometry generates ion trajectories which

travel at an angle non-similar to the trajectories of the main body of the beam, and
generate so-called translaminar components (Figure 4-24). This components appear
as a halo when the the beam is intercepted by a pinhole and the transmitted current
is imaged on a scintillator as shown in Figure 4-23.
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Chapter 5
Final Neutralized Drift to Target
A crucial aspect of NTX is the validation of neutralized transport in the fusion chamber. As described in Chapter 2, the presently favored concept for neutralization of
driver beams involves passing the ion beams through a low-density plasma before they
enter the fusion chamber. Because the plasma which is in contact with an emitting
surface supplies enough electrons, the neutralizing electrons remain trapped in the
beam potential as the beam exits the plasma, providing charge and current neutralization in the chamber. In addition, the main driver beams arrive after the hohlraum
exterior has been heated to about 100 eV. As these pulses approach the target, they
are photostripped by soft X rays from the target. They also receive further neutralization from the plasma formed around the target by photoionization of the background
gas.

5.1

Ballistic Neutralized Transport

The layout of the 1-m NTX plasma neutralization section is shown in Figure 5-1. The
upstream plasma, modeling the plasma plug that neutralizes the beam after it exits
the final-focus section, consists mainly of electrons and doubly charged aluminum
ions from a pulsed cathode-arc source (sometimes called a metal-vapor vacuum arc or
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Figure 5-1: NTX neutralization section layout.

MEVVA source). The plasma itself is centered 0.25 m downstream from the end of
the last magnet so that it is sufficiently far away from the fringe fields, and it extends
about 0.05 m in both directions. After the beam exits this first plasma, it drifts 0.75 m
through a 3.5-cm-radius beam pipe into a diagnostic area at the nominal focal point.
A second plasma generated at the center of the cross simulates the photoionized gas
that will surround a target hohlraum after it has been heated by early low-current
"foot" beams. This "target" plasma is generated by a pulsed radio-frequency (rf)
source and has a charge density approximating what is expected in a fusion chamber.
A diagnostic box is placed at the focal point.
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5.2

Plasma Source

NTX uses two plasma sources to demonstrate the effects of beam neutralization.
A pulsed cathode-arc source provides an upstream aluminum plasma for the initial
neutralization, and a pulsed radio-frequency (rf) source provides a volume plasma near
the beam waist. These sources can model the effects of beam neutralization well, even
though they obviously cannot duplicate the photoionization or the collisional stripping
and scattering that are expected in a driver.
We have used the electromagnetic PIC code LSP [14,15] to determine the requirements for both plasma sources. Numerical simulations indicate that we require a
neutralizing plasma with a length in the range of 10-20 cm and an electron density
that is 1-100 times the nominal initial NTX beam density of about 3 x 108 cm - 3 .
The density of the target plasma, of course, will increase as the beam impinges on
the target due to continuing photoionization by X rays from the hohlraum. However,
the nominal plasma density around the target is expected to be comparable to the
final beam density. For NTX, this value will be around 101 0 cm - 3 , depending on the
perveance and the focal-spot radius.

5.2.1

Cathode-arc plasma source

The pair of pulsed cathode-arc plasma sources shown in Figure 5-2 have been designed
and fabricated at LBNL for the NTX neutralized-transport experiments. The density
and duration of the metal plasma can be adjusted over a very wide range.

For

example, aluminum plasma of density 108 - 1012 cm - 3 can be produced in pulses of
1-1000 ps by selection of suitable are current and discharge geometry. These sources
have a negligible fraction of neutral atoms and molecules in the plasma, making them
ideal sources for a neutralizing plasma.
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source 1

filter 1

ion beam

is
Figure 5-2: NTX cathode-arc plasma sources mounted on beam pipe. Plasma
shield.
injected in the path of the ion beam through openings in the aluminum metal
The shield is designed to reduce the magnetic field at the location of the ion beam,
to limit plasma entering the quadrupole region, and to prevent macroparticles from
the source from entering the beam region.
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The plasma sources are of the "mini-gun" type, consisting of a replaceable cathode
rod of 0.625-cm diameter and about 2.5-cm length, a ceramic insulator as part of the
cathode assembly, and a grounded anode body [64].

The source is coupled to an

open macroparticle and neutral-atom filter [65], consisting of a copper coil with a
900 bend. The filter removes particles from the plasma stream, allowing only clean,
fully ionized metal plasma to reach the NTX beam line. Two of these source/filter
assemblies are installed on NTX, injecting plasma from opposing sides to produce a
symmetrical plasma distribution. The consumable cathode of each source is made
from aluminum, because deposition of aluminum on the beam line components does
not introduce foreign material. The lifetime of the cathode before maintenance is
estimated to be about 105 pulses.
In initial tests, the two source units (plasma gun and filter) are mounted in a high
vacuum. A large ion collector, made from a flat, isolated sheet of stainless steel, is
positioned between the sources and biased negatively to repel electrons and collect
ions. The plasma ion current proves to be noisy, as is typical for cathodic vacuum
arcs. We use the plasma at about 250 ps after are triggering, just before the second
maximum of the plasma current, so repeated measurements of the plasma ion current
are made at that time to get information on statistical fluctuations. The result is
shown in Figure 5-3.
The source units are then mounted on a large flange to be inserted in the beam line.
The flange, with sources and the beam shield, is evacuated with a small turbomolecular pump to a base pressure of about 10- 5 Torr. To demonstrate the shot-to-shot
reproducibility, ten successive ion current pulses are overlaid in Figure 5-4. Through
the body of the pulse, the ion current on repeated shots is seen to fluctuate by about
+10%.
The plasma density can be estimated by noting that the ion current is given
generally by ji = Zenivi, where ji is the ion current density, Z is the average charge
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Statics of ion current of two guns at t=200J.s

