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Abstract
We present the first comprehensive multi-sightline neutron spectrometry measurements during
synergistic NBI and deuterium third-harmonic ICRF heating on EAST. Using the time-of-flight
enhanced diagnostic (TOFED) and three compact organic scintillator spectrometers, we
observed a significant broadening in the measured spectra, indicating the acceleration of fast
ions well beyond the injection energy. TRANSP simulations reveal a fast ion distribution
extending to approximately 600keV with a marked pitch-angle asymmetry favoring co-current
velocities. These simulations are validated by synthetic spectra generated via the GENESIS
code and the spectrometers’ instrumental response functions, which show excellent agreement
with measurements. Furthermore, a TRANSP-independent weight-function analysis of the
spectral cutoffs confirms the pitch asymmetry of the energetic tail. Orbit-topology calculations
using the Orbit Weight Computational Framework (OWCF) demonstrate that this asymmetry is
determined by the fast ion loss boundaries on EAST. These results establish the capability of
multi-sightline neutron spectrometry to unveil the phase-space distribution of
radiofrequency-accelerated ions, serving as a vital diagnostic for MeV-range fast ion physics
relevant to future burning plasma research.
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1. Introduction

Magnetic confinement fusion research is approaching the
burning plasma stage. In such deuterium–tritium (DT) burn-
ing plasmas, the 3.5MeV α particles will dominate plasma
heating. These MeV-range fast ions will undergo phase-space
interactions with radiofrequency (RF) waves, instabilities, and
turbulence, thereby strongly influencing plasma behavior [1].
Therefore, measuring the fast ion velocity distribution func-
tion offers a direct experimental basis for studying these cru-
cial processes [2].

In deuterium plasmas, auxiliary heating such as neutral
beam injection (NBI) and ion cyclotron range of frequen-
cies (ICRF) heating are the primary sources of fast ions. The
combination of NBI and nth harmonic ICRF heating (n=
2, 3, typically) provides an effective means to generate MeV-
range fast deuterium ions, serving as experimental surrog-
ates for fusion-born α particles in deuterium plasmas. The
NBI supplies energetic seed ions, which can be further effi-
ciently accelerated by the ICRF waves due to finite Larmor
radius effects [3, 4]. Synergistic heating combined with NBI
and third-harmonic ICRF for deuterium (ω ≈ 3ωcD), rather
than the second-harmonic ICRF (ω ≈ 2ωcD), avoids funda-
mental absorption by hydrogen ions and more effectively pro-
duces high-energy deuterons. This heating scenario has been
demonstrated on devices including TEXTOR [5], JET [6, 7],
ASDEX-U [8], and EAST [9].

Neutron spectroscopy provides diagnostics of the kin-
etic information of fuel ions through the measurement of
fusion neutron energy spectra [10, 11]. In deuterium plas-
mas, neutron emission is dominated by beam–thermal reac-
tions between fast and thermal ions, so the neutron energy
spectra contain valuable information on the fast ion velo-
city distributions [12, 13]. On JET deuterium discharges,
the neutron time-of-flight (tof) spectrometer TOFOR was
used to measure the perpendicular (relative to the magnetic
field) fast ion velocity distribution during NBI–ICRF syner-
gistic heating [14] and to investigate interactions between fast
ions and core-localized toroidal Alfvén eigenmodes (tornado
modes) [15, 16]. Furthermore, neutron and gamma-ray spec-
troscopic measurements along multiple lines-of-sight (LOSs)
have been shown to provide access to the parallel velocity
(also relative to the magnetic field) of fast ions [17], enabling
tomographic reconstructions of the MeV fast ion distribu-
tion f

(
v∥,v⊥

)
under NBI–ICRF third-harmonic heating [18,

19] and D–DNBI–3He 3-ion ICRF heating scenarios [19–
21]. Extending these studies to deuterium-tritium plasmas,
JET D–T campaign demonstrated that, using a high signal-
to-noise ratio magnetic proton recoil (MPR) spectrometer,
MeV-range fast fuel ions produced by NBI–ICRF synergistic
heating could be successfully diagnosed [22, 23], and the
fast ion distribution of deuterium has been tomographically

reconstructed in a tritium-rich plasma [24]. For future burning-
plasma devices such as ITER, the high-resolution neutron
spectrometer (HRNS), primarily designed for core D/T ratio
measurements, is also expected to provide valuable inform-
ation on fuel ion temperatures and fast ion velocity distribu-
tions [25].

