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Abstract: A preliminary study investigating capabilities of a planned but not yet installed neutral
particle analyzer (NPA) [1, 2] system combined with a diagnostic neutral beam at Wendelstein 7-X
(W7-X) [3] is presented. Additionally two NPAs viewing the neutral beam injection (NBI) [4]
source 8 beam and using it as neutral source are studied. The main focus is laid on what information
about NBI fast-ion slowing down distributions can be inferred from active NPA measurements
when altering the magnetic configuration, plasma 𝛽, density, electron temperature or radial electric
field. For an order of magnitude estimation of the passive signal a model for penetration of neutral
hydrogen recycling from the first wall is implemented. For the active signal a diagnostic neutral
beam injector was simulated using FIDASIM [5]. The fast-ion slowing down distributions were
calculated with ASCOT [6].

The synthetic NPA signal is found in general to be sensitive to changes in the fast-ion distribution
function. Distinct features can be seen in the high energy active signal in the high-mirror configuration
when changing 𝛽, especially, when looking at deeply trapped fast particles. However, for the initially
planned installation geometry of the NPA diagnostic most fast-ion distributions exhibit only small
differences in the magnitude and especially shape. In a high density case in the standard magnetic
configuration with a central 𝛽 of 8%, the fast-ion density in the core region is too low to provide a
measurable flux of charge exchanged neutrals. The passive signal from the inner plasma regions is
found to be negligible compared to the active signal.
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1 Introduction

When Deuterium (D) and Tritium (T) fuse in a thermonuclear fusion power plant 𝛼-particles with
kinetic energies much greater than the surrounding plasma are produced. They form a so called
fast-ion population. Proper confinement of fast-ions is one of several necessities towards the success
of a fusion power plant. The stellarator W7-X was optimized regarding fast-ion confinement and it
is one of the major experimental goals to validate this feature [7]. Insufficient fast-ion confinement
may lead to a damage of the first wall and deteriorates the power balance [8].

As no DT-operation is planned for W7-X and the device size and magnetic field are not suited
for confining 𝛼-particles, fast-ion studies will be performed primarily with fast-ions generated with
auxiliary heating methods, such as neutral beam injection (NBI). At W7-X a NBI system of total
10 MW heating power is planned with an injection energy of 55 keV (60 keV) for H (D) beams [4].
In the last experimental campaign NBI sources 7 and 8 of a total of eight sources were active. In
the next campaign sources 3 and 4 will be added. To study fast-ion confinement at W7-X and gain
knowledge for future stellarator-type reactors the injection energy of 55 keV for hydrogen is chosen
in such a way that the normalized Larmor-radius (𝜌𝐿/𝑎) of injected fast-ions matches the one of
𝛼-particles in a helical advanced stellarator (HELIAS) fusion reactor [9, 10].

One of the problems of the classical stellarator concept is that trapped particles are poorly
confined as they drift radially outwards which is particularly deleterious for fast-ions because the
magnetic drift scales with the energy [11]. A high collisionality helps to reduce fast particle losses in
two ways: pitch-angle scattering can de-trap fast particles and a high collision frequency reduces the
characteristic time scale on which fast-ions are slowed down to thermal speeds of the surrounding
bulk plasma. From qualitative considerations it is clear that in a reactor fast-ions must be confined as
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long as sufficient to thermalize them. Fast-ions with an energy of 𝐸 ' 15𝑇𝑒 are dominantly slowed
down by the plasma electrons through frictional drag and the following applies for the slowing
down time: 𝜏𝑆 ∝ 𝑇

3/2
𝑒

𝑛𝑒
[12]. The W7-X magnetic field was optimized for an improved collisionless

fast-ion confinement and fast-ions in W7-X plasmas slow down to thermal speeds on a time scale of
𝜏𝑆 ≈ 0.1 s (60 keV protons, 𝑛e ≈ 1020 m−3, 𝑇𝑒 ≈ 4 keV) [13]. Depending on the plasma parameters
and magnetic configuration a fraction of them is lost before they can be thermalized. Due to the
flexible coil current system W7-X has a freedom in magnetic configurations as described in [14].
The favorable configuration regarding the trapped fast-ion confinement is called the high-mirror
configuration which has an increased magnetic mirror field ratio (maximum field strength divided by
minimum field strength) compared to the so-called standard configuration and is achieved by adjusting
the coil currents. In this configuration a factor of 2 reduction of collisionless losses is expected for a
plasma 𝛽 of 4% [13]. As confirming this expectation is one of the main experimental objectives this
study investigates if the planned NPAs at W7-X are sensitive to that improvement. It is to be noted that
the improved fast-ion confinement is very sensitive to the magnetic configuration and does not exist
for other reference configurations, e.g. standard magnetic configuration. Additionally, an improved
fast-ion confinement is expected in the presence of a negative radial electric field 𝐸𝑟 as shown in [15].

Experimentally, there exist several diagnostic options for directly measuring fast-ion distribution
functions [16], of which collective Thompson scattering (CTS) [17], fast-ion H/D-𝛼 (FIDA)
spectroscopy [18, 19] and neutral particle analysis using a NPA are applicable to W7-X plasmas. A
NPA measures neutral flux spectra of particles emerging from charge exchange (CX) reactions of
fast-ions with neutral species. It can provide information about the fast-ion distribution function
in a relatively small part of the fast-ion phase space but with a good energy resolution and good
signal-to-noise ratio. For localized active NPA measurements an additional diagnostic neutral beam
(RuDiX) is considered for installation at W7-X. The CX analysis and the simulation of passive (CX
with recycling neutrals) and active (CX with beam neutrals) NPA signals at W7-X are studied in this
paper for several synthetic fast-ion distributions computed with ASCOT [6, 20]. As there is currently
no NPA installed at W7-X this study is a preliminary study, carried out to evaluate the planned NPA
geometry regarding the assessment of fast-ion confinement in different magnetic configurations. Not
only the configuration but also the electron density 𝑛𝑒, the electron temperature 𝑇𝑒 and the radial
electric field 𝐸𝑟 are expected to influence the fast-ion confinement and thereby are also parameters
which will be varied in this study to see the influence on the NPA signal. Finally, the aim of this
study is to provide some reasoning if the planned NPA system including the diagnostic neutral beam
injector is worth installing at W7-X for the named purpose.

