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Abstract. Fast ions in the MeV-range can be diagnosed by neutron emission
spectroscopy (NES) and gamma-ray spectroscopy (GRS). In this work, we
present orbit weight functions for one-step fusion reactions, using NES and GRS
diagnostics on perpendicular and oblique lines-of-sight (LOS) at JET as examples.
The orbit weight functions allow us to express the sensitivities of the diagnostics
in terms of fast-ion orbits and can be used to swiftly reproduce synthetic signals
that have been computed by established codes. For diagnostically relevant neutron
energies for the D(D,n)3He reaction, the orbit sensitivities of the NES diagnostics
follow a predictable pattern. As the neutron energy of interest increases, the
pattern shifts upwards in fast-ion energy. For the GRS diagnostic and the
T(p,γ)4He reaction, the orbit sensitivity is shown to be qualitatively different
for red-shifted, blue-shifted and nominal gamma birth energies. Finally, we
demonstrate how orbit weight functions can be used to decompose diagnostic
signals into the contributions from different orbit types. For a TRANSP
simulation of the JET discharge (a three-ion ICRF scenario) considered in this
work, the NES signals for both the perpendicular and oblique LOS are shown to
originate mostly from co-passing orbits. In addition, a significant fraction of the
NES signal for the oblique LOS is shown to originate from stagnation orbits.

∗ See the author list of [1].
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1. Introduction

In future fusion reactors and experiments, fast ions
will play a vital role in maintaining the self-sustained
heating of burning plasmas [2]. However, the
interaction of fast ions with the fusion plasma may
lead to unstable magnetohydrodynamic (MHD) mode
growth [3–5]. Fast ions can also be subject to
anomalous transport [3] and be lost from the plasma
[6], which may lead to a reduced heating efficiency and
damage to first-wall components [7]. An understanding
of the coupling between fast ions and the background
plasma is therefore seen as imperative for the success
of fusion energy as a viable energy source [6, 8–10].

The dynamics of fast ions is determined by
the fast-ion (FI) distribution function in phase-
space, which consists of position- and velocity-space.
With velocity-space tomography [11–18], the velocity-
space FI distribution function can be reconstructed
from measurements by using the velocity-space
sensitivity of the diagnostics. This sensitivity can
be expressed in the form of two-dimensional weight
functions. Velocity-space weight functions have been
developed for numerous FI diagnostics: fast-ion D-
α spectroscopy (FIDA) [19, 20], collective Thomson
scattering [21], one-step [22] and two-step [23] gamma-
ray spectroscopy (GRS), FI loss detectors [24, 25],
neutral particle analyzers (NPA) [26], neutron emission
spectroscopy (NES) [27, 28] as well as 1D weight
functions for ion cyclotron emission diagnostics [29].
However, velocity-space weight functions only map the
phase-space sensitivity at a single point in position
space. Hence, the FI distribution function can only be
reconstructed in a small measurement volume at one
major radius position R and vertical position z. Orbit
weight functions overcome this limitation by using the
known physical relationship between the points along
charged particle orbits to link isolated (R, z) points
to each other. Assuming magnetic equilibrium [30],
toroidal symmetry, a guiding-centre picture and low
collisionality (ντp � 1 where ν is the ion-ion collisional
frequency and τp is the orbit poloidal transit time), the
complete FI distribution function can be reconstructed
in terms of orbits [31], which can then be transformed
into a distribution in energy E and pitch p = v||/v
for all R and z. Orbit weight functions have so far
been developed for neutron scintillators [32], NPA [32],
FIDA [32] and NES [33].

In this work, we map out how the orbit sensitivity
of NES [34] and GRS [35] diagnostics vary with FI- and
fusion product energy (detected by the diagnostic). We
examine the orbit weight functions in detail for several
fusion-product energies using a perpendicular and an
oblique line-of-sight (LOS) as examples, as relevant
for e.g. the time-of-flight diagnostic TOFOR [36],
a LaBr3 detector [37, 38] and an NE213-scintillator

[39] diagnostic at the Joint European Torus (JET)
[1]. However, the methods developed in this work
can be used to compute orbit weight functions for
any diagnostic sightline and one-step fusion reaction
with a neutron or gamma-photon product. The more
complicated two-step fusion reactions are deferred to
future work since these would require a reformulation
of the methods presented in this work via the treatment
of random variables [23]. Furthermore, we demonstrate
that the weight functions are able to reproduce the
forward model that predicts the diagnostic energy
spectrum for a given fusion reaction. Lastly, the orbit
weight functions are combined with FI distribution
functions to analyze diagnostic signals in terms of their
orbit-type constituents.