bias of ion collector = -60 V
distance of ion collector from exit of filter = 100 mrr
arc rep rate = 0.1 pulse per sec
arc current = 2 x 450 A
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Figure 5-3: Ion current signal from the two cathode-arc plasma sources, each operating with 450 A arc current and fed by the same pulse-forming network.
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Figure 5-4: Aluminum ion current of ten successive arc pulses collected by an ion
collector at the location of the NTX ion beam.
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state number, e is the elementary charge, ni is the ion number density, and vi is the
average ion velocity in the direction of the collector, which is here identical with the
plasma flow velocity. From previous work [66], it is known that Z = 1.7, vi = 1.54 x 105
m/s,and with an area of collection of about 10-2 m 2 we obtain ni f 1.8 x 1010 cm -3 for
the average plasma density inside the metal shield at about 250 us after arc triggering,
at a pulse-forming network (PFN) charging voltage of 2.0 kV. This density can be
controlled either by changing the distance between the filter exit and the beam shield,
or by adjusting the arc current through the PFN charging voltage.
A commercial Langmuir probe from Scientific Systems, together with its accompanying SmartSoft software, is used to measure the density of the aluminum plasma
produced by the cathode-arc source as a function of space and as a function of discharge voltage. Since the plasma streams into the beam line at supersonic ion velocities, the analysis algorithms contained in the SmartSoft software cannot be used.
However, using the ion saturation current from the measured current-voltage (I-V)
characteristics and making simplifying assumptions about the aluminum plasma allows us to estimate the plasma density. We find that the NTX cathode-arc source
produces plasmas with densities in the 1010 - 1011 cm -3 range and that the plasma
density is proportional to the discharge voltage over the range from 1.5 kV to 2.5
kV. The measurements show that the plasma density along the axis is peaked at the
location of the pair of entry ports where the plasma enters the beam line and drops
off over a distance of a few centimeters. At the axial location of the entry ports, the
density is greatest near the entrances to the two ports, and decreases towards the axis
since the plasma expands as it moves away from the ports.
The Langmuir probe requires 5 ps to acquire each data point on the I-V characteristic, and each I-V characteristic is comprised of 200 points. Thus, to obtain
the temporal resolution necessary to measure the plasma density at a given instant
during the 300 ps cathode-arc discharge, the Langmuir probe is operated in the "box155
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Figure 5-5: Each point on the I-V characteristic is taken from a single shot of the
cathode-arc plasma source. The shot-to-shot variability produces a spread in the
data. The ion saturation current can be used to determine the plasma density.
car" mode. In the boxcar mode, a trigger pulse generated at the desired time during
the discharge triggers the Langmuir probe to take a single I-V measurement. The
cathode-arc system must then be triggered 200 times to acquire a complete I-V characteristic. The 10% - 20% shot-to-shot variation of the cathode-arc source is reflected
in the scatter of the points in the IV characteristic shown in Figure 5-5. Despite these
fluctuations, the ion saturation current Isat can be measured from these data and used
to calculate the plasma density.
Figure 5-6 shows the dependence of the ion saturation current on the discharge
voltage. Below 1.5 kV, arc triggering does not occur. Operation above 2.5 kV is not
possible with the PFN presently in place. The data show that the plasma density
can be varied by a factor of four by adjusting the PFN charging voltage.
The axial density profile is shown in Figure 5-7. The axial extent of the plasma is
approximately 5 cm and is strongly peaked near the port openings which are located
at z = 144 mm. It should be noted that even though the densities plotted in Figure
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Figure 5-6: Ion saturation current as a function of NTX cathode-arc dischage voltage.
The plasma density varies proportionally with this current.
5-7 are those computed by the questionable SmartSoft algorithm, they are very close
to the values calculated using the simple model outlined above. Moving the Langmuir
probe in the transverse direction allows us to measure the transverse profile of the
plasma stream. From the ion saturation current measured at numerous points across
the beam path, we find that the plasma expands and the density decreases as the
plasma moves away from the ports, and the density is smaller near the top of the
beam-line tube.

5.2.2

Radio-frequency plasma source

A radio-frequency (rf) plasma source, shown in Figure 5-8, has been designed and
assembled at PPPL to model a target plasma in NTX [67]. The goal is to generate
plasmas with electron densities up to 1011 cm - 3 and a pressure in the range of 10- 6 10- 5 Torr, requiring effectively full ionization.

