
PAPER • OPEN ACCESS

Fast-ion orbit origin of neutron emission
spectroscopy measurements in the JET DT
campaign
To cite this article: H. Järleblad et al 2024 Nucl. Fusion 64 026015

 

View the article online for updates and enhancements.

You may also like
Impact of microwave beam scattering by
density fluctuations on the
electron–cyclotron power deposition profile
in tokamaks
J. Cazabonne, S. Coda, J. Decker et al.

-

Numerical Modeling of Latitudinal
Gradients for Galactic Cosmic-Ray
Protons during Solar Minima: Comparing
with Ulysses Observations
Zhenning Shen, Gang Qin, Pingbing Zuo
et al.

-

Simplest bifurcation diagrams for
monotone families of vector fields on a
torus
C Baesens and R S MacKay

-

This content was downloaded from IP address 130.238.172.43 on 29/01/2024 at 09:52

https://doi.org/10.1088/1741-4326/ad1a57
/article/10.1088/1741-4326/ad1af6
/article/10.1088/1741-4326/ad1af6
/article/10.1088/1741-4326/ad1af6
/article/10.1088/1741-4326/ad1af6
/article/10.3847/1538-4365/ac0a78
/article/10.3847/1538-4365/ac0a78
/article/10.3847/1538-4365/ac0a78
/article/10.3847/1538-4365/ac0a78
/article/10.1088/1361-6544/aab6e2
/article/10.1088/1361-6544/aab6e2
/article/10.1088/1361-6544/aab6e2


International Atomic Energy Agency Nuclear Fusion

Nucl. Fusion 64 (2024) 026015 (13pp) https://doi.org/10.1088/1741-4326/ad1a57

Fast-ion orbit origin of neutron emission
spectroscopy measurements in the JET
DT campaign

H. Järleblad2,∗, L. Stagner3, J. Eriksson4, M. Nocente5, K. Kirov6, M. Rud1,
B.S. Schmidt1, M. Maslov6, D. King7, D. Keeling7, C. Maggi7, J. Garcia8,
E.A. Lerche9, P. Mantica10, Y. Dong2, M. Salewski1 and JET Contributorsa

1 Department of Physics, Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark
2 Department of Applied Mathematics and Computer Science, Technical University of Denmark,
DK-2800 Kgs. Lyngby, Denmark
3 General Atomics, PO Box 85608, San Diego, CA 92186-5608, United States of America
4 Department of Physics and Astronomy, Uppsala University, 751 20 Uppsala, Sweden
5 Department of Physics, University of Milano-Bicocca, 20126 Milano, Italy
6 UKAEA, Culham Centre for Fusion Energy, Abingdon, Oxfordshire OX14 3DB, United Kingdom of
Great Britain and Northern Ireland
7 CCFE, Culham Science Centre, Abingdon, Oxfordshire OX14 3DB, United Kingdom of Great Britain
and Northern Ireland
8 CEA, IRFM, F-13108 Saint-Paul-lez-Durance, France
9 Laboratorium voor Plasmafysica, Koninklijke Militaire School—Belgische Staat, Ecole Royale
Militaire, Brussels, 1000, Belgium
10 Istituto per la Scienza e Tecnologia dei Plasmi, CNR, via Cozzi 53, 20125 Milan, Italy

E-mail: henrikj@dtu.dk

Received 14 October 2023, revised 10 December 2023
Accepted for publication 3 January 2024
Published 12 January 2024

Abstract
In the JET DTE2 deuterium-tritium campaign, neutron diagnostics were employed to measure
14MeV neutrons originating from D(T,n)4He reactions. In discharge 99965, a diamond matrix
detector (KM14) and a magnetic proton recoil (MPRu) detector with a vertical and an oblique
line-of-sight were used, respectively. At the timepoints of interest, a significant decrease in the
expected diagnostic signals can be observed as electromagnetic wave heating in the ion
cyclotron range of frequencies (ICRF) is switched off. Utilizing only TRANSP simulation data,
the fast-ion distribution is found to have been likely composed mostly of trapped orbits. In
contrast, analysis performed using orbit weight functions revealed that the majority of neutrons
in the KM14 Ed = 9.3MeV and MPRu Xcm = 33 cm measurement bins are to have originated
from fast deuterium ions on co-passing orbits. This work explains the perhaps surprising results
and shows that the relative signal decrease as ICRF heating is switched off is largest for
counter-passing orbits. Finally, for the magnetic equilibria of interest, it is shown how
stagnation orbits, corresponding to ∼1% of the fast-ion distribution, were completely
unobservable by the KM14 diagnostic.

a See Mailloux et al 2022 (https://doi.org/10.1088/1741-4326/ac47b4) for JET Contributors.
∗

Author to whom any correspondence should be addressed.

Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1741-4326/24/026015+13$33.00 Printed in the UK 1
© 2024 The Author(s). Published by IOP Publishing Ltd

on behalf of the IAEA. All rights reserved

https://doi.org/10.1088/1741-4326/ad1a57
https://orcid.org/0000-0003-1126-686X
https://orcid.org/0000-0001-5516-3729
https://orcid.org/0000-0002-0892-3358
https://orcid.org/0000-0003-0170-5275
https://orcid.org/0000-0003-2482-4461
https://orcid.org/0000-0001-5302-9489
https://orcid.org/0000-0001-8392-4644
https://orcid.org/0000-0001-7208-2613
https://orcid.org/0000-0003-0900-5564
https://orcid.org/0000-0003-4584-3581
https://orcid.org/0000-0001-5939-5244
https://orcid.org/0000-0001-8363-9448
https://orcid.org/0000-0002-3699-679X
mailto:henrikj@dtu.dk
http://crossmark.crossref.org/dialog/?doi=10.1088/1741-4326/ad1a57&domain=pdf&date_stamp=2024-1-12
https://doi.org/10.1088/1741-4326/ac47b4
https://creativecommons.org/licenses/by/4.0/


Nucl. Fusion 64 (2024) 026015 H. Järleblad et al

Keywords: fast ion, orbit, diagnostics, dt, neutron emission spectroscopy, sensitivity,
weight function

(Some figures may appear in colour only in the online journal)

1. Introduction

The recent deuterium-tritium (DT) campaign [1, 2] at the
Joint European Torus (JET) [3] marked an important mile-
stone on the path to viable fusion energy for the produc-
tion of electricity for society. Compared with the previous
JET DT campaign in 1997 (JET-DTE1), this campaign (JET-
DTE2) planned a twenty-fold increase in the budget of repro-
cessed tritium gas (∼700 g vs∼35 g) andmore than a five-fold
increase in the budget of produced DT-neutrons (1.7× 1021

vs 3× 1020) [1, 4]. To measure the fusion-born DT-neutrons
during such plasma operation is therefore seen as vital; both
to ensure that the neutron budget is respected and to confirm
fusion power output, but also to provide experimental data
to reconstruct the distribution of fast ions [5–11]. The first
generation of future fusion power plants, where fast ions will
provide the bulk of the plasma heating, are envisioned to oper-
ate solely with DT fuel, due to the favorable cross-section of
the D(T,n)4He fusion reaction [12]. Understanding the results
from the JET-DTE2 campaign are therefore seen as crucial for
the successful operation of such fusion power plants, as well
as next-step magnetic confinement devices such as ITER [3,
13, 14] and SPARC [15, 16].

Compared to the 2.45MeV neutrons produced in
D(D,n)3He reactions, a different diagnostic setup if often
required to measure the 14MeV neutrons produced in
D(T,n)4He reactions [17–19]. For JET-DTE2, two neutron
diagnostics that were employed were the upgraded magnetic
proton recoil diagnostic (MPRu) [18] and the diamond matrix
diagnostic [20] (KM14). Given their frequent use, it can be
argued to be of importance to investigate what type of fast
ions can produce the DT-neutrons measured by the two dia-
gnostics. Or, in other words, how sensitive these diagnostics
are to fast ions with different energies, pitch (p= v∥/v where
v is the speed and v∥ is the velocity component parallel to the
magnetic field), major radius R and vertical positions z. Given
the measurement of a certain number of neutrons with a cer-
tain energy, how many of these are likely to have originated
from co-passing, counter-passing and trapped fast ions, and
in what fractions? Are there fast-ion trajectories (also known
as orbits) that are not observable at all by the MPRu and the
KM14 diagnostics?

To answer these questions, it is convenient to employ so-
called weight functions [6–8, 21–33]. Given the assumption of
a linear relationship between a measurement signal s and the
fast-ion distribution f, the weight functions provide the link
between s and f as [34–36]

s=
ˆ
w(x,v) f(x,v)dxdv, (1)

where x is the position and v the velocity, defining the phase
space, and the integral is computed for the phase-space areas of

Table 1. Neutron flux in 105 per second for the KM14 diamond
matrix diagnostic for JET shot No 99965 at 8.4 s. The total flux is
given by the sum of the neutrons contributions from
thermal-thermal and beam-thermal reactions. The fractions are
similar for the MPRu diagnostic.

Thermal-thermal Beam-thermal Total

0.45 4.05 4.5

interest. However, the validity of the linear relationship relies
on the assumption that the fraction of neutrons originating
from beam-thermal reactions is much larger than the fraction
of neutrons originating from thermal-thermal and/or beam-
beam reactions [7].With ‘beam’, wemean (fast) ions heated to
energies well above that of the thermal ions via neutral beam
injection (NBI) and/or electromagnetic wave heating in the ion
cyclotron range of frequencies (ICRF) [37]. With ‘thermal’,
we mean the bulk plasma below the fast-ion energy range.
For JET discharge 99965 examined in this paper, the beam-
thermal reactions dominate, as can be seen in table 1 making
orbit weight functions suitable to use for analysis.

