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Abstract.  For current and future large scale tokamaks, neutral beams for heating and current drive are generated from the
neutralisation of large negative ion beams with energies up to 1 MeV and current of up to 40 A. To improve efficiency and prevent
high heat loads on beamline components, permanent magnets are used to deflect co-extracted electrons out of the beam at a low
energy. This field also affects the negative ions as they are accelerated, causing beamlets to exit the grid system with a residual
offset and deflection angle. This adversely affects the overall divergence of the beam, and compensation is foreseen in future
devices. Measurements of the residual deflection of a single beamlet have been carried out at the BATMAN Upgrade test facility
by calculating relative beamlet angles from beam emission spectroscopy (BES) spectra, and through the use of one-dimensional
carbon fibre composite (1D-CFC) tile calorimetry to find beamlet positions. It is described how these measurements can be made,
and that they are limited to relative measurements only, for a single beamlet and for a single line of sight. The amount of beamlet
deflection is shown to change significantly, by up to 0.6° (10 mrad), depending on the operational parameters used. As is to be
expected the beamlet deflection angle is observed to be affected by changes to the voltages of the acceleration system. However,
the beamlet deflection angle is also observed to change with RF power and other source parameters, which, to a first approximation,
should only affect beamlet divergence, and not the deflection. These changes to beamlet deflection through parameters other than
the grid voltages used may have consequences for systems planning to use suppression systems for the zig-zag deflection. The
effectiveness of the suppression system may be reduced due to changes in the source parameters, which could lead to beam losses
and high heat loads on downstream components.

INTRODUCTION

The next generation large-scale tokamak ITER will require large amounts of power for heating and current drive,
for which neutral beam injection (NBI) is foreseen to play a major role. ITER will have two NBI systems, each
generating up to 16.5 MW of neutral beam heating and current drive from 40 A of precursor negative hydrogen or
deuterium ion beams, upon which strict requirements are placed [1, 2, 3]. In order to minimise transmission losses
and reduce power loads on beamline components, the component beamlets, of which there are 1280, are required to
have a ‘core’ divergence of no more than 7 mrad, with an allowable 30 mrad ‘halo’ component carrying up to 15% of
the beam power.

To create such a beam, future devices and current test facilities generate an RF driven hydrogen (or deuterium)
plasma, which expands through a magnetic filter field, designed to reduce the electron temperature from around
10eV to roughly 1eV. This is to avoid destruction of the required negative hydrogen ions which are mainly produced
by surface conversion of atomic hydrogen on caesiated surfaces within the source. On the other side of this filter
field is a multi-grid electrostatic extraction and acceleration system, with potentially hundreds of individual apertures
each creating a single ‘beamlet’, the combination of which forms the whole ion beam. This grid system consists
of a plasma grid (PG), extraction grid (EG), zero or more acceleration grids, and a final grounded grid (GG). As
electrons are inevitably co-extracted along with negative ions, permanent magnets are embedded between aperture
rows in the EG to create a magnetic field perpendicular to the beam direction, the strength of which is sufficient to
deflect electrons out of the beam to impact on the surface of the EG. These magnets alternate row-wise in polarity,
so the residual horizontal deflection of the ion beamlets alternates left and right between beamlet rows to create a
zig-zag effect. The use of additional permanent magnets in the EG for suppression of this zig-zag deflection has been
tested at some facilities [4, 5], and is foreseen at MITICA and the ITER injectors [6, 7], for which horizontal beam
misalignment must be less than 2 mrad [8].

One test facility which is investigating effects important for the next generation of devices is the BATMAN Upgrade
test facility (BUG), which is described in detail in previous publications [9, 10]. Important details on the plasma
source, beyond what is described above, are that the plasma is generated by inductive coupling of up to 150 kW of RF
power, the magnetic filter field is generated by a DC current (Ipg) of up to 3 kA flowing vertically through the PG, and
that the PG can be biased positively relative to the source body by means of a constant current supply (Igjas). Each
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FIGURE 1. Sketch of the ion source at BUG, showing the masking of the PG and the location of the main beam diagnostics.

grid in the system contains 70 apertures in total, in 14 rows of 5 columns. For the data given in this work, the top 7
rows of apertures in the PG were closed, with the exception of a single aperture in the middle of the fourth row, as
shown on the left of Figure 1. Two voltages are defined for the grid system: Uy is the voltage between the PG and
the EG, and U, is between the EG and GG.

