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ABSTRACT
This paper characterizes the correlation of simultaneous measurements with different fast-ion H-alpha (FIDA) spectroscopy sightlines on
Wendelstein 7-X. Using a collisionless guiding-center code, it is shown that, for two investigated volumes in the bulk of the plasma, some
regions of phase space are correlated and the magnetic configuration has little influence on this correlation. For the sightlines of the FIDA
system, the correlation between these is explained well by the magnetic configuration. Sightlines with measurement volumes at the same
spatial locations have the highest correlation, and sightlines with measurement volumes near the same flux surface but on different sides
of the magnetic axis have a high correlation. The correlation between the blueshifted signal in the starting sightline and redshifted signal
in the detection sightline is investigated, demonstrating that it is possible to investigate any finite interval of detection wavelengths. Due
to the different shapes of the weight functions for the toroidal and oblique sightlines, the blue–redshift correlation is very different from
the total–spectrum correlation. The correlation between the toroidal and oblique sightline fans is relatively much larger than the internal
correlation in the oblique sightlines, which is however, much larger than the internal correlation in the toroidal sightlines. This is a result of
the dependence of the weight functions on the angle between the sightline and magnetic field, illustrating how important it is for the FIDA
sightlines to cover different angles with the magnetic field.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0128594

I. INTRODUCTION

It is important to measure the fast-ion phase-space distribution
function in tokamaks and stellarators, since it tells us much about
the fast-ion confinement and the drive or damping of instabilities
in the plasma.1 In a toroidally symmetric tokamak, the phase-space
distribution function can be parameterized in three coordinates, for
example, the energy, the maximum major radius of an orbit, and the
pitch, p = v∥/v, at the maximum major radius.2 However, real toka-
maks are not toroidally symmetric, since the magnetic coil systems
consist of 10–20 individual toroidal field coils rather than a tightly

wound solenoid, leading to magnetic-field ripples.3 If we do not
assume toroidal symmetry in position space, the toroidal canonical
angular momentum is not a constant of motion, and the phase-space
distribution function does not reduce to 3D. Due to the fast gyration
of the ions, the velocity distribution functions can be described in
2D, e.g., using the parallel and perpendicular velocities with respect
to the magnetic field, (v∥, v�), as coordinates. Stellarators possess
an inherent toroidal asymmetry, implying that the real-space part
of the phase-space distribution function must be three dimensional.
Subsequently the phase space distribution function must be 5D. In
order to understand the state of the plasma eventually, it is a goal
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to reconstruct these distribution functions in 5D.4 Such reconstruc-
tions are nowadays possible in the 2D velocity space at a single point
in position space5–13 and in symmetric tokamaks in 3D,2 but they are
extremely difficult in 5D, since the number of sightlines is restricted
by the limited space around the machine and the limited optical
access to the machine. To have any chance of reconstructing a 5D
velocity distribution function from measurements, we must place
the diagnostics strategically, so that they deliver complementary
information. Here, we present an analysis of the correlation between
the sightlines of the fast-ion H-alpha (FIDA) spectroscopy at
Wendelstein 7-X (W7-X). The acronym FIDA is used in light of
the future application of the system where deuterium plasmas will
be investigated using the D-alpha line. For integrated data analysis
of fast-ion measurements, we view the set of available diagnostics
as a single diagnostic, allowing us to apply tomographic inversion.
For this endeavor, knowledge of correlation between different mea-
surements provides valuable prior information. The use of prior
information is essential for 5D inference, since the 5D parameter
space is so vast, and we never have enough diagnostic data to
perform inversions without prior information. To date, W7-X has
operated with hydrogen-1, and, hence, we use hydrogen-1 in our
computations. This isotope will simply be referred to as hydrogen
throughout this paper.