To be able to do this a synthetic NPA model is implemented in Python. This choice has several
advantages of which the most important are that Python is easy to learn and is extensively used
throughout the scientific community. Especially for W7-X an easy access to existing webservices,
e.g. for reading the wall geometry, is beneficial and made possible by easy to integrate Python
libraries. To simulate the neutral beams and especially the halo a code called FIDASIM [5, 21] was
used. This code was already successfully used at other experiments for synthetic NPA models, e.g.
at AUG [22], DIII-D [23, 24] or LHD [25, 26]. At JET a NPA module implemented as part of the
ASCOT suite of codes was used [27]. The main part of the model presented in the following section
is similar to these studies. The main differences lie in the type of the installed or simulated detectors,
the NBI systems of the different machines and the general plasma parameters.

– 2 –
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Figure 1. Charge exchange processes between diagnostic beam neutrals (RuDiX), recycled wall neutrals and
plasma ions. The line of sight is marked with a black line going to the NPA.

This paper is structured in the following way: in section 2 the implemented NPA model is
explained including the underlying CX analysis and all essential input parameters. In section 3 all
obtained results are discussed.

2 NPA modeling

2.1 Neutral particle analysis

In a charge exchange (CX) process a bound electron is transferred from an atom to a bound state
in another atom or ion [28]. In this study only hydrogen atoms and ions are considered so the CX
reaction can be written as: H + H+ → H+ + H(∗) . CX neutrals can leave the plasma and carry
information about the velocity distribution function where they originate from. In the CX process
the kinetic energies and momentum vectors of both ion cores are preserved. Measuring the flux of
neutral particles produced by CX reactions of plasma bulk or fast ions with beam neutrals is called
an active measurement, because the source of neutrals can be actively turned on and off. The flux
originating from CX reactions with recycled neutrals coming from the first wall is called a passive
measurement. The experimental situation is schematically drawn in figure 1.

The absolute CX neutral flux per second 𝐹 arriving at the detector (NPA) in a velocity interval
Δ𝑣𝑖 is given by

𝐹 =

∫
𝑑𝑉𝑃𝐴𝐵 (®𝑥Det, ®𝑥, 𝑣𝑖)

d𝑅(®𝑥, 𝑣𝑖)
d𝑣𝑖

Δ𝑣𝑖 . (2.1)

In the volume integral all plasma volume visible to the detector must be included. The rate
at which CX neutrals are generated at a point ®𝑥 in the plasma is given by 𝑅 and depends on the
local ion and neutral densities and temperatures respectively. The probability of not being reionized
on the way to the detector is given by 𝑃𝐴𝐵. Detailed equations of these quantities are given in
the appendix A. To compute the volume integrated CX fluxes coming from the visible part of the
plasma to the detector as stated in eq. 2.1 a NPA forward model is implemented. The workflow of
the simulation consists of several steps. First a cartesian grid is initialized containing the NPAs,
RuDiX and the visible plasma. In the volume cells defined by the grid with a resolution of ≈ 1 cm
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Table 1. Parameters for calculating fast-ion distributions. Density and temperature profiles are scaled by the
given factor. 𝐸𝑟 is the radial electric field. Configuration is referring to the magnetic configuration.

Case Configuration 𝒏𝒆 = 𝒏𝒊 𝑻𝒆 𝑻𝒊 𝑬𝒓 𝜷 [%] ID
1 standard 0.5 stdLow𝛽

2 standard 4 stdHigh𝛽
3 high-mirror 0.5 hmLow𝛽

4 high-mirror 4 hmHigh𝛽
5 standard 2× 0.5 2xNe
6 standard 2× 0.5 2xTe
7 standard 5× 0.5 5xEr
8 standard 2.5× 1.8× 1.8× ≤ 8 2.5ne1.8T

in each dimension all plasma parameters are taken to be constant. The chosen grid resolution is
sufficient to capture the relevant plasma temperature and density profile information used for the
calculation of the CX reaction rate. Using the full detector and vessel geometry all cells with a line
of sight to the detector are found and the CX reaction rate is calculated in each one. CX reactions
take place both with thermal plasma ions and fast-ions. The resulting rate is scaled with the solid
angle of detector area visible from a volume cell. In the next step a line integral from each cell to
the detector is computed to get the fraction of neutrals which are ionized on the way. The resulting
neutral flux arriving at the detector is stored as the neutral flux spectrum.

2.2 Fast-ion distribution functions

To investigate the effect of varying fast-ion confinement properties on the NPA signal 8 fast-ion distribu-
tions are generated. They differ in magnetic configuration, 𝛽-value, radial electric field, electron tem-
perature and electron density which are the parameters significantly influencing fast-ion confinement.
The fast-ion distributions are provided by ASCOT as 5-dimensional distributions 𝑓 (𝑅, 𝑧, 𝜑, 𝜇, 𝐸)
for every single NBI source (the NBI system at W7-X consists of two boxes with four individual
sources each, of which sources 3, 4, 7 and 8 will be operated in the next W7-X operation phase).

In table 1 an overview of the different cases is given. The location and magnitude of the beam
ionization reactions, i.e. the birth of new fast-ions, depends on the local plasma density, beam
density and the CX cross section. It can be described by a fast-ion birth profile which is the fast-ion
generation rate (through beam ionizing reactions) over a radial coordinate. In spite of the dependence
on plasma density the fast-ion birth profiles are kept constant in ASCOT except for the last case 8.
This is done to isolate effects arising from the changes in parameters and not to be biased by changes
in the birth profile (e.g. higher density increases fast-ion birth rate at the edge and decreases it
in the core). In the last case 8 a consistent birth profile is used and the density and temperature
scaling is self-consistent with the central 𝛽-value. Depending on the magnetic configuration different
MHD-equilibria (calculated with VMEC [29]) are used.