On EAST, benefiting from improved ICRF antenna coup-
ling efficiency [26], a series of NBI–ICRF synergistic heat-
ing studies have been performed. [9, 27–29] reported syner-
gistic heating experiments combined with NBI and second or
third harmonic ICRFwaves, and the fast ion distributions were
simulated. In addition, previous studies have calculated fast
ion losses and heat fluxes under synergistic heating on EAST
[30, 31]. Multiple neutron spectrometers have been developed
on EAST [32], providing a capability to observe the syner-
gistic effect. However, on EAST, quantitative analysis of neut-
ron spectroscopy measurements under NBI–ICRF synergistic
heating has not been reported previously.

This paper presents, for the first time, comprehensive
multi-LOS neutron spectrometer measurements on EAST
under NBI–ICRF third-harmonic heating. Pronounced spec-
tral broadening was observed by all four neutron spectromet-
ers. The fast ion velocity distribution function was calculated
using the TRANSP code [33], and synthetic spectra were cal-
culated by combining the GENESIS code [34] with the spec-
trometer response matrices. A weight-function analysis was
applied to efficiently estimate the energy-pitch characterist-
ics of the fast-ion tail. Both TRANSP simulations and weight-
function analysis showed a pitch-angle asymmetry of the fast
ion tail. Orbit analysis indicates that this asymmetry is caused
by fast ion loss orbits on EAST. These results establish the
basis for tomographic inversion of fast ion velocity distribu-
tions and provide diagnostic capability of MeV-range fast ions
for burning plasma studies.

The remainder of this paper is organized as follows.
Section 2 introduces the principle of diagnosing fast ion
velocity distributions with neutron spectroscopy. Section 3
describes the EAST synergistic NBI–ICRF third-harmonic
heating discharge and the multi-LOS neutron spectromet-
ers system. Section 4 presents the measurement results, and
section 5 analyzes the fast ion distribution using TRANSP
simulations and spectrometer weight functions. Section 6 dis-
cusses the influence of orbit effects. Finally, conclusions are
drawn in section 7.

2. Diagnostic principles and analysis methods

2.1. Influence of fast ions on neutron emission

In magnetic confinement fusion devices, the presence of ener-
getic deuterium and tritium ions can substantially increase the
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Figure 1. Beam–thermal fusion reactivities for monoenergetic
deuteron beams interacting with Maxwellian deuterium or tritium
ions. Solid lines denote DD reactions and dashed lines denote DT
reactions. Different colors correspond to different ion temperatures.

neutron yield, as well as modify the neutron energy spec-
trum. For two-body fusion reactions A+B→ n+C (where
AB denotes either DD or DT reactions), the fusion neutron
emission rate is given by

RAB =
nAnB

1+ δAB
⟨σv⟩AB, (1)

where nA and nB denote the number densities of the ion spe-
cies, and δAB is the Kronecker delta, taking the value 1 for
identical species and 0 otherwise. The reactivity ⟨σv⟩ can be
expressed as

⟨σv⟩AB =

¨
f̂A (vA) f̂B (vB)σAB (vrel)vrel d

3vAd3vB, (2)

where vrel = |vA − vB| is the relative velocity, σAB (vrel) is the
fusion cross section, and f̂A (vA) and f̂B (vB) are the normalized
velocity distribution functions of species A and B, respect-
ively. In deuterium plasmas of currently operating tokamaks
with NBI injection, neutron emission is dominated by beam–
thermal reactions between fast and thermal ions. Similarly,
in present DT experiments with NBI, the majority of neut-
ron emission also arises from beam–thermal reactions [35].
Figure 1 shows the beam–thermal fusion reactivity as a func-
tion of deuteron beam energy. The DD and DT reactions
are indicated by solid and dashed lines, respectively, and
the reaction cross sections are taken from the TENDL-2019
library [36].

For the case of NBI–ICRF synergistic heating, ICRF can
further accelerate fast deuterons from ∼100 keV to the MeV
range. As shown in figure 1, the DD reactivity (solid lines)
increases markedly with beam energy within this range,
whereas the DT reactivity (dashed lines) exhibits only a mod-
erate increase (and can even decrease). This indicates that in
deuterium plasma, the high-energy ICRF fast ion tail corres-
ponds to an enhanced neutron emission, providing an oppor-
tunity to investigate the fast ion velocity distribution via neut-
ron spectroscopy and yield measurements.