Neutral beam injection (NBI) is often used for heating plasmas
during discharges on W7-X. The particles stemming from this beam
will form a 5D slowing-down distribution function in magnetohy-
drodynamically quiescent plasmas with no anomalous transport.14,15

These functions are of immense importance, in order to under-
stand the state and development of the plasma. Since the ions from
NBI are born with specific energies and pitches, the fast-ion veloc-
ity distribution function is highly non-Maxwellian. The pitch is
defined as the parallel velocity divided by the speed, p = v∥/v. The
form of the distribution function is required in order to calculate
whether the fast ions drive the MHD modes unstable, which leads
to anomalous fast-ion transport. It may also be possible to suppress
turbulence.16

Fast-ion diagnostics often rely on measuring Doppler-shifted
waves, providing clues about the fast-ion velocity distribution
function.2,5,17 This principle is especially clear for charge-exchange
recombination spectroscopy (CXRS), which detects emitted pho-
tons from a charge-exchange reaction.18–20 Two other examples are
collective Thomson scattering, where electromagnetic waves with
wavelengths in the millimeter scale are injected and the wave-
lengths of the scattered waves are measured,21–24 and gamma-ray
spectroscopy.13,25–27

A special type of CXRS is FIDA spectroscopy, which detects
the change in wavelength from a fast deuterium or hydrogen
atom undergoing charge exchange and emitting a Balmer alpha
photon.1,18,19,28 This method is particularly well suited for character-
izing and measuring the NBI slowing-down distribution function,
since the sensitivity of FIDA is largest in the energy range typ-
ical for NBIs. Spectrometers similar to the ITER are installed at
W7-X, which detects photons in three branches, out of which one
is centered around the Balmer alpha line. This system is already
used to measure the beam density and electron and ion tempera-
ture and density.18 Moreover, it could also be used to character-
ize the beam deposition profile or infer the fast-ion distribution

function. FIDA is installed and successfully used on many tokamaks
and stellarators.29–38

As a first step toward getting the 5D slowing-down distribution
function using tomographic inversion, this paper will focus on char-
acterizing the FIDA spectroscopy system of W7-X and will study the
correlation among the different detectors, when the entire system
is viewed, with a focus on integrated data analysis by tomographic
inversion. This work will aid in identifying any weakly diagnosed
regions in the phase space. The limited optical access to the plasma
makes it necessary to know which existing diagnostics to use for a
certain discharge in a magnetic confinement device when studying
fast-ion distribution functions. Furthermore, it is valuable knowl-
edge, which regions of phase space are well covered by the existing
FIDA diagnostics. Therefore, this study comes timely in light of the
upcoming campaign at W7-X, where the partially newly commis-
sioned FIDA diagnostics will be used much more extensively than
in the previous campaigns. For a full 5D fast-ion distribution func-
tion, it is practically impossible to cover the entire phase space with
measurement volumes. Therefore, it is necessary to place the newly
designed diagnostics strategically, such that maximum coverage of
the phase space is achieved. Therefore, this study will reveal which
regions of phase space are well covered by the existing FIDA diag-
nostics and, thus, help in proposing which regions of the phase space
should be covered by the newly designed diagnostics, in order to
maximize the detection of fast ions. For this paper, the analysis is
done for the FIDA diagnostic at Wendelstein 7-X, but the method is
much more general and can be applied for any fast-ion diagnostic in
any magnetic confinement device.

This paper is structured in the following way. An introduc-
tion to the FIDA measurement system is given in Sec. II. Section III
presents the method used for the correlation analysis, using two
arbitrarily chosen volumes. In Sec. IV, the correlation between the
different sightlines of the FIDA measurement system at W7-X is
quantified. Finally, Sec. V concludes the paper.

II. THE FIDA MEASUREMENT SYSTEM OF W7-X
For further reference, the FIDA diagnostic system of W7-X is

introduced, along with the weight functions of the different sight-
lines.18 Any diagnostic measurement, m ∈ [m1, m2], with signal, s,
can be seen as a convolution of the weight function, w, of the given
diagnostic system, with the distribution function, f ,13,32

s(m1, m2,ϕ) = ∫
vol
∫

∞

0
∫

∞

−∞

w(m1, m2,ϕ, v∥, v�, x)

× f (v∥, v�, x)dv∥dv�dx, (1)

where ϕ is the angle between the diagnostic sightline and the mag-
netic field. It is effective splitting each weight function the following
way:

w(m1,m2,ϕ,v∥, v�, x) = R(ϕ, v∥,v�, x)prob(m1<m <m2∣ϕ, v∥, v�, x),
(2)

where R(ϕ, v∥, v�, x) is the total intensity per unit ion density and
prob(m1 < m < m2∣ϕ, v∥, v�, x) is the probability of measuring m
∈ [m1, m2], given a combination of ϕ, v∥, v�, x.19 An example of a
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FIDA spectrum is shown in Ref. 1, Fig. 3. Weight functions con-
taining the most important physics of the FIDA process can be
calculated with the FIDASIM code.39 However, for the purpose of
our study, we will focus on the Doppler shift and neglect other
physics, since the Doppler shift is most essential for the spectrum
formation.

