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The ITER Heating Neutral Beam (HNB) source prototype SPIDER (Source for the Production of lons of
Deuterium Extracted from a Radio frequency plasma), hosted at the Neutral Beam Test Facility (NBTF) in Padova,
Italy, has recently started operating with evaporated caesium in the source. This moves the primary H- production
mechanism from volume to surface processes, increasing the extracted H- current while decreasing the co-
extracted electron current. As in volume operation, the beam exhibits inhomogeneities across the vertical profile
due to magnetic drifts, a result of the transverse filter field, which is vital for reducing the electron temperature near
the extraction region.

To minimize the occurrence of electrical discharges, SPIDER has been operated with a diminished number of
extraction apertures to minimize the vessel pressure/ion source pressure ratio by means of a mask, which reduces
the gas flow conductance between the source and the vessel. Therefore, it has been possible to directly measure
the current of individual beamlets, due to the increased room between the beamlets, using the non-invasive
Beamlet Current Monitor (BCM) diagnostic. Using measurements of five individual beamlets the homogeneity of
the SPIDER H- beam has been assessed, in a range of operating conditions with caesium in the source. The
dependence of the beam homogeneity on source parameters (bias, filter field, RF power) has been observed, while
increasing the Cs evaporation rate and unbalancing the power of the RF generators have proven to be effective at

mitigating the beam inhomogeneity.
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1 Introduction

For large magnetic confinement fusion devices
with Neutral Beam Injection (NBI systems), such as
ITER, high-energy neutral beams are needed to
effectively heat the plasma core. To reach up to 1 MeV
of acceleration negative ion beam sources are
required, as positive ions have decreasing
neutralisation efficiency over 100 keV. The ITER
negative ion beam source is under development at the
Neutral Beam Test Facility (NBTF) [1], hosted by
Consorzio RFX (Padova, Italy), with two experiments:
SPIDER and MITICA.

The latter is the full size ITER Heating Neutral
Beam (HNB) prototype while SPIDER (Source for the
Production of lons of Deuterium Extracted from RF
plasma) is the full-scale ITER ion source [2]. Using the
tandem ion source concept devised by IPP, SPIDER
has eight RF drivers, paired horizontally with a 200 kW
RF generator each, to form the source plasma.

To produce negative ions in sufficient quantities
a horizontal filter field is required to separate the hot
plasma in the drivers from the colder plasma near the
plasma grid (PG), which encloses the ion source. In
volume operation, this promotes the formation of
vibrationally excited molecular hydrogen in the drivers,
which expands towards the PG and undergoes
dissociative attachment with cold electrons to form
negative ions.

Toincrease the H- caesium is evaporated into the
source, redistributed by the plasma onto the PG, and
forms a low work function surface for the formation of
H- through surface processes [3]. The low electron
temperature near the PG then reduces electron
detachment, preserving the H- availability for beam
extraction.

Two electrostatic grids downstream of the PG,
the extraction grid (EG) and grounded grid (GG) form
the negative ion beam on SPIDER. With the GG at
ground potential the acceleration grid power supply
(AGPS) and extraction grid power supply (ISEG)
provide up to -96 kV and -12 kV to the EG and PG
respectively, so that the ion source is at -108 kV.

On SPIDER the uniformity of the SPIDER
accelerated beam can been studied on the beamlet
scale, taking advantage of the reduced number of
open PG apertures afforded by the PG mask [4]].
Several SPIDER diagnostics can resolve the beam
features on the beamlet scale, including the
calorimeter STRIKE [5], beam emission spectroscopy
and visible cameras. One recent diagnostic is the
Beamlet Current Monitor (BCM) [6], which has
measured the beamlet current for five beamlets during
the Cs campaign.

Several source parameters have an impact on
the homogeneity of the beam. The power of the four
RF generators can affect the distribution of the



plasma, while the Cs dynamics influence the
generation of H- at the PG. Additionally, the presence
of the filter field creates ExB drifts in the source, which
results in a vertical plasma non-uniformity. The biasing
of the PG and the bias plate (BP), used to reduce the
co-extracted electron current, influences the electric
field and thus the drifts. The effect of these parameters
is seen in the beamlet current measured by the BCM.

