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Abstract'
A number of intense ion beams applications are emerging requiring repetitive high-averagepower beams. These applications include ablative deposition of thinfilms, rapid melt and resolidificationfor sugace property enhancement, advanced diagnostic neutral beams for the
next generation of Tokamaks, and intense pulsed-neutron sources. We are developing a
200-250 keV, 15 kA, 1 ps duration, 1-30 Hz intense ion beam accelerator to address these applications.

I. Introduction
Several promising applications of intense ion beams have emerged in the past few
years requiring repetitive beams. These include: (1) Processing of materials including
surface modification through rapid melt and
resolidification, ablative deposition for producing high-quality coatings and nanophase
powder synthesis;' (2) Production of intense
neutral beams for charge-exchange recombination spectroscopy' (CXRS) for IlZR (International Tokamak Experimental Reactor)
which is the primary diagnostic of ion temperature, rotational velocity, and helium ash
concentration in tokamaks? and (3) Intense
pulsed neutron sources for non-metallic mine
detection, neutron radiography and spent nuclear fuel assay. We are developing an new
accelerator called CHAMP (Continuous High

Average-Power Microsecond Pulser) to in-

vestigate these applications. Below we describe the design of a 200 - 250 kev, 15 kA,
1 ps duration pulser initially operated at 1 Hz,
but with provision for extension to 30 Hz.
Traditional single-shot diodes normally using a surface-flashover anode are
unacceptable for repetitive operation because
of limited anode lifetime, excessive heat
loading, and high gas production. Also polymer anodes produce debris, have poor uniformity and reproducibility, and do not allow
the selection of the ion species. To circumvent these problems, our system will use a
MAP (Magnetically confined b o d e Plasma)
diode having a pre-formed plasma as the ion
e1nitter.4~~Rather than the traditional M m
generator and high-voltage pulse lines, used
in single shot operation we will use a

modulator architecture akin to a high-power
radar modulator to accelerate ions. The energy will be stored in a set of lumped element
Blumlein lines and switched with highvoltage thyratrons. The voltage will be
stepped up to the 200-250 kV level with a
transformer.

11. Diode Design

The CHAMP diode will use a magnetically insulated extraction diode in ballistically focused geometry (45' full focusing
angle with 30-cm focal length). Extension to
a straight unfocused beam or longer focal
length beams for is straight forward. The diode shown in Fig. 1 operates as follows. The
anode consists of a flat pulsed induction coil6
in an aluminum housing. The high-voltage
coil is formed from four parallel sets of two

Fig. 1 Diodelayout.
turn spiral windings coaxial with the system
axis. The coil in focusing geometry is in the
form of a cone having a normal to the surface
of 22.5' with respect to the system axis. The
plasma anode is formed by first radially ducting a puff of gas with a fast acting valve
(risetime 100 ps), located on axis, over the
coil surface. The valve will be actuated by a
metallic diaphragm driven either by eddy

-

currents or a voice-coil mechanism. When the
gas puff is properly distributed, a fast rising
current pulse (10 - 20 kA,T~~~= 1-2 ps) delivered to the induction coil breaks the gas
down and induces azimuthal current in the
plasma at the coil surface. The j, x B, force
on the plasma accelerates the plasma to the
radial opening in the aluminum anode housing where it is stagnated against the applied
radial magnetic field. Ions are accelerated
from this location. The cathode consists of
the tips of two thin concentric metal conical
sections. The gap between the cathode tips
and the plasma anode is 2 cm. Before application of the induction coil and accelerating
voltages, a 200 ps risetime magnetic field of
about 1.5 kG (€3 = 2 B dJ is applied transverse to the anode-cathode gap by two magnetic field coils -- one located inside the inner
cone and one located outside the outer cone.
At peak field and when the plasma is in position at the anode housing aperture, a positive
accelerating voltage supplied from a highvoltage modulator is applied to the anode.
The expected beam parameters are
E = 200-250 keV, I = 15 kA,and T = 1 ps.
We have modeled the dynamics of the
plasma layer in planar geometry using a
snowplow type model which assumes the
plasma is entrained by a thin, conducting current sheet driven away from the coil surface
by currents in the inductive coil. The model
solves the coupled circuit equation and the
equation of motion of the plasma with a
model for the plasma resistivity derived from
previous experimental data? The circuit inductance as a function of current sheet position from the coil surface required for these
calculations is determined from calculations
of the magnetic field for various current sheet
positions (Fig. 2) to be given by the expression: L (z) =993 (l-e-d'.35)nH, where z = the
current sheet position above the coil surface
in cm.
The procedure used was to vary the
capacitor charge voltage so that the plasma is
brought to rest against the applied magnetic
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Fig. 2 Magnetic flux surfaces for the inductive coil with the plasma current sheet located
at 1.0 cm (top) and 5.0 cm (bottom) from the
coil surface.