In the case of FIDA, the change in the wavelength, Δλ, from
the wavelength in the rest frame of the emitter, λ0, is measured.
The wavelengths of the emission lines are λ0,Dα = 656.1 nm and
λ0,Hα = 656.5 nm in the frame of the emitting atom. This change in
wavelength stems mainly from the Doppler shift, but also has a con-
tribution due to the Stark effect.1,18–20 Neglecting the Stark effect, the
probability of detecting a photon stemming from a projected velocity
in the range u ∈ [u1, u2] can be written as19

prob(u1 < u < u2∣ϕ, v∥, v�) =
1
π
(arccos

u1 − v∥ cos ϕ
v� sin ϕ

− arccos
u2 − v∥ cos ϕ

v� sin ϕ
), (3)

which depends implicitly only on the position through ϕ. The pro-
jected velocity, u, can be expressed in terms of the particle velocity
and the gyro-angle γ as

u = v∥ cos ϕ + v� sin ϕ cos γ, (4)

where γ is treated as a random variable, due to the large cyclotron
frequency of the particles.

The Doppler shift up to approximately Δλ ∼ 2 nm at W7-X is
dominated by the bulk ions. The Doppler shift above Δλ ∼ 5 nm is
dominated by noise, while the spectrometer is unable to measure
a photon with a Doppler shift above Δλ ∼ 7 nm. When neglecting
both the Stark splitting, the measurable projected velocities are in
the interval given by

∣u∣ ∈ [umin, umax], (5)

umin = c
Δλmin

λ0
∼ 9.14 ⋅ 105 m

s
, (6)

umax = c
Δλmax

λ0
∼ 2.28 (3.20) ⋅ 106 m

s
, (7)

where the two different upper limits are indicated as Δλ ∼ 5 (7) nm.
u can have either sign. A positive u is detected with a blueshifted
light, while a negative u is detected with a redshifted light. The max-
imum possible velocity for an NBI with hydrogen and an injection
energy of 55 keV is vmax = 3.25 × 106 m/s, but due to the geometry
of the NBI and the FIDA sightlines, the maximum possible projected
velocities are lower than that.

The spectrometer has a temporal resolution of the order of δt
∼ 1 ms and a spectral resolution of the order of δλ ∼ 0.042 nm;18,20

so the projected velocity resolution is

δu = c
δλ
λ0
∼ 19.18 ⋅ 103 m

s
, (8)

Nu = 2
umax − umin

δu
∼ 142 (238), (9)

where Nu is the number of distinguishable projected-velocity mea-
surements, remembering that both positive and negative values of u
are allowed.

The FIDA system at W7-X could consist of three different fans,
with a possibility of 237 sightlines in total, even though not all FIDA
views are currently installed. The geometry is illustrated in Fig. 1(b).
Each sightline intersects either NBI S7 or NBI S8, or both. The A21
(blue) fan views toroidally and has 4 different internal fans. A21A
and A21B are parallel to each other and cover the entire path of the
NBI through the plasma. A21X1 and A21X2 measure off axis with
respect to the NBI’s axis, such that the sightline fan is perpendicu-
lar to A21A and A21B. The M21 (green) fan crosses the NBIs at an
angle of ∼45○. M21S7 is centered at NBI S7 and M21S8 is centered at
NBI S8. There are also M21X1 and M21X2 for off-axis measurement.
Finally, the T21 (yellow) fan only has one internal fan and 20 sight-
lines in total.18 The properties for each fan are shown in Table I, and
the positioning of the measurement volumes is illustrated in Fig. 2.
It is seen that the A-fans have very different angles with the magnetic
field, ϕ, compared to the M- and T-fans. We refer to the sightlines in
the A-fans as toroidal views and the sightlines in the M- and T-fans
as oblique views. Furthermore, the spatial region of the bulk is well
covered from an effective minor radius of ρ/a ∼ 0.1.

The measurement volumes are modeled as cylinders with
radius ρLOS = 1 cm and length given by LLOS = 10 cm/sin θ, where θ
is the angle between the NBI beam path and the FIDA sightline. The
radius of the NBI is assumed to be constant, ρNBI = 5 cm. Figure 2
illustrates the geometry. The center of each measurement volume is
at the point of closest distance between the sightline and the central
axis of the NBI for each FIDA sightline.