The low pressure is important to

prevent neutrals from stripping the beam ions to higher charge states.
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Figure 5-7: Axial profile of the plasma density as a function of longitudinal position
near the plasma entry ports.
The pulsed plasma source has a six-way cross at the center of its design. A turbopump attached to one face maintains the vacuum, while the gas inlet and the rf
quartz window are attached to the opposite face. A three-turn copper spiral antenna
is situated inside a shielded box and faces the window. The rf matching network is
directly connected to the antenna enclosure and is tuned to match the low impedance
antenna to the 50 Q transmission cable. The drift tube for the ion beam is connected
to two flanges on the six-way cross perpendicular to the turbo-pump and antenna.
The plasma drifts into the center of the cross, and intersects the propagating ion
beam. The source operates by applying a puff of argon gas and a pulse of rf power
to the antenna. The potential advantages of pulsed operation are that it can easily
operate at high peak rf power levels, and the amount of gas can be limited. The
plasma density and the neutral gas pressure are issues primarily while the ion beam
is passing through the plasma, an interval of about 100 ps. Consequently, the plasma
parameters and neutral-gas pressure are dynamic quantities and need to be measured
as a function of time in order to evaluate source operation.
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Figure 5-8: PPPL rf Argon plasma source before installation. Plasma is created in
the six-way cross along the ion-beam path.
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A typical ion-gauge controller does not have the time response to measure the quick
pressure bursts when a gas puff is applied to the system. However, by measuring the
voltage across a resistor placed in series with the collector current of the gauge, the
dynamic absolute pressure in the plasma source can be ascertained. The dynamic
pressure measurement is calibrated at a fixed pressure while the pressure gauge is
read, and the voltage across the resistor is recorded. To insure that the observed
rise time is indicative of the rising gas pressure and not the RC time response of the
circuit, the pressure measurement for a given plasma condition was repeated with two
different resistors with an order-of-magnitude difference in resistance. The pressure
evolutions for the two resistors were in agreement. Applying a 5-ms gas puff to the
plasma source, the pressure sharply rises to 2 mTorr and pumps away in about one
second. This time scale is appropriate for NTX because the experiment produces a
100-ps ion beam every 15 seconds. The plasma electron density is measured with
the Langmuir probe because this device compensates for the effects of rf fields. Also,
since the pulsed plasma source is found to have very reproducible breakdown time
and plasma parameters, the Langmuir probe can make time-resolved measurements.
To operate the plasma source, the gas valve and the rf power are triggered at the
same time (t=-0). In this mode, it is easy to deliver more than 2 kW of rf power
to the source, compared to only 1 kW for continuous plasma source operation. The
power is measured with a directional coupler and calibrated diode. Figure 5-9 shows
the source characteristics versus time for a net forward power of -3.5 kW. Before
t=3.75 ms, the plasma density is less than the sensitivity of the Langmuir probe (107cm- 3 ), and the neutral pressure is below the sensitivity of the dynamic pressure
measurement (10-6 Torr). The onset of breakdown is clearly observed in the forward
and reflected rf power versus time. The rf matching network is adjusted so that there
is a maximum net power delivered to the plasma. At t=3.75 ms, the electron density
is 1011 cm - 3 , and the neutral pressure is simultaneously low. The effective ionization
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Figure 5-9: Time evolution of neutral gas pressure and plasma electron density (solid
circles) in the pulsed plasma source. One upgrade under consideration is replacing
the gas valve with a faster one to reduce the length of the gas puff and the total
amount of gas into the system. Another upgrade would use a pulsed rf supply to
increase the rf power level.
fraction for t=3.75 ms is in the range of 50-100%. At later times, the power density
is not sufficient to sustain the ionization fraction, and the neutral density rises faster
than the electron density.
One difference between the initial source tests at PPPL and those at LBNL is that
the rf generator is unable to provide 3.5 kW of power at LBNL and is limited to 2.5
kW. This lower power limits the maximum plasma density that could be achieved. A
number of density measurements are made in the six-way cross with the Langmuir
probe. A profile measurement is made transverse to the axis of the plasma source
and turbo-pump (Figure 5-10). The density is peaked on axis. There is a factor of
two drop near the plasma source wall radius of 5 cm. Distances greater than 5 cm
from the center of the cross are hidden from the straight-line path of the plasma out
of the source. There, the density decreases by an order-of-magnitude at a distance 5
cm from the wall radius of the plasma source.
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Figure 5-10: Plasma density profile transverse to the plasma source in the six-way
cross.

Another profile measurement is made in the six-way cross, but along the axis of the
plasma source (Figure 5-11). In this direction, the plasma has a steep gradient away
from the antenna because of the short plasma skin depth (- 1 cm). Consequently,
the plasma density drops by two orders-of-magnitude across the cross diameter in this
direction. In future work, a weak magnetic field might be used to reduce the density
drop.
Finally, the density at the center of the cross is measured as a function of rf
power. The results, ploted in Figure 5-12, show that the electron density increases
exponentially with rf power. The data point near 3.5 kW is obtained at PPPL, but
since the rf generator at LBNL is limited to 2.5 kW, the highest density presently
available from the rf source in NTX is 5 x 1010 cm - 3 .
In final NTX experiments, the rf generator was brought back to its 4-kW power
capability in order to achieve the previously observed densities, and the gas valve was
replaced with a faster one to limit the gas introduced to the NTX vacuum system.
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Figure 5-11: Plasma density in the transverse direction, towards the rf power source,
showing a steep gradient.

0
1011

0
S
0
1010
0

i

I

I

|

1000

I

I

I

I

I

2000

I

I

3000

I

!

4000

Net Power (W)
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5.3

Neutralized-drift experiments

An important area of NTX research is studying the effects of beam neutralization
on transport. As discussed in Section 5.1, a converging ion beam exiting the finalfocus lattice is injected into a 1-m drift section, where neutralization is provided by
a plasma from the metal arc source and the rf plasma source. Both sources deliver
reproducible plasmas with densities up to ten times greater than the beam density,
a sufficient value for a range of neutralization experiments. We have studied the
effects of an upstream "plasma plug", where electrons are extracted from a plasma
and dragged along by the beam potential, as well as the effects of the "volumetric
plasma" nearer the focal point, where neutralization is provided along the beam path
just before the focal point.
Experimental findings for both neutralization methods have been compared with
the results of LSP [14,15] particle simulations. Using particles extracted from a WARP
simulation as input, we simulate the neutralization process of the focusing beam as it
passes through a plasma, following the beam past its focal point (Figure 5-13). The
simulation domain is 3.8 cm in radius and 130 cm long. The K + beam is injected
through an open (Neumann) boundary at z =-30 cm and initially has a 2-cm outer
radius, a 25-mA current, and a 300-keV energy. At initialization, the plasma has a
uniform density of electrons and Al+ 2 ions. It extends radially to the outer wall and
occupies a 10-cm longitudinal region beginning 20 cm after the injection plane. The
3-eV plasma temperature is comparable with the critical energy,