The paper is organized as follows. In section
2, orbit space and its various topological regions
are introduced and the dependence on energy is
explained. In section 3, we discuss the formalism
behind orbit weight functions and how they can be
used to rapidly compute synthetic diagnostic signals.
Orbit weight functions are presented and discussed
for a perpendicular sightline in section 4 (relevant for
TOFOR [36] and the LaBr3 GRS diagnostic [37, 38])
and for an oblique sightline in section 5 (relevant for
the NE213-scintillator [39]). In section 6, orbit weight
functions are used to split synthetic signals into their
orbit-type constituents as well as to examine from
where in orbit space the signal can be expected to
originate. Lastly, a conclusion is presented in section
7.

2. Orbit space (E, pm, Rm), including the MeV
range

The full six-dimensional charged particle motion in
space x and velocity v can be dimensionally reduced
under relevant assumptions. If we assume toroidal
symmetry, we can reduce the number of spatial
dimensions by one. Similarly, by assuming the
variation of the magnetic field to be negligible on the
scale of the gyro-motion of the ion, so that the gyro-
motion is approximately a rotation around a circle,
we can reduce the number of velocity dimensions by
one. If we also assume the motion of the ion to
have been unperturbed as it revisits the same (R, z)
coordinate, we can uniquely label all charged particle
trajectories in a magnetic equilibrium with just one
spatial coordinate and two velocity coordinates. Given
these assumptions, the particle motion is periodic and
follows fixed spatial trajectories called orbits. Since
our aim is to ultimately utilize three-dimensional orbit
phase space for tomographic inversion, the coordinates
should be chosen carefully. It is arguably preferable
to choose the coordinates so that the space has
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Figure 1. Example (deuterium) orbits with (E[keV], pm[−], Rm[m])-coordinates (412.6, 0.333, 3.31) (potato), (69.9, 0.535, 3.53)
(trapped), (2125.9, 0.333, 3.22) (stagnation), (481.1, 0.758, 3.64) (co-passing), (138.5,−0.980, 3.73) (counter-passing) and
(2262.9,−0.333, 2.91) (counter-stagnation) for JET shot No. 94701 at 10.79 s. The colored lines show the poloidal projections
of the guiding-center trajectories. the dotted white lines correspond to the magnetic flux surfaces. The colored points mark the
Rm-coordinates of the orbits.

clear, finite boundaries and does not mix position
and velocity space [40]. Therefore, in this work, we
use the (E, pm, Rm) orbit-space coordinates [32]. E
is the kinetic energy of the particle, and pm is the
pitch (v||/v) at the maximum major radius position
Rm of (the guiding-center of) the orbit. All possible
orbits in a given tokamak equilibrium can be uniquely
identified with an (E, pm, Rm) triplet. For a given FI
energy E, orbit space is bounded by [−1, 1] in pm and
[Raxis − δR,RLFS] in Rm, where Raxis and RLFS are
the major radius positions of the magnetic axis and the
low-field side wall, respectively. δR can vary but has a
natural maximum of δR = Raxis − RHFS where RHFS

is the location of the high-field side wall. However, in
practice, δR = 1/5(Raxis −RHFS) is usually enough to
include all possible populatable orbits when working
with orbit space.

In this work, all orbit-space quantities have been
computed assuming the magnetic equilibrium of JET
shot No. 94701 at 10.79 s [35,41–43], a three-ion ICRF
scheme with core-localized FI generation. Examples
of the different orbit types and their corresponding
(E, pm, Rm) coordinates are shown in Figure 1.

Together, the three coordinates span a three-
dimensional space, named orbit space, where every
point corresponds to a unique orbit. As can be seen
in Figure 2, orbit space can be divided into different