Results from two types of beam diagnostics will be presented in this work. The first is beam emission spectroscopy
(BES) which observes Doppler shifted Hy emission coming from the interaction of the beam particles with back-
ground gas downstream of the grid system. By analysing the shape of the Doppler shifted peak, one can determine
properties of the velocity distribution of the beam particles, including a divergence for the beam [11, 12, 13, 14]. In
BUG there are two BES systems - BESO1 with 5 lines of sight located 26 cm from the GG, and BES02 with 11 lines
of sight at 129 cm. In both systems, lines of sight observe horizontally, and are numbered bottom to top; for example,
BES02-03 observes the lower group of beamlet rows, whereas BES01-04 and BES02-08 both collect light from the
isolated beamlet. The second beam diagnostic is a newly installed 1D carbon fibre composite (CFC) tile that can be
used to intercept the beam. The highly directional thermal conductivity of the tile allows the rear side to be observed
by an IR camera (FLIR A655SC) to obtain an image of the beam hitting the front side, providing a measure of the
distribution of particles within a beamlet. The location of these diagnostics relative to the grid system is sketched in
Figure 1.

Both of these diagnostics are primarily used to investigate the divergence of the ion beams, with a focus on the
isolated beamlet in order to exclude the effect of the zig-zag deflection. In this work, the same raw data is analysed in
a different manner to investigate the deflection of beamlets caused by this zig-zag deflection.

MEASURING BEAMLET DEFLECTION ANGLES

The working principle of BES uses the equation for relativistic Doppler shift, given in Equation 1, where Ap and Ay
are the Doppler shifted and unshifted wavelengths, respectively, B is the ratio of the speed of the emitting object to
that of light, y is the Lorentz factor, and « is the observation angle, relative to the direction of travel of the emitting
object.

Ap =Xy (14 Bcosa) (1)

By knowing the observation angle o, and given measurements of Uey and Uy, one is also able to calculate y and
B, and thereby the expected Ap. The Doppler peak measured from the isolated beamlet using BES02-08 is shown in
Figure 2 for different values of RF power. In an experiment where only RF power is changed, one would expect that the
extracted ion current increases with power. This will change the normalised perveance (P/Pg), which is proportional
to Uem’3/ 2 total extracted current ey, and the dimensions of the grid system, and normalised to Py, which is the
maximum perveance as predicted by the Child-Langmuir law. This quantity describes how the beamlet interacts
with the first electrostatic lens. If the normalised perveance changes, then the measured divergence is expected to be
affected, which is observed in Figure 3(a), which also demonstrates the difference between the measured divergence
for a single beamlet and that for a group of beamlets. The differences between the spectra for a single or a group of
beamlets is demonstrated in Figure 3(b). However, in addition to this, the Doppler peaks in Figure 2 are seen to differ
from Ap, and this difference changes depending on the RF power in a regular and repeatable manner.

For calculation of the divergence, a Gaussian function is fitted to the top 70% of the Doppler peak, the width of
which is related to the spread in particle angles and therefore the divergence. The difference between the central
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FIGURE 2. Zoomed in spectra showing the Doppler peak measured by BES02-08 of the single beamlet for a variation in RF
power. Data points are given as squares, and a Gaussian fit to the top 70% of the Doppler peak is plotted as a line over each
spectrum. Source filling pressure was 0.5 Pa, Uexyr and Uy were 4.6kV and 31.3kV respectively, Ipg was 780 A, and Ig;,s Was
4.3 A. The vertical line labelled Ap is the value calculated from Equation 1, using the unshifted wavelength of Hy 656.279 nm.
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FIGURE 3. (a) Calculated divergence as a function of RF power for the isolated beamlet, using BES02-08, and three other lines
of sight observing groups of beamlets. Parameters are the same as for Figure 2. (b) Example spectra for the case at 63 kW from
BES02-08 (bottom) observing the single beamlet and BES02-05 (top) observing multiple rows of beamlets.

wavelength of this Gaussian fit (hereon referred to as the measured Doppler wavelength, Ap ), and the expected
value of Ap is plotted for four lines of sight in Figure 4. BES02-08 corresponds to the isolated beamlet, whereas
BES02-02, BES02-03, and BES02-04 collect light from multiple beamlet rows [15], and are separated vertically by
3 cm. The behaviour of Ap — Ap y is different for each line of sight, as are the average values over the parameter range
plotted. Errors in this method of evaluation could come from uncertainty in either the observation angle or the beam
energy. An error in the observation angle of a line of sight would mean a non-zero central value for Ap — Ap s for
that particular line of sight, but this offset would be constant, as the lines of sight are fixed in position. Measurement
errors in Uy 0or Uy would lead to an identical offset for all lines of sight. A different Ap js could also be caused
by differences in the mixing of beamlets, leading to changes in the ratio of light collected from right- and leftward
deflected beamlets. None of these potential sources of error can explain the behaviour of Ap — Ap y for BES02-08,
leaving changes in the average angles of observed particles - beamlet deflection - as the only explanation. Although
the deflection of the beamlets observed by the other lines of sight in Figure 4 is likely also changing, this behaviour is
masked by the mixing of Doppler peaks from rows with alternating deflection. A changing of this mixing as beamlet
divergence changes [15], as seen in Figure 3, means that the behaviour for lines of sight observing multiple beamlets
is too complex to understand fully with the available experimental data.
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FIGURE 4. The evaluated difference between the wavelengths of the measured Doppler peak and the expected Ap as a function
of RF power for the isolated beamlet, using BES02-08, and three other lines of sight observing groups of beamlets. Parameters are
the same as for Figure 2. The 1-0 confidence interval that results from the Gaussian fitting to the Doppler and unshifted peaks is
given as bands around each line.

