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Abstract

The ITER neutral beam system requires a negative hydrogen ion beam of 48 A with an energy of 0.87 MeV, and
a negative deuterium beam of 40 A with an energy of 1 MeV. The beam is extracted from a large ion source of
dimension 1.9 x 0.9 m? by an acceleration system consisting of seven grids with 1280 apertures each. Currently,
apertures with a diameter of 14 mm in the firstgrid are foreseen.

In 2007, the IPP RF source was chosen as the ITER reference source due to its reduced maintenance compared
with arc-driven sources and the successful development at the BATMAN test facility of being equipped with the
small IPP prototype RF source (~§ of the area of the ITER NBI source). These results, however, were obtained
with an extraction system with 8 mm diameter apertures.

This paper reports on the comparison of the source performance at BATMAN of an ITER-relevant extraction
system equipped with chamfered apertures with a 14 mm diameter and 8 mm diameter aperture extraction system.
The most important result is that there is almost no difference in the achieved current density—being consistent
with ion trajectory calculations—and the amount of co-extracted electrons. Furthermore, some aspects of the beam

optics of both extraction systems are discussed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The IPP RF-driven caesiated negative hydrogen ion source
is now the reference source for the ITER neutral beam
system [1-3] due to the reduced maintenance compared with
arc-driven sources—only the Cs supply has to be changed
periodically—and due to the successful development over the
last decade [4-8]. Accelerated current densities of 330 Am ™2
with H™ and 230 Am~2 with D~ have been achieved with
the small IPP RF prototype source (~1§ of the area of the
ITER NBI source) on the test facility BATMAN (Bavarian Test
Machine for Negative lons) at the required source pressure of
0.3 Pa. Also demonstrated was that the current of co-extracted
electrons was less than the extracted ion current, as required by
ITER. The extraction area was small (0.007 m?) and the pulse
length limited to 4.

The record values at BATMAN were obtained with an
extraction system with optimized aperture geometry, i.e. using
chamfered apertures; the aperture diameter (8 mm) in the first

grid was smaller than that foreseen currently for the ITER
extraction system (14 mm diameter). This difference was not
regarded as a major concern until now: preliminary results
at BATMAN with the two different multi-aperture extraction
systems available at IPP showed no major dependence of
the extracted current density on the aperture diameter [4].
The experiments with the 14 mm aperture extraction system,
however, were hampered by technical problems—weak power
load handling capability leading to several water leaks—and

by a non-optimized aperture geometry, i.e. flat apertures, so

that a clear conclusion could not be drawn.

Meanwhile, experiments at the SINGAP test facility (CEA
Cadarache) with a filamented source showed that for single
aperture extraction, the achievable current density does depend
on the aperture diameter [9] for caesiated conditions. For the
8 mm diameter aperture compared with the 14 mm diameter
aperture, the accelerated current density increased by a factor
of almost two for the same source conditions. As these results
would have consequences for the design of the ITER extraction
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Figure 1. Sketch of the extraction region and the extraction system
of a negative hydrogen ion source. The PG is at a high negative
potential, the extraction voltage, i.e. the voltage between the plasma
and EG, is 5-10 kV. At the IPP test facilities, the filter field is
perpendicular to the field of the electron deflection magnets.

system, new experiments have been performed at BATMAN
with an upgraded 14 mm aperture extraction system, i.e. with
improved power load handling capabilities and also equipped
with chamfered apertures. As the detailed grid geometry of
the ITER system is still under some discussion, experiments
with two different extraction gaps (3 and 6 mm) have been
performed. The 6 mm gap is currently the ITER NBI design
value.

This paper concentrates mainly on the comparison
of the achieved current densities and the amount of co-
extracted electrons of the 14 mm aperture extraction system
with the 8 mm aperture system. Finally, the beam optics
properties of the different extraction systems are also
discussed.

2. Experimental background

2.1. Extraction region in caesiated negative hydrogen ion
sources

Figure 1 shows a sketch of the geometry of the extraction region
of a negative hydrogen ion source. In the case of the IPP test
facilities with moderate total voltages of up to a few 10 kV, the
extraction system consists of three grids: the plasma grid (PG)
facing the plasma, the extraction grid (EG) and the grounded
grid (GG).

A magnetic field in front of the PG is necessary to
minimize the amount of co-extracted electrons—the co-
extracted electrons are deflected out of the beam onto the EG by
magnets embedded in the EG—and to enhance the extraction
probability of the surface produced negative ions in caesiated
negative hydrogen ion sources. One main mechanism for the
enhancement of the extraction probability by the filter field
is the reduction of the electron temperature to below 2¢eV,
which is necessary for minimizing the destruction rate of the
negative hydrogen ions by electron collisions; then mutual
neutralization with positive ions takes over as the dominant
destruction process.

The generation of sufficient negative hydrogen ions in
ITER-relevant ion sources faces different challenges that have

to be fulfilled simultaneously.

o In order to achieve the required accelerated ion currents
(48 A at 870keV in hydrogen, 40A at 1MeV in
deuterium), the source has to deliver negative hydrogen
currents of up to 70 A due to the stripping losses in the
accelerator. (The required extracted current ratings are

70 A H™ for the diagnostic neutral beam injector, 68 AH™

and 59 A D~ for the heating neutral beam injectors [2, 3].)

In order to minimize the stripping losses, i.e. losses of
negative hydrogen ions due to collisions with the residual
gas in the extraction system, the source must be operated
at a low source pressure of 0.3 Pa; at this pressure the
stripping losses are calculated to be still 25-30% in the
ITER NBI system [10].

