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Abstract
Gamma rays generated in nuclear reactions have been used on the Joint European Torus (JET)
for more than a quarter of a century to study the main mechanisms of fast-ion slowing down,
redistribution as well as for the development of optimal plasma scenarios with auxiliary plasma
heating. In future deuterium–tritium (D–T) fusion machines, γ-ray measurements, as well as
neutron diagnostics, are amongst a very restricted set of plasma diagnostics that will be practical
by virtue of their tolerance to the harsh radiation environments they will be required to work
within. In this paper, we propose various applications using γ-ray diagnostics during all reactor
exploitation phases, from the no-/low-activation to the burning D–T plasmas, for the setup of
plasma discharges, characterisation of the auxiliary plasma heating, and development of optimal
deuterium and D–T plasma scenarios. Possibilities of γ-ray diagnostics for α-particle studies in
D–T and low-activation plasmas are comprehensively discussed. Nuclear reactions generating
γ-rays, which are suitable for measurements in fusion devices, have been selected and
recommendations for their usage based on their previous experience on JET are given. This
paper provides insights for the design and modelling of γ-ray diagnostic systems, as well as
testing them in currently working fusion devices before their use in burning plasma machines.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The main source of energy in future thermonuclear reactors
withmagnetic confinement will be the fusion reaction between

a See Maggi et al 2024 (https://doi.org/10.1088/1741-4326/ad3e16) for JET
Contributors.
b See Joffrin et al 2024 (https://doi.org/10.1088/1741-4326/ad2be4) for the
EUROfusion Tokamak Exploitation Team.
∗

Author to whom any correspondence should be addressed.

Original content from this work may be used under the
terms of the Creative CommonsAttribution 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.

deuterium and tritium, D(T,n)4He. The self-sustained D–T
plasma burn is provided by 3.5 MeV α-particles (4He-ions)
transferring energy to thermal plasma during their slowing
down. Only adequate confinement ofα-particles and an optim-
ised plasma scenario can provide efficient heating of the bulk
plasma and steady plasma burning [1]. For this reason, plasma
scenario development and fusion-born α-particle studies were
some of the priorities in the second D–T experiments (DTE2)
on the Joint European Torus (JET). JET, with its beryllium
wall and tungsten divertor (known as an ‘ITER-like wall’) pro-
ducing a significant population of α-particles with enhanced
auxiliary heating systems and improved energetic-particle dia-
gnostic capabilities, delivered these tasks [2].

Several fusion plasma devices with magnetic confinement
aimed at burning deuterium-tritium plasma experiments are
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currently under construction (ITER [3, 4], SPARC [5],
Burning Plasma Experimental Superconducting Tokamak
(BEST) and at the design studies (DEMO [6], STEP [7] etc).
A harsh fusion reactor environment with a very high level of
neutron and γ-ray fluxes will make some conventional plasma
diagnostics impractical. Among the restricted set of instru-
ments available for plasma control of burning plasmas and
machine protection, neutron and γ-ray measurements can be
used since they do not require direct access to the plasma and
can be set up far away from the reactor vessel.

The γ-ray spectrometry of fusion plasmas [8] is based on
the detection of γ-rays produced in nuclear reactions which
arise in high-temperature plasmas among fast ions, fuel and
impurities. On JET, γ-ray measurements were used for more
than a quarter of century for diagnosing fast ions [9] and
fusion-born α-particles [10–12], studying their confinement
and redistribution, as well as developing the most advanced
plasma scenarios [13–16]. The γ-ray spectra were recorded
within the energy range 1–30 MeV. For this purpose, sev-
eral γ-ray spectrometers were exploited, i.e. BGO, NaI(Tl) and
LaBr3(Ce) scintillators and a high purity Ge (HPGe) detector.
The HPGe-detector has such a high energy resolution that it
allowed the analysis of the γ-line Doppler broadening [17–
20]. Figure 1 represents an example of the HPGe-spectrum
showing the broadened γ-ray lines related to nuclear reactions
due to fast ions. The LaBr3(Ce) scintillator has a very short
decay-time, so the fast LaBr3(Ce) spectrometers used a fast
data acquisition system that allowed measurements at MHz-
counting rates [21]. JET spectrometers viewed the plasma
centre vertically and tangentially [22, 23] through collimators
equipped with neutron attenuators. One of the main require-
ments of fusion γ-ray diagnostics is the decrease of the neut-
rons streaming through collimators, providing substantial sup-
pression of the γ-ray background. On JET, neutron attenuators
based on 6LiH and natural lithium composition, LiH, which are
nearly transparent to MeV γ-rays, were used [22].

In addition, 2D γ-ray/neutron cameras [24, 25] were used
to visualise the fast-ion and α-particle redistribution in plas-
mas due to effects related to magneto-hydro-dynamic activity
and the auxiliary plasma heating with energetic neutral deu-
terium and tritium beam injection (NBI) and waves in the ion-
cyclotron range of frequencies (ICRFs) [26–29]. It consisted
of two fan-shaped array cameras with 19 collimated viewing
channels (9 vertical and 10 horizontal). The importance of 2D
measurements of the fast-ion γ-ray image is demonstrated in
figure 2, which shows an effect of the fast ion redistribution
due to the toroidal Alfvén eigenmode(TAE) instabilities in the
plasma.