The influence of fast ions on the neutron emission spec-
trum is discussed below. For reactions A+B→ n+C, using
classical kinematics, the emitted neutron energy En0 in the
laboratory frame can be written as [37]:

En0 =
1
2
mnv

2
com +

mc

mn +mc
(Q+K)

+mnvcom

√
2mc (Q+K)
mn (mn +mc)

cosθ ′
n, (3)

where mn and mc represent the masses of the neutron and the
other product particle, respectively; vcom is the center-of-mass
velocity;Q andK are the reactionQ-value and the total kinetic
energy of the reactants in the center-of-mass frame; and θ ′

n is
the neutron emission angle in that frame. The corresponding
neutron emission spectrum, representing the number of neut-
rons emitted per unit volume (dV), per unit solid angle (dΩlab),
and per unit time (dt), is then given by [37]:

dN
dVdΩlab dtdEn

=
nAnB

1+ δAB

¨
δ (En −En0) f̂A (vA) f̂B (vB)

× vrelσ (vrel,θ
′
n) d

3vAd3vB. (4)

Here, nA and nB denote the number densities of the reactants;
f̂A and f̂B represent the normalized velocity distribution func-
tions; vrel = vA − vB is the relative velocity; and σ (vrel,θ ′

n) is
the differential cross-section of the reaction. The Kronecker
delta δAB is unity for reactions within the same particle popu-
lation and zero otherwise. The termsEn0 and θ ′

n are determined
by equation (3) and the geometric relations of the velocities,
which are expressed as functions of vA, vB, and the LOS angle
β of the spectrometer.

Fast ions undergo both gyro motion and parallel motion in
the background magnetic field. The former causes a broaden-
ing of the neutron emission spectrum, while the latter leads
to a spectral shift. Simplified analytical treatments of these
effects have been presented in [38]. Overall, the neutron emis-
sion spectrum carries information on the fast ion velocity dis-
tribution, but it also depends on the observation direction of
the spectrometer LOS.

2.2. Weight functions of neutron emission spectroscopy

Under certain assumptions—namely, that the neutron emis-
sion arises mainly from the plasma core and is dominated by
beam–thermal reactions—the neutron emission spectrum can
be approximated by a linear function of the fast ion velocity
distribution. In this case, a weight function can be defined to
describe such linear mapping. More generally, weight func-
tions are widely used in the analysis of various fast ion
diagnostics [39], such as fast ion Dα (FIDA) [40–43], collect-
ive Thomson scattering (CTS) [44], neutral particle analyzers
(NPAs) [45], fast-ion loss detector (FILD) [46, 47], ion cyclo-
tron emission (ICE) [48, 49], 3 MeV proton diagnostics [50]
as well as neutron emission spectroscopy (NES) [51–53] and
gamma-ray spectroscopy (GRS) [54, 55]. The weight function
w(X,E,p) represents the contribution from an ion that has a

3
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Figure 2. Weight functions of the DD neutron emission spectrum w(En,E,p) for different LOS angles β.

specific energy-pitch (E, p) in velocity space to the diagnostic
spectrum at X (where X represents a measurement bin of a
given spectral width) and is formally defined as

w(X,E0,p0) = s(X)

∣∣∣∣
f(E,p)=δ(E−E0)δ(p−p0)

, (5)

where f(E,p) is the fast ion velocity distribution, and s(X) is
the measured diagnostic spectrum. Using this definition, the
diagnostic spectrum can be expressed as

s(X) =
ˆ
E

ˆ
p
w(X,E,p) f(E,p) dEdp (6)

and provides a means for rapid computation of synthetic dia-
gnostic data or for tomographic inversion using appropriate
algorithms [39]. On EAST, weight functions have been estab-
lished for FIDA [43] and NES [52, 53] in the energy range
E< 100 keV.

For a neutron spectrometer, the neutron spectral weight
function w(En,E,p) along the LOS is first calculated, and
by convolving it with the detector’s response matrix r(X,En),
the overall spectrometer weight function w(X,E,p) can be
obtained. As an example, we consider two LOSs of the EAST
neutron spectrometer. Their neutron spectral weight functions
were calculated using the GENESIS code [34], and the res-
ults are shown in figure 2. The LOS angles β, representing
the angle between the plasma current and the detectors’ line
of sight, are 54◦ and 132◦, respectively. These angles cor-
respond to the EJ-301 and time-of-flight enhanced diagnostic
(TOFED) detectors on EAST (illustrated in figure 4). It should
be noted that, in this study, the sign convention of the pitch
follows that used in TRANSP, where the pitch is defined as
positive when parallel to the plasma current. The low-energy
part of the neutron spectrum is affected by scattered neutrons,
so the analysis mainly focuses on neutrons of En > 2.45MeV.
It can be seen through figures 2(a) and (b) that, the pitch-angle
dependence of weight function arises from the LOS direction.
Consequently, measurements from a single LOS leave certain
regions of the (E, p) space uncovered, making it difficult to
fully reconstruct the fast ion velocity distribution. Therefore,
combining multiple LOS enables a more comprehensive cov-
erage of the fast ion velocity space, which is beneficial for the
analysis of NBI–ICRF synergistic heating scenarios.