In this study, we use fast-ion data from TRANSP [38] via
the NUBEAM [39] module (in future studies, fast-ion data
from tomographic reconstruction from experimental measure-
ments can be used as well). TRANSP with NUBEAM were
used in simulations of fast-ion dynamics during JET DD and
DT campaigns and have been proven able to produce reliable
data consistent with various neutron and fast-ion diagnostics
[40–42].

Orbit weight functions can be used to decompose a com-
puted diagnostic signal in terms of orbit-type constituents
[34]. If the computed signal matches the experimental data
adequately well, and equation (1) still holds after a discret-
ization of phase space, the most likely fast-ion orbit origin
of a diagnostic (e.g. neutron) measurement can be calcu-
lated. Given the simulation, we can, for example, say in what
fractions the fast-ion orbit types (co-passing, counter-passing,
trapped, potato, stagnation and counter-stagnation) contribute
to measurements of neutrons with a specific detected energy
(which is up- or downshifted with respect to the nominal birth
energy). With the orbit weight functions alone, we can also
identify fast-ion orbits that are not observable by a certain
diagnostic.

In this work, orbit weight functions have been used to per-
form a fast-ion orbit analysis of the MPRu and KM14 dia-
gnostics in JET DT-shot No 99965 at 7.9 and 8.4 s using syn-
thetic measurements. The difference between the signals at
the two timepoints, corresponding to a decrease in measured
neutrons, is also investigated, and causes in terms of fast-ion
orbits are identified. The method of using orbit weight func-
tion to perform a fast-ion orbit analysis is novel. It is generally
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faster and has results that are easy to interpret, compared to
traditional methods such as velocity-space tomography, orbit
tomography and parameter scans (to fit experimental data).
The method can be applied to any fusion experiment and tor-
oidally symmetric magnetic confinement device. This paper
is organized as follows. In section 2, JET pulse No 99965 is
discussed, along with the diagnostic setup and method of ana-
lysis. In section 3, the effects of switching ICRF heating from
on to off in JET pulse No 99965 are discussed in terms of
weight functions and signals. In section 4, the decrease in dia-
gnostic signal as ICRF heating is switched off is analyzed in
terms of orbit types. Finally, a conclusion follows in section 5.

2. Experimental and diagnostics setup

JET discharge No 99965 was a DT shot with a hydrogen
minorityX [H]∼ 1% [43]. Heating schemes included NBI and
ICRF. Deuterium beams were shot into a tritium-rich plasma
where the mixture was nD/nT ∼ 0.15/0.85. Together with
solely D-NBI having been employed in shot No 99965, we can
further strengthen our confidence in using weight functions for
analysis, since the few fast T ions that appear will have little
thermal D to react with. Therefore, the fast ions were mostly
deuterium ions, and the thermal ions were mostly tritium ions,
and most DT reactions will thus be between fast deuterium
and slow tritium. Pulse 99965 was run to experimentally try to
quantify the effect of fundamental D heating on the fusion pro-
ductivity. Time traces of the heating power, electron and ion
temperature on axis, and the deuterium and tritium density on-
axis can be seen in figure 1. For the ICRF, heating deuterium at
the fundamental frequency of 29MHzwas used. Themagnetic
field strength on-axis was B0 = 3.85 T, and the plasma current
was Ip = 2.45MA. In figure 1(b), we can observe the electron
and ion temperatures on-axis as functions of time. The deu-
terium and tritium temperatures are assumed equal. We can
observe how the plasma is without sawtooth activity in the
time windows of interest (stable Te). T i is only stable in the
second time window. However, since we are interested in aver-
ages over the whole time windows and since T i only causes a
broadening of the high sensitivity regions of weight functions
[21], the data is suitable for use in this study. As we can see in
figures 1(a) and (d), when the ICRF heating was active at 7.9 s,
the fast-ion distribution (figure 1(d)) has a ‘tail’ that stretches
up into the megaelectronvolt (MeV) range. When ICRF heat-
ing was off at 8.4 s, the fast-ion high-energy tail has almost
completely disappeared.

To investigate the measurement of DT-neutrons (originat-
ing from the interaction between the fast-ion deuterium distri-
bution and the thermal tritium plasma), models of the MPRu
and diamond matrix sightlines were used. They have been
visualized in figure 2. The MPRu has an oblique line-of-
sight(LOS) which views the plasma in the counter-clockwise
direction. The KM14 has an almost completely vertical LOS
and views the plasma from above. In brief, the MPRu works
as follows [18]. Neutrons from the plasma pass through a

Figure 1. (a) Time traces for the NBI and ICRF heating of JET shot
No 99965. (b) The electron and ion temperatures on-axis, as
functions of time. (c) The deuterium and tritium densities on-axis,
as functions of time. (d) The energy dependence of deuterium
fast-ion distribution (integrated over the entire plasma). The solid
and dotted profiles correspond to the fast-ion distribution averaged
over the time windows denoted by the solid and dotted vertical
lines, respectively. Electron and ion temperatures and densities are
predicted by TRANSP, and are consistent with Thomson scattering
and charge exchange measurements, respectively. TRANSP ID is
99965K73.