topological regions where every region corresponds to
a specific orbit type. The exact shape, position and
size of a topological region depend on the magnetic
equilibrium, particle species and FI energy. Near
thermal energies of a few keV, there are primarily three
regions of appreciable size: co-passing, trapped and
counter-passing. At higher energies, three additional
regions grow to significant size: potato, stagnation and
counter-stagnation. At the same time, the trapped, co-
and counter-passing regions shrink. This means that at
progressively higher FI energies, an increasing fraction
of the populatable orbits will be potato, stagnation
and counter-stagnation orbits. This is relevant for
fusion-born ions (such as DT-born alpha particles
(3.52 MeV), DD-born protons (3.02 MeV) and 3He
ions (0.82 MeV), and D3He-born protons (14.7 MeV)
[44]). Furthermore, a large portion of orbit space
will contain invalid and lost orbits (gray and brown
regions in Figure 2, respectively). Invalid orbits are
orbits whose (E, pm, Rm) coordinates correspond to
unrealizable particle trajectories given the magnetic
equilibrium. Lost orbits are orbits with trajectories
that intersect the tokamak wall. The lost region also
grows at increasingly high FI energies.
Lastly, the orbit-space topology depends on the
particle species and magnetic equilibrium. This can
be understood from the Lorentz force law ma = q(E +
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Figure 2. Orbit-space topology for JET shot No. 94701 at 10.79 s for three energy slices (FI energy held constant). The black
line marks the JET low-field side wall. The topology was computed for deuterium ions. 6.5 keV is the temperature of the bulk ion
distribution at the magnetic axis. 500 keV and 3500 keV were chosen to illustrate the energy dependence of the orbit-space topology.

v×B) which determines the particle acceleration and
hence trajectory.

3. Weight function formalism

To derive the phase-space sensitivity of diagnostics,
consider a fast ion with position coordinate x and
velocity coordinate v. A weight function can be viewed
as a mapping between a general FI distribution f(x,v)
and the resulting diagnostic signal s via the following
relation [19,20,45]:

s(E1,d, E2,d) =

∫
w(E1,d, E2,d,x,v)f(x,v)dxdv (1)

where E1,d and E2,d mark the lower and upper bound-
aries of a diagnostic energy bin and w(E1,d, E2,d,x,v)
is the weight function. Both the signal and the weight
function will thus depend on the diagnostic energy bin
for which the measurement is considered. Equation
(1) can then be written specifically for our (E, pm, Rm)
orbit space as follows

s(E1,d, E2,d) =

∫
w(E1,d, E2,d, E, pm, Rm)

f(E, pm, Rm)dEdpmdRm. (2)

Here, we have assumed toroidal symmetry, a guiding-
centre picture and low collisionality as explained in
Section 1. Equation (2) can then be discretized to give

s(E1,d, E2,d) =
∑
i,j,k

w(E1,d, E2,d, Ei, pm,j , Rm,k)

f(Ei, pm,j , Rm,k)∆E∆pm∆Rm. (3)

To get a practical relationship between the signal of a
diagnostic, which consists of several energy bins, and
the FI orbit-space distribution, we write the matrix
equation

S = WF (4)

where S has the size number of diagnostic energy
bins × 1, W has the size number of diagnostic
energy bins × number of valid orbits and F has
the size number of valid orbits × 1. The factor
∆E∆pm∆Rm has been absorbed into W . We have
thus vectorized our orbit-space quantities and stacked
the weight functions row by row into a matrix. Hence,
every row of equation (4) is a case of equation (3).
Equation (4) is mathematically the same equation as
is used for velocity-space tomography (and position-
space tomography).
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At this point, it can be helpful to introduce and
explain some nomenclature. In the context of orbit
space,

• a weight relates a single diagnostic energy bin to
a single (E, pm, Rm) grid point. For a specific
diagnostic energy bin (E1,d, E2,d), it describes
the sensitivity of the diagnostic to the orbit at
that particular orbit-space grid point. It has the
dimensions of signal per ion (the dimensions of the
signal depend on what diagnostic is used).

• a weight function relates a single diagnostic
energy bin to all points in orbit space. A
discretized weight function is thus comprised of
many individual weights. It is a function of the
three orbit-space coordinates as w(E, pm, Rm).

• a weight function matrix (or weight matrix for
short) is a matrix where each row is a vectorized
discretized weight function. Each row corresponds
to a specific diagnostic energy bin and each column
corresponds to a particular orbit.

From here on, the label ’discretized’ will be omitted for
brevity.

3.1. Computing weight matrices and orbit weight
functions

To compute a weight matrix, the forward model
of the diagnostic is used to compute predicted
signals for all valid orbits of a particular orbit
grid. A set of diagnostic energy bins of inter-
est ([E1,d, E2,d),[E2,d, E3,d),...,[En−1,d, En,d)), reflect-
ing the spectral resolution of the diagnostic, must be
assumed for the weight matrix. Each valid orbit is as-
sumed to be populated by only a single particle (to
achieve correct normalization) and the orbit is split up
into its (E, p,R, z) constituent points. Each (E, p,R, z)
point is then weighted according to the fraction of the
total poloidal transit time spent by the particle on
a path length dl between that (E, p,R, z) point and
the next. The number of (E, p,R, z) points needed to
accurately represent an orbit will vary depending on
the required numerical accuracy [46], the complexity of
the orbit as well as the width of the (R, z)-projection
of the viewing cone of the diagnostic. In this work,
≥ 500 points were used throughout. For one orbit,
all weighted points effectively constitute an (E, p,R, z)
distribution for which the expected signal can be com-
puted with the forward model [47] for a given instru-
ment (e.g. TOFOR). This signal represents one column
in the weight matrix and the process is then repeated
for all valid orbits, resulting in the complete weight
matrix. Every row of the matrix then corresponds to
an orbit weight function and describes the orbit-space
sensitivity for a specific diagnostic energy bin.