III. CORRELATION ANALYSIS BY GUIDING-CENTER
TRAJECTORY CALCULATIONS

The method used in order to calculate the correlation between
the FIDA measurement volumes is introduced in this section using
arbitrarily chosen volumes in W7-X. The same volumes will be used
when the sensitivity of the analysis to the magnetic configuration is
tested at the end of Sec. IV.

For this entire paper, the simulations are done using a guiding-
center simulator, BEAMS3D.40,41 The standard magnetic configura-
tion referred to is EIM and for all simulations, typical values of the
radial electric field ∼3 kV/m, background ion density ∼5 ⋅ 1019 m−3,
and background electron and ion temperatures ∼2 keV are used.
The background plasma and the fast ions consist of hydrogen.

First, two arbitrary volumes in the standard magnetic config-
uration are investigated. 10 000 particles are generated, with the
pitch being linearly distributed, p ∈ [p−, p+], with 100 steps and
with the energy being linearly distributed, E ∈ [Emin, Emax], with 100
steps, such that each particle has a unique combination of E, p. Each
particle is then randomly placed in a volume, V1, defined by

(R,ψ, z) ∈ ([R0 ± δR/2], [ψ0 ± δψ/2], [z0 ± δz/2]), (10)

in ordinary cylindrical coordinates. The extent of the box is chosen
such that δz = δR = R0δψ = 0.1 m. A collisionless simulation is run
for 150 μs, and the particles entering volume V2 are detected. V2
is defined equivalent to V1, but with different R0, ψ0, and z0. For
V1, R0 = 5.8 m, z0 = 0 m, and ψ0 = 0, while for V2, R0 = 5.752 m,
z0 = 0.3 m, and ψ0 = 72○. Figure 3 shows the almost-uniform initial
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FIG. 1. (a) Sketch of the intersection between a sightline for the FIDA diagnostics in blue and the NBI injection volume in red. (b) A sketch of the actual FIDA sightlines
of W7-X. It clearly shows the FIDA sightlines as fans, which only intersect the NBI S7 and NBI S8 sources. Subfigure (b) is reprinted from Ford et al., Charge exchange
recombination spectroscopy at Wendelstein 7-X, Rev. Sci. Instrum. 91, 023507 (2020), with the permission of AIP Publishing.

pitch-energy particle distribution in V1, along with the pitch-energy
particle distribution of the particles entering V2. The deviation from
a completely uniform initial distribution is due to the slightly inac-
curately calculated initial conditions. BEAMS3D uses the magnetic
moment, μ, and parallel velocity, v∥, as input velocity parameters.
Thus the magnetic field strength is used to do the conversion
(E, p) → (v∥, μ). For this conversion, the average magnetic field in
the volume was used instead of the local magnetic field strength of
each particle, leading to insignificant errors, due to small variations
inside the volume. It is seen that only ions in certain parts of the
phase space are detected in both volumes, whereas the other particles
from the first volume move elsewhere.

Next, the region in the phase space in V1, where the particles
are also observed in V2, is densely populated, with 10 000 particles,
in order to improve statistics. A similar simulation as before is run.
The initial distribution in V1 and final distribution in V2 are shown
in Fig. 4. It is seen that the pitch-energy region detected in V2 is
similar to that started in V1. However, due to the finite size of each
volume, not all particles in the correlated region of the phase space
are actually detected in V2.

TABLE I. The range of angles with the magnetic field, ϕ, minimum effective minor
radius, ρ/a, and number of sightlines (lines of sight) for each fan, NLOS, for the
different fans. ρ/a = ∞means that the position is outside the last closed flux surface.
The central toroidal angle, ψ0, is between 88–89○ for all measurement volumes and
the lengths, L, are between 10.0 and 12.5 cm.

