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In the BATMAN Upgrade test facility, an RF-driven negative hydrogen ion source is developed in support of
the ITER NBI. Its 5 x 14 apertures represent approximately one ITER beamlet group. Diagnostics include a
tungsten wire calorimeter, a copper calorimeter, and two arrays of beam emission spectroscopy lines of sight.

When the RF-power is increased at fixed extraction potential, the extracted current density saturates. This
is due to scraping of the beamlet by the extraction grid; a method is developed to characterize the injected
current density. This current density can vary locally, e.g. due to the ExB drift induced by the filter field. A
procedure is introduced to infer the vertical injected current density profile from the behaviour of the different
beam emission spectroscopy lines of sight during an RF-power scan.

The injected current density profile is used to calculate aperture specific beamlet properties with IBSimu.
The beamlet properties are projected towards the calorimeters with the ABC3D code, and compared with
measurements to benchmark the current density profile and IBSimu calculations. Beamlet-to-beamlet varia-
tions of power and width in the tungsten wire calorimeter are well reproduced. It is crucial to include heat

transfer in the copper calorimeter to reproduce the measured profiles.

I. INTRODUCTION

Neutral Beam Injection (NBI) will be the main heating
system of ITER, with 33 MW delivered to the plasma by
2 injectors that accelerate deuterium to 1 MeV through
1280 apertures each!'. The ITER NBI system is based on
negative ions since the neutralization efficiency of pos-
itive ion beams is vanishingly small at energies above
100 keV/amu. Negative hydrogen ion NBI systems are
challenging since it is difficult to extract a large ion cur-
rent homogeneously while keeping the coextracted elec-
tron current sufficiently low.

The BATMAN Upgrade (BUG) test facility represents
approximately one ITER beamlet group with its 70 aper-
tures, but has a total high-voltage capacity of only 45
kV2. It aims to optimize the extracted current density
from protium and deuterium plasmas, while operating at
low filling pressure (0.3 Pa) with coextracted electron-to-
ion ratios smaller than one. Due to stripping losses in the
ITER acceleration grids, it is necessary to demonstrate
extracted current densities of 329 A/m? in protium, and
286 A/m? in deuterium®?. In addition, there are ITER
requirements on the pulse length (3600 s in D), homo-
geneity (& 10%), and divergence®.

An increase in divergence leads to larger power loads
inside the beamline, leaving less power available to heat
the plasma. The ITER beamlines are designed assuming
a double Gaussian profile for the angular distribution of
the beamlets with a core carrying 85 % of the power
at a divergence in the range 3-7 mrad, and a halo at a
divergence of 15 mrad! or 30 mrad®. Based on modeling,
the expected divergence is easily reached in the ITER
heating neutral beam. In BUG the minimum divergence
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is expected to be in the range 11-14 mrad because the
grid system is optimized for high current extraction at
45 kV total voltage.

The divergence is a function of the current density,
thus aperture-to-aperture variations lead to suboptimal
ion optics. The current density can be vertically inho-
mogeneous in BUG due to the ExB drift caused by the
magnetic filter field. This paper presents a method to in-
fer the vertical current density profile from the behaviour
of the different beam emission spectroscopy lines of sight
during RF power scans.

The vertical current density profile is used as input
to make beamlet specific ion optics calculations with the
IBSimu code. The beamlets are projected towards the
Tungsten Wire Calorimeter (TWC) and copper calorime-
ter with the ABC3D code to benchmark the current den-
sity profile and IBSimu calculations®

1. COMPUTATIONAL METHODS

Ton optics calculations were performed with IBSimu, a
computer simulation package for ion optics, plasma ex-
traction and space charge dominated ion beam transport
using Vlasov iteration”®. Protium ions enter the simu-
lation box 2 mm before the plasma grid with a starting
energy of 3 eV, and a parallel and perpendicular tem-
perature of 1 eV. The injected current density, i.e. the
current density at the injection plane, is varied in the sim-
ulations, the other input parameters are kept constant.

Coextracted electrons are neglected, since they con-
tribute \/mpg/me =~ 43 times less to the space charge
at identical current density. The ion to electron ratio
was below 1 for all shown results. The background gas
density profile and associated stripping losses are not in-
cluded in the simulations, since it has negligible influence
on the space charge.