Mathematically, this way of computing the weight
functions can be understood via equation (2) and
setting f(E, pm, Rm) = δ(E − Ei)δ(pm − pm,j)δ(Rm −
Rm,k) to model the single-particle valid orbit. We get

s(E1,d, E2,d) =

∫
w(E1,d, E2,d, E, pm, Rm)δ(E − Ei)

δ(pm − pm,j)δ(Rm −Rm,k)dEdpmdRm

= w(E1,d, E2,d, Ei, pm,j , Rm,k) (5)

where (Ei, pm,j , Rm,k) denotes the orbit-space coordi-
nate of interest. Note that equation (5) simply de-
scribes the sensitivity in orbit space but does not yet
account for the extent to which these orbits are actu-
ally populated (via F ). As can be understood from
equation (4), for a given FI distribution F , the weight
matrix W can be used to very rapidly compute the
expected diagnostic signal S instead of performing the
more time-consuming computations usually needed to
compute synthetic signals. This is advantageous if syn-
thetic signals for many distribution functions are to be
computed.

3.2. Validating orbit weight functions

To confirm that the weight matrix is equivalent to the
standard forward model, synthetic signals S (computed
via the DRESS code [47] forward model) are plotted
together with the ’weight matrix signals’ WF for
given FI distributions in Figure 3. This has been
done for NES and GRS diagnostics with perpendicular
sightlines (corresponding to the LOS of TOFOR [36]
and a LaBr3 gamma-ray detector [37, 38]) and for an
additional NES diagnostic with an oblique sightline
(corresponding to the LOS of a NE213-scintillator
[39]). Their sightlines are illustrated in Figure 4. The
D(D,n)3He reaction was used for the NES diagnostics
and the T(p, γ)4He reaction was used for the GRS
diagnostic.

For the NES diagnostics, the average FI deuterium
distribution function was computed for JET shot
No. 94701 for our time window of interest using
the TRANSP [48] code (v19.2) with the NUBEAM
[49] module coupled to TORIC [50] (for the RF-
acceleration of the ions) together with the RF kick
operator [51, 52]. The magnetic equilibrium at 10.79
s is thus used as the average magnetic equilibrium for
our time window. The time traces of the neutral beam
injection (NBI) and ion cyclotron resonance heating
(ICRH) power are shown in Figure 5a, and the FI
deuterium distribution function is plotted as a function
of energy in Figure 5b (where the other dimensions
have been integrated out). The thermal deuterium
distribution is plotted as an inset in Figure 4.

For the GRS diagnostic, the same ni and Ti profiles
as in Figure 4 were used for the thermal tritium
distribution but the ni profile was re-normalized so
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Figure 3. The predicted diagnostic signals computed via the forward model (S) and via the weight matrix (WF ) for NES with
a perpendicular sightline (a) and an oblique sightline (b), as well as for GRS with a perpendicular sightline (c). The NES signals
are computed using the D(D,n)3He reaction and the GRS signal is computed using the T(p,γ)4He reaction. The NES WF signals
were computed using a 2400 × 102 × 104 grid in orbit space with E = [1.4, 2400.0] keV, pm = [−1.0, 1.0] and Rm = [2.76, 3.89] m.
The GRS WF signal was computed using the same grid points in pm and Rm but with 600 grid points in fast-ion energy E and
E = [1.4, 600.0] keV. Please note that this relatively high orbit-space grid resolution was only used in order to validate that the WF
and S signals converge as grid resolution increases.