collimator into the diagnostic, where they may hit a thin
polythene (CH2) foil. Some neutrons scatter elastically, and
result in protons escaping the foil. In the internalmagnetic field
(|B|< 1 T) of theMPRu, the protons travel in curved trajector-
ies and impact a plane detector. The energy of the protons, and
thus the neutrons, can be deduced via the proton impact posi-
tions. For measuring DT-neutrons, the MPRu is more suitable
to employ compared to e.g. time-of-flight diagnostics such as
TOFOR [17], due to its more favorable energy resolution and
signal-to-background (S/B) noise ratio [17, 18].

Continuing, the KM14 diagnostic consists of a matrix of 12
Single crystal Diamond Detectors (SDDs) [20]. The incom-
ing neutrons are detected via the collection of electron/hole
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Figure 2. Sightlines for the MPRu and KM14 diagnostics,
projected onto the JET poloidal cross-section in (a) and viewed
from above in (b). Examples of all six standard fast-ion drift orbit
types have also been plotted in (a), including their maximum major
radius coordinate (Rm)(colored points). Trajectories are computed
for deuterons. The red and purple arrows in (b) show directions of
the plasma current and toroidal magnetic field, respectively.
Magnetic flux surfaces for JET pulse 99965 at 7.9 s have been
included in (a) as dotted lines.

pairs generated by the charged particles produced in nuclear
reactions between the neutrons and carbon nuclei of the SDDs
Specifically, for 14MeV DT-neutrons, the α particle of the
12C(n,α)9Be reaction releases its energy in the detector, pro-
ducing a peak in the recorded spectrum. The position and
width of the peak depends on the incoming neutron energy.
The total energy of theα and 9Be isEα +EBe = En − 5.7MeV.
Even though the KM14 shares LOS with TOFOR [17, 20] at
JET, to measure DT-neutrons the KM14 is preferred due to its

Figure 3. Instrumental response function for the KM14 diamond
matrix [20] and MPRu diagnostics [18] at JET, for detecting
neutrons in the range of 14MeV.

more favorable resolution and S/B ratio, similar to the MPRu.
However, the KM14 has a perpendicular LOSwhile theMPRu
has an oblique LOSw.r.t the B-field. This will make the KM14
sensitive to neutrons originating from fast ions in different
parts of phase-space compared to the MPRu [7, 8, 34, 44].

To model the instrumental response (diagnostic resolution)
of the diagnostics, the following response functions were used.
For the KM14, a Gaussian response function centered around
5.7MeV and with a full-width at half-maximum of 100 keV
was used. It has been visualized in figure 3(a). For theMPRu, a
transfer matrix between incoming neutron energies and meas-
ured proton impact positionswas used, and has been visualized
in figure 3(b). It was computed via Monte Carlo methods [18].

With the model of the diagnostic sightlines in figure 2 and
the instrumental response functions, we can use the DRESS
code [45] to compute the expected measurement signals, given
the deuterium fast-ion distributions f(E,p,R,z) (their energy
dependencies f (E) are given in figure 1(d)) and the thermal
tritium plasma profiles shown in figures 4(a) and (b). E is
energy, p is the pitch, R is the major radius coordinate and
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Figure 4. The (a) density and (b) temperature profiles for the bulk
plasma of JET discharge 99965 at 7.9 and 8.4 s. The temperature
profiles were assumed to be the same for deuterium and tritium at
both timepoints. The profiles were predicted by TRANSP, and are
consistent with Thomson scattering and charge exchange
measurements. TRANSP ID is 99965K73.

z is the vertical coordinate, respectively. The resulting syn-
thetic signals for the MPRu and the KM14 diagnostics can
be viewed in figure 5. The Edep = 9.3MeV and X= 33 cm
measurement bins have been chosen as measurement bins of
interest for this study, since the upper end of a diagnostic spec-
trum is where information about the fast-ion distribution is
located. We can observe how there is a decrease in the expec-
ted signals for both diagnostics when the ICRF heating has
been switched off. This decrease is significant and notice-
able across both diagnostic spectra. Most of the decrease is
likely to originate from the loss of the fast-ion high-energy
tail (figure 1(d)) as ICRF heating is switched off. With the
Orbit Weight Computational Framework (OWCF) [46], we
can investigate the origin of this signal decrease in more detail.
By splitting the synthetic signals into their orbit-type con-
stituents, a detailed analysis can be performed in terms of
fast-ion orbit types (co-passing, counter-passing, trapped etc).
Examples of all fast-ion orbit types are shown in figure 2(a).
Using the OWCF, we can also split the fast-ion distribution

Figure 5. The synthetic diagnostic signals for the (a) KM14 and (b)
MPRu diagnostics, computed using the DRESS [45] code with
models of the sightlines, instrumental response functions and
TRANSP [38] data for JET shot 99965 at 7.9 and 8.4 s. In (c) and
(d), the same signals have been plotted with logarithmic scaling for
the y-axis. The black lines mark the diagnostic measurement bins of
interest, Edep = 9.3MeV and Xcm = 33 cm, for analysis in
sections 3 and 4.

itself into its orbit-type constituents, thereby enabling further
analysis. This is done in the following section.