2 Beamlet current monitor

The BCM is a series of five modules, placed
downstream of the GG to give the current
measurement of five separate beamlets (Figure 1).
Each module is mounted to the PG mask pusher
support structure by a horizontal plate, which holds the
sensor frame in line with the beamlet aperture. Each
module consists of a DC sensor with conditioning
circuit, an AC sensor and a repeller disk, to suppress
backstreaming positive ions (Figure 2).

The DC sensor is a LEM CSTR 0.3p closed loop
fluxgate [7]], with a custom conditioning circuit to
reduce the sensor offset and increase the gain to
around 250 V/A. Shepherd et al have described the
BCM DC sensor in more detail in an earlier paper [6].

sensor: H2, H3, H4, H5
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Figure 1. Location of the five beamlet current monitors
(solid black circles — open apertures). Projections of
RF drivers (dashed circles) and beamlets for the inner
and outer left STRIKE tiles (IL and OL) indicated.
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Figure 2. BCM sensor module.
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Figure 3. Sensor H1 DC signal analysis for two
plasma phases of pulse 9145. a) and c¢) Raw and
filtered sensor voltage for constant and ramped beam
voltage. b) and d) calculated beamlet current.

During the 2021 campaign SPIDER was
operated with so-called ‘macro-pulses’, long pulses of
up to one hour made up of repeated short plasma



phases, called ‘blips’, usually lasting less than one
minute. The BCM is used for two different types of
beam extraction (Figure 3). The first has a constant
extraction and acceleration voltage during a single
plasma ‘blip’ to allow a steady beam current for
diagnostics that require averaging. The second is a
voltage ramp which allows the BCM to measure the
Child-Langmuir curve of the beamlet in one plasma
‘blip’. In either case the sensor output voltage (black
points) is filtered and the voltage baseline taken
before and after beam extraction. This is due to the
magnetic nature of the sensor making it sensitive to
the filter field and plasma. By subtracting the voltage
during steady RF power and Ipg, Vbaseline, from the
voltage during beam extraction, Vbeamiet, the voltage
increase due to the beam passing through the sensor
is calculated. Using the sensor gain Gs the beamlet
current Ieamiet is calculated (blue lines) using equation
1.

Ibeamlet

— (Vbeamlet - Vbaseline)/Gs (l)

3 SPIDER Cs operation

The BCM operated continuously during the
SPIDER Cs campaign, measuring current of the five
beamlets indicated in Figure 1. The campaign is split
into several operational phases, starting with volume
operation before moving to the initial ceasiation of the
source at 60 kW/generator. The average measured
accelerated current density rises from 25 A/m?2 in
volume operation to 80 A/m? in surface operation
(Figure 4) after just several pulses (blip 500), showing
the effectiveness of the Cs layer in producing H- ions.

During this phase studies of the blip repetition
rate and caesium injection rate were performed [8].
With the RF power increased to 100 kW/generator the
average current increases to 140 A/m2. Due to
limitations on the acceleration grid voltage Uacc (50 kV)
the best optical conditions, with Uacc/Uex = 10, could
not be reached at high power as an extraction voltage
Uex > 7 kW is required to extract all of the available
negative ions. Therefore, the RF power was
decreased to 45 kW/generator to perform parameter
scans investigating the beam optics and homogeneity.
Lastly, in the campaign the RF power was increased
to 100 kW/generator, to test the raising of Uac,
followed by operation in deuterium gas instead of
hydrogen.

The beamlets display a clear non-uniformity, both
vertically and due to their position within the beamlet
group. Beamlet H1 (yellow), at the top of the source,
is consistently higher than H3 (blue), located at the
bottom of the source. In addition, beamlets H2 and H4
(green and pink) often have the highest current, due
to them being located in the core of their respective
beamlet groups.

The observed inhomogeneity is due to the
varying availability of H- for extraction across the
source. A vertical non-uniformity in the negative ion

density near the PG has been previously determined
in SPIDER using a combination of Langmuir probes
and Laser Absorption Spectroscopy [9]. The H-
distribution depends on the distributions of H* and e
in the extraction region, as well as the distribution of
the Cs layer on the PG. The magnetic drifts that affect
the plasma and Cs transport therefore influence the
distribution of H-density, and thus the beam current.