By assuming beamlets are deflected by an additional angle of ¢, one can define an expression for Ap 3 as given in
Equation 2. By subtracting Equation 1 from this, one arrives at an expression for the angle ¢ as given in Equation 3.

Apm = Aoy (1 + B cos(a+¢)) 2
¢ = arccos W+cosa - 3)

The possible errors from the observation angle, the high voltage measurement, and beamlet mixing should not be
ignored, and restrict the applicability of Equation 3 to comparing relative changes for a single beamlet and a single
line of sight.

CHANGES TO BEAMLET DEFLECTION ANGLE

In the simplified picture used to create Equation 3, the RF power delivered to the plasma should not have any effect on
the horizontal deflection of beamlets. However, as well as affecting the extracted ion current, changes in the plasma
density near the PG can cause changes to the shape of the meniscus [16]. This could, in turn, affect both the radial
distribution of ions within the beamlet, and the trajectories of the ions during the initial beamlet formation, as shown
by the changes to the divergence given in Figure 3. Changes to either of these will impact the magnetic fields that are
experienced by the ions, and thereby the beamlet deflection.

In contrast to the RF power, altering the grid voltages can be expected to change the beamlet deflection, as has been
previously shown on a tungsten wire calorimeter at BUG [10]. Neglecting relativistic effects, the motion of particles
undergoing acceleration through the grid system is determined by the Lorentz force, given in Equation 4. The angle
of a particle is defined as arctanv, /v; given the field orientation during acceleration and the small angles involved,
v, can be approximated as the integral over time of the cross product of particle velocity v and the magnetic field
experienced by the particle, B, as given in Equation 6.

ma=qE+quvxB 4)
Av:i/EJrvadt 5)
m

AvL%z/vadt (6)
m
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FIGURE 5. Behaviour of the angle ¢ from BES02-08 as a function of U, for two scans with different experimental parameters,
as given in the figure. In this plot, and those following, the deflection axis does not start at zero. This is due to the caveat of not
being able to detect offset errors in the results.

The magnetic field B is fixed in space, but varies within the aperture, as indicated in a previous publication [17]. As
a first level of approximation, changes in grid voltages will mean that particles reach places in space with different
velocities, thereby changing the integral of v x B. In addition, changes to the shapes of electrostatic lenses will put
particles on different trajectories through the aperture, changing the magnetic field they experience. Both of these
effects mean that changes to the grid voltages will impact the net beamlet deflection.

A consequence of this can be seen in Figure 5, which shows how this calculated beamlet deflection angle ¢ varies
as a function of U, for two different scans, where other parameters were held constant. In both cases, there is a clear
influence of U, on the beamlet angle, but the behaviour is different for the different scans. Although the change
with U, is expected to occur, the analysis of Equation 6 performed above is not able to say exactly what those
changes should be, and so an explanation for the trends - in particular the apparent turning points - is not yet clear.
Between the two scans, the source filling pressure pgi, Uextr, Ipg, and Igj,s all change. This implies that other source
parameters also affect the beamlet deflection, and that the particle distributions are different before passing into the
second electrostatic lens. The analysis presented in this work has been performed on existing experimental data; more
detailed investigations are required to explore these effects.

Figure 6 gives the changes in beamlet angle for three scans in total high voltage Upy = Uy + Uexyr, Which were
performed with a constant ratio between U, and Uy of 6.8. The normalised perveance (P/Py) was also kept
constant. Maintaining these two parameters constant should, in an idealised picture, prevent the beam optics from
changing. This is confirmed by only small changes to the beamlet divergence as measured by BES02-08 (not shown),
with a variation of around 0.1° from the mean value, which is 1.3° for scan 1, and 1.0° for scans 2 and 3. Despite this
roughly constant divergence for each of the scans, variations to Ugy still have a relatively large impact on the beamlet
deflection, with changes up to 0.5° in the extreme case for scan 3.