3. ICRF heating on/off effects

When ICRF heating is switched off, the density and tem-
perature profiles for the thermal plasma change (figure 4).
Since the phase-space sensitivity [6, 8, 23, 27, 28, 30, 31,
47] of a fast-ion diagnostic depends on the thermal plasma
profiles, one might expect the fast-ion orbit sensitivity [34,
35, 47–49] to change as well. The fast-ion orbit sensitiv-
ity quantifies how sensitive a diagnostic is to fast ions on
different drift orbits. This quantity can be parameterized in
different orbit coordinates. In this study, due to its simpli-
city, we have chosen to work with the so-called orbit-space
coordinates [34, 49–52]. These are the energy E of the fast-
ion, the maximum major radius position Rm along the orbit
and the pitch pm at Rm. An (E,pm,Rm) triplet uniquely labels
any possible fast-ion guiding-center trajectory in a tokamak

5
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Figure 6. A 2D slice of constant fast-ion energy E= 250 keV of the full 3D orbit weight function for the Edep = 9.3MeV measurement bin
of the KM14 neutron diamond matrix diagnostic at (a) 7.9 and (b) 8.4 s of JET DT shot 99965, respectively. The marginal change between
timepoints is representative for other 2D slices of constant fast-ion energy and the MPRu diagnostic as well.

plasma (assuming toroidal symmetry, collisionless regime for
the fast ions and rL/δB ≪ 1 where rL is the fast-ion Larmor
radius and δB is the lengthscale over which the magnetic field
changes). In orbit-space coordinates, equation (1) takes the
form

s=
˚

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

As we can observe in figure 6, the change in shape
of the non-zero regions of the fast-ion orbit sensitivity
is only marginal between the two timepoints of interest
for this study. However, the sensitivity increases overall.
We can therefore conclude that most of the decrease in
the diagnostic signals as ICRF heating is switched off
(figure 5) is likely due to the retraction of the high-energy
tail of the fast-ion deuterium distribution (figure 1(d)). But
as the high-energy tail disappeares when ICRF heating is
switched off, how do the individual populations of orbit types
change?

To answer this question, we can split the fast-ion orbit-
space distribution f(E,pm,Rm) into its orbit-type constituents.
Mathematically, this can be expressed as

Nf =
˚

f(E,pm,Rm)dEdpmdRm (3)

=
∑
h

˚

h

f(E,pm,Rm)dEdpmdRm (4)

=
∑
h

Nf,h (5)

where N f is the total number of fast ions, Nf,h is the number of
fast ions with a drift orbit trajectory of type h and h includes
all valid standard orbit types, i.e. h=co-passing, trapped,
counter-passing, potato, stagnation, counter-stagnation. By
not effecting the energy integral in (4), we can obtain the
energy dependence of the orbit-type constituents of the fast-
ion distribution. That is,

Nf,h =
˚

h

f(E,pm,Rm)dEdpmdRm (6)

=

ˆ
fh (E)dE (7)

where fh(E) is the energy dependence of orbit-type constituent
h. Also note that
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Figure 7. A plot showing the split of the energy dependence of the fast-ion distribution into its orbit-type constituents. The sum of the
colored lines equals the black line in figure 1 (minus the more ‘exotic’ potato, stagnation and counter-stagnation orbit types; omitted for
clarity). The solid and dotted profiles correspond to the time windows at 7.9 and 8.4 s, respectively. Zoomed-in linear scale included as an
inset, showing trapped dominance. The fast-ion distribution TRANSP ID is 99965K73.

f(E) =
∑
h

fh (E) =
¨

f(E,pm,Rm)dpmdRm (8)

where f (E) is the energy dependence of the fast-ion distribu-
tion, plotted in figure 1(d). The energy dependencies of the
orbit-type constituents of the fast-ion distribution, fh(E), have
been plotted in figure 7. As shown in figure 7, as ICRF heating
is switched off, regardless of orbit type, all orbit-type distribu-
tions retract downwards in fast-ion energy. For some higher
energies that are still populated (e.g. E≈ 250 keV), the pop-
ulations are approximately two orders of magnitude smaller.
For the counter-passing distribution at E≈ 250 keV, the popu-
lation is almost six orders of magnitude smaller.

In figure 7, we can also observe how the peak of the trapped
orbit population is the highest of all orbit types. One might
therefore expect a fast-ion diagnostic signal s to be a result of
DT-neutrons originating frommostly trapped orbits. However,
as discussed earlier, a diagnostic signal s can be written as the
result of a multiplication between the fast-ion distribution f
and the weight function w of the diagnostic, i.e. s=

´
wfdxdv.