In JET with its carbon wall (JET-C) with some beryllium
elements, carbon was the main impurity in plasmas. The res-
ulting fast-ion diagnosis was based onmeasurements of γ-rays
due to nuclear reactions listed in [9]. Later, in JET with its
ITER-like wall (i.e. Be-wall and W-divertor), beryllium was
the main impurity in plasmas and the fast-ion diagnostics were
based on measurements of γ-rays generated in the Be + p,
Be + d, Be + 3He reactions [9, 20].

To study the confined 4He-ions and fusion born α-particles,
the 9Be(α,nγ)12C nuclear reaction was used [12, 30–32]. Note
that this diagnostic reaction was accepted as the basis for
the confined α-particle measurements in the previous design
of ITER [33] with a Be-wall. Recently, a key feature of the
ITER New Baseline [34] was accepted, i.e. the use of tung-
sten instead of beryllium for the vessel's first wall. The fact
that tungsten is more relevant for future DEMO machines and
other fusion devices was taken into consideration. Initial eval-
uations of the new baseline and the research plan have been
realised [35, 36].

In most fusion devices, glow discharge cleaning (GDC)
boronisation is used for wall conditioning. Boron layers depos-
ited on recessed surfaces getter oxygen, as well as provid-
ing high-Z impurity control to achieve the highest possible
plasma performance [37]. Recently, it was found that solid
boron injection using a dropper system [38] is a more effect-
ive method than GDC, i.e. in this case, the boron layer is
long lasting on the plasma facing components, which is more
relevant to fusion reactors. These boronisation methods are
under consideration for application in ITER. In addition, lith-
ium, which retains hydrogen isotopes leading to lower wall
recycling, has been used to improve plasma performance [39]
since Li-impurity reduces effective charge (Zeff) in the plasma
core as well. It has been demonstrated on TFTR [40], where
due to Li-pellet injection, a higher D–T fusion power at a
much lower input power was achieved in super-shots com-
pared to discharges without pellets [41]. In JET, Ne seeding as
an extrinsic radiator strongly reduces divertor heat loads and
small and high frequency ELMs. These effects were success-
fully demonstrated in D–T experiments on JET [2], providing
encouraging results for ITER. This therefore acts as motiv-
ation to use Ne impurity for measurements of fast ions with
γ-ray diagnostics as well.

Decades of intensive JET γ-ray diagnostic developments
and the recent D–T experiments, which are verified feasibility
of using γ-ray measurements for monitoring the D–T fusion
rate and diagnosing confined α-particles, inspired us to work
on this paper. Here, we propose a variety of γ-ray diagnostic
applications that can be used in the present devices and dur-
ing entire fusion reactor development stages, from the no- or
low-activation (H/D/T/He plasmas with low neutron yield) to
the burning D–T plasmas. Nuclear reactions generating suit-
able γ-rays for measurements in fusion plasmas with differ-
ent low Z-impurities (Li, B, C, Ne) have been selected and
recommendations for usage of these reactions based on previ-
ous experience of the γ-ray diagnostic operation on JET are
provided. Gamma-ray diagnostic capabilities for all reactor
exploitation phases, including the initial setup of plasma dis-
charges, are considered as follows: detection of runaway elec-
trons (REs) in the plasma current ramp-up and disruptions
(section 2), diagnosing fast ions (H, D, T, 3He) for optimising
of auxiliary plasma heating systems (section 3), and optimisa-
tion of D- and DT-plasma scenarios (section 4). Possibilities
of γ-ray diagnostics for α-particle studies in D–T and no- and
low-activation plasmas are discussed in section 5.
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Figure 1. (a) Gamma-ray spectrum recorded by a HPGe-detector for t = 8.5–11.5 s of JET discharge #95679. (b) Zoomed experimental
data together with the best Gaussian fit for the Doppler broadened gamma-ray line 2872 keV from the 9Be(D,nγ)10B reaction. Reproduced
from [20]. © 2022 Crown copyright. Reproduced with the permission of the Controller of Her Majesty’s Stationery Office. CC BY 4.0.

Figure 2. Tomographic reconstruction of the line-integrated intensities of 3.09 MeV γ-rays measured with γ-ray cameras: left—emissivity
profile related to the period without TAE modes; right—emissivity profile observed during the TAE activity. Reproduced with permission
from [28]. © The Japan Society of Plasma Science and Nuclear Fusion Research, Nagoya, Aichi, Japan.

2. REs: start-up and disruptions

Generation of REs during the start-up phase is usual in toka-
mak plasma discharges. The RE formation and recipes of how
it can be avoided during the JET plasma start-up have been
studied [42]. With the aim of extrapolating to ITER and the
cross-machine, a comparison of RE generation and the loss
process during the tokamak start-up was carried out in [43]. In
JET, confined REs of the order of several MeV were observed

often in the start-up phase of the discharge and during fast
plasma terminations due to plasma disruptions. In some cases,
loss of the RE confinement led to damage of plasma facing
components.