mvev

= 4eV, a

fact that could affect the neutralization process to some extent. Space-charge-limited
emission (SCLE) of cold electrons is permitted where the plasma is in contact with the
outer wall. This boundary enables the re-supply of low-energy electrons to maintain
quasi-neutrality of the plasma during the simulation. Because each impacting beam
ion will stimulate the emission of many electrons, we also permit SCLE of electrons at
the z = 100 cm wall. An electron trap prevents electrons from drifting upstream into
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Figure 5-13: LSP simulation schematic.

the magnetic focusing region. The trap consists of a 1-cm-long ring electrode that is
centered at z=-18.5 cm and negatively biased at 1 kV in the simulation. Finally, the
PIC simulations are collisionless, with no beam stripping or ionization processes.
In the neutralized drift section, WARP3D can be used to model the beam dynamics when a simple approximation is applied in which the space charge forces are
uniformly reduced by a neutralization factor, of the order of 95 to 97%, which is a result obtained from a more detailed neutralized beam transport calculation using LSP
code [15]. LSP models the plasma-beam interaction in detail, while WARP3D is the
code of choice for magnetic lattice beam dynamics. The simplifying approximation
allows us to extrapolate the beam dynamics effects in the quadrupole section to the
final beam spot.
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Figure 5-14: Beam images for a 255 keV beam measured im downstream, transported
through a tube of diameter a) 15 cm and b) 7.6 cm.

5.3.1

Beam transport in vacuum

5.3.1.1

Uncontrolled neutralization

As a preliminary step to characterize beam transport in the NTX final-focus system, a
255-keV beam is injected into a large (15-cm) diameter pipe from the exit of the final
focus magnet to a diagnostic box 1 m downstream; a large diameter pipe ensures that
electron emission from the walls is negligible. The beam is also transported through
a nominal 7.6-cm diameter pipe corresponding to the actual neutralized drift section
containing the MEVVA plasma plug system. Figure 5-14 shows beam images for
unneutralized beam transported through (a) 15 cm diameter tube and (b) 7.6 cm
diameter tube. A smaller spot size, roughly 50% less in diameter, is measured for
transport in the 7.6 cm diameter tube, which does not agree well with the calculated
beam transport in a vacuum. This smaller beam size is due to the capture by the
beam of free electrons from the wall that partially neutralize the beam.
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5.3.1.2

Control technique of unwanted neutralization

Ions from the poorly matched beam head and halo ions in the main pulse of the
beam can strike the outer wall of the transport tube. A single ion impact can produce
thousands of secondary electrons depending on the energy and angle of incidence with
ions of grazing-angle incidence producing the largest secondary electron yield. Only
a small fraction of the beam ions striking the wall are needed to provide a spacecharge limited supply of electrons from the wall. If the secondary electrons are not
stopped, they are attracted to the beam potential and can provide some degree of
beam neutralization.
Halo scrape off will be drastically reduced using the 15cm pipe. Also for larger
wall radius, the wall electrons can spend only a small fraction of their time within
the beam. The electrons are moving at their greatest velocity while passing through
the beam further decreasing their beam neutralization.

Thus, the neutralization

fraction from these electrons will scale no better than the ratio of the beam to wall
radii. A wall radius comparable to that of the beam will provide some sizable degree
of neutralization and prevent the observation of expected vacuum transport. The
secondary electrons are produced with mean energy roughly that of the ionization
potential of the impacted wall atoms - typically 10 eV. The distribution of electrons
in ionization events also has a high energy tail falling off as the square of the energy.
Thus, if we place a highly transparent wire mesh sleeve within the drift tube and bias
it with potential > 10 eV, we can expect to collect these secondary electrons and
prevent them from moving into the beam path. Given a positive potential, electrons
produced on the mesh itself will tend to be trapped near the mesh. Figure 5-15 shows
a high beam transference cylindrical tube shape metal mesh that is inserted into the
7.6 cm beam tube. The thickness and longitudinal length of the mesh are 2.2 mm and
58.2 cm, respectively. Outer and inner diameters of the mesh tube are 6.3 cm and
5.88 cm, respectively, thus maintaining better than a 5 mm radial electrical isolation
167

