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‘Development of a dc low pressure D™ surface-conversion source

using a 10-cm-diameter solid barium converter

J. W. Kwan, O. A. Anderson, C. F. Chan, W. S. Cooper, G. J. deVries, W. B.
Kunkel, K. N. Leung, A. F. Lietzke, W. F. Steele, C. F. A. van Os, R. P. Wells,
and M. D. Williams

Lawrence Berkeley Laboratory, University of California, Berkeley,
California 94720, USA

Abstract
A D surface-conversion source using a solid barium converter is designed

for steady-state operation to produce 200 mA of D™. A similar ion source of
twice the size as the one discussed here will meet the requirements set by the
present US-ITER neutral beam injector design. Among the possible types of ion
sources being considered for the US-ITER neutral beam design, the barium
converter surface-conversion source is the only kind that does not use cesium in
the discharge. This absence of cesium will minimize the number of accelerator

breakdowns.



I. INTRODUCTION

Neutral beam injectors for the next generation tokamaks, e.g., the
International Thermonuclear Experimental Reactor (ITER), will use negative
ions to produce deuterium beams at energy of 1.3 MeV. In the US design for the
ITER beamline, the main acceleration is done by electrostatic ESQ accelerators.!
A 300-keV D™ beam with beam current of 1 A is to be injected into the entrance
of each ESQ accelerator channel. Eventually, ITER will be operating as a steady
state machine, thus the ion sources must produce D~ beams for pulse lengths up to

two weeks long.

A. Comparing volume-production sources with surface-conversion
sources

At present, the volume-production sources can produce high current
density H™ or D™ beams, in steady state, for an aperture size = 1 cm in diameter.
Current density j can vary depending or whether cesium is used in the discharge
or not. In pure hydrogen discharge234j can be as high as 20 mA/cm2 . In
cesium operation, j is typically 3 times larger, reaching nearly 60 mA/cm.5.6.7
The main disadvantages in pure volume-production sources are the high source
pressuré (= 10 mT), and the large amount of leakage electrons mixed into the
extracted negative ion beam. The high source pressure results in a significant
beam loss due to stripping of the negative ions. Both stripping and leakage
electrons can lead to electrical breakdown and heat load problems in the
accelerator.

Adding cesium vapor to thé volume-production can enhance the current
density, reduce the optimum gas pressure, and reduce the amount of leakage
electrons. On the other hand, cesium vapor will contaminate the accelerator

leading to possible problems in accelerator breakdowns for long term operation.



It is important to point out that the ESQ accelerator in the US-ITER désign
is based on accelerating a large diameter beam of up to 1 A of beam current per
channel. In order to obtain this beam current from a volume-production source,
a multi-aperture extraction system must be used to produce multiple beamlets.
The beamlets will be merged together in the 300 keV preaccelerator before
injecting into the ESQ modules. So far, it is not clear how much emittance
growth will occur in the merging stage and what will be the final impact on beam
quality. Grid transparancy must be included when calculating the effective
current di;nsity of a volume-production source.

One way to produce a high current steady state beam from a single
aperture is to use the surface-conversion source. Earlier surface-conversion
sources, using cesium-coated molybdenum converters,89.10 have achieved 1.25 A

“of dc H™ beams with an average current density of 10 mA/cm?2 over a very large
aperture. The equivalent current density of H™ ions produced at the converter
surface (including the beam stripping loss in the plasma) was = 3 mA/cm?2 which
corrésbonds to an effective positive ion to negative ion conversion efficiency of =
7%. Higher conversion efficiency may be possible if the cesium coverage is
optimized to form a uniform fractional monolayer!!. The surface-conversion
source typically operates at a source pressure below 2 mT. As mentioned

earlier, the presence of cesium is still undesirable in this source.

B. Developments in surface-conversion sources

In an experiment conducted by van Os et al,!2 a solid barium converter was
shown to have a conversion efficiency as high as 8%, which is comparable to that
of a cesium coated molybdenum converter. Barium, being a much less volatile
material, is likely to cause less of a breakdown problem in the accelerator than

cesium.



In this paper, we describe the design of a surface-conversion source using a
10-cm diameter solid barium converter. The source is designed to inject up to
200 mA of D™ into the preacceleratdr. A similar design of about twice the size of
the one discussed here will produce 1 A of D™ ions in a single beam, thus meeting
the ITER specifications. Data from recent surface-conversion source experiments
at LBL and preliminary data from testing of the new source are discussed in

section ITI.

II. ION SOURCE DESIGN

Results from recent experiments done at LBL have provided useful criteria
in the design of the present source.!314 The scaling of the negative-ion output
- with incident positive-ion current on the converter was found to depend greatly
on the actual geometry and type of plasma generator. In particular, the plasma
electron temperature in front of the converter should be as low as possible and
the filaments should be placed far away from the converter to minimize any

tungsten contamination of the barium converter surface.