It is assumed that 10 mm after the grounded grid,
space charge compensation has set in, and there is no
net local charge density and associated electric field that
changes the angular distribution of the beamlet®. The
particles which exit the grounded grid are used to define
an extracted current density, which can be smaller than
the injected current density when beam particles hit the
grids. The simulated angular distribution is analyzed in
two ways. A single Gaussian divergence is determined,
a standard evaluation procedure. In addition, a double
Gaussian is fit to the distribution: a core Gaussian with
a smaller divergence, and a halo Gaussian with a larger
divergence. Adding the two components geometrically
recovers the single Gaussian divergence.

Power densities are calculated with the ABC3D code
by extrapolating the beamlets after the grid system®.
The positions, directions, initial sizes, and divergences
of the double Gaussian power density distribution, are
taken from the IBSimu calculations. The divergence 0, /.
is half the opening angle of a cone with power densities
that are 1/e of the on-axis power density. The normal-
ized power density for one single divergence beamlet as
function of parallel () and perpendicular (/) distance
with respect to the beamlet axis is given by
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where o is the initial size of the beamlet.

In order to include transport effects such as deflection
after the grid system, and correctly describe the inter-
action of the beam with spectroscopic diagnostics, a dif-
ferent modeling approach is needed. BBCNI is such a
code, which tracks particles through electric and mag-
netic fields'®. This approach is more CPU intensive, out-
put data from a single BBCNI run will be shown to assess
the validity of the double Gaussian fit and the impact of
transport effects.

Heat transport in the copper calorimeter was modeled
with finite element methods in Ansys, taking into account
the inertial cooling.

o1, + 0g. (2)

I1l. EXPERIMENTAL LAYOUT

In BUG, negative hydrogen ions are extracted from an
RF created plasmall. The source consists of three re-
gions: the driver region where the 1 MHz RF is coupled
to the plasma, the expansion region where the plasma ex-
pands into the source vessel, and the extraction region. A
magnetic filter field separates the expansion region from
the extraction region. The source is caesiated to improve
the negative hydrogen ion yield via an increase of the

surface production rate!?.
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FIG. 1: A schematic view of a BUG single aperture.

The 14 mm & apertures are arranged in a rectangular
beamlet group of 5 x 14 apertures with 20 mm distance
between apertures. The extraction system consists of 4
grids: the plasma grid (PG), the extraction grid (EG),
the repeller grid (RG), and the grounded grid (GG), as
shown in Figure 1. Between the PG and EG, the ex-
traction potential is applied, which ranges from 2 to 10
kV. Between the EG and GG there is an acceleration
potential. The RG can be biased up to 2 kV to prevent
back-acceleration of positive ions. The total high-voltage
is limited to 45 kV. The extracted current is measured
as the current which passes the extraction grid. This is a
good proxy to compare with the simulations, since losses
at the RG and GG are minimal for the shown discharges.

A vertical current through the plasma grid up to 3
kA creates a filter field with a strength on the order of
a few mT in the extraction region. The field magne-
tizes the electrons but not the ions, and reduces both the
electron temperature and density in front of the plasma
grid!3. This improves the extracted ion to electron ratio
by suppressing negative ion destruction and reducing the
amount of electrons that are available to extract. As a
drawback, it induces an ExB drift that causes a vertical
asymmetry in electron density in front of the PG1415,

To prevent acceleration of the coextracted electrons,
permanent magnets deflect them onto the EG, alternat-
ingly to the left and right for different aperture rows. The
beam ions exit the grid system with a deflection angle on
the order of a degree due to their larger mass.

BUG is equipped with two Beam Emission Spec-
troscopy (BES) viewing arrays, with a vertical array of
horizontal observation chords at 26 cm (BES1) and 129
cm (BES2) from the grounded grid?. The Doppler shifted
beam emission is fitted to determine a divergence. Since
the BES measures several beamlets at once, the signal
contains additional broadening mechanisms, such as for
example the left-right deflection of the beamlets. The
spectroscopic divergences are therefore not directly com-
parable to modeled single beamlet divergences. A for-
ward model of beam formation, transport, and interac-
tion with the optical system is needed to correctly take
into account the different effects contributing to the spec-
tra. The code BBCNI is especially developed for this
purpose'?.