It should be noted that, unlike FIDA, CTS, or active NPA
diagnostics with high spatial resolution, the measured neut-
ron spectrum integrates over the entire LOS. Järleblad et al
extended the weight function of NES to fast ion orbit space

(E,µm,Rm) [56] and successfully applied it to the fast-ion orbit
analysis of the JET DTE2 campaign [24, 57]. However, as the
neutron emission profile is strongly peaked, the approxima-
tion that neutrons are emitted primarily from the plasma core
can be used. This approximation justifies the application of
equation (6), as adopted in [18, 19, 21, 24, 51–53]. A detailed
discussion of the neutron spectrometers’ weight functions on
EAST, as well as their application toNBI–ICRF heating exper-
iments, is provided in section 5.2.

3. Experimental setup

3.1. The EAST discharge

A series of nine NBI–ICRF third-harmonic synergistic heat-
ing experiments were carried out on EAST between discharge
shots #113828 and #113848. Shot #113829 was selected as a
representative case for analysis. The evolution of shot #113829
is shown in figure 3(a). The basic parameters of the discharge
were: line-averaged electron density ne = 2.8× 1013 cm−3,
plasma current Ip = 0.50MA, core toroidal magnetic field
B0 = 1.65T (counter-Ip direction). A drawing of the NBI tra-
jectories and ICRF antenna locations are shown in figure 4.
Two NBI lines, NBI1L and NBI2L, both in the co-current dir-
ection, were sequentially applied with beam voltages of 55kV
and 50kV, and injection powers of 0.8MW and 0.7MW. Both
the I and N port ICRF antennas delivered heating powers of
0.4MW each, with a frequency of 37MHz. Additionally, a
1.2MW low hybrid wave power was injected for electron heat-
ing and current drive, and a n= 2 resonant magnetic perturb-
ation was applied for impurity exhaust.

Two typical time points were selected: t= 3.5s (NBI at full
power, ICRF off) and t= 4.5s (both NBI and ICRF on). At
these times, electron density profiles from the reflectometer
for the edge and the polarization-interferometer (POINT) for
the core, electron temperature Te from Thomson scattering,
ion temperature Ti from x-ray crystal spectroscopy, and effect-
ive charge Zeff from visible Bremsstrahlung were input into
the ONETWO code [58] for equilibrium reconstruction. The
resulting profiles are shown in figure 3(a). As illustrated in
figure 3(c), the third-harmonic resonance layer for deuterium
passed through themagnetic axis (Raxis = 1.87m), whereas the
second-harmonic layer for deuterium (also the fundamental
resonance layer for minority hydrogen) was entirely outside
the plasma.

Following the ICRF injection, the core electron dens-
ity increased, while the electron and ion temperatures
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Figure 3. EAST discharge #113829: (a) time evolution of discharge parameters; (b) profiles measured before (3.5 s) and during (4.5 s)
ICRF injection, where the radial coordinate ρ denotes the square root of the normalized toroidal flux

√
ϕn; (c) magnetic equilibrium and

resonance layer positions.

decreased slightly. The stored energy remained nearly con-
stant at approximately 110kJ, possibly due to impurity bursts
triggered by ICRF, which temporarily reduced plasma con-
finement. As shown by the extreme ultraviolet intensity in
figure 3(a), PXUV increased noticeably after ICRF activa-
tion, indicating enhanced radiated power. Despite the negli-
gible change in stored energy, after the application of ICRF
power, the neutron yield Yn more than doubled, rising from
3.7× 1013N s−1 to 9.1× 1013N s−1.