In figure 2 all fast-ion distributions with parameters from table 1 are shown at a point close to the
plasma center. Source 3 and 4 are summed for this plot. They inject at a pitch of 𝜇 ≈ −0.35 ± 0.05
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Figure 2. Fast-ion distributions at a point close to the plasma center for NBI sources 3 and 4 color plotted
over energy and pitch. All plots have the same color axis limits.

(−0.5 ± 0.05) which reflects the initial pitch angle of the born fast-ions. The injection energy of
55 keV is clearly visible except for the self consistent case with a central 𝛽-value of 8% (2.5ne1.8T).
In this case the fast-ion birth profile was consistently computed and nearly no (at least compared to
the other cases) fast-ions are born close to the core. Due to the high electron density a significant
fraction of beam neutrals is ionized in a region closer to the edge. The NBI system not only
accelerates single hydrogen but also hydrogen molecules (H2, H3) which after acceleration split
up. As a consequence a fraction of the neutral hydrogen is injected with 55/2 keV and 55/3 keV
respectively. This can also be seen in the distributions.
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Figure 3. Typical temperature and density profiles as used for modeling. Electron and ion densities are
assumed to be equal, i.e. no impurities are present.

2.3 Model input

The input essential for the calculation consists of the whole machine geometry, atomic collision rate
coefficients and plasma parameter including equilibrium flux surfaces and profiles. To calculate CX
reaction rates spatial distributions of injected beam neutrals and recycled neutrals from the first wall
have to be provided.

Atomic collisions. The cross sections of CX reactions, ion impact ionization and electron impact
ionization from the ground state for pure hydrogenic species are taken from [30]. They are used
to compute the CX reaction rate and the reionizing probability in 2.1. Step wise excitation and
ionization of CX neutrals is not taken into account but would, as estimated, decrease the total
neutral flux arriving at the detector by about 15%, which is considered negligible for the purposes
of this paper. The computed rate coefficients were also compared to effective data taken from the
open ADAS website [31, 32]. Even though the ADAS coefficients account for stepwise ionization
processes the differences to the ground state ionization rate coefficients were small enough to be
ignored for this study. This is understood by realizing that the fraction of excited neutrals (beam and
halo) is small at the investigated plasma parameters (< 1%).

Magnetic field equilibrium and plasma profiles. The needed 3D-MHD equilibria were computed
with VMEC (Variational Moments Equilibrium Code) [29] and interfaced to the calculation via the
W7-X VMEC webservice [33]. The used density and temperature profiles of electrons and ions are
shown in figure 3. The plasma is assumed to be quasineutral and to be free of impurities (typical 𝑍eff

values in the experiment are around 1.5), that is the ion and electron densities are equal.

Detectors. In total 4 detectors, i.e. 4 individual lines of sight, are investigated in this study. Two of
them (NPA 1 and 2) with a viewing geometry on the RuDiX neutral beam and two (NPA 4 and 5) on
the NBI source 8. The lines of sight of the NPAs and the neutral beam axis determine the localization
of the active NPA signal and the visible pitch of the fast-ion distribution.

In figure 4b the planned geometry of NPA 1, 2 and RuDiX is shown. The neutral beam passes
nearly radially through the plasma in a triangular section and intersects with the magnetic axis in
the standard configuration. The beam injection and dump port are marked in the figure. The line
of sight of NPA 1 intersects with the beam closer to the magnetic axis than NPA 2, meaning that
the synthetic measurements of NPA 1 will be sensitive to the plasma core. The LOS of NPA 1 (2)
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Figure 4. a: 3D geometry plot of NBI source 8 and the lines of sight of NPA 4 and 5. Right: for both
NPAs the measured pitch when following its LOS through the plasma is plotted for two different magnetic
configurations. Black contours show the last closed flux surfaces. b: 3D geometry plot of RuDiX and the
lines of sight of NPA 1 and 2. Right: for both NPAs the measured pitch when following its LOS through the
plasma is plotted for two different magnetic configurations. Black contours show the last closed flux surfaces.

intersects with the neutral beam at 𝑟eff ≈ 0.07 m (0.20 m). These number vary slightly (±10%) when
changing the magnetic configuration or changing 𝛽 as can be seen in the plot. NPA 1 measures at a
more tangential pitch angle than NPA 2 when following its line of sight through the plasma. The
range of measured pitch angles goes from 𝜇 ≈ −0.75 to −0.6 for NPA 1 and from 𝜇 ≈ −0.55 to
−0.52 for NPA 2. Again this weakly varies with the configuration. Following the planned geometry
of these devices the region of interest is the toroidal interval from 𝜙 = 238◦ to 251◦. The foreseen
NPAs for the just explained positions are ACORD-24 NPAs [2], for which, due to their size and
weight, the viewing geometry can not be easily changed.

In figure 4a the investigated lines of sight of hypothetical NPA 4 and 5 in the NBI segment
are shown. There were no preexisting plans for NPA measurements in the NBI segment and
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Figure 5. a: poloidal cut of neutral beam density for RuDiX along the beam axis. The beam enters the plasma
at the bottom left corner. As a logarithmic color scale is used the halo is clearly visible around the beam. For
this plot the 3 injection energy contributions of the beam are summed up. b: poloidal cut at a toroidal angle
𝜑 = 243◦ of density of recycled neutral hydrogen diffusing from the first wall towards the magnetic axis.

the port chosen for this study provides a more perpendicular view on the neutral beam (source 7
and 8) than in the RuDiX case. Due to size restrictions only a compact NPA, e.g. the one tested at
MAST [1], would be operable in this port. The LOS of NPA 4 (5) intersects with the neutral beam
at 𝑟eff ≈ 0.14 m (𝑟eff ≈ 0.26 m). The range of measured pitch angles goes from 𝜇 ≈ 0.05 to 0.22
for NPA 5 and from 𝜇 ≈ 0.25 to 0.33 for NPA 4. Both lines of sight intersect with the beam in the
plasma core region.