BUG has a tungsten wire calorimeter, which is placed
19 cm from the grounded grid and diagnoses the central
column of beamlets with 11 wires'®. The measured power



density profile is fitted with a 14 2D Gaussians, with in-
dependent amplitudes, positions, and widths. Horizon-
tally neighbouring beamlets are included in the fit, but
have the same fit parameters as the central Gaussian.
BUG was operated with reduced parameters at the begin-
ning of the campaign, when increasing the performance
the tungsten wires melted at a local power density of 12
MW /m?16,

The beam is dumped on a copper calorimeter 2.2 me-
ters away from the grounded grid?. The horizontal and
vertical profile are measured by 29 thermocouples inside
4 cm large squares, which are milled into a 10 mm copper
plate separated by 5 mm deep slits. This leads to a sig-
nificant amount of heat conduction between the squares.

An improved long-pulse calorimeter is foreseen'”.

IV. RESULTS
A. Measurement interpretation: injected current density

In the experiments, the extracted current is measured
as a sum over all the apertures. In the simulations, the
injected current density for a single aperture is needed as
input. To bridge this gap, the injected current is deduced
from the extracted current measurements during an RF
power scan. A current density profile is inferred from the
differences between the vertical BES lines of sight.

RF power scans were performed at reduced parameters
to have the TWC available as diagnostic. The extraction
and acceleration potentials were fixed at their optimum
ratio, and protium was used at 0.4 Pa filling pressure.
Figure 2 shows the measured extracted current density
for two scans at different Ugy. Initially the current den-
sity increases linearly with the RF power, but at higher
RF power the extracted current saturates and the EG
current increases strongly'®. The same effect is present
in the ion optics simulations at increasing injected cur-
rent density, but the effect starts at extracted current
densities that are approximately 20% higher. In the sim-
ulations the extracted current saturates due to scraping
of the beamlets on the extraction grid. Since the be-
haviours match, the RF power is interpreted as an in-
jected current density. The proportionality is obtained
by fitting the linear part of the extracted current density
for each RF power scan. This enables a direct compari-
son between measurements and calculations, and allows
to distinguish discharges with the same extracted cur-
rent.

The injected current density is a summed over all the
apertures, to correctly model BUG the spatial profile of
the current density should be taken into account as well.
To demonstrate a method to determine the current den-
sity profile, the RF power scan at a (Uext, Uaec) of (5,25)
kV shown in Figure 2 was performed with a plasma grid
current of 2.5 kA. This generates a large vertical inho-
mogeneity due to the large ExB drift, which results in
different BES divergences for the vertical measurement
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FIG. 2: The measured extracted current saturates when
the RF power increases. The dashed lines are fit to the
linear part of the measurements.

positions, as shown in Figure 3. Only three of the five
lines of sight are plotted for clarity. Because the scan
is at reduced parameters, the expected minimum single
beamlet divergence is approximately 18 mrad. The BES
divergences are much higher because of the left-right de-
flection and the contribution of high-divergence beamlets
as result of the inhomogeneity. At identical injected cur-
rent density the ion optics should be the same, so the
different measurements should fall on a common curve.
Shifting the different lines of sight to obtain one curve is
thus a way to determine the vertical profile of the injected
current density. The sum of shifts is restricted to 0. This
approach assumes that the absolute inhomogeneity does
not change with the RF power. The shifted curves over-
lap well, which is an indication that this is a reasonable
assumption for this scan.

Figure 4 shows the fitted offsets for BES1 and BES2.
The general trends agree well, but due to beamlet mixing
the inhomogeneity measured by BES2 is less pronounced.
The BES1 offsets are used to calculate the vertical in-
jected current density profile of the measured discharges
by adding the interpolated offsets to the average current
density. Horizontally the injected current density is as-
sumed to be constant. The aperture-specific injected cur-
rent density is used as input for single aperture IBSimu
calculations, thus allowing correct beam modeling even
for inhomogeneous discharges.