A. Ion source geometry |

A échematic diagram of the cylindrically symmetric ion source is shown in
Fig. 1. The chamber walls are made of oxygen-free copper. The source is
surrounded (including top and bottom) by 16 cusps of samarium-cobalt magnets.
Like a volume-production source, this source can be considered as composed of
two separate chambers: a driver chamber and a conversion chamber. The two
chambers are separated from each other by a cylindrical magnetic filter. A
toroidal plasma is produced in the driver chamber by a tungsten filament
discharge. In order to reduce the amount of tungsten contamination on the
barium converter surface, the 8 filaments are positioned in the driver chamber in

-such a way that there is no line of sight from the filaments to the converter



surface. In the future, the tungsten filament discharge can be replaced by an RF
discharge with the antenna located along the minor axis of the torus.

The source is designed for steady-state operation with a power input of
more than 50 kW. The magnetic filter stops high energy electrons from flowing
into the conversion chamber, thus the plasma in front of the converter will have a
lower electron temperature than that in the driver. It also reduces the flow of
tungsten ions to the conversion chamber. The strength of the magnetic filter can
be adjusted by controlling the electric current applied to the field coil. Typical
filter strength is in the order of 100 G-cm.

B. Converter geometry

By adjusting the location of the converter or varying the radius of
curvature and shape (by making new units), we can optimize the beam current
density and uniformity of the “self-extracted” beam. Figure 2 shows the
calculated trajectories of the 200 eV D™ ions leaving a 10-cm-diam converter
surface which has a 15-cm radius of curvature with the focus located at 1.5 cm
downstream from the 3-cm-diam aperture. For a given geometry, the fraction of
negative ions (produced at the converter) that passes through the aperture is
determined by the transverse velocity distribution of the negative ions. With a
Maxwellian transverse energy spread of 10 eV, the above geometry corresponds
to a transmission fraction of about 1/3.

In order to maintain a“'flow work-function on the converter surface, the
barium converter must be free of contaminants. Double O-rings (no vacuum
grease) with pump-outs are used in the vacuum system. The vacuum system is
pumped by two turbomolecular pumps and two cryopumps; base pressure is in
the low 10-8 Torr range. A load-lock system is used to keep the barium

converter from being exposed to the atmosphere during installation into the ion



source. The converter is water-cooled for steady state operation and it can be

operated at a bias voltage of more than -300 V.

C. Electron filtering and extraction region

_ There is another magnetic filter (using permanent rhagnets) located in
between the converter and the exit aperture. This filter serves two purposes.
One is to minimize the plasma flowing out of the source and thus maximize the
plasma density in front of the converter. The other purpose is to keep the high
energy electrons (including the secondary electrons from the converter surface)
from entering the preaccelerator. Similar to the earlier cesiated surface-
production source, a positive voltége bias can be applied to the electrodes behind

this filter to suppress electrons.15

ITI. PERFORMANCE EXPECTATION .

We assume that a D+ ion current density of 125 mA/cm?2 can be obtained in
front of the converter surface. With 80 cm? of converter area and a conversion
efficiency of 6%, the total D™ produced at the converter surface is 600 mA. If
the D™ ions have a transverse energy of 10 eV, then 200 mA (i.e. 1/3 of the
production) of beam current is available at the aperture.

At the time of this writing, we are starting to test this new source. The
preliminary data shown in Fig. 3 is obtained by operating the source at 2 mT, 5
kW of arc power, and -100 V converter bias. At an optimum filter strength, the
plasma density and the electron temperature in the conversion chamber are
respectively 0.38 and 0.61 times lower than that in the driver. Extrapolating
these results to higﬁer power, we expect that it would take =35 kW to produce
the necessary plasma density for the 200 mA D™ beam.

Figure 4 shows the result obtained in a recent experiment at LBL
'(unpublished data), using a 6-cm-diam barium converter with the source

operating at 1.3 mT. The ion source used in this experiment did not provide an



optimal condition in producing D™ because the electron temperature in front of
the convérter was too high, the vacuum system was too dirty, and the tungsten
filaments were too close to the converter surface. There was a significant
difference between the data taken before and after a discharge cleaning by
sputtering the converter with argon ions. With 6 A of converter current (mostly
positive ion flux), we obtained 145 mA of steady state D™ ion current, which
corresponds to a conversion efficiency of 2.4%. We believe that new features
incoorporated in the present design will improve the conversion efficiency to the

target value of 6%.
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FIGURE CAPTIONS

Fig. 1.
Fig. 2.

Fig. 3.

Fig. 4.

Schematic diagram of the barium converter surface-conversion source.
Simulation of the calculated ion trajectories from the converter surface
to the exit aperture and through a 100 keV preaccelerator.

Plasma parameters measured from initial testings of the new surface-
conversion source.

D~ yield from a 6-cm-diameter barium converter operating at 1.3 mT

of source pressure.
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