Figure 4. The viewing cones of the perpendicular (green) and oblique (red) sightlines, projected onto a toroidal (a) and poloidal (b)
view. The plasma within the last closed flux surface (LCFS) is depicted in indigo. The bulk (deuterium) density ni and temperature
Ti profiles for JET shot No. 94701, averaged over our time window of interest, are shown as an inset. The electron density ne

and temperature Te were measured with High Resolution Thomson Scattering, after which Ti = Te was assumed. ni was estimated
from ne together with measurements of Zeff made by Visible Bremsstrahlung diagnostics and the assumption that impurity ions are
exclusively Beryllium. The ni and Ti profiles correspond to data between Raxis and RLCFS at zaxis and are representative for the
plasma as a whole.
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Figure 5. The total injected NBI and ICRH power as functions of time for JET shot No. 94701 are shown in a). The dotted
lines delimit the time window of this work. The corresponding average TRANSP NUBEAM-computed FI deuterium distribution
function for the time window is shown in b) as a function of energy.

that nT = 1013 m−3 on-axis. For the fast protons,
a Maxwellian distribution was used with T = 30 keV
and with the same 2D (R, z) density profile as that of
the TRANSP FI deuterium distribution used in this
work. The total number of fast protons was set to
Np = 6× 1013.

As we can observe from Figure 3, the signals
produced by multiplying the orbit weight functions
(W ) with the FI distribution functions (F ) closely
match the signals computed via the conventional
forward model (S). This confirms that the orbit
weight functions are computed correctly and provide
an accurate map of the orbit-space sensitivity of the
diagnostics, which we will examine in sections 4 and 5.

4. Orbit Weight Functions for Perpendicular
Sightlines

4.1. Neutron emission spectroscopy

Based on the formalism in sections 2 and 3, Figure
6 shows examples of the orbit sensitivity of the
perpendicular sightline at JET (the sightline of
TOFOR) for selected FI energies E and diagnostic
(neutron) energies Ed. For each diagnostic energy
of an NES (or GRS) spectrum, we will show
three selected slices of the corresponding 3D orbit
weight function. The orbit sensitivity displays a
complicated dependence on the orbit-space coordinates
and diagnostic (here neutron) energy Ed. Nevertheless,

certain general features can be identified. For all
three neutron energies, the orbit sensitivity is relatively
concentrated around the potato region (Figure 6 aa,
ba and ca) for the lowest E considered here and then
widens outwards towards the pm = ±1.0 boundaries
at increasing FI energies (ab-ad, bb-bd and cb-cd).
For potato orbits, the ion spends a large fraction of
its poloidal transit time inside the LOS and v|| → 0
(v⊥/v → 1) at the same time. Ions on potato orbits are
thus able to produce a large amount of up-shift of the
neutron nominal birth energy (which is most important
at low FI energies) for a large fraction of the poloidal
transit time. This results in a relatively large orbit
sensitivity for the E and Ed of interest (Figure 6 aa, ba
and ca). Furthermore, the narrow region of relatively
high sensitivity of trapped orbits (most clearly visible
in Figure 6 aa-ad) is due to the ’banana tips’ perfectly
coinciding with the perpendicular sightline [33]. The
ions spend a relatively large fraction of their poloidal
transit time at these banana tips, which results in a
relatively large sensitivity. At higher FI energies, the
counter-stagnation region becomes the area of highest
sensitivity. This is because counter-stagnation orbits
have the poloidal projection of their trajectories almost
completely within the perpendicular sightline. For
the TRANSP FI deuterium distribution examined in
this work, the counter-stagnation orbits are scarcely
populated, as shown in Figure 7. However, in future
fusion devices, the counter-stagnation orbits are likely
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Figure 6. Three orbit weight functions for the perpendicular sightline (corresponding to the LOS of e.g. TOFOR [36]) and
D(D,n)3He reaction. The number of grid points in pm and Rm is 100. The neutron energies of (a) 3, (b) 5 and (c) 7 MeV
were chosen because neutron energies down-shifted below the nominal D(D,n)3He birth energy of 2.45 MeV are diagnostically
indistinguishable from scattered neutrons. The FI energy refers to one of the fusing deuterium ions. For ease of visualization, the
data in each energy slice has been normalized to have a maximum value of 1.0. The actual maximum value wE,max is found in the
title of each slice plot as wE,max = 1.0.
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going to be populated by fusion-born alpha particles
because of their high energy and (approximately)
isotropic birth pitch distribution.

As we look at increasingly higher neutron energies,
the features of the weight functions stay roughly the
same but the 3D structures are translated ’upwards’
to higher FI energies.