Drift tube
Inner wall
- Mesh

Figure 5-15: Cylindrical metal mesh of outer diameter 6.3 cm is installed inside a 7.6
cm diameter beam drift tube.
from the beam tube wall.
Figure 5-16 shows the measured beam parameters for varying mesh bias. In Figure
5-16(a), the lower line with solid circles shows that a beam diameter of 2.4 cm is
measured with 0 V across the mesh bias for 255-keV beam energy. A beam diameter
of roughly 3.75 cm is also measured by applying ± 500 V across the mesh for the
same beam energy, shown by lines of solid diamonds and cross symbols, respectively.
The line with hollow circles shows a measured beam diameter of 3.75 cm using a mesh
bias of +250 V. A larger beam diameter of 4 cm is measured with a mesh bias of ±
1 keV for the same 255-keV beam energy, as shown by lines of hollow diamond and
solid triangle symbols in the figure. The positive 250 V bias on the mesh provides
a smooth trend of beam shape, regardless of beam energies in the range of 245 to
300 keV. Beam diameter measurement by varying beam energies is performed in a 15
cm diameter vacuum tube separately, where the possibility of a wall-electron effect
is negligible. There is no mesh or plasma inside the tube that could influence the
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measurements of ion beam transport in vacuum conditions. Figure 5-16(c) shows a
comparison of beam diameters for transport through the 7.6 cm diameter tube with
the mesh inserted with a bias of +250 V, and the 15-cm diameter vacuum tube.
The dotted lines with hollow circles and triangles represent beam diameters that are
measured in the x and y axis, respectively, for a beam of energies 240 to 310 keV
transported through the 15-cm diameter tube. Diameters of 4.53 cm, 4.0 cm, and
2.68 cm are measured in the x-axis for the beam of energies 259 keV, 268 keV and
298 keV, respectively. On the other hand, the lines with solid circles and triangles
represent beam diameters that are measured in the x and y axis, respectively, for a
beam of energies 244 keV to 290 keV transported through the 7.6 cm diameter tube.
Beam diameters of 3.76 cm, 3.15 cm, and 2.41 cm are measured in the x-axis for
the beam of 255 keV, 268 keV and 287 keV, respectively. These are the end-to-end
measurements of a beam image, without the deduction of any cut off value that is used
for statistical error reduction in Section 5.3.2. For a 255-keV beam, a difference of 6
mm in beam diameter is measured between the two cases. This difference is smaller
for a more energetic beam. For example, for a 288-keV beam, a difference of 2 mm
in diameter is measured for the two cases. For a higher energy beam (say 300 keV),
the radial distance of the beam from the wall is larger than the lower energy beam
(255 keV) and neutralization is insignificant. By using the mesh and an appropriate
voltage across it, we still achieve a slightly smaller size than "expected" for an unneutralized beam. The difference in the two cases, as we inferred, is due to the fact
that the 58.2 cm mesh liner in the 7.6 cm diameter tube is not long enough to cover
the entire 1-m long drift tube. As a result, partial neutralization occurrs beyond
the ends of the mesh. However, the mesh is a significant development in overcoming
uncontrolled neutralization of wall electrons.
Currents corresponding to positive and negative voltages across the mesh are
measured during the 255 keV beam pulse. Figure 5-17 shows the experimental data
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Figure 5-16: Beam diameters corresponding to beam energies as measured in the (a)

x-axis and (b)y-axis by varying mesh bias, and (c)a comparison of beam size for a
255-keV beam transported through a 15-cm tube (dotted lines for the x-y axis) and
a mesh included 7.6 cm diameter tube (solid lines for the x-y axis) with bias 250 V.

170

of currents measured in the mesh. A negative current of 6.56 mA is measured at a zero
potential across the mesh, which shows that secondary or wall electrons movement
is present and only those electrons which directly strike the mesh wire are measured
with uncollected electrons remaining around the mesh. A positive 50 V potential is
applied across the mesh to collect these all electrons, a current of negative 30.72 mA is
measured. Voltages such as negative 250 V and negative 500 V are also applied to the
mesh; however, no significant current is measured in these cases. It is inferred that a
higher negative potential, like negative 250 V, across the mesh is able to completely
stop radial inward and outward motion of electrons, but leaving uncollected electrons.
Therefore, collection of all the electrons around the mesh, using a +50 V potential, is
a better choice. However, the presence of a higher mesh bias has some effect on the
physics of plasma neutralization. For a positive potential, plasma electrons initially
accelerated up to the beam velocity as they leave the plasma, are then accelerated up
to an energy corresponding the mesh bias. The quiescent co-moving plasma electrons
now have a velocity many times that of the beam. As the mesh potential increases,
these electrons become inefficient at neutralizing the beam potential and a larger
beam focal spot is expected. For a negative potential, the plasma plug electrons are
largely excluded from the beam in the region of the mesh yielding no neutralization.
Figure 5-18 shows the measured beam profiles for seven values of energy between
240 and 310 keV, measured 1 m downstream from the exit of the final-focus system.
The corresponding profiles from the WARP simulations are also displayed in the
figure, and we find good qualitative agreement with the measured profiles. The experimental results are obtained using a sufficiently large beam pipe (15 cm diameter)
for final transport to ensure that electron emission from the walls is negligible and
a 7.6-cm diameter pipe corresponding to the actual neutralized drift section containing the MEVVA plasma plug system. With the nominal 7-cm diameter beam pipe,
the spot sizes initially measured are significantly smaller, due to the capture of free
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Figure 5-17: Current in the mesh as the mesh bias is varied during a 255-keV beam
pulse.
electrons from the wall. This anomalous behavior, however, disappeared when the
walls are screened by a negatively charged mesh that trapped these electrons. These
profiles show that by using the mesh bias, the measured beam profiles are in general
agreement with the WARP calculations for vacuum transport.

5.3.2

Neutralized transport

Non-neutralized and neutralized beams are monitored at the end of a 1 m long neutralization drift section on a glass or ceramic (96% alumina) scintillator. Charge
neutralization of this scintillator is provided by a high-transparency (80-90% transmission) metallic mesh placed on or near the surface of the scintillator. By applying a
negative bias to the mesh, stray external electrons are decelerated and deflected away
from the scintillator, limiting their contribution to the optical image to negligible levels. Time-resolved beam-induced images on the scintillator screen are captured with
a Roper Scientific gated intensified CCD camera viewing the scintillator through a
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b)

C)

Figure 5-18: Beam profiles for vacuum transport as function of increasing energy
(240 keV to 310 keV) from (a) WARP calculations (b) experimental measurements
for transport through a 15 cm diameter tube, and (c) experimental measurements for
transport through a 7.6 cm diameter tube using mesh bias of +1 keV.
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vacuum window, and images are processed using the public-domain program ImageJ.
The low emittance (e