REs, interacting with plasma species and vessel materi-
als, give rise to bremsstrahlung hard x-ray (HXR) emission
as well as neutrons, if the RE energy exceeds the photo-
nuclear reaction threshold. Therefore, basic diagnostic tools
in the tokamak protection are HXR- and neutron-monitors
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Figure 3. JET shot #81321. (a) Plasma current. (b) Plasma electron density. (c) Reconstructed RE current in the field of view of the γ-ray
detector. (d) Measured HXR spectrum, EHXR > 2 MeV (black dots), reconstructed integral RE distribution (red line) and HXR spectrum
(blue line) corresponding to the reconstructed RE distribution. Reprinted from [46], with the permission of AIP Publishing.

(i.e. fission chambers), which provide waveforms indic-
ating the appearance and development of the RE beam.
However, a beneficial add-on is the installation of collimated
γ-ray spectrometers, observing a specified plasma volume
and recording time-dependent HXR-spectra. The HXR/γ-ray
spectrometers provide information on the RE distribution
dynamics [44–46], i.e. changes of the RE current and the max-
imal electron energy. The evolution of the confined RE beam
during the JET discharge start-up [46] is shown in figure 3.
HXR spectra were recorded by the γ-ray detector in the energy
range EHXR > 2 MeV. To obtain information on the RE dis-
tribution and its development during the long-lasting period,
the time-dependent HXR spectra were processed with the
DeGaSum code [47, 48]. This code was first developed as
a tool for deconvolution of γ-ray spectra recorded for fast-
ion studies in fusion plasma experiments, then subsequently
upgraded to reconstruct the RE energy distribution. The recon-
structed RE distributions (see figure 3(d)) were used to obtain
the evolution of the RE current (see figure 3(c)) during the
plasma current ramp-up. One can see that the RE current drops
once the plasma current flat top is established, then slowly
decreases with increasing plasma density.

Indeed, the JET experience of using γ-ray spectrometry in
fusion plasma research shows that in any plasma discharge,
a HXR spectrum may be recorded at the beginning of the

discharge, i.e. RE appearance during a current ramp-up. Then,
in the main heating phase, the γ-ray detector provides spectra
related to nuclear reactions due to the presence of fast ions/α-
particles in the plasma. Lastly, if a disruption breaks out in the
plasma at the end of the discharge, a HXR spectrum due to
REs may be recorded as well. Hence, γ-ray diagnostics can be
used as a multipurpose tool for fusion plasma studies.

3. Diagnosing fast ions for optimisation of auxiliary
heating systems

One of themain steps in the preparation of fusion device opera-
tion is the commissioning of auxiliary heating systems, includ-
ing NBI and ICRF waves. The effectiveness of both heating
systems is dictated by the specific fast-ion populations gener-
ated by these systems. Hence, the commissioning, character-
isation and optimisation of heating systems benefits from the
availability of good quality diagnostic data for fast ions.

Gamma rays generated in nuclear reactions between fast
ions and plasma impurities and/or plasma fuel ions are used
for the fast-ion identification, assessments of relative concen-
tration and energy distribution, studying the main mechan-
isms of fast-ion slowing down. Two-dimensional measure-
ments of the γ-ray emission allow us to visualise fast ions
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in plasmas, monitoring their redistribution and losses, thus
providing important information, in addition to conventional
diagnostics, for the development of optimal plasma scenarios
with auxiliary plasma heating.

The JETNBI system [49, 50] had two neutral injector boxes
each with eight positive-ion neutral injectors (PINIs) which
worked with H2, D2, T2, and He gases. These PINIs, with
a maximum D-beam injected power of 2.2 MW, were oper-
ated with energies up to 125 keV. This beam energy was
not sufficient to use γ-ray measurements for diagnosing NBI
ions. However, high-energy negative-ion-source based NBI
(N-NBI) systems can provide more energetic beams, thereby
making γ-ray diagnostics suitable for their detection. For
example, the LargeHelical Device (LHD) is already exploiting
theH-beam with energy up to 190 keV. Furthermore, the com-
missioning of two 5-MW N-NBI units with a beam energy of
500 keV is planned on the JT-60SA tokamak. In ITER, N-NBI
beams (hydrogen and deuterium) with energies up to 1 MeV
will also be implemented in the future.

It is important to characterise NBI heating using all avail-
able beam-plasma combinations, i.e. H-beam into H-, D-,
T- and He-plasmas, and D-beam into H-, D- and T-plasmas.
Information on the beam power deposition, shine-through etc
can help the development of plasma scenarios for burning
plasmas and studying new physics due to the high energy
beam–plasma interactions. Indeed, recent measurements of
the beam-driven Alfvén eigenmode (AE) activity in DIII-D
plasmas with reversed magnetic shear [51], showed a large
difference in the driven mode amplitudes injecting H- or D-
beams in mixed background plasmas (D–H).

ICRF heating commissioning begins with the optimisation
of the RF coupling at available frequencies to achieve the
best heating efficiency varying gas injection, antenna phas-
ing, etc. On JET, where the ICRH system was commissioned
in the frequency range f = ω/(2π)≈ 23–57 MHz, γ-ray dia-
gnostics provided a lot of insightful data. Indeed, the energetic
ion-tail due to ICRH, in some cases in the MeV-range, gave
rise to nuclear reactions resulting in an intensive γ-ray emis-
sion from the plasma. It is important to start the ICRF heat-
ing setup in the non-/low-activation H-, D-, T-plasmas, using
various heating schemeswhich generate energeticH- and 3He-
ions. In these plasmas, due to the low level of the neutron-
induced background, a comprehensive set of diagnostics can
be employed which is significantly limited during the D–T
plasma operation.