Name ϕ-range (○) ρ/a-range N LOS

AA 2.7–9.6 0.1-∞ 40
AB 2.2–9.2 0.09-∞ 40
AX1 4.8–11.0 0.75–0.79 6
AX2 2.2–10.9 0.07–0.22 6
MS7 128.2–137.9 0.05-∞ 54
MS8 121.8–133.4 0.10-∞ 54
MX1 128.1–141.6 0.70–0.87 8
MX2 122.6–139.0 0.04–0.17 9
T 113.5–141.5 0.07–0.67 20

IV. CORRELATION BETWEEN FIDA MEASUREMENT
VOLUMES

Investigating the correlation between the FIDA sightlines will
give insight into the most important sightlines and help propose

FIG. 2. RZ-view of the measurement volume of each sightline. Reprinted from Ford
et al., Charge exchange recombination spectroscopy at Wendelstein 7-X, Rev. Sci.
Instrum. 91, 023507 (2020), with the permission of AIP Publishing.
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FIG. 3. (a) Starting, almost-evenly
spaced, pitch-energy distribution, p
∈ [−0.9, 0.9], E ∈ [Emax/100, Emax],
Emax = 55 keV, for 10 000 particles
spatially randomly distributed in V1. (b)
Pitch-energy distribution for the particle
entering volume V2 in V2 (blue dots)
and in V1 (orange dots).

FIG. 4. (a) Starting pitch-energy distribu-
tion for 10 000 particles in V1, defined
similarly as in Fig. 3(b) Pitch-energy
distribution for the particles entering
volume V2.

FIG. 5. Number of particles detected in
the sightline at the bottom and started in
the sightline at the left, plus 1 in the log10
scale. (The 1 is added to avoid infin-
ity.) The green lines indicate a change
in the FIDA fan. Each pixel corresponds
to a specific fan–fan correlation. The
color bar at the left and at the bottom
of the figure uses the same color code
as Fig. 1(b) and indicates the fan of the
sightline.
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which and where new diagnostics should be installed, in order to
get maximum possible new information from the additional diag-
nostics. As before, for each sightline, a grid using energy and pitch is
created with 100 points in both directions, with the pitch going from
−0.9 to 0.9 and energy going from 10 to 55 keV. Each particle is
placed randomly inside the given measurement volume (as defined
in Fig. 1) and is tracked in a collisionless simulation for 1.5 ms, such
that the entire orbit is traced out. The simulation time is ∼10 times
the collision time. Even though it might seem unjustified to do a col-
lisionless simulation for so long a time, we take this time limit, since
the collisions tend to displace particles from one orbit to another.

Since the correlation between the different sightlines is sought,
at first the number of particles started in each sightline and detected
in another is extracted and plotted in Fig. 5. Note the log10 scale.
For each fan along the beam direction, a correlation on the top left
and bottom right of the diagonal is clearly observed. This reflects
the tendency of fast ions to return to the same volume in well-
confined plasma. Hence, most particles return to the measurement
volume from which they were started. A second highly correlated
set of detectors appears in a characteristic line going from the bot-
tom left to the top right, but not exactly on the diagonal. This highly
correlated region corresponds to detection in measurement volumes
near the same flux surface as the particle was started on, but on the
other side of the magnetic axis. This correlation is a little lower than
detection in the same volume, but substantially higher than that for
volumes on flux surfaces far away. The strongest correlation is seen
at the intersection of the diagonal from the top left to the bottom
right and the oblique line from the bottom left to the top right. This
is a result of the magnetic configuration with nested flux surfaces.
In the center, the flux surfaces are more slender; so, the particles on

these pass a given measurement volume more often. Moving out-
ward, the flux surfaces become larger, and, therefore, the count of
detected particles becomes lower.

This first step of the correlation analysis reveals which parti-
cles appear in any pair of measurement volumes. In FIDA mea-
surements, particles are detected in particular wavelength ranges,
according to their velocities projected onto the sightlines. We can,
therefore, extend our analysis to consider detection in particular
wavelength ranges in both detectors. The presence of thermal fea-
tures always makes the wavelength range around the H-alpha line
unusable for fast-ion diagnostic. Excluding the wavelength range of
the thermal feature in FIDA spectra, each detected particle started
in the measuring volume of FIDA sightline j and detected in k is
weighted by the weight

wjk = ∑
parjk

sk, parsj, par, (11)

si, par =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1
π
[arccos(

umin − v∥, par cosϕi

v�, par sinϕi
)

− arccos(
umax − v∥, par cos ϕi

v�, par sin ϕi
)

+ arccos(
−umax − v∥, par cos ϕi

v�, par sin ϕi
)

− arccos(
−umin − v∥, par cos ϕi

v�, par sin ϕi
)]

, (12)

where the sum is over all particles started in j and detected in k.
Using this weight, we select particles with significant Doppler shifts

