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Abstract

A number of intense ion beams applications are emerging requiring repetitive high-
average-power beams. These applications include ablative deposition of thin films, rapid
melt and resolidification for surface 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 fls 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 resolidi-
fication, ablative deposition for producing
high-quality coatings and nanophase powder
synthesis;1 (2) Production of intense neutral
beams for charge-exchange recombination
spectroscopy2 (CXRS) for ITER (Interna-
tional Tokamak Experimental Reactor) which
is the primary diagnostic of ion temperature,
rotational velocity, and helium ash concentra-
tion in tokamaks;3 and (3) Intense pulsed neu-
tron 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 investigate
these applications. Below we describe the de-
sign of a 200 - 250 kev, 15 kA, 1 |is duration
pulser initially operated at 1 Hz, but with pro-
vision for extension to 30 Hz.

Traditional single-shot diodes normally us-
ing a surface-flashover anode are
unacceptable for repetitive operation because
of limited anode lifetime, excessive heat
loading, and high gas production. Also poly-
mer anodes produce debris, have poor uni-
formity and reproducibility, and do not allow
the selection of the ion species. To circum-
vent these problems, our system will use a
MAP (Magnetically confined Anode Plasma)
diode having a pre-formed plasma as the ion
emitter.45 Rather than the traditional Marx
generator and high-voltage pulse lines, used
in single shot operation we will use a
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modulator architecture akin to a high-power
radar modulator to accelerate ions. The en-
ergy will be stored in a set of lumped element
Blumlein lines and switched with high-
voltage thyratrons. The voltage will be
stepped up to the 200-250 kV level with a
transformer.

II. Diode Design
The CHAMP diode will use a magnetically

insulated extraction diode in ballistically fo-
cused 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 alumi-
num housing. The high-voltage coil is formed
from four parallel sets of two turn spiral

€

Fig. 1 Diode layout.

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 |Lis), located on axis, over the coil sur-
face. 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, trise = 1-2 (is) delivered to
the induction coil breaks the gas down and
induces azimuthal current in the plasma at the
coil surface. The j e x Br 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 an-
ode is 2 cm. Before application of the induc-
tion coil and accelerating voltages, a 200 (is
risetime magnetic field of about 1.5 kG (B =
2 B crj[) is applied transverse to the anode-
cathode gap by two magnetic field coils —
one located inside the inner cone and one lo-
cated outside the outer cone. At peak field
and when the plasma is in position at the an-
ode housing aperture, a positive accelerating
voltage supplied from a high-voltage modula-
tor is applied to the anode. The expected
beam parameters are E - 200-250 keV, 1=15
kA, and i - 1 (is.

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 cur-
rent 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
mode! for the plasma resistivity derived from
previous experimental data.7 The circuit in-
ductance as a function of current sheet posi-
tion 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 expres-
sion: L(z)=993 (l-ez/U5) nH, where z = the
current sheet position above the coil surface
in cm.

The procedure used was to vary the capaci-
tor 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 induc-
tive coil with the plasma current sheet located
at 1.0 cm (top) and 5.0 cm (bottom) from the
coil surface.

field at the diode gap entrance. For a gas fill
of 2.5 xlO15 molecules /cm3 corresponding to
80 mTorr of D-, at the coil surface before ac-
celeration, a capacitor charge voltage of
14 kV is required. The density was chosen to
insure good gas breakdown. The stored elec-
trical energy is 50 J. It takes 1.5 |is 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 with-
out a supplemental means to transfer heat dis-
sipated in the coil, at 30 Hz unacceptably
high temperatures on the order of 600° C de-
velop in the coil. Three solutions to this prob-
lem were investigated: (1) increase the
thermal conductivity of the epoxy insulator
by filling it with high-thermal-conductivity
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 tem-
perature of the coil, but that the flowing cool-
ant was the most effective and gave
acceptable temperatures.
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Fig. 3 Current (I), and position (z) and veloc-
ity (v) versus time of the plasma layer for a D2

fill density of 2.5 x 1015 cm"3 and capacitor
charge voltage of 14 kV.

III. Electrical Design
A key system parameter, the pulse duration,

was chosen from a study of overall system
electrical efficiency including plasma forma-
tion and magnetic-field energy requirements,
scaling of diode performance from the Los
Alamos Anaconda accelerator operated with
1 pis pulses, tokamak diagnostic signal-to-
noise optimization, thermal transport model-
ing of beam energy deposition in targets (for
materials applications), and electrical engi-
neering considerations. The beam electrical
system requires many modulator sub-systems
synchronized with each other and the ion ac-
celeration pulse (Fig. 4). A gas puff modula-
tor 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 ca-
bles will carry fast control and diagnostic sig-
nals. Solid-state switches will be used to
deliver current from storage capacitors to the
magnetic field coils at ground potential. En-
ergy 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 confirm the proper sub-system parame-
ters before the main acceleration pulse is ini-
tiated to minimize damage to components in
case of off-normal operation.
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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 be-
cause it permits reverse voltage and current
(up to 50% of the maximum rating) in the
event of diode mismatch. We selected Blum-
lein lines rather than conventional pulse lines
because they provide an output pulse voltage
into a matched load equal to the charge volt-
age 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 trans-
former 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 trans-
former and thyratrons can be trimmed to off-
set the transformer leakage and thyratron
inductances. The number of networks com-
prising each Blumlein line will depend on op-
timum 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 opti-
mize the charge exchange signal and to

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 capaci-
tors for the Blumlein lines to minimize devel-
opment cost. With higher energy-density
state-of-the-art capacitors the modulator foot-
print could be reduced further. The modulator
tank will be filled with high-voltage trans-
former oil. An estimate of the electrical effi-
ciency is 30 ±10% including power to make
the plasma and the pulsed magnetic field.

Acknowledgment
Work sponsored by Los Alamos, Laboratory
Directed Research and Development under
US DOE contract W-7405-ENG-36).

H. A. Davis, et. at., Bulletin of Mater. Res. Soc,
Aug. 1996 (in Press).

R. J. Fonck, D. S. Darrow and K. P. Jaehnig, Phys.
Rev. A 29 3288(1984).

H. A. Davis, et. al., Rev. Sci. Instrum., accepted for
publication.

W.A. Noonan, S.C. Glidden, J.B. Greenly, and D.A.
Hammer, Rev. Sci. lustrum. 66 (1995) p.3448.
5 J. B. Greenly, M. Ueda, G. D. Rondeau, and D. A.
Hammer, J. Appl. Phys., 63 1872 (1989).

C. L. Dailey and R. H. Lovberg, AIAA paper
79-2093, Oct. 1979.
7 R. H. Lovberg and C. L. Dailey, NASA Contract
Report No. 191155, 1994.

-266-