-

30Or-mm-mr) of the beam at the entrance to the neutral-

ization region allows the beam to be focused to a small spot size of 1-2 mm radius
at the focal point for neutralized ballistic transport. Figure 5-19 shows beam images
of a neutralization experiment: (a) non neutralized, (b) plasma plug, i.e. MEVVAplasma-neutralized, and (c) plasma plug and RF volume plasma neutralized. A size
of 27 mm at Full-Width-Half-Maximum (FWHM) is measured for a non-neutralized
condition. The beam radius of 14.7 mm in Figure 5-19(a) is measured using 1/e
lower cutoff statistical deduction from the peak fluence of beam imaged with ImageJ.
A size of 2.83 mm at FWHM is measured for the MEVVA plug neutralization and
its radius of 1.6 mm is measured using the same method. A spot size of 2.14 mm
at FWHM and 1.3 mm neutralized beam radius are measured for MEVVA plug and
volume plasma neutralization. A better-than-90% beam size reduction is measured
using plasma sources. Neutralization with a lower perveance, 6 mA beam current
using 1 cm aperture instead of 2 cm diameter aperture, is also performed.
LSP simulations of NTX including plasma plug and volumetric neutralization are
performed starting from beam initial conditions at the entrance to the neutralization
region. In one series of LSP simulations, shown in Figure 5-20, the initial condition
is the final phase-space distribution as calculated by WARP for the transport of the
NTX beam from the gun to the exit of the final focus system.
There is qualitative agreement with measured spot sizes, but a detailed measurement of the 4-D phase-space distribution at the exit of the final-focus section is
essential in order to initialize more realistic simulations of NTX neutralized beam
transport. Figure 5-21(a) shows beam images of experimental data for plasma plug
neutralized (Column 1), plasma plug and RF volume plasma neutralized (Column
2), and complete neutralized using 4D phase space from pinhole scan (Column 3).
Notice that Column 3 shows the "experimental fully neutralized transport" using the
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Figure 5-19: NTX spot-size dependence on the neutralization mechanisms. Beam
images (top row) and density distribution (bottom row) at the focal plane for three
cases of space-charge neutralization for a high perveance (6 x 10- 4 ) 24 mA, 254 keV
K+ ion beam: a) non-neutralized, b) plasma plug neutralized, and c) plasma plug
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Figure 5-20: Calculated (a) radius and (b) emittance of NTX beam from the WARPLSP simulations of neutralization by a plasma plug alone and combined with a volume
plasma near the focal point. The rms focal-spot radius is 1.3 mm with the plug only
and 0.9 mm with both plasmas.

"analog simulation" as discussed in Section 5.3.3. Figure 5-21(b) shows the numerical
simulations of all of these cases. Results of 2 different aperture cases (24 mA, and 6
mA) show that neutralized beam sizes did vary significantly with variable perveance.
Although the experimental focal-spot size and shape agree qualitatively with the
corresponding simulation results, a careful comparison of the radial density profiles
shows qualitative differences. Figure 5-22 shows a comparison of profiles at the nominal focal point, 1 m beyond the last final-focus magnet. The experimental profile is
hollow, and there is substantial charge in a halo extending well beyond the calculated
1.5-cm beam edge. In contrast, the LSP simulation gives a profile with negligible halo
and a broad density peak at the beam center, providing that we ignore the statistically insignificant values within a 1-mm radius. The calculation uses the same initial
emittance, radius, and convergence angle as the experiment, but it is idealized in assuming axisymmetry, neglecting interactions with the background gas, and specifying
an initially Gaussian velocity distribution.
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5.3.2.1

Beam current

The beam current is measured at the entrance and at the exit of the final transport
system with and without a plasma. It is measured using a Faraday cup; the cup is
biased with a +500 V and its internal guard ring is biased with a negative 900 V. An
electron trap is installed in front of the Faraday cup. Figure 5-23 shows beam current
as a function of energy for beam traveling through the neutralization drift section.
All measurements overlap with each other and show 100% beam current transport
in the system. There is no significant beam loss in the drift section, and full beam
current is transported with and without neutralization.

5.3.2.2

Beam focal plane

Variation of the neutralized beam radius with axial position is measured at the diagnostic box by varying the scintillator position over a range of 15 cm around the
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Figure 5-24: Axial beam envelope variations in (a) 7.6cm drift tube (mesh with +250
V bias), and (b) theoretical calculation (without mesh).
predicted focal plane. Figure 5-24 shows the axial beam envelope variations in (a)
experiment using the electron supressor mesh with a +250 V bias inside the 7.6 cm
drift tube, and (b) theoretical calculation using LSP. Though the discrepancy in beam
radius is less than a millimeter, this difference might be due to the absence of mesh
in the calculation.

5.3.2.3

Energy dependence and head-to-tail variation

The sensitivity of beam optics to small changes in beam energy is evaluated by measuring the beam size as the energy is varied for a given beam slice (Figure 5-25). We
have observed that energy variations of 1% led to reduction of current density by
50%. This experimental result is consistent with numerical simulations.
The beam pattern of the neutralized NTX beam from head-to-tail is also measured
by varying the time delay of the image recording system (Figures 5-26 and 5-27). To
ascertain the head to tail variation of the pulse, a 255-keV beam is transported through
a mesh-less 7.6 cm diameter tube through plasma produced with a 2-keV discharge
potential. Time slices of 100-ns width are recorded with delays between 4.6 psec and
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Figure 5-25: Spot size as a function of energy as measured in NTX.
12.8 psec in intervals of 0.2 psec. It is observed that the beam head and tail have
halos. We infer that the longitudinal forces due to beam space charge increase the
velocity of the beam head but slow down the beam tail. Although the beam radius
is flat for a time delay of 6 psec to 11 psec, closer examination shows that the beam
radius variation is of order 0.2 mm; this might be due to shot-to-shot variations of
the Marx voltage, or variations of charge accumulation in the capacitor tank of the
high voltage system of the MEVVA plasma plug.