4.2. Gamma-ray spectroscopy

The GRS diagnostic examined in this paper has the
same sightline as the perpendicular NES diagnostic.
Therefore, the NES and GRS orbit weight functions
will have similar orbit sensitivity due to the usage of the
same sightline, but differences due to the masslessness
of the T(p,γ)4He gamma photon [22]. As can be
seen in Figure 8a, the orbit sensitivity for gamma
energies below the nominal birth energy is relatively
low (maximum wE,max in Figure 8a is an order of
magnitude smaller than maximum wE,max in Figure 8b
and three orders of magnitude smaller than maximum
wE,max in Figure 8c). This is consistent with the often
strongly asymmetric shape of one-step reaction GRS
spectra, which have low signal levels below the nominal
gamma nominal birth energy [54]. The sensitivity is
mostly concentrated around the tip of the counter-
stagnation region in the pm < 0.0 half-plane and the
potato region in the pm > 0.0 half-plane. All weights
become zero for higher FI energies (Figure 8ad). This
is because fast ions with such a high energy will result
in gamma photons with too high energy for the 19.7
MeV diagnostic energy bin.

At gamma energies close to the nominal birth
energy, the orbit sensitivity is non-zero down to
thermal ion energies and up to the several hundreds
of keVs, as can be observed in Figure 8b. Just above
thermal ion energies, the area of highest sensitivity
tends outwards towards the pm = ±1.0 boundaries
(Figure 8bb) before reverting back in towards the tip of
the counter-stagnation and potato regions (Figure 8bc)
at increasing E. Similar to the orbit weight function
for the 19.7 MeV diagnostic energy bin, all weights
become zero for sufficiently high FI energies.

At gamma energies above the nominal birth
energy, the orbit sensitivity follows a predictable
pattern. At relatively low FI energies (Figure 8ca), the
sensitivity is mainly concentrated around the potato
region and tip of the counter-stagnation region. This
is similar to the orbit sensitivity for gamma energies
below the nominal birth energy (Figure 8 aa-ac), but
the reason is now due to the need for blue-shift instead
of red-shift of the gamma birth energy. At increasing
FI energy (Figure 8cb and cc) the sensitivity becomes
more concentrated towards the pm = ±1.0 boundaries,
but again migrates inward towards the potato region
and the tip of the counter-stagnation region at E ≈ 2

MeV (Figure 8cd). At FI energies above ≈ 2500.0 keV,
all weights become zero for the 21.0 MeV diagnostic
energy bin. For increasingly high gamma energy bins
(Ed > 21.0 MeV), the whole pattern observed for the
21.0 MeV orbit weight function will stay roughly the
same and move ’upwards’ to higher FI energies.

5. Orbit Weight Functions for an Oblique
Sightline (NES)

The viewing cone of the NE213-scintillator NES
diagnostic considered in this paper has an oblique
sightline w.r.t. B. Therefore, the patterns of the
weight functions will differ significantly compared
to those associated with the perpendicular sightline.
However, the non-zero weights will be found in similar
FI- and neutron energy ranges as for the perpendicular
sightline because the same fusion reaction D(D,n)3He
is being considered. In Figure 9, we can observe how
the non-zero weights are mostly concentrated to the
pm > 0.0 half-plane. The orbits in the pm < 0.0
half-plane will result in ion motion exclusively away
from the oblique NES diagnostic. Ions on these orbits
are therefore mostly unable to produce the up-shift
required for the neutron energies of interest. However,
at high FI energies, the counter-stagnation orbits have
enough energy and just the right pitch as they cross
the oblique sightline that they can produce sufficient
up-shift as well (Figure 9 ad and bd). Furthermore, the
following similar overall features can be observed in all
weight functions (Figure 9 a-c). The areas of highest
sensitivity are concentrated to two islands close to the
stagnation region and in the middle of the co-passing
region. These areas then split at increasingly high FI
energies. They tend toward the pm = 1.0 boundary and
the bottom of the stagnation region. At very high FI
energies (Figure 9 ad, bd and cd), the sensitivity close
to the pm = 1.0 boundary starts to become zero since
ions on those orbits will now produce too much up-shift
for the neutron energies of interest. Similar to the case
of the perpendicular diagnostics, for increasingly high
neutron energies the 3D pattern will stay roughly the
same and move ’upwards’ to higher FI energies.