3.1. Optimisation of ICRF heating systems generating
energetic 3He-ions

ICRF heating scenarios using 3He are rarely used for system
commissioning. Yet these scenarios have a range of applica-
tions in fusion research, including maximising bulk ion heat-
ing and various fast-ion studies. In view of the scenario devel-
opment for D–T plasmas, often scenario elements are first
tested in H-, D- and H–D plasmas.

There are several ICRH scenarios, where a small amount
of 3He-ions is used to absorb the ICRH power. In deu-
terium plasmas, 3He-minority heating is , typically, the most
optimal at n3He/ne ∼ 5%–10%, while lower concentrations,
n3He/ne∼ 2%–3% optimise the heating in hydrogen plas-
mas. The typical energies for ICRF-generated 3He-ions vary
from ∼50–100 keV to MeV-range energies, depending on
the minority concentration, ICRF heating power and phasing,
plasma density and other parameters. The experiment para-
meters are usually adjusted to maximise or limit the fast-ion
energies, depending on the specific target application of ICRF
waves. The three-ion D–(3He)–H and 4He–(3He)–H ICRH
scenarios with very low 3He concentrations (<0.5%) are par-
ticularly relevant for fast-ion applications in predominantly
hydrogen plasmas (with ∼10%–30% of deuterium or ∼5%–
15% of 4He). These scenarios could be relevant for SPARC
and, as discussed in [36] for the SRO phase of ITER, as an
opportunity for early tests of energetic particle modelling and
diagnostics.

The selected nuclear reactions for γ-ray diagnosing ener-
getic 3He-ions are presented in table 1.

On JET, in the scenario with fundamental 3He-minority
and mode conversion (MC) wave heating at f ≈ 32 MHz,
fast 3He-ions accelerated by ICRH in the MeV-energy range
were detected in discharges with a low 3He-concentration in
the H- and D-plasmas. In view of the foreseen ICRF heat-
ing operation in the non-activated ITER phase, the examin-
ation of 3He fundamental minority heating performance in H-
plasmas is in demand. ICRF heating of H(3He) plasmas was
carried out at half the nominal ITER magnetic field, 2.65 T,
which mimics the RF wave absorption at f ≈ 52 MHz in D–T
plasmas [52]. The main indicator of the fast 3He-ion genera-
tion was γ-rays from the reaction D(3He,γ)5Li in the case of
D-plasmas, and 9Be(3He,pγ)11B, 12C(3He,pγ)14N reactions in
H-, D-plasmas due to beryllium and carbon which were the
main JET impurities [9, 16].

D(3He,γ)5Li reaction. In deuterium JET plasmas, this reac-
tion was a major diagnostic reaction for the characterisation
of ICRF heating and fast-ion studies in experiments with
3He-minority. It is a weak γ-ray branch of the aneutronic
fusion reaction D(3He,p)4He, Q = 18.353 MeV which, pro-
ducing a 3.6 MeV α-particle and 14.7 MeV proton, has a
pronounced resonance in the cross-section, σ ≈ 0.81b, at the
3He energy E3He ≈ 0.67 MeV [53]. According to measure-
ments made in [54], the branching ratio of these reactions is
Γγ /Γp ≈ 5× 10−5 in the centre-mass energy range 25–60 keV
(here,Γ= h̄/τ is a quantummechanics parameter related to the
probability of an event). However, this ratio increases at higher
energies, reaching ∼10−3 in the MeV-range [55, 56]. As long
as the intrinsic widths of the 5Li ground and first excited states
are Γ0 ≈ 1.5 MeV and Γ1 ≈ 3–6 MeV, the gamma-rays, γ0

(Eγ0 ≈ 17 MeV) and γ1, corresponding to transitions to these
states, cannot be resolved in the measured spectra with reas-
onable accuracy. This reaction can therefore be used for rel-
ative reaction rate measurements only, providing information
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Table 1. Diagnostic nuclear reactions for characterisation of fast 3He-ions.

Reaction
Energy of reaction,

Q (MeV)
Energy of gammas,
Eγ (MeV)

Reaction application
comments

D(3He,γ)5Li 16.66 17 D-plasma; ICRH
performance; α-particles
production;
ERes ≈ 0.65 MeV

T(3He,γ)6Li 15.795 2.186, 3.563 & γ0, γ1, γ2 T-plasma
7Li(3He,γ)10B 17.788 0.718, 2.868, 3.586, 4.055

& γ0, γ1, γ4, γ5

Low-activation plasmas;
ERes ≈ 0.92, 1.45, 2.16
and 3.45 MeV

11B(3He,pnγ)12C 8.239 4.44, 3.21 & 9.64 Low-activation plasmas
12C(3He,pγ)14N 4.779 1.635, 2.313, 2.793, 4.914

& 5.106 etc
C-impurity

20Ne(3He,pγ)22Na 5.782 0.583, 0.891, 2.211, 2.968
and 3.059 MeV

Low-activation plasmas

Figure 4. Comparison of γ-ray spectra from D(3He,γ)5Li reaction
recorded from ICRF heated plasmas with different
3He-concentrations.

on changes of the plasma's heating efficiency. Figure 4 shows
spectra recorded in two similar deuterium plasma discharges
with 3He-minority ICRF heating but with different 3He con-
centrations. One can see that the γ-ray count rate is higher at
2.2% concentration than at 3.8%, indicating the presence of
more energetic ions which is increasing the fusion reactivity
<σv3He> at lower 3He concentration. Information on other
diagnostic reactions producing γ-rays, i.e. 3He reactions with
intrinsic low-Z impurities, the likes of carbon, boron, lithium
etc can help with complete characterisation of the 3He-ion dis-
tribution function.