3.2. Neutron spectrometers

Neutron spectrometers on EAST are mainly installed at the F,
H, and J ports, with three lines of sight in total, as illustrated
in figure 4. The TOFED measures the neutron emission spec-
trum by recording the tof of neutrons that scatter once on the
primary detector (S1) before reaching the secondary detector
(S2). For a spherical flight path of radius R, the neutron flight
time ttof relates to neutron energy En as [10]:

ttof =
2R√

2En/mn
. (7)

The S2 detector of TOFED adopts a dual-ring configura-
tion, which minimizes geometric and scintillator light trans-
mission timing deviations, thereby optimizing energy resol-
ution and detection efficiency [59]. With a flight path radius
of 0.75m, a typical 2.45MeV D–D fusion neutron corres-
ponds to a tof of 69ns. The spectrometer is equipped with a
digital data acquisition system, allowing background subtrac-
tion using the Double Kinematic Selection algorithm [60] to
reduce the random coincidence background. TOFED is loc-
ated outside the horizontal J port, approximately 13m from the
plasma, with its LOS angle β = 132◦ (for Raxis = 1.87m). A

1.5 m-thick concrete wall provides shielding, and the diameter
of the collimation hole is 4cm. A compact stilbene crystal
neutron spectrometer is also installed along the same LOS [61,
62]. TOFED results under NBI heating have been previously
reported [63].

Additional compact neutron spectrometers were installed
inside radiation shields located in the EAST hall. Since 2021,
two newly designed radiation shields [64] have been installed
in the EAST hall, facing the F and H ports, respectively [64].
The shield at the F port, with a LOS angle β = 54◦, houses
an EJ-301 [37, 65] spectrometer, while the shield at the H
port, with β = 155◦, contains a BC-501A spectrometer [66].
Stilbene, EJ-301, and BC-501A are all hydrogen-rich organic
scintillators. Fast neutrons scatter off hydrogen nuclei, pro-
ducing recoil protons that generate scintillation pulses, while
pulse shape discrimination separates neutrons from gamma
photons.

Among the four neutron spectrometers, the response func-
tions for three of them—TOFED [52], EJ-301 [53], and stil-
bene [53]—have been established. Figure 5 illustrates the
response spectra of these spectrometers for several monoener-
getic neutron incidences. As shown in figure 5(a), the TOFED
spectrometer exhibits a quasi-Gaussian response, where the
peak position in the tof spectrum is uniquely determined by
the neutron energy according to equation (7). In contrast,
the EJ-301 and stilbene scintillators (figures 5(b) and (c))
show a quasi-rectangular response, where the pulse-height
spectra are smoothly and broadly distributed up to a specific
cutoff light-output energy. This continuous feature mainly
arises from the kinematics of neutron-proton elastic scatter-
ing, where the energy deposited by the recoil proton is given
by Ep = En cos2 θ. Since the scattering angle θ is stochastic-
ally distributed, it results in a broad energy range being
covered.

5
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Figure 4. Schematic layout of neutron spectrometers and auxiliary heating systems on EAST.

Figure 5. Response functions of the three neutron spectrometers for several monoenergetic neutron incidences (En = 1.5, 2.0, 2.5, 3.0,3.5
MeV).

4. Results of neutron spectrometers

Using the four neutron spectrometers, pulse height (ph)
or tof spectra of discharge #113829 were measured. The
measurements were integrated over two time intervals cor-
responding to different heating conditions: full-power NBI
without ICRF (2.79− 3.70s and 4.94− 5.75s) and NBI–
ICRF synergistic heating (3.70− 4.74s). The resulting spectra
are shown in figure 6.

As shown in figure 6(a), synergistic heating produces a
clear broadening of the TOFED tof spectra at both low and
high tofs, indicating the generation of neutrons with higher and
lower energies. In contrast, figures 6(b)–(d) show broadening
only at the high-energy region, corresponding to higher-energy
neutrons. This difference arises from the detectors’ response
functions, as discussed in section 3.2. For scintillator spec-
trometers, due to their quasi-rectangular response, the pulse-
height spectra of lower-energy neutrons are buried under the
high counts generated by the primary direct and scattered neut-
rons at the corresponding light-output energies.

5. Analysis of fast ion distribution functions

5.1. Forward modeling

The fast ion distribution functions under NBI and NBI–ICRF
synergistic heating were simulated by the TRANSP [33] code,
using the module NUBEAM [67] coupled with the ICRF

solver TORIC [68]. The synergistic effects are incorporated
in the NUBEAM RF-kick operator [69, 70], which treats the
quasilinear diffusion term as a sudden change in the fast ion’s
velocity when traversing the resonance layer [71].

For EAST discharge #113829, the simulated fast ion distri-
bution functions under NBI and NBI–ICRF synergistic heat-
ing are shown in figure 7. Figure 7(a) shows the volume- and
pitch-angle-averaged f (E), showing that ICRF further accel-
erates the NBI-injected beam ions, producing a high-energy
tail extending up to about 600keV. Figure 7(b) shows the 2D
energy–pitch distribution under synergistic heating. The high-
energy tail under synergistic heating is mainly located at pos-
itive pitches, primarily within the range 0< p< 0.4, which
contrasts with the nearly pitch-symmetric tails (with respect
to p= 0) observed in JET’s NBI–ICRF third-harmonic syner-
gistic heating discharges [4, 18]. This asymmetry is attributed
to fast ion orbit effects, and will be analyzed in section 6.