Similarly to f (E), we can examine the energy dependence of
the weight function w and split it into its orbit-type constitu-
ents. By doing this, we can examine how sensitive the dia-
gnostics are to different orbit types as functions of fast-ion
energy. However, a weight function has dimensions of sig-
nal per ion. To investigate e.g. energy dependence, we there-
fore need to take averages instead of integrating, to take the
orbit-space metric into account. Mathematically, this can be
expressed as

w̄h (E) =

¨
h

dpmdRm

−1¨

h

w(E,pm,Rm)dpmdRm. (9)

The dependence on upper and lower diagnostic energy bin
(Ed,1,Ed,2) has been omitted for brevity. Even though the
average orbit sensitivity does not account for specific fast-ion

distributions, as we shall see it is sufficient for the discussion
in this study.

The energy dependence of the average orbit sensitivity for
each orbit type has been computed and shown for the KM14
and MPRu diagnostics in figures 8 and 9, respectively. As
we can observe, for the Edep = 9.3MeV measurement bin of
the KM14 diagnostic, the average orbit sensitivity is highest
for counter-passing orbits, followed by co-passing orbits, fol-
lowed finally by trapped orbits. The peaks of the average
orbit sensitivity of trapped orbits are about half the height of
the co-passing peaks, and about a third of the height of the
counter-passing peaks. We would therefore expect a corres-
ponding reduction and increase in the signal contribution from
trapped and passing orbits, respectively. For the MPRu and
the X= 33 cm measurement bin, the peak of the average orbit
sensitivity for co-passing ions is almost 6 times higher than the
peak of the average orbit sensitivity of trapped ions. Therefore,
even if we had a fast-ion distribution consisting of six times as
many trapped as co-passing orbits, we could expect the meas-
urement of a proton at X= 33 cm to be (roughly) just as likely
to have originated from a trapped orbit as from a co-passing
orbit.

In figures 8 and 9, it is also interesting to note that the
average orbit sensitivity increases in general when ICRF heat-
ing is switched off, as discussed already for figure 6. This is
likely due to the general increase of the thermal tritium dens-
ity profile (figure 4(a)) as ICRF heating is switched off, which
would affect the orbit sensitivitymore directly than the thermal
tritium temperature profile (figure 4(b)) (w∝ nthermal while
Tthermal just creates a blurring effect on w via the sampling
of the thermal Maxwellian temperature distribution). In addi-
tion, the relative increase of the thermal tritium density pro-
file (≈20%) is similar to the relative increase of the sensitivity
peaks (≈20%), further supporting the hypothesis. However,
this only holds for the KM14 diagnostic (figure 8), for which
the increase in sensitivity is more pronounced. This is likely
resolved by the fact that KM14 has a LOS observing a larger
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Figure 8. A plot showing the split of the energy dependence of the KM14 orbit weight function (average) for the Edep = 9.3MeV
measurement bin into its orbit-type constituents. The solid and dashed profiles correspond to the time windows at 7.9 and 8.4 s, respectively.
For both timepoints, the orbit sensitivity was mapped only for the energy range of interest, i.e. where f(E)> 0. The profiles correspond to
averages for each orbit type and energy.

Figure 9. A plot showing the split of the energy dependence of the MPRu orbit weight function (average) for the X= 33 cm measurement
bin into its orbit-type constituents. The solid and dashed profiles correspond to the time windows at 7.9 and 8.4 s, respectively. For both
timepoints, the orbit sensitivity was mapped only for the energy range of interest, i.e. where f(E)> 0. The profiles correspond to averages
for each orbit type and energy.

portion of the plasma center compared to the outer plasma. A
change in the plasma center (figures 4(a) and (b)) would thus
be likely to result in a larger change in the orbit sensitivity,
compared to e.g. the MPRu with a less poloidally localized
LOS.

4. Orbit origin of signal loss

Having discussed the change of the fast-ion distribution f and
the orbit sensitivity w as ICRF heating is switched off in
section 3, we are now ready to investigate the diagnostic signal
s in terms of orbit types. This can be done similar to (4) and (9)
by splitting (2) into its orbit-type constituents.Mathematically,
this can be expressed as

s=
˚

w(E,pm,Rm) f(E,pm,Rm)dEdpmdRm (10)

=
∑
h

˚

h

w(E,pm,Rm) f(E,pm,Rm)dEdpmdRm (11)

=
∑
h

sh, (12)

where sh is the signal contribution from orbit type h. It can
be helpful to note that w̄(E) (discussed above and plotted
in figures 8 and 9) is not used when splitting the signal s
into its orbit-type constituents, but the full weight function
w(E,pm,Rm) is used.