The vessel geometry and wall intersection checks are provided by the W7-X webservices
ComponentsDB and MeshSrv [33, 34].

Diagnostic beam neutrals. The diagnostic neutral beam injector has a power of 200 kW and
the beam diameter is 13 cm. With these parameters initial neutral densities on the beam axis of
up to 1015 m−3 are reached. The beam attenuation and the creation of a halo neutral distribution
around the beam was calculated with FIDASIM [5, 21] and can be seen in figure 5a. This is
primarily done to obtain sensible halo densities as the beam attenuation could be calculated with
the implemented model as well (and agreed with the FIDASIM calculation). In the cases where
the electron temperature or density is increased the neutral beam distribution was not consistently
recalculated, thus the magnitude of the signal is overestimated in these cases. However, this does not
alter the shape of the simulated NPA signals and is identical for every case.

Recycling neutrals. To get a rough estimate of the magnitude and even more importantly the
localization of the passive signal a simple model of recycling neutrals is implemented. Assuming
recycled hydrogen from the first wall to have room temperature the penetration length of these
neutrals into a plasma with shown profiles (figure 3) would only be about 2 cm. However, one
has to note that multiple CX processes can increase the penetration length substantially so that
small fractions of neutrals can be found even in the core region [12]. In the implemented model
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the assumption is made that the neutral influx is uniform on the whole LCFS and the total influx
matches the outflux of particles (calculated from the average particle confinement time in a not
actively fueled plasma). The flux of recycling neutral hydrogen per second per area is then

𝐹𝑟 =

∫
𝑛𝑒 d𝑉plasma

𝑆plasma𝜏𝑝
(2.2)

where 𝑆 is the plasma surface and 𝜏𝑝 is the average particle confinement time. In figure 5b a poloidal
cut of a recycled neutral distribution is shown. With the model assumptions significant neutral
densities (of up to 5 × 1015 m−3) are found only at the very plasma edge. Even when taking care of
multiple CX processes the resulting neutral densities in the core region are by a factor of 10 to 100
smaller than the neutral densities created by the diagnostic neutral beam injector. The passive signal
from the inner plasma region can therefore be neglected in active measurements. A recent study
using the 3D-modeling tool EMC3-EIRENE combined with H𝛼-spectroscopy measurements agrees
on the magnitude of the recycled neutral densities found with the presented simple model [35].

2.4 Model validation on Maxwellian plasma without fast-ions

In a plasma in thermal equilibrium and without any fast-ion species the maximum visible ion
temperature can be deduced from a logarithmic fit of a passive CX flux spectrum [36]. This is
possible due to the fact that most of the CX neutrals in the energy range from 5 to 12 keV originate
from the plasma region with the highest ion temperature visible. The implemented NPA model is
used to deduce the ion temperature in the described manner as a first test and sanity check. In figure 6
the calculated CX flux spectrum for the experimental temperature profile (as shown in figure 3) is
plotted. As the ion temperature at the edge is quite low there is a high contribution to the CX flux at
energies below 5 keV. The linear fit in the energy range from 7 to 12 keV yields a maximum ion
temperature of 1.332 keV. With the simulated line of sight the maximum ion temperature visible is
about 1.4 keV. The fitted temperature is a bit smaller due to attenuation effects in a dense plasma.
This effect is to be expected and also described in [36]. It will also become clear after reading
section 3.1 where the origin of the passive and active CX fluxes is studied. Overall, the resulting
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Figure 6. Passive CX flux spectrum without fast-ions for the experimental temperature profile. A linear fit of
the logarithmic plot yields the maximum ion temperature of 1.332 keV. The difference to actual maximum ion
temperature on the LOS is caused by attenuation effects in a dense plasma. The vertical line in the temperature
profile marks the minimum effective radius 𝑟eff ≈ 0.05 m visible to the NPA. The horizontal line marks the
fitted ion temperature.
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Figure 7. Top row: passive and active CX flux for NPA 1 and NBI sources 3, 4 for the standard magnetic
configuration at 𝛽 = 0.5%. Bottom row:spatial origin of the corresponding neutral fluxes. The blue arrow
indicates the direction the neutrals travel towards the NPA. Its LOS does not intersect with the magnetic axis.

CX flux spectra without fast-ions show exactly the expected features and the temperature fits are in
perfect agreement with the theory.

3 Results

In this section the major results of the CX analysis with four different NPA geometries for varying
fast-ion distribution functions are presented.

3.1 NPA signals with RuDiX as a neutral source

The RuDiX diagnostic neutral beam injector is used as a neutral source for the active measurements.
The volume integrated NPA signal is calculated in an energy range from 0 to 65 keV (as there
are nearly no fast-ions found at higher energies) for all investigated fast-ion distribution functions
described in table 1. Additionally, the fast-ion phase space is studied at selected points in the plasma
to be able to evaluate the sensitivity of the planned NPA geometry.

In this section NBI sources 3 and 4 are used as fast-ion sources. As both NPAs (1 and 2)
measure at negative pitch this leads to measuring trapped and passing fast-ions. Fast-ion diagnostics
need to be sensitive to the plasma core region. Consequently, the first step is to validate that active
measurements with the described NPA system have a reasonable spatial resolution and that the active
signal is not exceeded by the passive signal from the edge.