6. Orbit-space Origin of Diagnostic Signals for
Given FI Distribution Functions

With orbit weight functions, we can split the predicted
diagnostic signal of a FI distribution function into
orbit-type constituents. Mathematically, this can be
expressed as

WF =
∑
h

WhFh (6)

where h labels all the different orbit types (co-
passing, trapped, etc). The FI distribution function
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Figure 7. The same TRANSP NUBEAM-computed FI deuterium distribution function as shown in Figure 5 b), but split into its
orbit-type constituents. The sum of all the colored lines equals the black line in Figure 5 b). The significant population of MeV-range
co-passing fast ions for three-ion ICRF schemes at JET has been discussed in [53]. The noise at high energies is due to sampling
and can be reduced if we increase the number of orbit samples when transforming the FI distribution to orbit space.

in terms of orbit types (Fh) can be obtained by
transforming the FI distribution function into orbit
space to obtain f(E, pm, Rm), and identifying the
(E, pm, Rm) coordinates corresponding to a given orbit
type. This is also the method which allows us to
split e.g. f(E) into its orbit-type constituents (as in
Figure 7). Via pointwise multiplication between Fh

and w(E, pm, Rm), we can obtain signal contributions
for every diagnostic energy bin in terms of orbit types.
This allows us to re-examine the diagnostic signals of
Figure 3 in terms of orbit types, as shown in Figure
10. For the perpendicular LOS with NES and the
average FI deuterium distribution function for JET
shot No. 94701 for our time window of interest,
the signal comes mainly from co-passing orbits for
all neutron energies of interest. At neutron energies
around the nominal birth energy (2.45 MeV), there
are also significant contributions from trapped and
counter-passing orbits to the signal generated by fast
ions. However, this neutron energy range is difficult
to diagnose due to the presence of down-scattered
neutrons. For the oblique LOS with NES and the same
FI distribution, in addition to co-passing orbits a large
portion of the signal comes from stagnation orbits. For
the perpendicular LOS with GRS and the Maxwellian
FI test distribution (discussed in section 3.2), the signal
comes from co-passing, counter-passing and trapped
orbits in comparable fractions.

By normalizing the signal to 1.0 for all neutron
energies of interest (Figure 11), we can examine the
signal contributions from different orbit types more
closely. For the diagnostics with the perpendicular
LOS (Figure 11a and c, respectively), the normalized
plots confirm the deductions made from Figure 10a and

Figure 10c. For the oblique LOS with NES (Figure
11b), we can observe how the contributions from all
orbit types but counter-passing and counter-stagnation
orbits vanish for neutron energies below 2.0 MeV. This
is because heavy down-shift of the neutron nominal
birth energy is required for a neutron to be detected in
those diagnostic energy bins. The only orbit types that
can produce that type of down-shift, given the oblique
sightline, are counter-passing and counter-stagnation
orbits. However, note that the absolute magnitude of
the diagnostic signal starts to vanish for such heavily
down-shifted neutron energies. In addition, the signal
at those neutron energies is usually heavily dominated
by scattered neutrons, which makes the neutron energy
range unusable for diagnosing fast ions [2].

Finally, we can also examine the expected origin
of the diagnostic signal in orbit space in detail. This
is illustrated in Figure 12. At E = 150 keV, we
have populated orbits of all types, and we might
expect them all to contribute to the signal. However,
when pointwise multiplied with an NES orbit weight
function, such as the w(150 keV, pm, Rm) for neutron
energy Ed = 3 MeV (corresponding to Figure 6aa), we
can observe that almost all NES signal will originate
from potato-like orbits for the neutron and FI energies
of interest. This is because at E = 150 keV and
Ed = 3 MeV, the NES orbit weight function for the
perpendicular LOS (e.g. TOFOR) is non-zero almost
exclusively for potato-like orbits.

7. Conclusion

In this work, orbit weight functions have been
presented for one-step fusion reactions, using a
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Figure 8. Three orbit weight functions for the perpendicular sightline (corresponding to the LOS of e.g. the LaBr3 diagnostic [37,38])
and T(p,γ)4He reaction. One at red-shifted gamma energies (a), one at the T(p,γ)4He gamma nominal energy (b) and one at blue-
shifted gamma energies (c). The number of grid points in pm and Rm is 100. The FI energy refers to the proton energy of the
T(p,γ)4He fusion reaction. For ease of visualization, the data in each energy slice has been normalized to have a maximum value of
1.0. The actual maximum value wE,max is found in the title of each slice plot as wE,max = 1.0.
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Figure 9. Three orbit weight functions for the oblique sightline (corresponding to the LOS of e.g. the NE213-scintillator
diagnostic [39]) and D(D,n)3He reaction. The number of grid points in pm and Rm is 100. The FI energy refers to one of the
fusing deuterium ions. For ease of visualization, the data in each energy slice has been normalized to have a maximum value of 1.0.
The actual maximum value wE,max is found in the title of each slice plot as wE,max = 1.0.
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Figure 10. Diagnostic signals split into their orbit type constituents for a) NES with perpendicular LOS, b) NES with oblique LOS
and c) GRS with perpendicular LOS. The same orbit-space grid points, FI- and bulk distributions were used as those in Figure 3.