As we can observe in figure 10, for the measurement bins
of interest Edep = 9.3MeV and X= 33 cm, the signals from
all orbit types decreases as ICRF heating is switched off (even
though the overall sensitivity increases, as discussed above).
We can also observe how the KM14 and MPRu signals at
Edep = 9.3MeV and X= 33 cm are dominated by contribu-
tions from co-passing orbits, even though the trapped fast-ion
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Figure 10. The (synthetic) diagnostic measurements at Edep = 9.3MeV and X= 33 cm for the (a) KM14 and (b) MPRu diagnostics,
respectively, split into their most likely orbit-type constituents. The sum of the solid bars in (a) and (b) equals the value of the solid lines in
figures 5(a)/(c) and (b)/(d) at Edep = 9.3MeV and X= 33 cm, respectively. The sum of the striped bars in (a) and (b) equals the value of the
dotted lines in figures 5(a)/(c) and (b)/(d) at Edep = 9.3MeV and X= 33 cm, respectively.

orbit population is the largest (figure 7). As previously dis-
cussed, this is because of the relatively high orbit sensitiv-
ity to co-passing ions of the KM14 and MPRu diagnostics at
Edep = 9.3MeV and X= 33 cm (figures 8 and 9). A detailed
discussion on the mechanisms behind a high orbit sensitivity
can be found in [34, 44].

Furthermore, it is also interesting to note that the KM14
diagnostic signal at Edep = 9.3MeV has no contribution from
stagnation orbits for this fast-ion distribution. This is simply
because, for JET discharge 99965 at 7.9 and 8.4 s, the LOS
of the KM14 diagnostic (figure 2) misses the region of the
poloidal cross-section where the stagnation orbits have their
trajectories (i.e. the low-field side area close to the magnetic
axis). For JET discharge 99965 at 7.9 and 8.4 s, about 0.3% of
the fast-ion population consists of stagnation orbits. Therefore,
unless the orbit sensitivity is very concentrated to the stagna-
tion region in orbit phase-space, such a small fraction would
have made a negligible contribution to the diagnostic signal
anyway (e.g. figure 10(b)). However, as has been discussed in
[34], the relative population of stagnation orbits is likely to be

larger in future burning plasmas. It should be mentioned that
stagnation orbits can be observed in other fusion experiments,
as long as the LOS of the diagnostic crosses the low-field side
area close to the magnetic axis.

Continuing, we can perform a more detailed analysis by
investigating the fast-ion energy spectrum of the signal contri-
butions in figure 10. Mathematically, this is equivalent to not
effecting the energy integral in equation (11). Let

ζ (E,pm,Rm) = w(E,pm,Rm) f(E,pm,Rm) (13)

denote the signal phase-space density. Such signal phase-
space densities for given distribution functions have proven
useful in 2D velocity-space tomography [32, 53]. We can
split ζ into its orbit-type constituents and isolate its energy
dependence as

s=
˚

ζ (E,pm,Rm)dEdpmdRm (14)

9
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Figure 11. A plot showing the split of the energy dependence of the KM14 signal phase-space density for the Edep = 9.3MeV measurement
bin into its orbit-type constituents. The solid and dashed profiles correspond to the time windows at 7.9 and 8.4 s, respectively. The integral
of a solid (or dashed) profile with a specific color equals the height of the solid (or striped) bar with the same color in figure 10(a).

Figure 12. A plot showing the split of the energy dependence of the MPRu signal phase-space density for the X= 33 cm measurement bin
into its orbit-type constituents. The solid and dashed profiles correspond to the time windows at 7.9 and 8.4 s, respectively. The integral of a
solid (or dashed) profile with a specific color equals the height of the solid (or striped) bar with the same color in figure 10(b).

=
∑
h

˚

h

ζ (E,pm,Rm)dEdpmdRm (15)

=
∑
h

ˆ
ζh (E)dE, (16)

where h again denotes orbit type and

ζh (E) =
¨

h

ζ (E,pm,Rm)dpmdRm. (17)

The energy dependence of the signal phase-space density split
into orbit types (ζh(E)) has been plotted in figures 11 and 12
for the KM14 and MPRu diagnostics, respectively. We can
observe howmost of the measurements at Edep = 9.3MeV and
X= 33 cm are likely to have originated from fast ions with an
energy of around E= 100 keV. This energy is approximately
in the middle of the peak of the fast-ion distribution (figure 7)

and the orbit weight functions (figures 8 and 9) where the wf
product is maximized. We can also observe how, when ICRF
heating is switched off, even though the signal densities for all
orbit types decrease, the peaks of the signal densities remain
roughly at the same fast-ion energy E≈ 100 keV.