In the top row of figure 7 the calculated passive and active CX flux spectrum for NPA 1 for the
standard magnetic configuration and 𝛽 = 0.5% is plotted. At very low energies (𝐸<2 keV) the passive
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flux coming from reactions with recycled neutrals prevails. This is due to a high recycled neutral
density close to the edge where the bulk plasma is cold (resulting in a high CX reactivity). Above
2 keV the CX flux from reactions with beam and halo neutrals strongly dominates the spectrum. All
the flux in this energy range stems from CX fast-ions and the NBI injection energies are clearly
visible at 54/27/18 keV. In contrast to the passive NPA the neutral flux from the active measurement
decreases at very low energies. In the bottom row of figure 7 the spatial origin of the signal in
terms of the effective radius 𝑟eff is plotted. For the passive measurement in the left column one
can see that nearly all the flux originates from a small plasma layer at the edge facing the detector
(0.5 > 𝑟eff > 0.35 m). This helps to understand why one underestimates the maximum plasma
temperature visible by fitting the low energy passive signal. The high energy tail of the signal comes
from the plasma edge as well. There is no significant flux contribution from the opposite plasma
edge, because nearly all CX neutrals generated there are reionized on the way through the plasma.
Since substantial recycled neutral densities are only found close to the edge this localization of the
CX flux is in accordance with the expectations. In the active case for energies above 10 keV all the
flux comes from a plasma layer close to the core (𝑟eff < 0.07 m), which is the effective radius where
the NPA LOS and RuDiX beam intersect). As the NPA view cone does not cover the magnetic
axis there is no flux coming from 𝑟eff < 0.05 m. At energies below 10 keV the flux origin for the
active measurement smears out over a wider range of 𝑟eff. This is possible only due to halo neutrals
diffusing in the area around the beam. Still, one can see that a clearly pronounced peak at low
energies comes from the inner plasma resulting in the opposing behaviour compared to the passive
case. The low temperature edge of the plasma is not visible due to low halo neutral densities in this
region. The peak at ≈1.5 keV comes from CX reactions with the inner high temperature bulk plasma.

Similarly for all other investigated configurations the relevant fast neutral signal comes from
active measurements, thus originating from the intersection of the NPA line of sight with the
diagnostic neutral beam. The spatial resolution is very good and not significantly influenced by the
beam halo. It is ultimately limited by the beam diameter.

In the next step for both NPAs the simulated fast-ion distribution functions are compared at
a point ®𝑥𝑚 in the plasma where the maximum (peak) neutral flux contribution to the active signal
comes from. The quantity used to compare the fast-ion distributions is

𝑞𝑐1,𝑐2 (®𝑥𝑚) =
𝑓
𝑐1
fi (®𝑥𝑚) |norm

𝑓
𝑐2
fi (®𝑥𝑚) |norm

, (3.1)

where 𝑐1 and 𝑐2 are the different cases from table 1. The distributions are normalized to the peak at
𝐸inj/2. Hence, 𝑞 measures fractional differences in the shapes of the distributions.

In figure 8 the comparison of the fast-ion distribution functions in the high-mirror configuration
for 𝛽 = 0.5% and 𝛽 = 4% is shown. At the investigated point in the plasma NPA 1 (2) measures a
pitch of 𝜇 ≈ −0.62 (−0.51). It is clearly visible that in the high-mirror configuration at the measured
pitch angle of both NPAs no distinct differences in the shape are apparent in the distribution functions.
Significant fractional differences are found only at pitch values around zero. In this part of the fast-ion
phase space trapped particles are located. When going to smaller pitch values the differences seem
to increase but at the same time the noise increases as these are Monte-Carlo computed distributions.

Measuring improved fast-ion confinement when increasing 𝛽 in the high-mirror configuration is
one of the main aims. With the originally planned NPA geometries it seems challenging as the main
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Figure 8. Color plot of ratio q of fast-ion distributions for 𝛽 = 0.5% and 𝛽 = 4% in the high mirror
configuration. Both distributions are normalized to the peak at 𝐸inj/2 marked as black dot. Left: distributions
evaluated at the point ®𝑥𝑚1 = (−2.4,−4.8, 0.15) m, 𝑟eff = 0.08 m (point with the highest CX flux contribution to
NPA 1). The dark red dashed line marks pitch visible to NPA 1 at this point and the yellow dotted line marks zero
pitch chosen for NPA 1P0. Right: distributions evaluated at the point ®𝑥𝑚2 = (−2.5,−5.0, 0.08) m, 𝑟eff = 0.15 m
(point with the highest CX flux contribution to NPA 2). The dark red dashed line marks pitch visible to NPA 2
at this point and the yellow dotted line marks zero pitch chosen for NPA 2P0.

differences in the distributions become only visible at pitch values around 0 where deeply trapped
particles are found. To assess how this difference may appear in the NPA signal two additional
hypothetical detectors are set up: NPA 1P0 and NPA 2P0. For them the same position and alignment is
used but during the CX calculation the fast-ion distribution is evaluated at 𝜇 = 0 at every point. Hence,
this does not correspond to any planned or even possible (using the same port) NPA line of sight but
is only done for analysing the sensitivity of the active CX signal to the fast-ion distribution functions.