Figure 11. Same as Figure 10, but the sum of the orbit constituents has been normalized to 1.0 for all diagnostic energies of
interest. The normalized ’WF’ signals taken from Figure 3 have been superimposed for convenience.
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Figure 12. a) An orbit-space energy slice of the average FI deuterium distribution function for JET shot No. 94701 for our time
window of interest. b) The data in panel a) is pointwise multiplied with the NES orbit weight function w(150, pm, Rm) for the
neutron energy Ed = 3 MeV, corresponding to the weight function slice in Figure 6 aa).

perpendicular and an oblique LOS with NES and
GRS diagnostics as examples. The orbit weight
functions have been examined for different diagnostic-
and FI-energies for the first time. Sensitivity
patterns can be identified and understood via slice-
by-slice examination in terms of FI energy, while
superimposing the topological boundaries between
different orbit types.

For the perpendicular LOS and the D(D,n)3He
reaction, at relatively low FI energies the sensitivity
is highest for potato and counter-stagnation orbits.
At increasingly high FI energies, the area of highest
sensitivity tends toward the pm = ±1.0 boundaries,
corresponding to co- and counter-passing orbits with
ion pitch (v||/v) values close to 1.0. Orbit weight
functions for increasingly high neutron energies have
3D patterns that remain qualitatively similar but are
shifted ’upward’ to increasingly high FI energies. The
results can be used to conclude that TOFOR [36] (and
any diagnostic sharing the LOS) is in general sensitive
to neutrons originating from fast ions on potato orbits
but not sensitive at all to neutrons originating from fast
ions on stagnation orbits. This is because stagnation
orbits at JET are mostly localized outside the viewing
cone of TOFOR.

For the perpendicular LOS and the T(p,γ)4He
reaction, the orbit sensitivity is generally low for
gamma energies below the gamma nominal birth
energy and is concentrated to potato-like and counter-
passing orbits localized near the magnetic axis. At the
nominal birth energy, the weights are non-zero down to
thermal energies where the sensitivity decreases as Rm

increases. At E ≈ 50 keV, the sensitivity is relatively
high for orbits localized close to the magnetic axis
with pm → ±1.0. At increasingly high FI energies,
the area of highest sensitivity tends towards potato-
like and counter-stagnation orbits, before all weights
become zero for sufficiently high FI energies.

For the oblique LOS and the D(D,n)3He reaction,
the areas of highest orbit sensitivity correspond to
co-passing and stagnation orbits. The sensitivity
is almost exclusively zero for counter-passing and
counter-stagnation orbits since ions on those orbits are
unable to produce the upshift required for the neutron
energies of interest (Ed > 2.5 MeV).

For all diagnostics, the orbit sensitivity is mostly
determined by the location and orientation of the
sightline (perpendicular, oblique, co-current, counter-
current, poloidal projection etc.). For a given FI
distribution function, the synthetic signals computed
via the orbit weight functions are shown to closely
match those computed with established forward
models (in this work, the DRESS code [47] was used).
In addition, the weight function signals can be split into
their orbit-type constituents, which makes it possible
to deduce signal origin in terms of orbit types. For
JET shot No. 94701 and the time window of interest,
the synthetic NES signals (corresponding to signals
detectable by e.g. TOFOR [36] and the NE213-
scintillator [39] but without an instrumental response
function) are found to originate mostly from co-passing
orbits. In addition, for the oblique LOS NES signal
(e.g. the NE213-scintillator), a significant fraction
originates from stagnation orbits.

In future work, orbit weight functions will
be developed for two-step fusion reactions as well,
which will enable us to express the sensitivities
of diagnostics using e.g. alpha-particle FI orbits.
In addition, orbit weight functions will be used
to optimise the design of existing and new fast-
ion diagnostics via, for example, maximising the
amount of non-zero weights in orbit space. Finally,
orbit weight functions will be used to reconstruct
the full (E, p,R, z) FI distribution function from
fusion-product measurements via orbit tomography as
was recently achieved for FIDA measurements [31].
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This is expected to help illuminate key relationships
between the behavior of fast ions (including alpha
particles) and various plasma instabilities such as
Alfvén eigenmodes, sawteeth and energetic particle
modes, causing undesired redistribution of fast ions.
This is highly relevant both for ongoing experiments
such as JET and future tokamaks such as ITER where
fast ions will be crucial to achieve self-sustained heating
of burning plasmas.
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