5.3.2.4

Spot size dependence on plasma parameters

A series of idealized axisymmetric LSP simulations indicates that plasma neutralization should be fairly insensitive to variations in plasma parameters. These simulations
use an idealized Gaussian velocity distribution, with the same emittance used above.
A comparison between experiment and theory of the radial distribution profile at
focus is shown in Figure 5-28. The basic size of the beam spot is similar in both
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Figure 5-26: Beam images from head-to-tail taken at the focal plane, showing blow
up of the beam head and tail.
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Figure 5-27: Spot size variation from head-to-tail measured at the focal plane, showing
blow up of the beam head and tail.
cases with differences attributed to a halo due to nonlinear focusing seen in the experimental curve. Simulations show that if electrical connection is maintained to the
chamber wall through electron SCLE, the beam spot shows little variation for plasma
densities ranging from 3 x 10 -3 x 1010 cm - 3 for an initial plasma temperature of 3
eV. Without electron emission from the wall, the plasma plug charged up due to loss
of electrons and the spot size degraded in time, particularly for smaller plasma densities. For a 6-eV initial plasma temperature, which is greater than 'mev2, the beam
spot size is roughly 50% larger than the case with a 3-eV plasma. The sensitivity of
the beam spot to the incoming beam emittance is calculated to be weak, with only a
30% spot-size variation for a factor-of-three change in emittance. This low sensitivity
to emittance indicates that charge neutralization in the NTX experiment should be
quite close to the 96% value seen in simulations and should not be influenced by
details in the emittance.
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Figure 5-28: Comparison of radial density profiles from two plasma-neutralized NTX
shots with a theoretical profile (magenta) from an LSP simulation.
The neutralized beam radius is also measured as a function of the MEVVA plasma
discharge voltage. Figure 5-29 shows (a) beam radius vs. plasma discharge voltage,
and (b) comparison between the experiment and LSP simulations of the radial distribution profile. The basic size of the beam spot is similar in both cases (experiments
and theory) with differences attributed to a halo due to nonlinear focusing seen in
the experimental curve. Simulations show that if electrical connection is maintained
to the pipe wall through electron space-charge-limited emission (SCLE), the beam
spot shows little variation for plasma densities ranging from 3 x 10s-3 x 1010 cm - 3
for an initial plasma temperature of 3-eV. For a 6-eV initial plasma temperature,
which is greater than -mev,

the beam spot size is roughly 50% larger than the case

with 3-eV plasma (Figure 5-29a). The sensitivity of the beam spot to incoming beam
emittance is calculated to be weak with only a 30% spot-size variation for a factor
of three change in emittance. This low sensitivity to emittance indicates that charge
neutralization in the NTX experiment is close to that 96% value seen in simulations,
and thereby is not influenced by details in the emittance.
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Figure 5-29: (a) Neutralized beam radius vs. plasma discharge voltage, and (b)
comparison between experimental and theoretical radial distribution profiles.

5.3.2.5

Geometric aberrations

The goal of a final focus experiment is to obtain the minimal spot radius. Eq. (4.2)
suggests that one could reduce the spot size by increasing the convergence angle,
provided that the emittance is not significantly increased. In general, as the angle is
increased, the beam envelope goes through larger excursions in the magnetic lattice,
which in turn leads to increase in emittance through higher order (particularly third
order) aberrations. The distortion of phase space due to geometric aberrations has
been studied numerically. In our experiment, we see the same phase-space distortions,
leading to increased spot size with large angles. Both code and experiment predict
minimum spot radius at -15 mrad (Figure 5-30). Eq. (4.6) predicts a monotonically
increasing spot size as the convergence angle is varied. In the experiments, however,
the results are complicated by non optimal entrance conditions from the apertured
source which is the same for the different magnet tunes. In fact, for the NTX lattice
and fixed entrance conditions, the emittance growth along the lattice may be larger
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Figure 5-30: Spot size as function of convergence angle as measured in NTX.
for smaller convergence angles.

5.3.2.6

Spot size dependence on perveance.

Finally, we consider variations of perveance. In general, we expect the geometric
aberrations to be less significant for lower perveance beams. This is true if the final
focus lattice is matched to the beam perveance; it is always possible to design a
final focus system for a lower perveance beam that will be less affected by geometric
aberrations. The NTX lattice is designed for the 25 mA potassium beam at 300 keV,
with perveance Q - 0.0006.
Figure 5-31 shows the spot size dependence on perveance by comparing the beam
images at the focal plane for a 264 keV beam that has been apertured to 25 mA and
6 mA, respectively, and that are transported through the final focus system using the
186

Figure 5-31: Spot size dependence on perveance as measured in NTX.
same quadrupole fields. There is a large reduction in spot size for the lower perveance
beam.
It is important to point out that the low emittance (t257r-mm-mr unnormalized)
of the beam at the entrance to the neutralized region allows for the beam to be
focused to a small spot size (1-2 mm radius) at the focal plane for neutralized ballistic
transport. Furthermore, Faraday cup measurements of the beam current at entrance
and exit of the final focus system have shown negligible beam loss along the transport
channel.