The unavoidable co-extracted electrons must be deflected

out of the beam at moderate extraction voltages. The
power handling of the EG is the main technical limitation
of negative hydrogen sources and requires the amount
of co-extracted electrons to be less than the extracted
ion current and the extraction voltage to be 10-12 kV at
maximum—this is about one order of magnitude lower
than the extraction voltage in positive ion based neutral
beam systems. Even when these conditions are fulfilled,

a power density of up to 30 MW m~2 can be achieved on

small spots on the EG [11].

0

From the experiences obtained in the last three decades in
different experiments worldwide [4-6, 12-16], the maximum
achievable current density under these extreme conditions—
low pressure, low extraction voltage, low amount of
co-extracted electrons—is in the range of 200-300 A m~2 for
deuterium and 300-400 Am~2 for hydrogen (as the amount
of co-extracted electrons is much lower in hydrogen, a larger
ion current density can be achieved by reducing the filter field
strength). These high negative ion current densities could only
be achieved until now with caesium seeding of the source.
Caesium forms a layer with a low work function at the source
surfaces on which impinging hydrogen neutrals and ions are
converted to negative ions; these are accelerated back into
the plasma by the sheath potential. As the binding energy
of the electron is rather low (0.75 eV), the mean free path of
a negative hydrogen ion in the main source plasma with an
electron temperature of 5-10eV [6] is only in the range of a
few centimetres [17]. Hence, only negative ions created near
the PG apertures can be extracted, but they have to be bent
back to the apertures by magnetic fields and charge exchange
collisions with hydrogen neutrals [18]. The typical negative
ion density in fusion-relevant ion sources near the meniscus is
several 10" m~3 [19].

As a consequence of the achieved negative ion current
densities, the source for the ITER NBI system must be quite
large in order to deliver the required ion current; currently
foreseen is a source of size 1.9 x 0.9 m? with 1280 apertures
of 14 mm diameter corresponding to an extraction area of
0.2m?. Together with the necessary filter field and caesium
seeding of the source, this large source dimension is still a
challenge for homogeneous production of negative ions across
the PG, which is necessary for good beamlet transmission
through the apertures of the extraction and acceleration grids.
The homogeneity of such large RF sources is not proven up



to now and is part of the NBl R&D programme in Europe
for the next few years [20], consisting of the planned ELISE
test facility at IPP for large-scale extraction from a half-size
ITER source [21, 22] and the PRIMA test facilities currently
designed by Consorzio RFX in Padua, Italy. ELISE is an
important intermediate step with large experimental flexibility
between the small prototype source extraction experiments at
IPP Garching and the full size ITER source [23].

The amount of co-extracted electrons is reduced by the
aforementioned magnetic filter field across the ion source,
together with biasing the PG positively against the source itself.
In the RF source, the optimum bias voltage is near the floating
potential of the grid (~10 V) so that only a small bias current
can flow [4,5,24]. Additionally, the effect of the PG bias
must be supported by a so-called bias plate near the PG for an
effective suppression of the amount of co-extracted electrons,
especially for deuterium operation [25].

The boundary between the field-free plasma and the region
where charged particles feel the extraction voltage is called the
‘meniscus’ as it forms a curved surface across the PG aperture.
Hence, the extraction potential is zero at the meniscus. Apart
from the grid geometry, the geometry of the meniscus is
determined by the space charge of the plasma particles, i.e.
by the density and the extraction potential. The meniscus
forms a convex lens and so determines the initial beamlet
quality. For positive ion extraction, where the space charge
of the positive ions can be easily compensated by the fast
electrons, the dependence of the meniscus shape on the plasma
parameters and the extraction potential is well understood; for
negative ion extraction, however, the situation is more complex
as the space charge of the negative ions must be compensated
by slow positive ions (H*, H3, H%, but also Cs* in the case
of caesiated sources). The electrons do not contribute to the
space charge at the meniscus, as here the electron density must
be much smaller than the negative ion density—a factor of 42
if the ion and electron temperatures are the same—in order
to have, as required for an ITER-relevant ion source, the co-
extracted electron current less than the extracted negative ion
current.

Due to the embedded magnets, the EG has to be rather
thick (~10 mm). Together with the low extraction voltage—
compared with positive ion extraction—this is a drawback
for the ion optics as due to the relative low ion velocity, the
beamlets are expanded within the potential free EG by the
space charge.

For caesium seeded negative hydrogen ion sources, the
increase in the ion yield during the build-up of the caesium
layer at the PG is accompanied by a decrease in the amount
of co-extracted electrons. This is commonly explained by
a reduction in the electron density by the negative charge
produced by the ions near the PG in order to maintain the
quasineutrality of the plasma. Finally, a so-called boundary
layer is formed near the PG, extending a few centimetres
into the source where the negative hydrogen ions are the
dominant negatively charged particles, with a decay of the
electron density towards the PG and a corresponding decay
of the negative ion density towards the plasma centre. The
understanding of the physics of the complex multi-species

(e7,H™, H*, H3, Hi, Cs*l) boundary layer embedded in a 3D
magnetic and electric field distribution has improved during

the last few years by modelling [17,26] and by dedicated
experiments at IPP [8]. A part of this effort is reported in
this paper.

2.2. The BATMAN test facility

BATMAN was mainly devoted to optimizing the RF source
with respect to current density, operating pressure and co-
extracted electron current. Due to the low pumping speed and
capacity of the Ti evaporation pumps and limits in the high
voltage supply, the extraction area on BATMAN is limited
to <0.01 m? and the pulse length to <6's. Operation with
deuterium is possible for a limited number of pulses.

