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Abstract
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A quasi-steady-state ion source has been developed
for neutral beam injection applications. It is of the
duoPIGatron type designed for delivering 50 A of
hydrogen ions at 80 keV for 30-s-long pulses. Ion
beams of i0 A at 75 keV were extracted for pulse
lengths up to 30 s, maintaining excellent optical
quality in the beam for the entire pulse duration.
The design features and operational characteristics of
the ion source are elaborated.
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Introduction
Major magnetic confinement fusion experiments,
such as the Tokamak Fusion Test Reactor (TFTR) and
Mirror Fusion Test Facility (MFTF-B) in the United
States, the Joint European Torus (JET) in Europe,
and the JT-'JO in Japan, are expected to use multisecond
neutral bean injection at multimegavatt power levels
(10-30 M K ) . 1 Among these applications, the longest
pulse length requirement is for the MFTF-B experiment,
where ten injectors, each with a 30-s pulse duration,
will be used. The Oak Ridge National Laboratory
(0RNL) neutral beam program has been directed toward
the development of such quasi-steady-state injectors.
Apart from the long-pulse requirement, the MFTF-B
application is characterized by high beam brightness
(beam divergence of <0.5° at a deuterium current
density of X).15 A-caT 2 ), high gas efficiency (a gan
flow from each 50-A source of not more than
10 torr-L-s" 1 ), high atomic species content (902), and
ultralow impurity content (10~ 5 part/injected D°).
Because the last requirement is difficult to achieve in
a conventional scheme, a magnetic beam purification
scheme is being considered that will also lower the
requirement on atomic species content to about 80S. A
high degree of reliability (99%) is implied because of
the simultaneous use of 10 long-pulse and 12 shortpulse (5(!0-ms) injectors.
We describe the major features of an advanced
positive ion source designed to provide a sufficient
database for building a prototype ion source suitable
for MFTF-B long-pulse injection.
Major Design Features
The Plasma Generator
The plasma generator, shown in Fig. 1, is of the
ORNL duoFIGatron type- with several raodifications to
enable long-pulse operation. Unlike the short-pulse
sources employed in the Princeton Large Torus (PLT) and
Pcloidal Divertor Experiment (PDX) injectors,3'1* the
long-pulse source utilizes two electron feeds, each
incorporating an indirectly heated cathode. Each
cathode has an emission area of about 100 cm^ on the
inside surface of a paraboloid that is 5 cm in diameter
at the open end (Fig. 2 ) . The emitting shell is made
by plasma spraying a mixture of 97.5% Mo, 2.0% La203»
and 0.5% Pt by weight onto an aluminum mandrel to a
thickness cf 1.5 mm. Details of the fabrication and
heat treatment of the cathode are given by Schechter
and Tsai. 5 The emitting surface is radiatively heated
ay graphite heaters to about 1900 K with a heater
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The duoPIGatron ion source.

power of about 3.5 kW. Tvo of these cathodes are
utilized in the plasma generator, which has a 28- by
60-cio anode cross section and a 30-cni-long anode
chamber.
With regard to long-pulse operation, other notifications incorporated into the plasma generator are
providing improved cooling and increasing the cusp
field strength. Improved cooling is accomplished by
active cooling of all the components exposed to high
heat fluxes using electroformed water circuits. The
cusp field magnets are mounted on electroformed copper
liners located inside the vacuum chamber (see Fig. 1 ) .
This not only provides efficient cooling but also
increases the magnetic field strength at the inner
walls, since these walls are nade thinner.
The Accelerator
The ion accelerator is designed using the '%-odimensional (2-D) ion extraction code 6 developed ?r.
ORNL to minimize the aberration-linitea Wamlet
divergence to 0.26* rns at a current density (D + ) of
0.15 A*cm~2. The aperture shapes are illustrated in
Fig. 3. The relatively thick (1-cn) ground electrode
and the shape shown for uhe suppressor electrode
mininize the backstreaaing electron loadirtE on the
grids and the plasma generator.'
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Details of the indirectly heated cathode.

New techniques are used in the fabrication of the
accelerator grids in order to improve the cooling
efficiency while maximizing the grid transparency.
Copper grids with a 13- by 43-cm active grid pattern
and with serpentine cooling passages around each
aperture are fabricated using electrofonning
techniques.

Beam Extraction

Experimental Results
Arc Discharge
The plasma generator was operated at a 120-V,
1200-A arc discharge level for 35-s pulses (Fig. 4 ) .
The plasma uniformity was measured at a reduced pulse
length (0.1 s) and the available uniform extraction
surface was found to be 18 x 48 cm (Fig. 5 ) . In an
attempt to estimate the lifetime and reliability of the

0 \ 2
I J_ J

cathode, a single cathode was operated at a 500-A
discharge level for thousands of 30-s-long pulses at a
30% duty cycle. The discharges were reliable, as
illustrated by the chart in Fig. 6, which shows
individual discharge pulses (vertical lines) as a
function of operating hours.