5.3.3

"Analog simulation" of fully neutralized beam transport

As discussed in Section 2.4.2, we have developed an optical technique to measure the
4-D phase-space distribution of the beam. The phase space distribution f(x, y, x', y')
will be measured by scanning the beam with a 0.5-mm diameter pinhole and letting
the transmitted beamlet travel about 1 m before striking the scintillator. The pinhole
position defines the coordinates x and y, and from the image, we can extract the
density distribution of x' and y'. This technique is used to measure the detailed
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Figure 5-32: Ballistic propagation of the fully neutralized NTX beam by propagating
the 4-D phase space down to the focal plane. Images from top left to bottom right
correspond to beam profile at 5 cm steps starting from the pinhole plane and ending
at the focal plane.
structure of the phase space distribution.
The same diagnostic system can be used to simulate the effect of full neutralization
on a beam, since each beamlet going through a pinhole only carries the information
about the phase space distribution at a given location without being perturbed by
the space charge of the full beam. The superposition of all pinhole images at a given
location can be compared with a beam-transport calculation where the space charge
is turned off from the pinhole-scan plane to the focal plane (Figure 5-32).
A comparison between this analog simulation and a WARP run with the spacecharge field artificially suppressed is shown in Figure 5-33. The agreement of the
focal-spot radius is seen to be excellent, despite differences in azimuthal structure.
This agreement indicates that the NTX emittance is low enough after focusing to
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Figure 5-33: Analog (pinhole) simulation (left) and WARP calculation (right) of fully
neutralized NTX beam focused to a small spot. Each image box is a 4-cm by 4-cm
square.
produce a focal spot of about 1 mm radius, given adequate neutralization.
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Chapter 6
Conclusions

6.1

Summary

The Neutralized Transport Experiment at LBNL provided the first experimental validation of neutralized ballistic transport of a space-charge-dominated beam. Although
the experiment used a beam that is orders of magnitude lower in current than a driver
for heavy-ion fusion, a careful choice of parameters guarantees that the transport
physics closely matches that of a full-scale system. We produced a very small focal
spot at the end of an integrated beam system consisting of a high brightness injector,
a quadrupole focusing system, and a final neutralized drift section. Using a novel
beam aperturing technique we were able to produce a very high brightness ion beam
from conventional alumino silicate ion source. The physics of beam transport through
a magnetic quadrupole system was studied, and we demostrated excellent agreement
between simulations and experiment over a broad parameter regime. The neutralized
drift experiments demonstrated dramatically improved focusing by passing the beam
through a low-density "plasma plug" produced by a metal-arc source, and a second
"volume plasma" near the beam waist. Detailed end-to-end simulations were carried
out in parallel with the experiments, and careful comparisons of the experimental
191

findings with the results of numerical simulations were presented.
The key question of a final focus experiment is what determines the spot size.
We showed from both theory and experiment how to prepare the beam envelope
for final neutralized drift. We also studied the effects of beam energy variations and
demonstrated the importance of head-to-tail energy uniformity. We studied the higher
order aberrations, in particular the geometric aberrations and their effects on the spot
size. Finally, we considered the dependence of spot size on perveance. Overall, the
comparisons between theory and experiment were very good.
In parallel to the transport experiments, two new diagnostic tools were developed.
The first, a refinement of the conventional pepper-pot imaging technique, gave a
detailed time-resolved view of the 4-D transverse phase space for beams that have
good pulse-to-pulse reproducibility. Using this technique to map the 4-D phase-space
distribution at the exit of the NTX final-focus system provided the initial conditions
for more realistic simulations of the neutralized-transport experiments. The other
tool was a non-intercepting diagnostic that uses a low-energy electron beam directed
across the NTX beam line to map out the transverse charge distribution of the ion
beam. Both diagnostic techniques provided new information about the structure of
the NTX beam and facilitated our understanding of neutralization physics.
We discussed some possible factors in the experiment which are not included in
the theory, and an attempt to resolve these issues experimentally. In terms of future
experimental work, the most important task is an in-situ measurement of the magnetic
field, including all the eddy current effects of the pipe and flanges. One additional
unexplained observation has to do with halos in both configuration and velocity space.
We presented two examples in Figure 4-22 and Figure 4-23, respectively. Numerical
simulations have not been able to account for these halos thus far, and will be the
subject of future studies.
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While we still have a couple of puzzles to resolve, we believe that much has been
learned about the final focus magnetic system relevant for a HIF driver. The questions
of how to control energy sweep, design constraints on aberrations and perveance, are
now much better understood as a result of this work. In particular, we have demonstrated that the close coupling between theory and experiment offers an extremely
powerful approach to the study of an integrated beam system.

6.2

Follow-on Experiments and Future research directions

Since the completion of the work associated with this thesis, we have resolved the
halo puzzle. The beam halos were traceable to the imperfections of the NTX source,
occurring in the detailed geometry of the emitter and the anode shroud. The halo
resulting from the imperfections was directly measured at the source exit, which
agreed with numerical simulations.
The issue of the calibration of energy and magnetic field has also been resolved. It
turned out that the pulsed magnetic field inside the vacuum pipe is reduced by skindepth effects in the thin stainless vacuum tube. There is also a phase shift between
the field in air versus in vacuum. The measured magnetic field reduction is sufficient
to account for the energy calibration discrepancy described earlier.
In addition to the transverse beam compression demonstrated in the present work,
we have also completed an experiment in longitudinal beam compression in the presence of plasma. Longitudinal compression in excess of a factor of 50 was demonstrated
[68].
In the future, we plan to perform experiments to demonstrate simultaneous transverse and longitudinal focusing. The resulting compressed beam will be used for
HEDP studies and ultimately for HIF applications.
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