FIG. 6. Probabilities of a detection, given
an emission for the LOS of W7-X. (a)
and (c) for the toroidal (blue) fans. ϕ
∼ 9.4○. (b) and (d) for the oblique (green
or yellow) fans. ϕ ∼ 136○. (a) and (b)
the entire spectrum (red and blueshifted
parts). (c) and (d) only the blueshifted
spectrum.
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in both detectors. Figure 6 shows typical weight functions, si,par, for
the sightlines. For the blueshifted spectrum, only the first two terms
of si,par are used. Be aware that the blueshifted part of the spectrum
u > 0 is identical to the redshifted part u < 0, if it is mirrored around
p = 0. Note that the same method can be used to account for parts of
the FIDA spectra polluted by impurity lines or direct beam emission.
si,par is the probability of detecting a photon emitted by particle par
in measurement volume i. The probability of a particle emitting a
photon is neglected altogether. As a first approximation, the proba-
bility that a photon is emitted is proportional to the time spent inside
the measurement volume, but since there are dominant effects, such
as the neutral density,1,19,32 this probability is neglected.

Since the measurement volumes are small, it is assumed that
the magnetic field direction is constant, and so is the angle with the
magnetic field ϕi. The first two terms of Eq. (12) correspond to the
probability of detecting a blueshifted photon and the last two, to the
probability of detecting a redshifted photon. This corresponds to a
measurement where the distribution function is a sum over delta
functions in E, p, and x,

fjk(p, E, x) = ∑
parjk

δ(p − p par)δ(E − E par)δ(x − x par), (13)

where the equivalent of Eq. (1) in the (E, p) space is used. The cor-
relation between the measurement volumes only for particles with
significant Doppler shifts is shown in Fig. 7. In Fig. 7, all particles
with small projected velocities, ∣u∣ < 9.14 ⋅ 105 m/s, are removed.
These particles also tend to have small drift velocities, which means
that they tend to stay close to the flux surface. Note that the fast
ions moving perpendicular to the sightlines have no Doppler shifts
but substantial drift velocities. Nevertheless, a larger fraction of
low-energy fast ions is deselected compared to high-energy ions.
Removing these particles decreases the particle count close to the

diagonal and the oblique line from the bottom left to the top right.
The elements far away from these lines always require large drift
velocities and, therefore, attain larger weights relative to these lines.
Since for passing particles, the accumulated drift over an entire
orbit vanishes,42 the correlation off the bright diagonal and oblique
line comes from the trapped particles. Since these regions observe
a relatively smaller decrease in correlation when taking the weight
function into account, it is easier to detect the trapped particles com-
pared to the passing. Figures 5 and 7 are both fairly symmetric about
the diagonal, from the top left to the bottom right. The counts of par-
ticles started and detected in measurement volume A and detected in
B are about the same as the counts of particles started and detected
in B and detected in A. This is most likely due to the time-inversion
symmetry of the collisionless simulations and the fact that the FIDA
weight function is symmetric when only taking the Doppler shift
into account and using the red-shifted and blue-shifted wings. Since
each particle in the simulation has a partner with the same pitch
magnitude, opposite sign, and the same energy in each measure-
ment volume, if a particle moves from measurement volume A to
B, changing its pitch and energy from (pA, EA) to (pB, EB), the par-
ticle started in B with (−pB, EB) will move to A and end up with the
pitch and energy (−pA, EA). This is further explained by conserva-
tion of energy and the adiabatic invariance of the magnetic moment
of particles and the fact that the magnetic field strength and electric
potential are similar across all sightlines near the same flux surfaces,
such that the weight function, energy, and pitch will be similar each
time a particle is detected in a given sightline.