BATMAN is equipped with the small prototype IPP RF
source with one so-called driver; the area of the source body
(0.32 x 0.59 m?) is roughly one-eighth of the ITER source.
The depth of the source body is 0.23 m. The driver, where the
RF—uwith a typical power of 50-100 kW—is coupled to the
plasma, is mounted on the back of the source body and consists
of a 150 mm long alumina cylinder with an inner diameter of
235mm and a water-cooled RF coil connected to a 1 MHz
oscillator. An internal water-cooled Faraday screen protects
the alumina cylinder from the plasma. Details can be found
in [4].

The plasma expands from the driver into the actual
source body, the expansion region, towards the extraction
region (see [4]). The latter two are separated by the filter
field; created at BATMAN by permanent magnets embedded
in a specially designed diagnostic flange. All experiments
discussed here are performed with a filter field optimized for
sufficient electron suppression in deuterium operation. As
the experiments always show that the amount of co-extracted
electrons is much larger in deuterium (factor four-to-five for
the IPP RF source [8, 25]), a larger filter field is needed; the
maximum field strength is about 7 mT at the centre of the PG
for deuterium, 5 mT for hydrogen. Consequently, the achieved
current densities for hydrogen reported in this paper are less
than the maximum achievable values at BATMAN [25].

Figure 2 shows a schematic overview of the HV circuit of
BATMAN. The ions are accelerated to a calorimeter located
at a distance about 1.5 m from the GG. The source is at a high
potential and the regulated HV voltage is delivered to the grids
via a voltage divider with a resistance of the order of 1 kQ. The
current capability of this voltage divider limits the total voltage
at BATMAN to 20-25 kV.> An RF transformer separates the
source from the RF power supply on ground potential (not
shown in the figure).

The electrical currents flowing onto the grids, as well as
the current flowing back to the HV power supply, are measured
individually. As discussed in detail in [4], currents on the
GG, on the calorimeter and the scrapers are solely caused
by negative ions. The current accountability is quite good.
Typically 10-20% of the electrically measured ion current Iy,
is found on the GG (lgg ), depending on the perveance, whereas
about 70-80% of the ion current hits the calorimeter [4]. The
current on the EG lgg can be caused in principle both by

L The HV system of BATMAN has recently been upgraded by replacing the
(unreliable) voltage divider by a second tetrode, allowing pulses of up to 10's
and a total voltage of 40 kV. The necessary upgrade of the extraction system
and the calorimeter is part of the mid- to long-term programme of BATMAN.
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Figure 2. The HV circuit of the BATMAN test bed. The source is at a high potential and the calorimeter is at a distance of 1.5 m from the

GG.

electrons and by negative ions; the ion contribution, however,
vanishes for good beam optics. Nevertheless, in the following,
the current on the EG is assumed to be solely caused by
impinging electrons.

In contrast to [4], in this paper we follow the new ITER
current nomenclature: the ‘extracted current density’ (Jex)
denotes the amount of negative hydrogen ions that can leave
the plasma and is derived from the electrically measured Iy,
current; this quantity is a measure of the source performance.
The “accelerated current density’ (jacc) denotes the amount of
negative hydrogen ions that could be (almost) fully accelerated,;
it is given by the calorimetrically measured current density.
The ratio of accelerated to extraction current density is hence
a measure of the optical quality of the extraction system.

The calorimeter is a water-cooled copper panel equipped
with specially designed thermally isolated areas which are
read by thermocouples for beam profile measurements. The
measured power density profiles are fitted by a 2D Gaussian
and the integration of this Gaussian to infinity gives the total
power of negative ions or neutrals not only hitting but also
missing the calorimeter. The calorimetric current density is
then obtained by dividing this total power by the extraction area
and the total beam voltage. With this method, the calorimetric
current density gives the lower limit of the accelerated ion
current density, as, due to stripping in the extraction system,
not all of the ions arrive at the calorimeter with full energy,
and some are lost at other beam line components such as the
protection scraper of the source flange.

The divergence of the beam is estimated by a comparison
of the measured beam profile with a geometrical beam model
using the IPP DENSB code [27]. This code assumes beamlets
emitted by the GG. Each beamlet has a Gaussian profile where
the width of the Gaussian is given by the assumed beamlet
divergence, and the amplitude by the amount of power carried
by the beamlet. The beamlet divergence is defined as the half
1/e-width. Then the power density profile on a certain surface
can be calculated by taking the geometry of the GG and the
beamline components into account.

As an example, figure 3 shows a comparison of the
measured power density profile with the large area grid (LAG)
extraction system—having 126 apertures with 8 mm diameter
(see next section)—and the fitted Gaussian with the calculated
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Figure 3. Comparison of measured beam profiles at the BATMAN

calorimeter with DENSB calculations for the LAG extraction
system, assuming a constant (half 1/e) divergence ¢ of 2.4° for all

126 beamlets. The Gaussian fit is used to calculate the extracted
current density.

DENSB profile. The vertical beam is deflected upwards by
a few centimetres due to the interaction of the extracted ions
with the magnetic field components of the filter field magnets
also present in the extraction system. As the orientation of the
magnets in the EG alternates from aperture row to aperture row,
no (horizontal) net deflection of the total beam by the electron
suppression field occurs.