B. Modeling benchmark: calculating diagnostics

The last section presented measurement analysis to de-
rive a local injected current density profile. This section
uses those profiles as input for modeling to calculate the
calorimetric diagnostics. There are two main research
objectives. Firstly to assess if the BES-shift derived cur-
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FIG. 3: Different BES 1 vertical positions measure a
different divergence during the Prp scan at a (Uext,
Uacc) of (5,25) kV.
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FIG. 4: The injected current density inhomogeneity for
the Prp scan at a (Uext, Uacc) of (5,25) kV.

rent density matches direct measurements. Secondly to
test if the modeled divergences, which are significantly
lower than the BES measurements, are compatible with
the measured power density profiles. After a brief de-
scription of the method, and some general observations,
these two research objectives will be described in detail.

IBSimu simulations were performed for the extraction
and acceleration potentials of the measurements, at sev-
eral current densities. The simulations were done for the
horizontally central aperture that is vertically just be-
low the middle of the grid. The magnetic field differs
only slightly between the different apertures, simulating
a single aperture saves a factor of 70. To include the left-
right deflection due to the alternating direction of the
deflection magnets, the horizontal position and direction

is flipped for the different aperture rows.

A double Gaussian represents the simulated angular
distribution much better than a single Gaussian, espe-
cially at low current densities where the increase in over-
all divergence is mostly due to an increase of the more
divergent halo fraction. At high current densities, the
angular distribution departs from a Gaussian, and the fit
quality decreases. This is especially the case for the hor-
izontal angular distribution, which becomes asymmetric
when the edge of the beamlet is scraped by the extraction
grid when it comes too close under the influence of the
deflection field. The simulated beamlet sizes, positions,
directions, and angular distributions are used to project
the beamlets towards the diagnostics.

Figure 5 shows the scaled TWC power density for BUG
discharge #117493, which had a (Ugxt, Uaec) of (5,25)
kV, and an average injected current density of 136 A /m?.
For the vertical current density profile, the BES1 offsets
shown in Figure 4 are added to 136 A/m?, so that the
minimum current density at the bottom is 81 A/m?, 55
A/m? lower. The maximum current density at the top
is 165 A/m?, 29 A/m? higher, which is in the saturated
regime where particles are lost on the extraction grid as
shown in Figure 2. Due to the small number of inten-
sity levels of the IR camera, the measured data shows
steps when the intensity is low. The white line indicates
a broken tungsten wire. Calculated data in the form of
extrapolated Gaussians and a full BBCNI particle track-
ing simulation are shown as well. The BBCNI data is
still under analysis, it is shown to illustrate the impact
of modeling the full distribution instead of using a double
Gaussian fit. There is a reasonable agreement between
measured and calculated data. The beamlet deflection
seems to be overestimated by the ABC3D calculation,
and matches better in the BBCNI profile. The ABC3D
data and BBCNI data agree well in the lower half of the
grid. At higher current densities, as is the case in the
upper half of the grid, particles are lost on the extraction
grid. Because this happens on one side when the beamlet
is deflected in the grid system, the distribution becomes
asymmetric and is thus no longer well characterized by
a double Gaussian. Because of the zig-zag positioning as
result of beamlet deflection, the beamlets are closer to
each other horizontally, and partly overlap. This effect is
taken into account in the TWC analysis.

The calculated beamlet-to-beamlet variations are a
consequence of the injected current density profile, which
is determined with the relatively indirect BES-shift pro-
cedure. To assess how well this procedure performs, Fig-
ure 6 shows the measured TWC integral, and calculated
power per beamlet. The measured profile is normalized
to the calculated power. The calculated beamlet power
does not exactly follow the injected current density pro-
file shown in Figure 4 due to scraping. The measured
power per beamlet generally agrees well with the profile
estimated with the BES-shift, even though that proce-
dure is quite indirect. Local variations in the profile are
averaged out and cannot be resolved with the BES-shift
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FIG. 5: The scaled TWC power density for BUG
discharge #117493 is shown together with Gaussian
extrapolation and BBCNI calculated data.
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FIG. 6: The TWC measured power per beamlet is
compared to the power as determined from the
BES-shift and IBSimu calculations for a discharge with
13.6 mA/cm? and a (Uext, Uaee) of (5,25) kV.

procedure, which only includes 5 lines of sight separated
by 6 cm for BES1. Since the TWC is not available for
high-performance discharges, it is useful to have an alter-
native procedure to determine the current density profile,
even if it needs a number of discharges.