12C(3He,pγ)14N reaction. Before the ITER-like wall upgrade,
this reaction was rather practical for the characterisation of
ICRF accelerated 3He-ions in JET H- and D-plasmas. The
excitation functions of the 14N states [57] represented in
figure 5 have been used to assess the 3He-ion energy distribu-
tion function [8, 16, 19]. The 3He-ions with E3He > 1.5 MeV
populate the 14N excited states [58] shown in this figure. The

most intensive γ-ray transitions 1.635, 2.313, 2.793, 4.915
and 5.106 MeV are useful for the 3He-ion energy distribution
analysis. In the case of the very energetic 3He-ion tail, sev-
eral high-energy states could be excited (in figure 5, the
excitation energy related to E3He = 3 MeV is shown). It is
important to emphasise that the synergy of γ-ray analysis
of both 12C(3He,pγ)14N and D(3He,γ)5Li reactions provide a
diagnostic advantage for the fast 3He-ion characterisation in
fusion plasma devices with carbon impurity.

11B(3He,pnγ)12C reaction. Boron doping provides an oppor-
tunity to monitor the MeV 3He-ions in metallic-wall devices,
i.e. without carbon and beryllium plasma-facing components.
Evaluated cross-sections of the strongest 11B + 3He reactions
are shown in figure 6. It is clearly shown that the yield of
the 11B(3He,pnγ)12C reaction is an order of magnitude higher
than that of other reactions. According to the scheme of the
12C excited states shown in figures 6, 3He-ions with energy
E3He ∼ 1 MeV give rise to 4.440 and 3.214 MeV gammas.
However, more ions (several MeV energy) could excite the
level 9.641 MeV as well, which is de-excited by the trans-
ition to the ground state, as shown in figure 6. Indeed, in the
high-performanceD-plasma, theD–D fusion products, 3 MeV
protons, 1 MeV tritons and 0.82 MeV 3He-ions, are heavily
generated, so the secondary reactions with them, 11B(p,γ)12C
and 11B(t,2nγ)12C, are giving rise to the 12C gammas that
could confuse the characterisation of 3He-ions. T̀herefore, it
is recommended to use this reaction in H-, HD-, H4He- and
T-plasmas. In T-plasmas, the bulk tritium can be acceler-
ated during the 3He-ion heating due to the second harmonic
coupling; nevertheless the T-tail is low-energetic and the
11B(t,2nγ)12C reaction should not affect the 11B(3He,pnγ)12C
reaction analysis.

7Li(3He,γ)10B reaction. Doping the plasma with a small
amount of lithium could be beneficial for the characterisation
of the 3He in ICRF heating scenarios, especially those which
are generating MeV 3He-ions. This is an additional option for

6
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Figure 5. Excitation functions of the 14N states [57] and the 14N level scheme with strongest γ-ray transitions [58]; 5.1 MeV transition
branching ratio (%) is shown, and the dash level indicates the energy excitation of 14N by 3 MeV 3He-ions.

Figure 6. Evaluated total cross-sections of 11B(3He,X) reactions and scheme of the 12C excited states with transitions between them [58];
dash lines correspond to excitation energies related to 1- and 3 MeV 3He-ions.

the characterisation of fast 3He-ions. Several resonances are
found in this radiation capture reaction. From the diagnostics'
point of view, the most useful resonances are at E3He ≈ 0.92
(E∗

10B ≈ 18.43 MeV), 1.45 (18.8), 2.16 (19.3) and 3.45 (20.2)
MeV [59]. The decay of the 10B resonant states with ener-
gies E∗

10B mainly goes to the ground state (γ0), 1st (γ1), 4th
(γ4) and 5th (γ5) excited states (see figure 7(a)). Energies of
the transitions are defined as Eγi ≈ E∗

10B − Ei. Since the
resonant states have an intrinsic width, the related peaks are

rather broad. Thus, there are high- and low-energy peaks in the
γ-ray spectrum for the 3He-ion heating analysis, i.e. a number
of the broad overlapped γ-ray peaks in the energy range 13–
20MeV and several monochromatic γ-ray lines below 5MeV.
Both energy regions of the 7Li(3He,γ)10B reaction γ-ray spec-
trum are extremely sensitive to the 3He-ion energy tail (see
figure 7(b)) which is important for the analysis of the ICRH
heating. It is important to note that in the D- and T- plasmas,
the high-energy gammas related to resonance transitions in the

7
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Figure 7. (a) Scheme of the 10B excited states and transitions between them [58]; level energies (MeV) and transition branching ratios (%)
are shown. (b) Emission spectra of γ0, γ1, γ4, γ5 gammas and related low-level γ-ray transitions from 7Li(3He,γ)10B reaction calculated for
different 3He-ion Maxwellian tails at temperature T3He = 200, 400 and 600 keV.