It is assumed in the DENSB calculations that all beamlets
have the same divergence and amount of power, i.e. a
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Figure 4. View on the PG of the CEA (left) and the LAG (right) extraction system. The CEA grid has 45 apertures, corresponding to an
extraction area of 0.0069 m?. The LAG consists of two identical grid halves with 63 apertures, each corresponding to a total extraction area
of 0.0063m?2. BATMAN is equipped with a variety of plasma diagnostic tools, such as movable and fixed Langmuir probes. The coordinate
system is indicated for the LAG extraction system, but is also valid for the CEA extraction system.

perfect homogeneous beam.  With these assumptions, the
measured profile could be reconstructed very well. It might
be possible, however, to also reconstruct the measurements by
an inhomogeneous divergence and power distribution of the
beamlets, but this would impose too many free variables for
the fit. Hence, beamlets with equal power and divergence have
also been assumed in the following for simplicity, so that the
quoted divergences in this paper can be regarded as a mean
value for all beamlets.

2.3. Multi-aperture grid extraction systems at IPP Garching

Figure 4 shows the photographs of the view onto the PG for the
two different extraction systems used in the experiments. The
geometry of both systems is shown in figure 5. Both extraction
systems have edge-cooled and electrically heated PGs made of
2 mm thick molybdenum and actively cooled copper EGs with
embedded electron deflection magnets.

The negative hydrogen ion experiments at IPP Garching
started in the late 1990s at BATMAN with the so-called CEA
extraction system, which was built in cooperation with CEA,
Cadarache. The geometry was adopted from the ITER NBI
extraction system geometry; the 49 apertures with a diameter
of 14 mm (PG) are arranged in a 7 X 7 matrix with a distance
of 20 mm both in the vertical and horizontal direction. The
initial extraction gap, i.e. the distance between the plasma and
EG, was 3 mm, according to the ITER NBI design value at that
time. Due to problems with the power handling of the CEA
EG, some of the apertures have been closed, resulting in an
extraction area of 0.0067 m?.

Nevertheless, frequent water leaks occurred; hence a new
extraction system was built in 2002. This so-called LAG was
derived from the IPP positive ion extraction system used for
ASDEX Upgrade injection [28] for cost saving reasons. The
total extraction area is originally 0.039 m? and consists of 776
apertures of 8 mm diameter in the PG. In BATMAN the LAG
system must be masked down to an extraction area comparable
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Figure 5. Geometry of the two different extraction systems at
BATMAN. The extraction gap of the CEA extraction system was
changed from 3 to 6 mm. The cooling channels in the extraction and
GG, respectively, are indicated by the waves. Both PGs are
edge-cooled, with no embedded cooling channels. Dimensions are
given in mm. At the IPP test facilities, the GG is at zero potential;
the total voltage is in the range of 20-30kV.

to that of the CEA system because of the limited pumping
speed and capacity, but it allowed an easy increase in the
extraction area at the long pulse test facility MANITU [29, 30].
The LAG system consists of two identical grid halves with 63
apertures each used for the present experiments; the apertures
are arranged in displaced six rows with alternating 11 or 10
apertures with 11.6 mm distance in the horizontal and 11.9 mm
in the vertical direction. The grid halves are inclined by

0.9° for beam focusing reasons. The extraction area is, with

0.0063 cm?, very similar to the CEA extraction systems; hence,
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Figure 6. Sketch of the relative axial position of the PG for the CEA
grid and LAG system with respect to bias plate and filter field
magnets. Dimensions are given in mm. The filter field is created by
2 x 4 CoSm magnets with a dimension of 9 x 13 x 50 mm?3,

the grid conductance, and with that the stripping losses in both
systems, are also comparable.

In November 2004, the molybdenum mask on the LAG PG
was modified to a plate where the selected holes in the PG are
opened by chamfered holes in order to increase the area on the
PG for the conversion of neutrals and positive ions to negative
ions. With that configuration, the record values reported in [4]
have been achieved.

The PG can be biased against the source body. In
order to enhance the surface area on source potential near
the PG, which is necessary for efficient suppression of the
co-extracted electrons [25], this biasing requires, in the case
of the LAG, the addition of a so-called bias plate, electrically
connected with the source body. The CEA system has this bias
plate intrinsically attached, as the smaller extraction system is
surrounded by a grid frame that is electrically isolated from
the PG, but connected with the source body.

For the experiments reported in this paper, the CEA system
was upgraded according to the experience with the LAG system
by also connecting a molybdenum mask with chamfered
apertures to the PG; furthermore, the power handling of the EG
was improved by a rebuild, with a new electrodeposited copper
layer on top of the cooling channels. The experiments started
with the original 3 mm extraction gap, but in accordance with
the present design of the ITER extraction system, experiments
with a 6 mm extraction gap have also been performed.

Apart from the extraction system geometry, the two
extraction systems also differ in the magnetic field structure—
caused by different sizes and positions of the magnets
embedded in the EG—and in the relative position to the
source body—caused by differences in the mounting frame
(see figure 6). The distance of the PG in the axial direction to
the centre of the filter field magnets for the CEA extraction
system is twice the distance as for the LAG system. The
relative position of the bias plate to the PG, however, is the
same for both extraction systems.

Figure 7 shows the resulting magnetic field strength
created by the EG magnets along the aperture centre. At
BATMAN, this field is perpendicular to the filter field; both
fields are of the same order of magnitude on the plasma side
of the PG (about 7 mT at maximum for the filter field). Due to
the smaller aperture diameter, the maximum electron deflection
field for the LAG extraction system is about twice as large as for
the CEA system, both for extraction gaps of 3 and 6 mm. On
the other hand, the decay of that field into the plasma is steeper
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Figure 7. Calculated horizontal magnetic field strength B, of the
electron deflection field relative to the PG position for the three
different extraction systems (LAG and CEA with 3 and 6 mm
extraction gap, respectively).

in the case of the LAG system. The increase in the extraction
gap from 3 to 6 mm for the CEA system shifts the electron
deflection field accordingly, but with minor differences on the
plasma side of the PG. In spite of the larger distance between
the CEA PG and the filter field magnets, the filter field itself is
reduced by only about 10% at the centre of the PG.