Furthermore, we can examine the difference between the
solid and striped bars in figure 10, color by color, to deduce the
most likely orbit-type origin of the decrease of the diagnostic
signals in figure 5 at Edep = 9.3MeV (difference between the
solid and dotted lines in figure 5(a)/(c)) and X= 33 cm (dif-
ference between the solid and dotted lines in figure 5(b)/(d)),
respectively. This has been done in figure 13. We can observe
how most of the decrease in both the KM14 and MPRu sig-
nals is likely due to a loss in co-passing orbit contribution
to the signals. This is because the orbit sensitivity is relat-
ively high for co-passing orbits for both diagnostics (figures 8
and 9) for the measurement bins of interest (Edep = 9.3MeV
and X= 33 cm, respectively). Combined with a substantial
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Figure 13. The signal decrease of the (a) KM14 and (b) MPRu
diagnostics at Edep = 9.3MeV and X= 33 cm, respectively, as ICRF
heating is switched off, split into its most likely orbit-type
constituents. For every color, it is the difference between the striped
and solid bars in figure 10.

decrease in the co-passing distribution in the fast-ion energy
range where the peak of the orbit sensitivities are located
(E≈ 250 keV) (figure 7), this results in a substantial decrease
in the signal originating from co-passing fast-ion orbits.

Finally, we can also examine the relative decrease of the
signal per orbit type. This has been done in figure 14. We
can observe how the relative decrease in signal contribution
is greatest for counter-passing orbits. As we can observe in
figures 8 and 9, the sensitivity to counter-passing orbits is quite
different for the KM14 andMPRu diagnostics for themeasure-
ment bins of interest. One can thus conclude that the great rel-
ative decrease in counter-passing signal contribution is due to
the great decrease in the counter-passing distribution (figure 8)
as ICRF heating is switched off. However, as can be observed
in figure 10, the absolute contribution of counter-passing orbits
to the diagnostic signal is small (∼1%).

Figure 14. The relative signal decrease of the (a) KM14 and (b)
MPRu diagnostics at Edep = 9.3MeV and X= 33, respectively, as
ICRF heating is switched off, for each orbit type. For every color, it
is the difference between the striped and solid bars in figure 10,
divided by the value of the solid bar.

5. Conclusion

In this work, we have investigated the decrease in signal for
the KM14 and MPRu fast-ion neutron diagnostics at JET as
ICRF heating was switched off in DT-discharge 99965. It was
found that, for the measurement bins of interest and given the
simulation, the signal decrease was mostly due to a decrease in
contribution from co-passing deuterium orbits. This was due
to the relatively high sensitivity for co-passing orbits for both
diagnostics for the measurement bins of interest. It was also
due to the decrease in the high-energy co-passing population
by several orders of magnitude as ICRF heating was switched
off.

Continuing, given the simulation data of JET DT-discharge
99965, the KM14 diamond matrix diagnostic is completely
unable to observe any signal originating from stagnation
orbits. This is because its sightline does not observe the
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volume just to the low-field side of the magnetic axis, where
the stagnation orbits are localized. However, for the 7.9 s and
8.4 s timepoints, the stagnation orbits are unlikely to make up
more than about 0.3% of the fast-ion population, making their
contribution negligible anyway.

Furthermore, even though the fast-ion distribution is com-
prised of mostly trapped orbits for JET DT-discharge 99965 at
7.9 s and 8.4 s, the signals in the measurement bins of interest
for the KM14 and MPRu diagnostics have originated mostly
from co-passing orbits. This is due to the orbit sensitivity being
greater for co-passing orbits than trapped orbits for the KM14
and MPRu diagnostics, for the timepoints and measurement
bins of interest.

In future work, this method of splitting the fast-ion distri-
bution and diagnostic signals into their orbit-type constituents
will have several areas of application. This includes confirm-
ing the presence of high-energy co-passing orbits as a result
of heating schemes such as the three-ion heating scheme [37,
54, 55], or clarifying the interaction of fast ions and Alfvénic
modes [56–58]. This could for example be done by trying dif-
ferent experimental approaches aimed to achieve a particu-
lar amount of MeV-range co-passing ions via the three-ion
heating scheme, and then use the methods developed in this
study to confirm such a population, given a fast-ion distribu-
tion obtained via orbit-space tomography [35] or phase-space
tomography [59]. Alfvénic modes can cause resonances in
phase space and thus changes to the ratios between the differ-
ent orbit populations of the fast-ion distribution. Fast-ion orbit
analysis could be used to analyze and compare these ratios
before and after the presence of an Alfvénic mode, possibly
providing greater insight into the physics of the interaction
between Alfvén modes and fast ions.

Furthermore, it should be mentioned that, even though the
focus of this study is on neutronmeasurement signals, in future
work the method of using orbit weight functions for fast-ion
orbit analysis can be applied to many other types of fast-ion
diagnostics. Suitable types of diagnostics for an investigation
that could build upon this study include gamma-ray detectors
[60, 61] and fast-ion D-alpha spectroscopy detectors [62, 63].

Finally, the methods developed in this work can also be
used to optimize the design of fast-ion diagnostics [44], to
ensure that their sightlines are able to observe the full fast-
ion distribution function. This is seen as vital for understand-
ing how the behavior of the fast-ion distribution function
will affect the fusion plasma as a whole, in both present-
day and future fusion experimental reactors such as JET and
ITER.
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