7Li(3He,γ)10B reaction could cause a problem for the analysis
of other γ-rays, i.e. 17 MeV from D(3He,γ)5Li and ≈20 MeV
from T(3He,γ)6Li) reactions, in the same 3He energy
range.

T(3He,γ)6Li reaction. In the big-bang nucleosynthesis in the
early Universe, this reaction is hypothesised to have con-
tributed to 6Li production. For studies in tritium plasmas, it
can be used to characterise 3He-ions with energies exceed-
ing 0.5 MeV, such that no extra plasma impurities are
needed for γ-ray diagnosing. The capture of γ-rays of the
T(3He,γ)6Li reaction (Q = 15.795 MeV) to the ground state
of 6Li, γ0, as well as the first and second excited states, γ1

(E1 = 2.186 MeV) and γ2 (E2 = 3.563 MeV), have been
observed for E3He > 0.5 MeV [60]. Energies of these gam-
mas can be defined as Eγi ≈ Q + (1/2)E3He − Ei. Figure 8(a)
represents measured excitation functions of this reaction [61].
It was found that the capture of the γ-ray emission spectrum
is sensitive to the 3He-ion energy distribution. The demon-
stration of this sensitivity is presented in figure 8(b), where
emission spectra were calculated, using available data and a
Maxwellian 3He-ion distribution with different temperatures.
Note that the population of the low-lying states leads to the
appearance of 2.186 MeV and 3.563 MeV γ-rays that can also
be used for 3He-ion diagnosis.

If neon is injected as an extrinsic radiator in the
low-activation plasma, the 20Ne(3He,pγ)22Na reaction
(Q = 5.782 MeV) can be used for the optimisation of the
ICRF heating. However, the 3He-ion tail needs to be rather

energetic because of the high Coulomb barrier for the ions.
The cross-section of this reaction increases rather fast with the
energy of the 3He-ions, e.g. it is ∼0.5 mb at E3He = 2 MeV
and ∼100 mb at 4 MeV [58]. This reaction generates γ-rays
in the energy range of the intensive neutron-induced γ-ray
emission. Thus, the 20Ne(3He,pγ)22Na reaction can be used
for diagnosing 3He-ions in low-activation plasmas.

Remarks. The observation of 17 MeV gammas from the
D(3He,γ)5Li reaction is a main indicator of the fast 3He-
ions in deuterium plasmas. In devices with boronisation, the
11B(3He,pnγ)12C reaction is useful in low-activation plasma
experiments, while in machines with unavoidable carbon
impurities (e.g. JT-60SA), the 12C(3He,pγ)14N reaction could
be practical.

3.2. Characterisation of heating systems generating
energetic H-ions

Energetic H-ions can be generated with both NBI and ICRF
heating systems. The energy range for H-ions generated with
NBI depends on the plasma source technology for the NBI sys-
tem. In JET and present-day devices, positive-ion NBI techno-
logy is commonly used, providing H-ions in the energy range
∼50–110 keV in the plasma. In future tokamaks, neutral beam
injection systems with a negative-ion-source (N-NBI) will
provide more energeticH-ions to the plasma. For example, the
N-NBI systems for JT-60SA and ITER are designed to deliver

8
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Figure 8. (a) Cross-sections of the T(3He,γ)6Li reaction measured for the capture gammas γ0, γ1 and γ2 [61]. (b) Capture of γ-ray
emissivity from the T(3He,γ)6Li reaction calculated for different 3He-ion Maxwellian tails at temperature T3He = 200, 300 and 400 keV.

fast H-ions with energies up to 500 keV and 870 keV, respect-
ively. In the LHD, these ions are accelerated up to 190 keV.

In the case of ICRF heating, the energy range for fast H-
ions can vary from ∼50 to 100 keV up to a few MeV depend-
ing on many factors, including available heating power, the
ICRH scenario and plasma density. Hydrogen minority heat-
ing with ICRF waves is the widely-used scenario for plasma
heating ofD-, T- andDT-plasmas. The advantage of this scen-
ario is the good performance over a wide range of hydrogen
concentrations (typically ∼3%–10%). For example, in JET
experiments in [9], the hydrogen tail was accelerated up to
5 MeV. Typically, H-minority heating produces ions in the
range of a few hundred keV to 1–2 MeV. For heating exper-
iments in hydrogen plasmas, the second harmonic has also
been applied. The application of this ICRH scenario is usually
associated with generating MeV-range H-ions in the plasma.
Diagnostic information on H-ion energies in the plasma is
important for both NBI and ICRH systems, e.g. in view of
accurate shine-through and hot-spot validation. Furthermore,
it provides valuable data for adjusting and optimising the heat-
ing systems within the operational boundaries to deliver the
projected system performance, following the commissioning
stage. Selected nuclear reactions for γ-ray diagnosis of ener-
getic H-ions are presented in table 2.

In JET, the main source of energetic H-ions in the MeV-
energy range was ICRF heating. The energetic H-ion tail was
characterised using γ-rays from D(p,γ)3He, 9Be+ p reactions
and 12C + p inelastic scattering [9].