3. Results and discussion

The main parameters for the comparison of the source
performance at BATMAN are the achieved current densities
(extracted and accelerated), the amount of co-extracted
electrons, the source efficiency and the beam quality, expressed
in the above discussed mean beamlet divergence. The source
efficiency is defined as the extracted current density divided
by the RF power. By this definition, the almost linear
dependence of the extracted ion density on the RF power for
a well-caesiated ion source—at least in a certain range and
for other optimized parameters such as the bias voltage—is
cancelled [4].

As the source performance depends mainly on the caesium
conditions such a comparison is not straightforward; after
changing the extraction system—by doing this the source has to
be vented—it takes some weeks to condition a source in order
to achieve optimum performance with caesium. Although
one can never be sure that the real optimum was achieved,
the ‘optimum’ performance was defined as achieving a source
efficiency of 4 Am~2kW 1, this being the upper limit both for
hydrogen and deuterium for several years for BATMAN [4]2.

Due to the fact that the amount of co-extracted electrons
in deuterium operation is much larger than in hydrogen
(see section 3.2 and [8, 25]), experiments for each extraction
system were started with caesium conditioning in hydrogen,
in order not to overload the EG. After achieving the optimum
performance of 4 Am~2 kW1, operation was then switched to
deuterium. Unfortunately, the deuterium experiments with the
CEA extraction system, both for the 3 and the 6 mm extraction
gap, were hampered by technical problems of the HV system

2 In that reference, the maximum achieved source efficiency was quoted to
be 3AmM~2kW™1, but it turned out that during that time the RF power was

measured erroneously, being too high by 30-40%.
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Figure 8. Comparison of the performance of the three different extraction systems. Shown is the overall maximum achieved value of the
accelerated current density (top), the extracted current density (centre) and the RF efficiency (bottom), both for hydrogen and deuterium for
0.5kV intervals of the extraction voltage (the number refers to the upper bound). Deuterium data for the case of the CEA system with a

6 mm extraction gap are not available for technical reasons.

(frequent failures of the voltage divider, see footnote 1) and
of the internal Faraday screen limiting the extraction voltage
and the experimental time so that a complete set of data for
deuterium could not be achieved.

The main conclusions that are discussed in detail in the
next sections are as follows.

o There is no major difference in the source performance
regarding the achieved current densities and source
efficiency for the different aperture sizes and extraction
gaps. This observation is consistent with ion trajectory
modelling results.

There is also no difference in the minimum amount of
co-extracted electrons achieved for the different extraction
systems, regardless of the differences in the filter field
configuration near the PG.

The beam optics properties of the ITER-relevant CEA
extraction system with a 6 mm extraction gap are better
than for the 3 mm case.

o]

0o

3.1. Comparison of current density and source efficiency

Figure 8 shows the comparison of the overall performance of
the two extraction systems regarding the current densities and
the source efficiency. Data are shown for the experimental
periods from October 2005. The initial experiments were
with the LAG system. Hence, the data for the LAG system
differ slightly from those in [4], so the same measurement
(see footnote 2) and source setup is used for comparison. The

figure shows the overall maximum extracted and accelerated
current density as well as the source efficiency in the database,
achieved for certain intervals of the extraction voltage,
regardless of other parameters such as RF power and bias
voltage for a source pressure below 0.4Pa. To show the
variation of the source performance, the dependence on the
extraction voltage was chosen as one could expect that if there
are differences between the different extraction geometries,
they would be highlighted in this kind of diagram.

It can be clearly seen, however, that within the spread of
the experimental data all three cases of extraction geometry
(LAG and CEA with 3 and 6 mm extraction gap, respectively)
achieve the same current density of accelerated and extracted
negative ions in hydrogen operation; the source efficiency is
also the same. All extraction systems show the same—almost
linear—dependence of the extracted current density on the
extraction voltage.

Although the experimental database for deuterium
operation is rather limited for the CEA extraction system
for the aforementioned technical reasons—that can also be
seen in the larger spread of the data, at least for the CEA
extraction system with 3 mm extraction gap, the required
extracted current density (290 A m~2) was achieved.

These results are in clear contrast to the single
aperture experiments reported above, where the extracted
current density for the 8 mm aperture was twice as large
(280 Am~2D7) as for the 14 mm aperture case [9] under
caesium seeded conditions. In these experiments, chamfered



apertures were also used to increase the extraction probability
of negative hydrogen ions. The effects of a possible different
gas flow, pressure or stripping losses for the different aperture
sizes can be excluded, as no dependence of the extracted
current density on the aperture size is seen in pure volume
operation.

The difference in the dependence of the extracted current
density on the aperture diameter for single and multi-aperture
experiments can be explained by the particularities of the
processes leading to negative ion generation at the PG surface
and the subsequent extraction. The understanding of these
processes has been advanced in the last few years by modelling
of the boundary layer near the PG at IPP Garching. A
PIC code including surface production of negative ions is
being developed to study the influence of surface generated
negative ions on the properties of the boundary layer [26].
For the typical operational regime of the IPP RF source with
large atomic hydrogen density (10%*° m~3)—compared with the
electron and positive ion density (101" m~2) near the grid—a
negative space charge builds up in the vicinity of the wall due
to the large amount of negative hydrogen ions generated at the
grid. As a consequence the probability of the negative ions
leaving the PG surface is reduced. Hence, the negative space
charge accumulation can be reduced only by increasing the
positive ion flux towards the PG.