200 1
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Figure 4. Beamlet current measured by the BCM
during SPIDER campaign S21 with Cs. Operational
phases separated by dashed lines: Pre Cs (volume
operation), Cs operation at 60 kW/generator, Cs
operation at 100 kW/generator, parameter scans at 45
kW/generator. HV testing at 100 kW/generator and
operation in deuterium in the final two phases.

4  Beam homogeneity

In volume operation, inhomogeneities in the
beam current at the beamlet scale have been
measured by the STRIKE calorimeter [10]. As well as
a general vertical non-uniformity, with a higher current
at the top of the source, a non-uniformity on the
beamlet group scale has been previously observed.
This manifests as a bell shaped profile in the beamlet
current, peaking in the centre of the beamlet group,
believed to be due to the filter field suppressing the
diffusion of the plasma from the drivers. Similar
behaviour has been measured by the BCM in volume
operation and this paper assesses the inhomogeneity
in the beamlet current using the BCM in surface H-
production.

4.1 Extraction voltage

Before attempting to characterise the effect of the
biasing and filter field on the beam homogeneity it is
important to look at the extraction voltage Uex. Two
examples of single blip extraction voltage scans (as in
Figure 3c) are shown in Figure 5. The current
increases with Uex, following the Child-Langmuir law,
until no more H- is available of extraction and the
current saturates. The saturation current increases
with RF power as the availability of H- at the PG
increases. Until saturation, the extracted currents are
similar and the current inhomogeneity low. After the



knee, where the current deviates from the Child-
Langmuir law and the perveance is highest, the
inhomogeneity increases as the current reflects the
distribution of the H- availability in the source. Care
has to be taken to compare points at high Uex so that
all the available H- is extracted when investigating the
other source parameters.
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Figure 5. BCM beamlet currents for extraction voltage
scans at 45 kW/gen and 100 kW/gen.

4.2 Plasma grid and bias plate biasing

Scans of the bias and bias plate currents were
performed at 45 kW/generator, to insure that the
acceleration voltage was not limited, negatively
affecting the beam optics. Six different combinations
of liserand [liser] were investigated, 0 A [0 A, 80 A, 140
A] and 190 A [0 A, 80 A, 140 A], with Uex scans for
each. Two such scans are shown in Figure 6.

At Uex = 7 kV all of the beamlets are at saturation
and the trend with bias current can be seen (Figure 7).
Normalising the currents it is clear that the beamlets
decrease proportional to their vertical position, as the
bias increases the vertical non-uniformity. The biasing
of the PG (lisei) has a larger effect on the current than
bias plate (lissp).

A similar effect can be seen using STRIKE
(Figure 8), with the accelerated current decreasing by
a factor of two between the top and bottom of the
accelerator at high bias. Accompanying the decreased
current is a higher divergence as the beamlets are
increasingly away from perveance match. It should be
noted that the STRIKE measurements were taken at
a lower extraction voltage than the BCM reached, as
constant Uex and Uacc are needed (as Figure 3d). From
the Uex sScans it is clear that 4.94 kV is not high enough
to reach saturation and at low bias is near the knee of
the Child-Langmuir curve where the optics is good and
the beam uniform, as indicated by the relatively flat
current and divergence profiles. However, for showing

the large top-bottom non-uniformity at high bias the
data is suitable.

Increasing the RF power to 60 kW/ generator and
100 kW/generator gives a similar increase in the top-
bottom inhomogeneity (Figure 9), although the
distribution appears to be narrowing at higher power.
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Figure 6. BCM beamlet currents for extraction voltage
scans at two different bias and bias plate currents.
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4.3 Plasma grid current

Uex scans were performed at fixed bias, varying
the PG current from 0.9 kA to 1.2 kA (Figure 10). The
filter field decreases the current, with the edge
beamlets (H1, H3, H4) decreasing more than the core
beamlets (H2, H5). This is seen at high extraction
voltage where all of the available H- is extracted
(Figure 11a). If we take the vertical position of the
beamlets relative to the centre of the nearest driver, a
composite vertical profile of the beam for one beamlet

group is obtained (Figure 11b). With increasing filter
field the overall trend is a narrowing of the current
profile across the group. Qualitatively this compares
with the vertical current profiles measured on STRIKE
in both volume [10] and surface operation (Figure 12).
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Figure 10. BCM beamlet currents for extraction
voltage scans at two different plasma grid currents. A
breakdown occurred during pulse 9197.