D(p,γ)3He reaction. This radiation capture reaction is a very
important diagnostic tool, which can be used for transport
studies of H-ions in deuterium and D-ions in hydrogen plas-
mas. The first observation of this reaction in a tokamak plasma
by means of measurements of 5.5 MeV gammas was at
Doublet-III (DIII-D) in 3.6 MW NBI (EH < 70 keV) heated
discharges during 0.2 s [62]. It was a big challenge because
the reaction cross-section at these energies is below 0.3 µb

[63–65]. In the case of the hydrogen NBI heating in ITER,
the yield of these γ-rays could be much higher as the cross-
section grows rapidly, reaching ≈4 µb at Ep = 1 MeV [66].
During H-minority ICRF heating, an effective temperature of
the H-ion energetic tail can be inferred with the D(p,γ)3He
reaction. An example of the 5.5 MeV γ-ray spectrum and
energy distribution assessments in JET experiments [9] is
presented in figure 9. The analysis of the recorded capture γ-
ray peak was made using the Maxwellian tail approximation
for the energy distribution; it was found that ICRH acceler-
ated H-ions had TH ≈ 200 keV. Note that the astrophysical
approach using the Gamov peak definition [67] is not valid for
TH > 100 keV; physically, the capture γ-ray peak depends on
the maximum overlap of the tail distribution, which decreases
at high H-ion energies, and the reaction cross-section that
increases with their energy. The sensitivity of the capture γ-
ray peak to the H-ion energy distributions during the H-NBI
and H-minority ICRF heating is demonstrated in figure 10.
In the NBI case, the 5.5 MeV γ-ray spectrum depends on
Te due to energetic H-ions mostly slowing down on elec-
trons. The line-integrated electron temperature can therefore
be specified with these measurements. The H-ion ICRH dis-
tribution tail also depends on Te, however the 5.5 MeV γ-ray
spectrum depends more strongly on the effective TH. One can
see that the 5.5 MeV peak is rather broad in both the NBI
and ICRF plasma heating scenarios. According to the JET
experience, the use of the D(p,γ)3He reaction for H-ion dia-
gnosis has some restrictions. It could be unsuitable for NBI
characterisation at ENBI < 100 keV as the 5.5 MeV γ-ray
yield is not sufficient for reliable measurements. In the case
of ICRF heating, it can be difficult to separate 5.5 MeV γ-
rays from the detected γ-ray background if the tail temperat-
ure TH > 400 keV because the peak becomes too broad. In
addition, selecting the γ-ray detector line-of-sight, one needs
to consider the high recoil velocity of the 3He∗ nucleus that
leads to a significant Doppler effect for the 5.5 MeV γ-rays
emitted.
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Table 2. Diagnostic nuclear reactions for characterisation of energetic H-ions.

Reaction
Energy of

reaction, Q (MeV)
Energy of gammas,
Eγ (MeV)

Reaction application
comments

D(p,γ)3He 5.49 5.5 D-plasma; ICRH,
TH < 400 keV D-plasma;
NBI, EH > 100 keV

T(p,γ)4He 19.814 20 T-plasma; ICRH,
TH > 50 keV T-plasma; NBI,
EH > 100 keV

7Li(p,γ)8Be 17.255 γ0, γ1, γ3, γ4 Low-activation plasmas;
Eres ≈ 0.44, 1.03, 1.89,
2.06 MeV

11B(p,γ)12C 15.957 4.44 & γ0, γ1 Low-activation plasmas;
ERes ≈ 0.163 MeV

10B(p,piγ)10B — 0.718, 1.74 etc Low-activation plasmas;
Ep > 0.8 MeV Ep > 2.6 MeV11B(p,piγ)11B 2.125, 4.445 etc

12C(p,γ)13N 1.9435 γ0: 2.365, 3.502 Low-activation plasmas,
C-impurity; ERes ≈ 0.458 &
1.7 MeV

12C(p,piγ)12C — 4.44, 3.21 etc C-impurity; D-, T-plasmas
ICRH, Ep > 4.85 MeV

22Ne(p,γ)23Na 8.794 γi & 0.440, 2.288,
2.541, 3.237, 3.325
3.915

Low-activation plasmas;
ERes ≈ 0.436, 0.479, 0.639,
0.661 & 1.279 MeV

Figure 9. Gamma-ray spectrum recorded during 1.7 MA/2.7 T discharge with H-minority ICRF heating in deuterium JET plasma; the
GAMMOD code [9] analysis of the 5.5 MeV γ-ray peak provided an effective temperature of the H-ion tail—the second harmonic
acceleration of deuterium was identified due to the appearance of characteristic 3.09 MeV gammas from the 12C(d,pγ)13C reaction.
Reproduced from [9]. © 2002 IAEA, Vienna. Published under licence by IOP Publishing Ltd. All rights reserved.

T(p,γ)4He reaction. In tritium and DT-plasmas, the detection
of 20MeV capture γ-rays is extremely important for both NBI
and ICRF heating scenarios with energetic H-ions. The first
measurements of this reaction in plasma experiments were car-
ried out on JET. Figure 11 represents 20 MeV γ-ray spectra
recorded by vertical and tangential JET spectrometers in dis-
charges with H-minority heating of tritium plasmas [12]. In
the first approximation, using the Maxwellian tail approxim-
ation and reaction cross-sections for Ep < 80 keV [68] and
Ep = 0.1–6.0 MeV [69], it was found that TH < 400 keV.