The nuclear reaction kinetics code GENESIS [34] was used
to calculate the different components of LOS-integrated neut-
ron emission spectra (thermal–thermal, beam–thermal, and
beam–beam). The code uses the plasma profiles, TRANSP-
simulated fast ion distributions, and the spectrometer’s LOS as
inputs. The computed neutron spectra were subsequently con-
volved with the previously obtained scattering matrices [72]
and the detectors’ response functions [52, 53] to generate the
synthetic diagnostic data. Forward modeling was then per-
formed to separately scale the direct and scattered contribu-
tions using free coefficients adirect and ascatter. These synthetic

6
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Figure 6. Comparison of neutron spectrometer measurements for EAST discharge #113829 under full-power NBI and NBI–ICRF
synergistic heating. Error bars represent 1σ statistical uncertainties (

√
N, where N is the raw counts per bin; for TOFED, before background

reduction).

Figure 7. Fast ion velocity distribution functions calculated by the TRANSP code for EAST discharge #113829, averaged over the core
region (normalized poloidal flux ψn < 0.3).

spectra were compared with the experimental data using the
Cash statistic [73] as a goodness of fit:

C= 2
N∑
i=1

(
si − ei + ei ln

ei
si

)
, (8)

where N is the number of spectral bins, and si and ei are the
simulated and experimental counts in bin i, respectively. The
Cash statistic is particularly suitable for low-count, Poisson-
distributed neutron spectroscopic data.

As shown in figure 8, the forward modeling was applied to
the TOFED, EJ-301, and stilbene data. The BC-501A spec-
trometer was excluded from the fitting analysis as the cor-
responding response matrix has not yet been established.
The fitting results show good agreement with the experi-
mental data under NBI heating (figures 8(a)–(c)). Besides,

during NBI–ICRF synergistic heating, the spectral broaden-
ing observed in TOFED and stilbene (figures 8(d) and (e)) is
well reproduced by simulations. For the EJ-301 spectrometer
(figure 8(f )), agreement is good below 900keVee. However,
above 900keVee, the experimental tail decreases more slowly
than the simulated beam–thermal spectrum. This discrepancy
is possibly due to pile-up events at high count rates, which
have also been reported on JET [74]. By applying a forward
pile-up simulation (similar to [74]), the agreement can be
significantly improved, as shown in figure 8(f ). In figure 8,
the ‘cutoff’ positions—defined as the point where the dom-
inant beam–thermal component drops to 1 count—are indic-
ated by vertical cyan dashed lines. In the absence of ICRF
(top panels (a)–(c)), the cutoffs for TOFED, stilbene, and
EJ-301 are 65ns, 570keVee, and 870keVee, respectively.
Under NBI–ICRF synergistic heating (bottom panels d–f ),
the synergistic effect leads to significant spectral broadening,

7
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Figure 8. Comparison of measured and forward-modeled spectra for EAST discharge #113829 under full-power NBI and NBI–ICRF
synergistic heating. The different spectral components are shown: thermonuclear (green solid line), beam–thermal (red solid line),
beam–beam (magenta solid line), and scattered neutrons (yellow dash-dotted line). The total modeled spectrum is represented by the black
solid line. Vertical cyan dashed lines indicate the detector cutoffs. Experimental data (black squares) are shown with error bars representing
1σ statistical uncertainties (

√
N).

with the cutoffs shifting to 61ns, 680keVee, and 1160keVee,
respectively.

5.2. Weight function analysis

Weight functions provide a direct and efficient way to extract
fast ion velocity distributions from experimental data, without
relying on TRANSP-based modeling or time consuming
Monte Carlo simulations. Following previous works [52, 53],
weight functions for TOFED and EJ-301 were recalculated
for their upgraded LOS by the GENESIS code, extending the
fast ion energy range to 1MeV. The ion temperature was set
to 1.5keV. The neutron emission spectrum weight functions
w(En,E,p) calculated in section 2.2 were convolved with the
spectrometers’ response functions to obtain the spectrometer
weight functionsw(X,E,p), with the results shown in figure 9.