The trends with Uyy lie on top of effects caused by changes to the other experimental parameters, as evidenced
by the differences between the three scans. Curves 2 and 3 differ mainly by an offset, which could stem from their
differences in pqj, Ipg, or Igjas. Curve 1 additionally differs from the others in the qualitative behaviour. Comparing
Figures 5 and 6, it can be seen that the range of beamlet angles is significantly higher for variations in Ugy than in
Uace, by a factor of around 2. In Figure 6, curve 3 shows the maximum variation in deflection for a single scan, with
a range of around 0.6°. In Figure 5 the maximum variation for a single scan is only around 0.3°. A possible reason
for this difference could be the changes that are made to Uy, as part of the scans in Figure 6. As the ions are moving
slower in the PG — EG gap than in subsequent gaps, changes to the experienced magnetic field would have greatest
impact here.

As mentioned previously, BUG has recently been upgraded with a CFC target for beamlet imaging. Although work
is still ongoing for how best to determine the beamlet shape from the images obtained, the centre of the beamlet can be
easily measured with a sub-mm accuracy. However, as with the BES diagnostic, uncertainties in alignments mean that
it is not possible to obtain an absolute position for the beamlet with the same level of accuracy. One should also bear
in mind that the BES diagnostic is a measure of the velocity distribution, whereas the CFC target measures position
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FIGURE 6. Behaviour of the angle ¢ from BES02-08 as a function of Uyy for three scans with the same ration of Uycc/Uexir =
6.8, but different other experimental parameters, as given in the figure.
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FIGURE 7. Comparison of the angle ¢ from BES01-04 with the horizontal angle calculated from the CFC target for a scan in
Uacc. Both lines have bands showing the 1-c confidence interval that results from the numerical fitting.

only. In a given direction, the positional and velocity particle distribution distributions for each beamlet will be highly
correlated. However, beamlets do not travel straight through the middle of the aperture during formation, due to the
deflection field, so there are still possibilities for changes to the apparent origin of the beamlet.

With these caveats, Figure 7 shows a comparison between the angle ¢ evaluated from BESO1-04 and the horizontal
angle of the beamlet calculated using the CFC target, assuming that the beamlet origin is the centre of the aperture.
The confidence interval plotted for the BES results shows only the uncertainty resulting from Gaussian fits to the
Doppler and unshifted peaks in the observed spectra, which is lowest when the signal-to-noise ratio is high. Both
vertical axes represent a range of 1° of deflection. This data shows that there is an excellent agreement for the motion
of the beamlet between the two diagnostics, despite their fundamental differences. There is a small difference in the
range of the deflection change that is observed, which may be due to the difference in measurement type explained
in the previous paragraph. The difference in offset may be due to any of the previously mentioned uncertainties in
alignments. In comparison with the other U, scans in Figure 5, the behaviour is observed to be different again, but
this difference cannot yet be pinned down to any particular change in experimental parameters.



CONCLUSIONS

Using BES to obtain a relative measure of beamlet deflection provides a non-invasive way of measuring changes
in the beamlet angle, that agrees with CFC measurements of the same. As is discussed in previous sections, these
measurements come with caveats on their applicability, namely their restriction to relative changes for a single beamlet
observed by a single line of sight. This is due to possible offset errors introduced through high voltage measurements
or misaligned observation optics.

Despite only relative measurements being available, the data obtained using BES is sufficient to say with confidence
that the amount of horizontal deflection of a single beamlet in BUG is affected by changes in operational parameters.
This includes not only expected influences due to grid voltages, but also unexpected ones due to RF power, and some
combination of pgj, Ipg, and Igjys. This is clear to see particularly in Figure 6, where points with the same Upy, and
thereby same Uy, and same Uy, differ in beamlet deflection by up to 0.25°.

Despite the present experimental data not being sufficient to explain or fully characterise the behaviour of the
horizontal beamlet deflection, this work shows that it can vary in unexpected ways. The most likely explanation for
this is that changes in the plasma properties lead to differences in the shape of the meniscus, the boundary between
the plasma and the region where fields of the extraction system dominate. These differences are then observed as a
change to the beamlet deflection angle. This may have consequences for ion sources that are designed with suppression
systems for the zig-zag deflection, as the suppression may be reduced in effectiveness, leading to an underestimation
of downstream losses and heat loads on components. There are also possible consequences for comparisons of data
between different ion sources, and between experiments and simulations. When comparing result between sources,
both with and without compensation, the deflection is likely to behave in different ways, which may cause difficulties
in comparing results. Current beamlet simulations are not able to take detailed plasma physics into account, and are
therefore liekly to miss changes to the deflection that are present in the experiment. It is clear that further systematic
studies are needed to investigate the behaviours and trends of the horizontal beamlet deflection in more detail.
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