Fig., 3 Current (I), and position (z) and velocity (v) versus time of the plasma layer for a D,
fill density of 2.5 x 10'' cm-3 and capacitor
charge voltage of 14 kV.

field at the diode gap entrance. For a gas fill
of 2.5 xlO" molecules /cm3 corresponding t
to 80 mTorr of D, at the coil surface before
acceleration, a capacitor charge voltage of
14 kV is required. The density was chosen to
insure good gas breakdown. The stored electrical energy is 50 J. It takes 1.5 p s for the
plasma to be driven into position at the anode
housing aperture with a peak current sheet
velocity of just over 20 km/s (Fig. 3).
Finite element thermal modeling of
the coil has been performed. It was found
that without a supplemental means to transfer
heat dissipated in the coil, at 30 Hz unacceptably high temperatures on the order of
600' C develop in the coil. Three solutions to
this problem were investigated: (1) increase
the thermal conductivity of the epoxy insulator by filling it with high-thermalconductivity material such as diamond dust;
(2) transfer the heat from the windings to the
aluminum coil housing with heat pipes; and
(3) remove the heat by flowing a cooling medium such as air, water or oil through hollow
windings. The model results indicated that all
three methods would reduce the maximum
temperature of the coil, but that the flowing
coolant was the most effective and gave acceptable temperatures.

A key system parameter, the pulse duration, was chosen from a study of overall
system electrical efficiency including plasma
formation and magnetic-field energy requirements, scaling of diode performance from the
Los Alamos Anaconda accelerator operated
with 1 ps pulses, tokamak diagnostic signalto-noise optimization, thermal transport modeling of beam energy deposition in targets
(for materials applications), and electrical engineering considerations. The beam electrical
system requires many modulator sub-systems
synchronized with each other and the ion acceleration pulse (Fig. 4). A gas puff modulator' and the induction coil modulator
sub-system will be housed in a ''hotdeck"
chassis at common potential with the pulsed
anode. For electrical isolation, fiber optic cables will carry fast control and diagnostic signals. Solid-state switches will be used to
deliver current from storage capacitors to the
magnetic field coils at ground potential. Energy recovery techniques will be used in the
final design, although in initial tests energy
recovery will be omitted for simplicity. A
dedicated fast sequence and monitor system
will c o n f m the proper sub-system parameters before the main acceleration pulse is initiated to minimize damage to components in
case of off-normal operation.

III. Electrical Design
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Fig. 4 Diagram of the electrical circuits.

The accelerating power system will utilize 4
parallel type "E" Blumlein lines each
switched with an English Electric Valve
CX1736AX thyratron. This tube is a 11.4-cm
diam., 70 kV, two gap, hollow anode device.
The hollow anode design was selected because it permits reverse voltage and current
(up to 50% of the maximum rating) in the
event of diode mismatch. We selected Blumlein lines rather than conventional pulse lines
because they provide an output pulse voltage
into a matched load equal to the charge voltage rather than half the charge voltage. This
reduces by two the transformer turns ratio and
the number of parallel thyratrons required.
The lower turns ratio decreases the transformer leakage inductance enabling pulse rise
and fall times to be decreased by a factor of
four. Another benefit of the Blumlein line
choice is the end inductors nearest the transformer and thyratrons can be trimmed to offset the transformer leakage and thyratron
inductances. The number of networks comprising each Blumlein line will depend on optimum beam energy spread required by each
application. For materials applications,
square voltage and current waveforms are not
desired since a spread in ion energy leads to a
more uniform deposition profile in targets
(this eliminates the Bragg peak near the end
of the ion range produced by a monoenergetic
beam).
For spectroscopic applications,
monoenergetic beams are preferred to optimize the charge exchange signal and to
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simplify the data interpretation. Blumlein
lines can be tuned to produce very low ripple
square waveforms.
The accelerator will be housed in a
metal tank approximately 2 m x 2m x 2 m.
The overall system length including the vacuum system, but not the neutralizer, is about
3 m. The initial system will use recycled capacitors for the Blumlein lines to minimize
development cost. With higher energydensity state-of-the-art capacitors the modulator footprint could be reduced further. The
modulator tank will be fded with highvoltage transformer oil. An estimate of the
electrical efficiency is 30 +lo% including
power to make the plasma and the pulsed
magnetic field.
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