The width of the beamlet at the TWC is an impor-
tant benchmark for the IBSimu calculations, because a
good agreement would confirm the modeled divergences,
which are significantly smaller than the BES divergences.
The measured TWC profiles are more peaked than the
single Gaussian fit. This leads to an overestimation of
the measured width, and is subject of ongoing investiga-
tion. The calculated single beamlet width at the TWC
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FIG. 7: The calculated widths of the beamlets is
compared with the measured TWC widths for BUG
discharge #117493.

is determined with Equation 2. The initial size is a few
millimeters, a significant fraction of the final width, and
therefore essential to include. The width of the core com-
ponent of the angular distribution, as well as the width of
a single Gaussian interpretation are shown in Figure 7.
The width of the core component of the double Gaus-
sian stays relatively constant, indicating that the size
increase in the single Gaussian interpretation is due to
the halo. Especially at low current densities, the double
Gaussian approach is essential to calculate the proper
beamlet width. The measured TWC width is shown as
well. The vertical width is larger than the horizontal
width, which could be due to heat conduction along the
wires. The simulated widths are slightly smaller than
the measured horizontal widths. It is unclear if this is
due to an overestimation of the measured width in the
fitting of the measurements, or an underprediction of the
initial width or the divergence in the simulations. Gen-
erally there is a decent agreement between the measured
horizontal width and the IBSimu calculations.

The impact of the initial beamlet size is negligible
at the copper calorimeter, which is 2.2 meters down-
stream from the grounded grids where the beamlets have
merged. Because of heat transfer between the calorimeter
squares, the measured profiles cannot be directly com-
pared with calculated power density profiles. To account
for the heat transfer, calculated power density profiles
served as input for FEM modeling. Transient thermal
simulations were performed for a 5 second beam onto the
copper calorimeter. Figure 8 shows the calculated power
density (Calc.), the scaled temperature profiles after heat
transfer (FEM), and the measured profiles (Meas.). In-
cluding thermal conduction is essential for an accurate
description of the measured profile. Although there is a
satisfactory match, the synthetic profile generally slightly
underpredicts the width, even when thermal transfer ef-
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FIG. 8: For BUG discharge #117493, the power density
on the copper calorimeter was calculated (Calc.). The
calculated profiles served as input for heat transfer
calculations that result in temperature profiles (FEM).
The measured temperature profiles (Meas.) are shown
as well.

fects are included. This is general for all the scans, and
consistent with the underprediction of the tungsten wire
calorimeter width.

V. CONCLUSIONS

Beam formation and transport was studied in the BUG
test facility. A procedure was developed to bridge the
gap between experiment, in which the extracted current
is measured, and simulation, where the injected current
is an input value. In this approach, a proportionality
between RF power and extracted current is determined,
which enables simulations of discharges with similar ex-
tracted current density but different RF power.

A straightforward method to infer the injected current
density profile from the vertical profile of the BES diver-
gences has been developed. Beamlet-to-beamlet power
profiles determined with this method generally match
well with the tungsten wire calorimetry. This method
provides a starting point for the injected current density
profiles that can be used in further whole-beam modeling.

IBSimu single aperture simulations were benchmarked
by comparison of the calculated and measured widths on
the TWC and copper calorimeter. The measured TWC
horizontal widths are slightly larger than the calculated
widths. This might be due to deviations from a single
Gaussian in the measured profile, and is subject of ongo-

ing investigation. The width of the beam on the down-
stream copper calorimeter was analyzed. Heat transfer
in the calorimeter was found to play a significant role.
When this effect was taken into account, a satisfactory
match between measurement and calculation was found.
Good general agreement between calculations and differ-
ent diagnostics inspires confidence in the single aperture
calculations, and shows that the beam behaviour can be
described with divergences that are significantly lower
than the divergence determined with the BES.
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