Beam optics: The ion source was operated at beam
energies up to 80 keV for short pulses (0.1-0.5 s) in
order to characterize the beam optics. The beam
profile was measured 420 cm downstream using a calorimetric probe. The beam optics is a function of the
ratio of the electric fields in the first two gaps, and
the numerical design is based on a field ratio between
the second gap and the first gap of 2. Measurements
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Aperture geometry of the accelerator.
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were made at a field ratio of 1.8. because the accelerator is focused on a point 950 cm downstream and
because the profile measurement was made 420 cm downstream, the beamlet divergence was computed based on
the best fit with the experimental data. A divergence
angle of 0.47* rms at a field ratio of 1.8 was obtained,
assuming Gaussian beamlets, perfect focusing, and
constancy in perveance and field ratio during the
entire pulse length.
Optimum perv ance and tunability: Figure 7
shows a plot of power loading on different components
as a function of perveance (perveance is defined as
the ratio of the extracted current to the three-halves
power of the acceleration voltage). The perveance is
varied at constant acceleration voltage by varying the
extracted current. The figure illustrates that the
source can be tuned over a wide range of perveance.
The optimum perveance that corresponds to the maximum
power transmission to the target is about 1.8 uparv.
The grid loadings do not change appreciably with
changes in perveance. It may be noted that these data
are obtained using 100-ms pulses with a gas flow to
the source significantly (^OS!) higher than that
necessary for long-pulse operation. The rise time of
the pulse, during which the beam is appreciably off its
optimum perveance, is about 10 ms. These effects
increase both the heat loadings on the grids and the
beam transport losses. The power flow measured at a
lower gas flow when the beam pulse length was 30 s
appears later in the text (Fig. 10).
Atomic species: The species mix from the source
was measured by scanning the ion deflection magnet
current and noting the signal from a calorimetric
probe. However, the technique was limited to low
current densities since the deflection magnet was
designed for a 50-keV beam. The beam pulse length was
restricted to 0.06 s due to power density limitations
on the ion dump. To complicate the measurement further,
the gas flow from the source was not adequate to
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provide equilibrium neutralization. Additional gas,
which had to be injected into the neutralizer, could
enhance the half-energy component. Measurements of
atomic species fraction at current densities up to
0.076 A-cm"2 yielded values up to 69.5X. This should
extrapolate to better than 80% at full current density,
based on the familiar scaling of atomic fraction with
current density observed with the PLT and PDX sources.6
The actual atomic species content at the plasma extraction surface should be several percentage points above
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Conclusions
A quasi-steady-state ion source has been developed
and the operating^ characteristics determined. The ion
source was demonstrated to be suitable for neutral
injection applications involving beam pulses up to 30 s
in duration at power levels up to 3 MB.

70 BEAM ENERGY =
= 6 0 keV
FIELD RATIO == 1.9

60 -

The power flow pattern confirms not only that the ion
beam is of excellent optical quality but also that
this optical quality is maintained throughout the
quasi-steady-state beam operation.
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80% if the collisional processes in the accelerator
region are taken into account.9
Long-pulse operation: The beam pulse length was '
gradually extended at 3 MW of extracted power (75 kV/
40 A) to the full 30 s. During this exercise, the
energy dissipated on different components of the ion
source and the beam line was measured calorimetrically
with the help of a computerized data acquisition
system. A swirl tube calorimeter,10 designed to
intercept up to 5 MW of beam power at peak power
densities of 25-30 kW/cm 2 , was employed to stop the
beam. The energy dissipated in the swirl tube
calorimeter was measured by noting the rise in the
temperature of the water circulating through the
calorimeter and the total water flow. However, this
temperature signal was not compatible with the
computerized data acquisition system. Therefore, in
order to illustrate that the beam optics was not
altered as the beam pulse length was extended, the
energy dissipated on the beam scrapers located just
before the calorimeter (at 520 cm downstream) is
plotted along with the accelerator grid dissipation
values in Fig. 8. It can be seen that with an increase
in extracted energy (as the pulse length is increased),
the dissipation on all the components increases
linearly, establishing the integrity of the ion source
design at energy levels approaching 100 MJ.
Power flow: For a 75-kV, 40-A beam pulse of 30-s
duration (Fig. 9 ) , the power flow along th- beam line
is shown in Fig. 10; the beam line itself is shown in
Fig. 11. Note that more than 902 of the power from the
ion source is transmitted to the target located 520 cm
cc-.Tistreaa. The gas flow to the source for this pulse
-as 10 torr-L-s"1, and this low gas flow and the
excellent bean optics have resulted in the low grid
loadings and beam transport losses shown in Fig. 10.
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