The negative ions that are created at the PG surface
are accelerated into the plasma by the sheath potential and
have to be bent back to the aperture for extraction. Their
extraction probability can be calculated by the ion trajectory
code TRAJAN, also under development at IPP. For details
see [18,31]. Briefly, this 3D Monte Carlo code follows
each ion that is generated at the PG as it moves through the
background plasma and the magnetic and electrical fields near
the PG until it is either extracted, hits the PG surface, or is
destroyed by collision with electrons and ions. The parameters
of the background plasma used are those obtained from
measurements. The geometry of the PG with the chamfered
apertures and the actual magnetic field patterns (both filter field
and electron deflection field) are taken into account.

The first results of the TRAJAN code showed [31] that the
extraction probability is in the range of 20-30% and decreases
with increasing ion path length through the plasma near the
aperture, i.e. with increasing destruction probability. The path
length could be minimized both in experiment and modelling
using chamfered apertures—they improve the starting angle—
and by a low starting energy, i.e. a low sheath potential
due to the PG bias voltage. Furthermore, and this is the
most important result for this paper, the extraction probability
depends primarily on the ratio of the conversion area to the
aperture area for otherwise identical plasma parameters and
magnetic fields [31]. The conversion area is defined as the area
of the PG from which negative ions created by the conversion
of impinging hydrogen neutrals and ions can be collected
by the aperture(s). It consists of the area of the chamfer
surrounding the apertures, as well as the flat areas between
the apertures. Although the mean free path of the negative
ions in the boundary layer near the PG is of the order of some
tens of centimetres [17], the projected range is much shorter
due to the movement within the magnetic filter field and the
charge exchange collisions. Hence, only negative hydrogen

ions created in a certain distance—much smaller than the mean
free path—from the aperture can be extracted. But this means
that the conversion to aperture area ratio and consequently the
extraction probability depends for a single aperture extraction
system on the aperture diameter, as seen in the experiments.

In contrast, the ratio of conversion to aperture area is
almost independent of the aperture diameter for multi-aperture
systems if the grid transparency is the same. This is exactly
the case for the extraction systems discussed in this paper—for
the LAG extraction system the transparency is ~37%, for the
CEA extraction system ~34%,; thus the code results explain
the observed independence of the extracted current density on
the aperture diameter for the IPP extraction systems.

Another important result of the TRAJAN code is that the
extraction probability of negative ions does not depend on the
electron deflection field components in front of the PG [31].
This result is also supported by the experiments reported in
this paper: despite the large differences in the absolute amount
and the gradients of the electron deflection field in front of the
PG (see figure 7), the extracted current density (and hence the
extraction probability) is the same for the different extraction
systems.

The TRAJAN code can explain qualitatively the
experimental observations, although the calculated amount of
the decrease in the current density with increasing aperture
diameter (25-33% reduction for the 14 mm aperture compared
with the 8 mm aperture [18, 31]) is still not so large as seen in
the experiments (50% reduction [9]). To understand this is part
of the ongoing code development.

As the geometry and hence the transparency of a 5 x 16
aperture group of the ITER NBI system [3] is almost the
same as the CEA extraction system, it can be expected that
the extraction probability of negative ions is the same as
at BATMAN for otherwise identical source parameters. To
demonstrate that is one of the main motivations of the planned
IPP test facility ELISE intended for large-scale extraction from
a half-size ITER source.

The same almost linear dependence of the extracted
current density on the extraction voltage for the different
extraction systems is still not fully understood. One might
argue that the linearity might be an artefact of the peculiarities
of the experimental run during the caesium conditioning of the
source. Normally, during the conditioning phase, the amount
of co-extracted electrons decreases and both extraction voltage
and RF power would be increased simultaneously, so that both
parameters might be linked in the database. Hence, this linear
dependence of the extracted current density could be caused
by a hidden underlying linear dependence on the RF power,
which is always present. This argument might be partially
true for large extraction voltages as the source efficiency shows
saturation here. But for an extraction voltage below, say, 8 kV
this theory of hidden RF power dependence cannot explain
the experimental data. Particularly, this linear dependence of
the extracted ion current on the extraction voltage is also seen
for the same source conditions and for constant RF power; an
example is shown in figure 9 for hydrogen operation with the
LAG extraction system. Both figures 8 and 9 show that there
is an upper limit of the extracted current density for a certain
extraction voltage that cannot be exceeded by increasing the RF
power, at least for the RF power level available at BATMAN.
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Figure 9. Dependence of the extracted current density on the
extraction voltage for a constant RF power for the LAG extraction
system. Shown are consecutive pulses with the same source
condition in hydrogen operation. This was checked by changing the
extraction voltage from 3.5 to 9.8 kV and back to 3.5 kV. For
comparison, the theoretical curve for the maximal extractable
current density, irrespective of the beam quality, for space charge
limited extraction according to the Child—Langmuir law using the
geometrical PG-EG grid distance, is also shown.

The linear dependence indicates that the extracted current
density is not space charge limited as assumed by the Child-
Langmuir law (jimir ~ U2, see figure 9, jimit being the
maximal extractable current density irrespective of the beam
quality). The meniscus shape itself and hence the beam quality
is of course determined by the space charge distribution of the
ions nearby. Furthermore, the extracted current density is only
a few per cent of the space charge limit, indicating that the
extraction is limited by the amount of negative ions near the
meniscus. As discussed in detail in section 3.3, the optimum
beam, i.e. the lowest divergence, is achieved for 4-5kV for
the LAG grid system, the design value. Figure 9 shows
that this is achieved at roughly 10% of the Child—Langmuir
limit, a much lower value than achieved in positive ion based
systems [32].