The resulting, active neutral flux spectra for both NPAs and NBI sources 3 and 4 are shown in
figure 9 (upper row: absolute flux, lower row: normalized flux). Except for the high density case
2xNe the absolute flux spectra measured by NPA 1 look very similar. No significant differences
are visible in the signal when changing magnetic configuration, 𝛽, electron temperature or radial
electric field while keeping the NBI birth profile constant. In the spectrum no major effects on
the fast-ion confinement or slowing down behaviour are apparent at the measured pitch angle of
NPA 1. Increasing only the plasma density (2xNe) the signal has a lower absolute flux, which is
due to the higher reionization of CX neutrals leaving the plasma. The peak in the flux spectrum at
𝐸 ≈ 2 keV is caused by CX reactions of beam neutrals with the bulk plasma. To compare the shapes
of the measured spectra they are normalized to the Maxwellian bulk plasma peak. The relatively
more pronounced peaks in the high density case are explained by the energy dependence of neutral
ionization. Neutral fluxes below the beam energies are attenuated much faster. The absolute flux
spectra measured by NPA 2 expose some differences in magnitude especially when changing the 𝛽
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Figure 9. Synthetic CX spectra of active (with RuDiX diagnostic beam) NPA measurements using NBI
sources 3 and 4 as fast-ion sources. In the upper row the absolute flux per second is plotted and in the lower
row the flux normalized to the Maxwellian peak.

value. As NPA 2 measures closer to the edge the Maxwellian peak is sharper and higher compared
to NPA 1. In the high-mirror configuration the fast-ion signal increases with 𝛽 and also fractional
differences in the shape are measurable. These results agree well with the expectations from the
fast-ion phase space analysis and the sensitivity of NPA measurements to features of the fast-ion
distribution functions. The distinction between the two high-mirror cases is expected to be best
visible when going to smaller pitch values and measuring in the plasma center.

In figure 10 exactly these hypothetical 0 pitch measurements are shown. And indeed as
expected from the fast-ion distribution function comparison there is a significant increase in the flux
visible in the high-mirror configuration when increasing 𝛽. This change is not seen in the standard
configuration. These results also support the assumption that NPA measurements are in general
sensitive to features of the fast-ion distribution function.

The noise level is estimated from experimental NPA measurements at W7-AS with a similar
detector type to be about 2 × 103 1/s. The active signal of the studied cases is above this noise level
over the whole energy range. The detector efficiency is not taken into account which would further
decrease the measurable signal. For both NPAs the high temperature and high density case with
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Figure 10. Synthetic CX spectra of active (with RuDix diagnostic beam) NPA 1P0 and NPA 2P0 measurements
using NBI sources 3 and 4 as fast-ion sources. In these calculations the fast-ion distribution functions were
evaluated at 𝜇 = 0.

a consistent fast-ion birth profile (2.5ne1.8T) do not lead to measurable (above estimated noise
level) fast neutral fluxes. This is mainly due to very low fast-ion birth rates in the plasma core (see
figure 2) in high density NBI operation and the high reionization of neutral fluxes leaving the plasma.
Additionally the Maxwellian peak caused by CX reaction of beam neutrals with the bulk plasma
ions becomes very broad and dominant. The noise can be reduced by higher integration times but,
nevertheless, it may be a limitation for high density cases.

3.2 NPA signals with NBI Q8 as neutral source

Using the NBI itself as a neutral source is another option for active NPA measurements. The
implemented model can easily be used to investigate this. Compared to the last section the viewing
geometry and the neutral distribution has to be adapted. As already shown, the port AEO21 was
identified to be physically available and suitable for an installation of a compact NPA and two lines
of sight (called here NPA 4 and 5 respectively) are evaluated. In the light of the previous results
lines of sight with small pitch angles were searched for. The LOS of NPA 4 (5) intersects exclusively
with the NBI source 8 at an effective radius of 𝑟eff ≈ 0.14 m (0.26 m). The beam attenuation and the
halo formation were calculated the same way as for RuDiX with FIDASIM. Compared to RuDiX the
NBI source 8 has a much higher power output. Combined with a bigger beam diameter this leads to
a factor of 2 higher neutral densities on the beam axis throughout the whole plasma. The increased
beam diameter also decreases the spatial resolution.

In figure 11 neutral flux spectra of NPA 4 and 5 are shown with NBI sources 7 and 8 being
active. At the same time the NBI source 8 is used as the neutral source. For both LOS the neutral
absolute flux over the whole energy range is significantly higher than in 9. This is explained mainly
by the fact that the solid angle subtended by the CNPAs in the new investigated geometry is much
larger than of the two previously studied NPAs (1 and 2). In addition to that the increased neutral
densities especially on the beam axis further increase the signal. In both flux spectra no significant
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Figure 11. Synthetic CX spectra of active NPA measurements using NBI sources 7 and 8 as fast-ion sources
and NBI source 8 as neutral source. In the upper row the absolute flux per second is plotted and in the lower
row the flux normalized to the Maxwellian peak.

differences between the cases can be seen. Even though NPA 5 has a quite radial view (𝜇≈ 0.1)
on the detected volume the differences in the high-mirror configurations are small. This result is
puzzling when recalling that in the RuDiX segment there was a clear trend that a more perpendicular
view on the magnetic surfaces improves the distinction between the high-mirror cases. To explain
this behaviour one has to look again closely at the underlying fast-ion distribution functions.

In figure 12 the fast-ion distribution functions of the two high-mirror cases are compared at the
points in the plasma where the maximum CX flux contribution to the NPAs comes from. As in the
last section the distributions are normalized and compared regarding differences of the shape (see
eq. 3.1). Most interestingly the results are quite different from the ones in the RuDiX segment. At
both points the differences around 0 pitch are not as significant as in the other segment and also
the behaviour at very tangential pitch angles is opposing the one obtained before. This leads to the
conclusion that not only the measured pitch and the effective radius is important when choosing
NPA lines of sight but also the magnetic cross section. The cause for that is likely the 3D structure
of the magnetic field in a stellarator. At W7-X the magnetic field is stronger at the bean shaped cross
section, that is close to the NBI plane, than at the triangular shaped cross section which leads to
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Figure 12. Color plot of ratio q of fast-ion distributions for 𝛽 = 0.5% and 𝛽 = 4% in the high mirror
configuration. Both distributions are normalized to the peak at 𝐸inj/2 marked as black dot. Left: distributions
evaluated at the point ®𝑥𝑚4 = (0.035.520.24) m, 𝑟eff = 0.14 m (point with the highest CX flux contribution to
NPA 4). The dark red dashed line marks pitch visible to NPA 4 at this point. Right: distributions evaluated at
the point ®𝑥𝑚2 = (−0.015.400.22) m, 𝑟eff = 0.26 m (point with the highest CX flux contribution to NPA 5).
The dark red dashed line marks pitch visible to NPA 5 at this point.