Figures 9(a)–(e) show the TOFED weight functions at five
selected tofs, and figures 9(f )–(j) display those of EJ-301
at five electron-equivalent light-output energies. Compared
with E< 100keV, all weight functions exhibit much higher
sensitivity in the E> 100keV range, which corresponds to
the typical energies of fast ions under NBI–ICRF synergistic
heating. This further confirms the diagnostic advantage of
neutron spectrometers in such heating scenarios. The pitch-
angle dependence of the weight functions mainly arises from

the LOS, as discussed in section 2.1. Apart from the LOS
effect, TOFED and EJ-301 weight functions also show dis-
tinct features: the TOFED weight functions exhibit peaks
near the boundaries, whereas those of EJ-301 have a much
coarser sensitivity to the fast ion velocity space. This differ-
ence arises from their response characteristics—TOFED has a
quasi-Gaussian response to monoenergetic neutrons, whereas
EJ-301 has a quasi-rectangular one.

Once weight functions are established, fast ion distribu-
tion functions can be obtained via tomographic inversion tech-
nique. However, on EAST, high-energy tails (figure 7(b)) do
not satisfy v⊥ ≫ v∥, preventing 1D reduction [14, 15]. Full 2D
inversion also requires complex numerical treatment [45]. To
address these challenges, inspired by the ‘null-measurement’
method used in FIDA tomographic inversion [75], a fast
method was adopted to determine the ‘tip’ of the fast-ion tail
in (E,p) space based on spectral cutoffs. Here, the ‘tip’ is
defined as the maximum energy–pitch extent reached by the
fast-ion distribution. According to the principle of the null-
measurement method, for any measurement bin X located
within the null-measurement region—where the counts drop
to the background level or become statistically negligible—
the fast-ion distribution function f(E,p) must be zero in the
phase space region where the corresponding weight function
w(X,E,p) is non-zero.

8



Nucl. Fusion 66 (2026) 066024 A.D. Xu et al

Figure 9. Weight functions for TOFED and EJ-301 neutron spectrometers. All data are normalized and logarithmically scaled.

Figure 10. Weight function analysis for determining the tip of the fast-ion tail in (E,p) space. In (a) and (b), blue and red contours represent
the ‘null-spaces’ for TOFED and EJ-301, respectively, with their boundaries highlighted by thick solid lines of the same color. Gray
contours indicate the phase space coverage for high-energy regions where the influence of scattered neutrons is relatively small, with their
boundaries marked by black solid lines. (c) The intersection of the two null-space boundaries (marked by a black dot) identifies the tip of the
fast-ion tail at E≈ 520keV and p≈ 0.2. The background color map in (c) shows the fast-ion distribution function calculated by TRANSP
(same as figure 7(b)), which is in good agreement with the tip determined from the intersection of the experimental spectral cutoffs.

For the TOFED and EJ-301 spectrometers, the spectral
regions beyond the cutoffs (ttof < 61ns and Eph > 1160keVee,
cyan lines in figures 8(d) and (f )) are identified as the null-
measurement regions. We calculated the gross weight func-
tions by summing the weight functions of all bins within these
regions. The resulting ‘null spaces’ in (E,p) coordinates are
shown as blue contours for TOFED in figure 10(a) and red con-
tours for EJ-301 in figure 10(b), with their respective boundar-
ies highlighted by thick blue and red solid lines. Additionally,
the phase space coverage for the high-energy spectral regions
of interest, where the influence of scattered neutrons is relat-
ively small, is represented by gray contours and thick black
solid lines in figures 10(a) and (b).

The tip of the fast-ion tail in velocity space is expected
to be located at the intersection of the null-space boundar-
ies from these two spectrometers with different lines-of-sight.
As illustrated in figure 10(c), this intersection (marked by a
black dot) corresponds to an energy of 520keV and a pitch
of 0.2. The distribution function calculated by TRANSP is
also overlaid in figure 10(c), showing that the intersection

point is in good agreement with the simulated distribution
boundary. This consistency validates the weight function ana-
lysis and further confirms the asymmetric pitch distribution of
fast ions under NBI–ICRF third-harmonic synergistic heating
on EAST.

6. Fast ion orbit analysis

The distinct pitch-angle asymmetry of the fast ion velocity
distribution, as consistently indicated by the TRANSP simu-
lation and the weight function analysis, can be attributed to
orbit loss effects on EAST. For the magnetic equilibrium of
EAST #113829, the fast ion orbit topology was calculated
using the Orbit Weight Computational Framework (OWCF)
[76, 77]. OWCF constructs the fast ion orbit phase space as
(E,pm,Rm), where E is the fast ion energy, while Rm and pm
denote maximum major radius when crossing the midplane,
and the associated pitch in this location. The orbit topology at
Rm = 1.87m (magnetic axis) for differentE and pm is shown in

9
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Figure 11. Core fast ion orbits at Rm = 1.87m for #113829: (a) OWCF-calculated orbit topology with TRANSP velocity distribution
overlaid; (b), (c) typical orbits with different initial pitch angles at 250keV and 600keV, respectively.