A simple explanation for the linear dependence of the
extracted current density on the extraction voltage would be
that with larger extraction voltage the depth of the meniscus
also increases; hence the surface area of the meniscus increases
and more negative ions can be extracted, if one assumes a
constant negative ion density at the meniscus. But calculations
show that this change in the meniscus shape is only minor (see
figures 10, 11 and 12) and, most probably, does not explain
the observed dependence; this topic is part of the ongoing
investigations.

Figure 10 shows an example of ion and electron
trajectories for typical extraction parameters (jex =

188 Am™2, Ug = 9.6 kV, Uy = 16.8 kV) for hydrogen using
the KOBRA-3D code [33] for the LAG grid system. Thisfigure
shows again that for these parameters the LAG grid system is
not optimized.

Figure 11 shows the calculated shape of the meniscus
for the three extraction geometries (for slightly different
parameters from figure 10). The meniscus, i.e. the —29kV
line, is located for all systems between 3 and 5mm. The
corresponding potential distributions at the aperture centre
are shown in figure 12. For simplicity, the calculations
were performed without taking the electron suppression field
into account; this however, would change the potentials only

z [mm]

Figure 10. Example of negative ion and electron trajectories for the
LAG grid system for an electron and ion current density of

188 Am™2 each, an extraction voltage of 9.6 kV and an acceleration
voltage of 16.8 kV, calculated with the KOBRA-3D code [33].

marginally. Despite the geometric differences, the meniscus
shape and potential distribution are similar. In particular, in
the case of the CEA extraction system, enlarging the extraction
gap from 3 to 6 mm shifts the potential correspondingly only
in the axial direction so that the electric field, i.e. the slope
of the potential, in that region is almost constant. This is,
at first glance, in contradiction to the fact that the electric
field should be halved for the same potential if the distance is
doubled. However, the meniscus shape is determined mainly
by the aperture geometry for the present extraction systems,
where the PG aperture diameter is larger than the extraction
gap. This weak sensitivity of the potential distribution on the
extraction system geometry also explains the observed similar
dependence of the extracted current density on the extraction
voltage for the different extraction systems (see figure 8).

3.2. Comparison of the amount of the co-extracted electrons

Figure 13 shows the comparison of the three extraction systems
regarding the achieved minimum amount of co-extracted
electrons. The figure shows the overall minimum achieved
ratio of co-extracted electrons to ions for certain intervals of the
extracted ion current, regardless of RF power and bias voltage.
As for the extracted current density, no major difference in
the extraction system performance within the spread of the
data could be observed. As mentioned above and reported
several times [8, 25], figure 13 also shows that the amount
of co-extracted electrons is much larger in deuterium than in
hydrogen.

The isotope difference in the amount of co-extracted
electrons, as well as the understanding of the extraction and
suppression of electrons, is in general not very well understood.
The electron deflection field has a much larger variation in
front of the PG than the filter field for the different extraction
systems.  The observed independence of the (minimum)
amount of co-extracted electrons on the extraction system
geometry also indicates that the electron deflection field plays a
minor role for the electron suppression, at least for a sufficiently
caesiated source. However, as reported in [4], for non-
or poorly-caesiated sources, the initial quadrupole magnetic
configuration of the LAG extraction system—nhaving almost
no field component on the source side of the PG—showed very
large currents of co-extracted electrons, leading to subsequent
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Figure 12. Axial distribution of the extraction potential at the
aperture centre for the different extraction geometries (see also
figure 10). The positions of the plasma and EG are shown for the
CEA extraction system. The electric field, i.e. the slope of the
potential, is almost the same for all three-grid systems. The
coordinate system is chosen so that the PG sits at 4 mm. Plasma is
located at the left side.

damage of the EG. Hence, the electron deflection field may
play a different role for the electron suppression in this kind
of low pressure negative ion sources, depending on whether
the source operates mainly in volume or surface production
of negative hydrogen ions, i.e. with a small or large negative
hydrogen ion density in front of the PG.

The observed similar amounts of co-extracted electrons
for the different extraction systems are also consis-
tent with Langmuir probe measurements performed at
BATMAN [8]: the decay of the electron density near the PG is
also similar for both the LAG and the CEA extraction system.
But this is a consequence of the small differences of the mag-
netic filter field strength in front of the PG mentioned above, in
spite of the fact that the distance of the centre of the filter field
magnets to the PG differs by a factor of two. This indicates
that the exact position of the filter field is not so important
for effective electron suppression. Dedicated experiments at
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Figure 13. Minimal achieved electron to ion ratio in hydrogen and
deuterium for the three extraction systems. The data are the
minimum data for intervals of 20 Am~2 of the extracted current
density. The number refers to the upper bound. The scatter in the
hydrogen data is likely by the error of the current measurement for
the rather low currents of 0.1-0.2 A only.

BATMAN with more flexibility in positioning the magnetic
filter field are part of the next experimental campaign.

3.3. Comparison of grid optics

In contrast to the extracted ion and electron current, the beam
quality—and hence the ratio of accelerated to extracted current
density—does depend on the grid geometry, i.e. on the aperture
size and the extraction gap. The latter is indicated in figure 14,
where the power density profiles on the BATMAN calorimeter
are shown for the CEA extraction system with 3 and 6 mm
extraction gaps, respectively. In both cases the extraction
and acceleration voltage, as well as the extraction current
density, were the same, but in the case of the 3 mm extraction
gap, the profile is much broader—corresponding to a larger
divergence—and much less negative ions hit the calorimeter.