It is, in principle, possible to do a similar analysis, replacing
sk,par or sj,par with the probability of a detection, given an emis-
sion for any projected velocity interval. That way, it is possible
to go down to the smallest detectable u-interval, which shows the
probability of a detection in a small interval around uk in the first

FIG. 7. Weighted total signal in the sight-
line at the bottom for the distribution
function started in the sightline at left,
normalized against the maximal value,
93 120, plus 10−9 in the log 10 scale.
The weight is the probability of detect-
ing a photon, given an emission in the
detection and starting sightline.
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volume and in a small interval around uj in the second volume.
This will show how the sightlines can complement each other, such
that the combined information might lead to an inference of the
particle velocities. Rather than attempting a full analysis here, we
illustrate the insights gained by studying two broad velocity bins:
One bin contains all particles that are detected on the blue-shifted
side, and the other, red-shifted. This could be arbitrarily refined
down to the spectral resolution of the instrument. The first two
terms of Eq. (12) correspond to a detection in the blueshifted part
of the spectrum and the last two terms correspond to a detection
in the redshifted part of the spectrum. An example of the corre-
lation between blueshifted detections in the starting volume and
redshifted detections in the detection volume is shown in Fig. 8. Due
to the different angles to the magnetic field for the toroidal (blue)
and oblique (green or yellow) fans, the internal correlation in the
toroidal or oblique fans decreases relative to the cross correlation
between these fans. This is because the toroidal fans have a small
angle to the magnetic field, ϕtor ∼ 10○, and the oblique fans have a
large angle to the magnetic field, ϕobl ∼ 135○. Since the ϕtor < 90 deg
and ϕobl > 90 deg, highly passing particles, 1 ≳ ∣p∣ ≫ 0 detected
blueshifted in the toroidal fans will be detected redshifted in the
oblique fans and vice versa. Furthermore, since for the oblique fans
180○ − ϕobl ∼ 45○, the projected velocity has a significant component
perpendicular to the magnetic field. Therefore, these sightlines are
able to detect particles with smaller pitch. This also becomes evident
from Fig. 6. Recall that the measurements of particles with small
projected velocities are dominated by the bulk ions and, therefore,
useless in the reconstruction of the fast-ion distribution function.
This means that the oblique fans can detect energetic particles with

much smaller pitch and are even able to detect photons from ener-
getic particles with either sign of pitch. For the same reason, a
particle with given pitch has a non-zero probability to be detected
on the blue-shifted side in one volume and on the red-shifted side
in another volume in the oblique fan. Therefore, a much higher
internal correlation among the oblique fans is observed. Note that
the oblique fans can detect trapped particles with pitches close
to zero.

A similar analysis as in Sec. III is done for the low iota (DBM),
high iota (FTM), low mirror (AIM), and high mirror (KJM) mag-
netic configurations. The simulation with a densely populated region
of interest is shown here, to illustrate how little an effect the magnetic
configuration has on the correlation between the phase space of the
two regions in question (V1 and V2). The difference between the
detected particles in V2 relative to the standard magnetic configura-
tion is shown in Fig. 9. It is seen that the relative difference is below
2%, which is attributed to numeric noise. Therefore, it is reason-
able to assume that the orbit analysis for the standard configuration
is applicable for other magnetic configurations on W7-X. However,
the two volumes are volumes with identical magnetic configurations,
since the W7-X has a 5-fold symmetry such that the magnetic config-
uration repeats after moving 72○ toroidally. Thus, changes in pitch
due to a relative change in the magnetic field strength for the two
volumes are not observed. For analysis specific to a particular dis-
charge, the correct magnetic equilibrium should be used. Although
the magnetic confinement is important in assessing the fast-ion con-
finement properties, the effect of different magnetic configurations
on the correlation between different volumes does not appear to be
large.

FIG. 8. Similar figure as 6, but the weight
of a particle is calculated as the product
of the blueshifted weights in the start-
ing sightline times the redshifted weights
in the detection sightline [first two terms
of sj,l and last two terms of sk,l in
Eq. (11)]. The maximum observed weight
is 19 689.
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FIG. 9. Volume correlation between V1
and V2 for the (a) low iota (DBM), (b)
high iota (FTM), (c) low mirror (AIM),
and (d) high mirror (KJM) magnetic
configurations . The color indicates the
percentage difference between the distri-
bution functions detected in V2, started
in V1, for the given magnetic configura-
tion, compared to the standard configu-
ration (EIM).

Note that our analysis is not restricted to FIDA measurements
alone. To do a similar analysis for other diagnostics, we can replace
the weight functions used here with those of the particular diagnos-
tic. Weight functions are available for neutral particle analyzers,32

neutron emission spectrometry,43,44 gamma-ray spectrometry,45,46

MeV proton diagnostics,47 and fast-ion loss detectors.30

V. CONCLUSION
The general correlation of fast ions between two arbitrary

volumes for Wendelstein 7-X is investigated using BEAMS3D, a
guiding-center code. It is observed that, for the investigated spatial
regions, particular regions of velocity space are connected. Further-
more, it is observed that for these two volumes, the correlations in
the velocity-space regions stay similar when changing the magnetic
configuration. This could be explained by the volumes having iden-
tical magnetic configuration, due to the five-fold toroidal symmetry
of the magnetic configuration of the stellarator.