Figure 12. TRANSP-calculated fast ion velocity distributions under NBI–ICRF third-harmonic synergistic heating for (a) co-injection,
(b) perpendicular-injection, and (c) counter-injection.

figure 11(a),6 with the TRANSP-calculated core fast ion
velocity distribution overlaid in the same figure. Typical orbits
for energies of 250keV and 600keV, with different initial
pitch angles are shown in figures 11(b) and (c).

The close alignment between the loss boundary and the fast
ion tail in figure 11(a) suggests that orbit losses are respons-
ible for the observed pitch asymmetry. Specifically, most lost
orbits occur at negative pitches, and the range of pitches that
lead to orbit loss widens as the fast ion energy increases. In
the absence of orbit losses, the solution of Fokker–Planck
equation under ICRF heating yields a nearly pitch-symmetric
distribution. On EAST, however, orbit losses distort this distri-
bution, ultimately producing a stable, asymmetric fast ion tail
concentrated at positive pitches.

To rule out the possibility that the pitch-asymmetric dis-
tribution is due to the co-injected NBI, TRANSP simula-
tions were performed with varied NBI injection directions
while keeping the power fixed. The calculated fast ion dis-
tributions for co-, perpendicular-, and counter-injection NBI
are shown in figures 12(a)–(c). The NBI injection direction
mainly affects the pitch-angle distribution at lower-energy

6 In the original OWCF code, orbits are labeled ‘invalid’ if a midplane cross-
ing larger than Rm is found. We disabled this check for figure 11(a) to allow
the magnetic axis to act as either the maximum or minimum crossing radius,
ensuring all orbits originating from the axis are represented.

region (E< ENBI), whereas the high-energy fast ion tail con-
sistently remains at positive pitches, aligned with the lost-
orbit boundary. This further confirms that the observed pitch-
asymmetry is governed by orbit-loss effects on EAST.

Orbit effects under ICRF heating also modify the spatial
distribution of fast ions [78], potentially affecting the neut-
ron emission profile. A complete analysis of these orbit effects
using neutron camera data will be pursued in future work.

7. Conclusion

In this work, multi-LOS neutron spectrometers were used to
measure fast ions under NBI–ICRF third-harmonic synergistic
heating on EAST. All four neutron spectrometers show broad-
ening of the spectrum under synergistic heating, indicating the
production of higher-energy fast ions. Forward modeling and
weight function analysis were applied to the fast ion distribu-
tion, showing good agreement and confirming the presence of
a fast ion tail at approximately 600keV with positive pitches
in the experimental discharge.

These results demonstrate that multi-LOS neutron spectro-
metry can capture the two-dimensional fast ion velocity distri-
bution in (E,p) space under synergistic heating. Future work
will focus on tomographic inversion of high-energy fast ion
velocity distribution using multi-LOS neutron spectrometry
data. On EAST, multi-LOS FIDA measurements have already
successfully reconstructed the low-energy fast ion distribution
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[42, 43, 79]. Combining these FIDAmeasurements withmulti-
LOS neutron spectrometry is expected to enable tomographic
reconstruction of the fast ion distribution across the full energy
range on EAST.

Furthermore, on EAST, orbit-loss effect causes a pro-
nounced pitch-angle asymmetry in the fast ion distribution.
The fast ion losses under synergistic NBI–ICRF heating can
be further investigated using the FILDs on EAST [80, 81]. In
addition, ICRF-induced orbit effects can also lead to spatial
redistribution of fast ions, which can be studied by the radial
neutron camera on EAST [82].

In next-step burning plasma devices such as ITER [83],
BEST [84], SPARC [85], and CFETR [86], NBI and ICRF
heating will serve as the main sources of auxiliary ion heat-
ing. In D–T operation, the neutron yield from RF-induced
fast ion tails will be much weaker than those from thermal–
thermal and NBI-beam–thermal reactions, making their dia-
gnosis particularly challenging [87]. High-resolution, high
signal-to-noise neutron spectrometers, such as magnetic pro-
ton recoil [88–90] or thin-foil proton recoil [91, 92] spec-
trometers should be proposed to provide comprehensive dia-
gnostics of DT fuel-ions in this historic stage of fusion
research.
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