10
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Figure 14. Measured beam profiles at the BATMAN calorimeter for
the same voltages and perveance for the CEA grid with 3 and 6 mm
extraction gaps. The divergence ¢ is obtained by comparison with
the DENSB code calculation, assuming that all beamlets have the
same divergence.

The missing ions are most probably lost on the beam scrapers
in BATMAN.

Generally, the divergence of a negative ion beam generated
with a three-grid extraction system depends on the extracted
current, the extraction voltage and the ratio of extraction to
the acceleration voltage. It is commonly assumed that the
negative ions are ejected normally to the meniscus surface—
as determined by the Child-Langmuir law—and form a
convergent beamlet until they diverge due to the space charge
expansion. The latter happens especially in the long, potential
free extraction aperture. The beamlet then converges again
due to the acceleration voltage. The final beam divergence
then depends rather critically on the grid geometry for given
potentials and currents as ion optics calculations show.

The beam codes used for negative ion extraction are
up to now adopted from positive hydrogen ion codes by
reversing the polarity. But as discussed above, the shape
of the meniscus may be different for positive and negative
hydrogen ion extraction for otherwise identical potentials
due to the different mass of the space charge compensating
particles (electrons or positive ions). These processes are
already included in the more sophisticated codes such as
KOBRA-3D [33]. Furthermore, the space charge blow-up
within the extraction system and in the drift region towards the
calorimeter is critical. This is especially true for low-voltage
acceleration experiments such as BATMAN, where the ions
have a low velocity. The space charge expansion and hence
the beam width on the calorimeter depend on the tank pressure
due to the fact that the space charge compensation is done
by positive ions created downstream by the interaction of the
beam with the residual gas in the extraction and drift regions.

Comparisons of the beam optic model results with the
measured beam profiles need to be interpreted carefully, at
least for low-voltage experiments. Attempts to include these
beamline effects in the models are underway. On the other
hand, experiments and beam code calculations agree very
well for beams with energies near 1 MeV [34]; at these high
energies, space charge effects can be neglected [35].

Figure 15 shows the minimum mean beamlet divergence
achieved for the LAG extraction system and the CEA extraction
system with a 6 mm extraction gap, which is also currently
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foreseen for the ITER NBI extraction system [3]. The figure
shows the dependence on the extraction voltage and also on
the ratio of extraction to acceleration voltage. Again, the
overall minimum beamlet divergence in the database is shown,
achieved for certain intervals of the extraction voltage and the
acceleration to extraction voltage ratio.

The LAG extraction system shows an optimum divergence
of about 2° for an extraction voltage of 4-5kV and a voltage

ratio in the range of 3.5-4.5. Similar minimum divergences
have been measured at the MANITU test facility, which is
also equipped with the LAG extraction system for similar
voltages by Doppler shift H, spectroscopy [8]. This voltage
range for achieving the minimum divergence corresponds to
the design values of the LAG extraction system: the geometry

was optimized for a 200 A m~2 deuterium beam with 5.4 kV

extraction and 27 kV acceleration voltage [28]. The low
extraction voltage was also intended for use in the ITER NBI
system at that time (late 1990s). As the divergence scales

roughly with the square root of the voltage, the 2° divergence

at BATMAN corresponds to about 2° x (1 MeV/20 keV)%5 =

5 mrad divergence for a1 MeV beam; that is within the required
range of divergences for the ITER NBI system [9].

However, all the recent experiments have shown (see [4-8]
for the RF source, [16] for the filamented source, and also
figure 8) that an extraction voltage of 9-10kV is needed to
achieve the required extracted ion current density. Hence, the
experiments with the LAG extraction system were performed
mostly in this range of extraction voltage. But due to the
technical limit of the total voltage at BATMAN (20-25 kV),
the ratio of acceleration to extraction voltage must be kept
below 1.5, resulting in poor quality beams (see figure 10). The
same limit for the available acceleration voltage also holds for
the CEA extraction system at BATMAN, but this extraction
system with the 6 mm extraction gap is optimized for 9 kV
extraction voltage. The minimum achieved divergence for the
6 mm extraction gap is indeed better by about 1° than for the
LAG extraction system at 9 kV, but still rather high due to the
limits in the acceleration voltage.

The experiments show that the minimum divergence, as
well as the differences in the optics of the different extraction
systems predicted by code calculations, agree qualitatively
with the measurements—the voltage range of the optimum
achieved divergence agrees with the design expectations—
so that there is some confidence that for an ITER-relevant
extraction system geometry, i.e. identical to the CEA 6 mm
extraction gap, a beam can be produced with a sufficiently
low divergence, by having enough acceleration voltage. To
demonstrate this is also a main task of the new IPP test
facility ELISE, which will be equipped with a three-grid
acceleration system with ITER-relevant geometry (14 mm
diameter, chamfered apertures and 6 mm extraction gap) and
with an acceleration voltage of up to 50kV.

4. Conclusions

Experiments at the IPP test facility BATMAN with different
small multi-aperture extraction systems—having an extraction
area of 0.006-0.007 m>—showed that in contrast to single
aperture experiments, the extracted current density does not
depend on the aperture diameter if the grid transparency is the
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Figure 15. Dependence of the minimum achieved divergence for the LAG extraction system and the CEA, 6 mm extraction system on the
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