the magnetic mirror effect. If there are no collisions the pitch angle of a particle decreases when
going to weaker magnetic field periods as the particle gains in parallel velocity. Particles with small
pitch values (thereby trapped particles) at the triangular cross section will not be apparent in the
fast-ion distributions at the bean shaped cross section because their mirror field is much smaller
and they are reflected before reaching it. Consequently, fast-ion distributions at different points in
the plasma plotted over the pitch value are not directly comparable. These results not only confirm
the sensitivity of NPA measurements again but also show the importance of carefully scanning the
fast-ion phase space in the machine segment of interest before planning a NPA diagnostic at W7-X.
The actual presented measuring geometries of NPA 4 and 5 do not seem to be suitable for assessing
fast-ion confinement in the high-mirror or other configurations.

4 Conclusion

In this paper the feasibility of fast-ion measurements with a NPA at W7-X was studied. For this,
a forward model of the NPA diagnostic and of the neutral sources was developed and applied
to compare synthetic signals for different magnetic configurations and plasma parameters. By
interpreting CX neutral spectra, connections to the underlying fast-ion distribution can be drawn.

The developed model was used to calculate neutral fluxes originating from charge exchange
processes between neutral populations (hydrogen) and bulk plasma ions and fast-ions in a pure
hydrogen plasma. Two of the studied NPAs were originally planned at W7-X with a viewing
geometry on the diagnostic neutral beam injector (RuDiX). Additionally, 2 not initially planned
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NPA diagnostics with a viewing geometry on the NBI source 8 were investigated for a in theory
feasible port. A simple model was implemented to estimate the recycling neutral influx from the first
wall. The diagnostic neutral beams were modeled by a suite of codes called FIDASIM that correctly
treats the halo neutrals [5]. Neutrals created by CX can be reionized on the way out of the plasma
due to electron impact, ion impact and CX processes. The used plasma density and temperature
profiles are typical for W7-X and are mapped to the effective radius using the VMEC magnetic
equilibrium provided by a W7-X webservice. The subtended solid angle of the investigated detectors
is Monte-Carlo computed in a far-field approximation. The investigated fast-ion distributions were
calculated with the ASCOT code [6].

The synthetic NPA measurements are classified into two groups: passive and active measure-
ments. In a passive measurement the neutral flux originating from CX processes between ions and
recycled neutrals from the first wall is calculated. In an active measurement the same is calculated
for ions and beam neutrals. Successful reconstruction of the maximum bulk plasma ion temperature
from a passive NPA measurement by fitting of the logarithmic slope of the flux spectrum served as a
simple model validation. It was found that significant recycled neutral densities are only present at
the plasma edge. Consequently, most of the passive signal originates from there. An examination of
the origin of the active signal confirmed that the registered CX reactions take place in the plasma
core both for RuDiX and NBI Q8 as a neutral source.

Eight fast-ion distributions were generated for different magnetic configurations, density and
temperature profiles, radial electric field and 𝛽. In seven cases the fast-ion birth profile was kept
constant in the ASCOT code, to isolate effects on the fast-ion distributions to be measured with
the NPAs. In one case with a high plasma density and temperature all plasma parameters were
consistent and the birth profile was adapted as well.

The active charge exchange spectra showed that for the currently planned NBI sources 3 and 4,
RuDiX and NPA 1 geometry no significant differences between the simulated fast-ion distributions
can be measured. The active CX spectrum from NPA 2 which measures at a smaller pitch, however,
showed an increase in magnitude of flux for the standard and high mirror magnetic configuration
when going from 𝛽 = 0.5% to 4%. The shape of the signals did change slightly with 𝛽. For all seven
cases with a fixed NBI birth profile the signals were above the detector noise level of 2 kHz. Only the
case with the consistent NBI birth profile resulted in a very small signal below the noise level, due to
the fact that in this case most of the NBI fast neutrals are ionized in the edge region so that in the
core region, where the NPA 1 and 2 active CX flux originates from, nearly no fast-ions exist. Hence,
high density plasmas (> 1e20 m−3) pose a real problem to NPA measurements in the core as not
only the fast-ion densities are low but also the signals are strongly attenuated. The reason that only
small or no differences were apparent in the CX spectra was found to be that the underlying fast-ion
distributions only had marginal differences at the measured pitch angles of 𝜇 ≈ [−0.65,−0.5]. At
these pitch angles the investigated plasma parameter or magnetic configurations do not seem to
strongly influence the fast-ion distribution function or the effects are not resolved by the ASCOT
calculations. Since at these pitch angles only passing and shallowly trapped particles were measured,
a hypothetical test case of two NPAs measuring at 𝜇 = 0, thereby measuring deeply trapped particles,
was set up. In this test case a strong difference in the magnitude and shape in the flux spectra in
the high mirror configuration could be seen. When increasing 𝛽 the flux of high energy neutrals
significantly increased. An improved confinement of trapped fast-ions was expected for the high
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mirror case, especially in the plasma core, and indeed could be seen with this hypothetical NPA
setup. But it has to be emphasized that currently there is no such line of sight accessible with the
NPA system.

Measuring in the NBI segment and using the NBI as fast-ion and neutral source even less
differences between the cases were apparent. This came as a surprising result as the lines of sight
in this segment were chosen to measure at small pitch values as supported by the results from the
RuDiX segment. But it was found that in the NBI segment the differences between the fast-ion
distribution functions at small pitch angles are less pronounced in the NBI segment which is likely
due to the 3D structure of the magnetic field in W7-X.