{ Hl @®H2 Bl H3 V¥ H4 H5

160 T T T T
a) Par = 45 kW/gen, Uex = 7 kV, lisgi = lisgp = 80 A
140 4

120 1
100
80
60

Beamlet j- [A/m2]

40

20 ! 1

10 | I _z;'-'zl'__",-g_ ]
0.8 1 ,"’ e - S~ r-. |

0.6 I 1 ~ .

oal . # |

Beamlet j-/j-max
N
’

0.2

[## 1o =09ka
—1|00 —50 0 50

Vertical position relative to driver [mm]
Figure 11. a) BCM beamlet current with increasing
PG current and b) normalised current against vertical
position relative to nearest driver.

b =1.05kA 44 ko :1,2kA]

0.0 100



-
(=]
=]

a) symbols - BCM: solid - 0.9 kA, hollow - 1.2 kA

e <~
X o N b
S & o o

Beamlet j- [A/m?]
3

S5
(=)

N
o o

40

b) RF = 45 kW/gen, Uex = 4.63 kV, lis =v‘[55p =80A

— 0.95 kA: OL — 0.95KkA:IL
30 -=- 12kA:OL == 12KkA:IL

35

51—

20

Beamlet vertical width [mm]

0 200 400 600 800 1000 1200 1400 1600
Vertical position [mm]

Figure 12. a) STRIKE current and b) beamlet vertical
width profiles on the inner (black) and outer (red) left
tiles (looking to the source) for high and low PG
current cases from Figure 11. Compared to BCM
currents at 7 kV (coloured markers based on sensor
location as in Figure 1).

5 Improving homogeneity

The beam non-uniformity, in particular the top-
bottom non-uniformity, is a direct consequence of non-
uniformities in the plasma at the PG. This is seen in
the spatially resolved source diagnostics, as
described by Serianni et al [9]. Steps taken to improve
the plasma uniformity, and the H- availability, should
therefore be apparent in the beamlet current.

5.1 Cs flux

To improve the availability of H- in the bottom of
the source, which is lower in the bottom segment, the
Cs evaporation rate was increased from 6 mg/h to 24
mg/h. This results in an increase in the beamlet
current at the bottom of the source (Figure 13, blue
points for beamlet H3) as ny- increases. The other
beamlets experience a smaller increase moving up
the source. This may be due to Uex not being high
enough to fully extract all the available H- at the top of
the source. However, estimates of ny- at the PG and
BP have shown that at the top of the source ny-
increases at the BP instead of the PG as the Cs flux is
increased [9]. This implies that the H- may move away
from the PG into the expansion chamber instead of
increasing further at the PG.

5.2 RF power unbalancing

Increasing the H- availability was also done by
unbalancing the RF power of the generators, so that
the segments with lower current would experience an
increase in plasma density. Raising the RF power
from 45 kW to 80 kW in the bottom segment results in
a more homogeneous beamlet current distribution
(Figure 14).
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6 Conclusion

Using the beamlet current monitors a picture of
the SPIDER beamlet current homogeneity has been
obtained. Vertical top-bottom asymmetries in the
plasma near the plasma grid, due to magnetic drifts,
are reflected in the beamlet current. Increasing the
bias increases the overall non-uniformity. The cause
of the drifts, the transverse filter field, also results in
an inhomogeneity on the beamlet group scale, with
higher currents at the centre of the beamlet groups.
The inhomogeneites, both global and local to the
beamlet groups, have been confirmed with IR
calorimetry.

Future operation of the SPIDER source with
reduced apertures is planned, with solid-state RF
amplifiers  allowing 200 kW/generator and
acceleration voltages greater than 60 kV. An
enhanced number of DC beamlet current sensors, up
to 15, will allow a spatially more detailed study of beam
current uniformity.
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