The FIDA measurement system is investigated, and it is seen
that there are three FIDA fans along the injection path for the two
NBIs. The measurement volumes are approximately at the same
toroidal position, and, thus, particles will return to roughly the same
spatial locations and have a similar energy and pitch at each orbit
due to conservation of energy and magnetic moment. Therefore, the
correlation, for particles detected in two different sightlines, depends
on whether they lie close to the same flux surface. When taking into
account that the measurement in a sightline depends on the weight
function, a relatively stronger correlation between sightlines on flux
surfaces far apart is observed, since the weight functions select ener-
getic particles that have larger drift velocities and, thus, have larger
drift excursions across flux surfaces. A splitting of the spectrum into
blueshifted and redshifted is done, and the correlation between the

blueshifted signal in the starting sightline and redshifted signal in the
detection sightline is investigated. Due to the different angle with the
magnetic field for the toroidal and oblique fans, a relatively larger
cross correlation between the oblique and toroidal fans is observed
compared to the internal fan correlation. Furthermore, since the
oblique fans are able to detect particles with small pitch, a relatively
larger internal oblique fan correlation is observed compared to that
of the toroidal fan.

Similar theory can be used for investigating the correlation
in gamma-ray spectroscopy, neutron emission spectroscopy, and
Collective Thomson Scattering (CTS) measurements.
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“Enhancement of the FIDA diagnostic at ASDEX upgrade for velocity space
tomography,” Plasma Phys. Controlled Fusion 58, 025012 (2016).
8M. Salewski, M. Nocente, A. Jacobsen, F. Binda, C. Cazzaniga, G. Ericsson,
J. Eriksson, G. Gorini, C. Hellesen, A. Hjalmarsson et al., “MeV-range velocity-
space tomography from gamma-ray and neutron emission spectrometry at JET,”
Nucl. Fusion 57, 056001 (2017).
9M. Weiland, R. Bilato, B. Geiger, P. A. Schneider, G. Tardini, M. Garcia-Muñoz,
F. Ryter, M. Salewski, H. Zohm et al., “Phase-space resolved measurement of 2nd
harmonic ion cyclotron heating using FIDA tomography at the ASDEX upgrade
tokamak,” Nucl. Fusion 57, 116058 (2017).
10B. Madsen, M. Salewski, J. Huang, A. S. Jacobsen, O. Jones, K. G. McClements,
and M. Team, “Velocity-space tomography using prior information at mast,” Rev.
Sci. Instrum. 89, 10D125 (2018).
11B. Madsen, M. Salewski, W. W. Heidbrink, L. Stagner, M. Podestà, D. Lin, A. V.
Garcia, P. C. Hansen, J. Huang et al., “Tomography of the positive-pitch fast-ion
velocity distribution in DIII-D plasmas with Alfvén eigenmodes and neoclassical
tearing modes,” Nucl. Fusion 60, 066024 (2020).
12B. Madsen, J. Huang, M. Salewski, H. Järleblad, P. Hansen, L. Stagner, J. Su,
J. Chang, J. Fu, J. Wang et al., “Fast-ion velocity-space tomography using slowing-
down regularization in east plasmas with co-and counter-current neutral beam
injection,” Plasma Phys. Controlled Fusion 62, 115019 (2020).

13D. Moseev, M. Salewski, M. Garcia-Muñoz, B. Geiger, and M. Nocente, “Recent
progress in fast-ion diagnostics for magnetically confined plasmas,” Rev. Mod.
Plasma Phys. 2, 7 (2018).
14D. Moseev and M. Salewski, “Bi-Maxwellian, slowing-down, and ring velocity
distributions of fast ions in magnetized plasmas,” Phys. Plasmas 26, 020901 (2019).
15J. D. Gaffey, “Energetic ion distribution resulting from neutral beam injection
in tokamaks,” J. Plasma Phys. 16, 149–169 (1976).
16S. Mazzi, J. Garcia, D. Zarzoso, Y. O. Kazakov, J. Ongena, M. Dreval,
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