Summarizing, NPA measurements at W7-X at the investigated plasma parameters are in general
sensitive to features of fast-ion distributions and could be a valuable diagnostic option. At the
proposed geometry of the NPAs viewing the diagnostic neutral beam changes in fast-ion slowing
down behaviour and confinement caused by altering the radial electric field or electron temperature
could not be measured. Some distinct features could be seen when changing plasma density, magnetic
configuration and 𝛽. A more perpendicular NPA view line seems to be generally desirable. In the
light of the obtained results it does not seem favorable to install RuDiX and the NPAs using the
proposed geometry. Finding the optimal lines of sight by an extensive check of the fast-ion phase
space in the plasma volume of interest and the use of a NPA which can cover more lines of sight
could improve the situation. The investigated geometries of the NPAs viewing the NBI Q8 do not
seem to be suited for assessing fast-ion confinement in any case. Before identifying new possible
measuring geometries the fast-ion phase space should be scanned for optimal positioning of the
detectors. Still this could prove an useful project as the NBI is already installed so the overall effort
to get to NPA measurements is greatly minimized compared to using RuDiX.
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A Neutral CX fluxes

CX reaction rate with bulk plasma. For simplification the dependence of the reaction rates,
densities and distribution functions on spatial coordinates ®𝑥 is not written out in the following
equations. The reaction rate 𝑅 at which CX occurs between plasma ions and neutrals is:

𝑅𝐶𝑋 = 𝑛𝑖 · 𝑛𝑛
∫ ∫

d®𝑣𝑖d®𝑣𝑛 𝑓𝑖 (®𝑣𝑖) · 𝑓𝑛 (®𝑣𝑛) · 𝜎𝐶𝑋 (𝑢) · 𝑢

𝑢 = |®𝑣𝑖 − ®𝑣𝑛 |
(A.1)

This equation can be simplified by providing information about the velocity distribution function of
neutrals for the passive and active measurement. The velocity distribution 𝑓𝑖 of the bulk plasma is
assumed to be Maxwellian as the plasma ions are in thermal equilibrium.
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Passive. In the passive case we assume that the temperature of particles coming from the first
wall is very small compared to the plasma temperature. Therefore, the neutral velocity distribution
does not play an important role and can be approximated by a 𝛿-distribution. Assuming 𝑓𝑖 (®𝑣𝑖) to
be constant on the solid angle ΩDet subtended by the NPA, one can easily transform into spherical
coordinates.

𝑅𝐶𝑋 = 𝑛𝑖𝑛𝑛ΩDet

∫ ∞

0
d𝑣𝑖 𝑓𝑖 (𝑣𝑖) · 𝑣3

𝑖 · 𝜎𝐶𝑋 (𝑣𝑖) (A.2)

Active. In the active case the neutrals consist of beam neutrals with 3 discrete energies 𝐸𝑏 going
in the direction of the beam axis 𝑒𝑏. As the visible solid angle is small in the simulated NPA setup
the relative velocity 𝑢 can be assumed constant within this solid angle. Using this assumption one
finds for the reaction rate with beam neutrals

𝑅𝐶𝑋 = 𝑛𝑖𝑛𝑛ΩDet

∫ ∞

0
d𝑣𝑖 𝑓𝑖 (𝑣𝑖) · 𝑣2

𝑖 · 𝜎𝐶𝑋 (𝑢) · 𝑢 (A.3)

CX reaction rate with fast-ions. The fast-ion distribution function provided by ASCOT is given
as a function of energy and pitch (𝜇). It is isotropic in the gyro-angle 𝜑 around magnetic field lines
but is not isotropic in 𝜇. Generally, the reaction rate is written as

𝑅𝐶𝑋 = 𝑛𝑛

∫
d𝐸

∫
d𝜇

∫
d𝜑

∫
d®𝑣𝑛 𝑓 𝑓 𝑖 (𝐸, 𝜇) · 𝑓𝑛 (®𝑣𝑛) · 𝜎𝐶𝑋 (𝑢) · 𝑢 (A.4)

Taking the definition of the solid angle one can establish a mapping between pitch and solid angle
(dropping the minus sign).

dΩ = sin(𝜃)d𝜃d𝜑 = d𝜇d𝜑 (A.5)

For the passive and the active cases 𝑓𝑛 is the same as in A. The fast-ion distribution 𝑓fi is
assumed to be constant on the subtended solid angle ΩDet. The pitch angle 𝜃0 measured by the NPA
is given by the angle between the line of sight vector and the magnetic field line. Explicitly, this
gives for the passive reaction rate

𝑅𝐶𝑋 = 𝑛𝑛ΩDet

∫
d𝐸 𝑓 𝑓 𝑖 (𝐸, cos(𝜃0)) · 𝜎𝐶𝑋 (𝑣 𝑓 𝑖) · 𝑣 𝑓 𝑖 (A.6)

and for the active one respectively

𝑅𝐶𝑋 = 𝑛𝑛ΩDet

∫
d𝐸 𝑓 𝑓 𝑖 (𝐸, cos(𝜃0)) · 𝜎𝐶𝑋 (𝑢) · 𝑢. (A.7)

Attenuation of neutral fluxes. The probability of a CX neutral to arrive at the plasma edge along
a line parameterized by length 𝑙 is given by [36]:

𝑃𝐴𝐵 = exp
[
−
∫ 𝐵

𝐴

𝛼(𝑙)𝑑𝑙
]

(A.8)

where 𝛼 is the full attenuation coefficient written as

𝛼 =
1
𝑣𝑛

[〈𝜎𝑒𝑣𝑒〉𝑣𝑛 𝑛𝑒 + (
〈
𝜎𝑝𝑣𝑖

〉
𝑣𝑛

+ 〈𝜎𝑐𝑥𝑣𝑖〉𝑣𝑛)𝑛𝑖] . (A.9)
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Cross sections of atomic collisions.

Figure 13. a: cross sections of ground state hydrogen ionizing reactions taken from [30]. b: Maxwell
averaged rate coefficients.
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