Calculations performed similarly to those for the D(p,γ)3He
reaction (see figure 12) show that the 20 MeV capture γ-ray
peak can be used to infer the H-ion energy distributions, as
well as Te during the H-NBI and H-minority tail temperature
with ICRF heating. Note that the neutron induced γ-ray back-
ground is very low in the range Eγ > 9–10 MeV in deuteri-
um/tritium and Eγ > 15 MeV in D–T plasmas. This is a big
advantage in making measurements of 20 MeV γ-rays from
the T(p,γ)4He reaction for the characterisation of the plasma
heating.

10
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Figure 10. Calculated 5.5 MeV γ-ray emissivity due to D(p,γ)3He
reaction. Top figure—spectra related to 800 keV hydrogen NBI
heating deuterium plasmas with electron temperatures 10, 15 and
20 keV. Bottom figure—spectra related to H-minority ICRF heated
with Maxwellian tail temperatures 50, 100 and 150 keV.

Figure 11. Gamma-ray spectra recorded by vertical and tangential
spectrometers during 1.8 MA/2.2 T discharge with H-minority
ICRF heating of tritium plasma in JET; 20 MeV γ-rays from the
T(p,γ)4He reaction were observed. Reproduced from [12]. © 2024
The Author(s). Published by IOP Publishing Ltd on behalf of the
IAEA. CC BY 4.0.

7Li(p,γ)8Be reaction. In the case of lithium injection, this
reaction is helpful for the characterisation of the H-NBI heat-
ing of the H-plasma and H-minority ICRF heating in D-
plasmas. Several resonances in the excitation function of 8Be∗

Figure 12. Calculated 20 MeV γ-ray emissivity due to T(p,γ)4He
reaction. Top figure—spectra related to 800 keV hydrogen NBI
heating tritium plasmas with electron temperatures 10, 15 and
20 keV. Bottom figure—spectra related to H-minority ICRF heating
with Maxwellian tail temperatures 100 and 200 keV.

by the 7Li(p,γ)8Be reaction are known [58], i.e. resonances
at the proton energies Ep ≈ 0.44, 1.03, 1.89 and 2.06 MeV.
The associated resonant states of 8Be∗ at E8Be ≈ 17.64,
18.15, 18.9 and 19.07 MeV are mostly de-exciting by γ0,
γ1, γ3 and γ4 transitions (see figure 13(a)). The resonance at
Ep ≈ 0.44 MeV can be used for H-NBI characterisation in H-
plasmas. In this case, high-energy γ-rays, Eγ0 ≈ 17.64 MeV
and Eγ1 ≈ 14.59MeV, appear in the γ-ray spectrum. Note that
the absence of the neutron-induced background in H-plasmas
also allows the detection of low-energy gammasin particular,
at energies ≈1.014 MeV and ≈0.718 MeV, related to trans-
itions to 16.63 and 6.92 MeV levels. At Ep < 0.44 MeV, the
analysis of captured γ-rays resulting from γ0 and γ1 transitions
could provide additional information on the energy distribu-
tion of NBI H-ions. Characterisation of H-ions accelerated
during the ICRF heating ofD-plasmas can be done by measur-
ing γ0 and γ1 transitions from all known resonances. Gamma-
ray peaks related to the γ1 transition to the first excited state
E1 ≈ 3.03 MeV are rather broad because of the intrinsic width
Γ1 ≈ 1.5 MeV. However, using high-efficiency detectors [70],
overlapping of the γ-ray peaks related to different resonances
can be resolved because of a low neutron-induced background
in the γ1 energy range. Figure 13(b) represents the calcula-
tion results of the 7Li(p,γ)8Be reaction γ-ray emissivity in the
Maxwellian tail approximation. One can see that the γ-ray
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Figure 13. (a) Scheme of the 8Be levels; 7Li(p,γ)8Be reaction resonant states highlighted in red. (b) Calculated γ-ray emissivity due to the
7Li(p,γ)8Be reaction; the colour coded γ-ray spectra are related to different Maxwellian tail temperatures, TH.

spectrum strongly depends on the effectiveH-ion temperature,
TH. The 7Li(p,γ)8Be reaction can therefore be useful for the
characterisation of the ICRF plasma heating.

11B + p reactions. The interaction of energetic protons with
boron can also play an important role for the characterisation
and optimisation of the NBI and ICRF heating systems with γ-
ray diagnostics. One of the advantages of the capture reaction
11B(p,γ)12C is that the lowest proton reaction resonance takes
place at Ep = 0.162 MeV. Note that this reaction is a branch
of the 11B(p,2α)4He reaction known as the 3-alpha aneut-
ronic fusion reaction, which has a very high cross-section,
σ ≈ 1.4 b at Ep ≈ 0.65 MeV [71]. The 11B(p,γ)12C reson-
ant state decays with γ0 and γ1 transitions, Eγ0 = 16.11 MeV
and Eγ1 = 11.67 MeV. The cross-sections of these resonance
transitions are σ(γ0) ≈ 6.2 µb and σ(γ1) ≈ 134 µb [72]. The
γ1 transition also gives rise to 4.44 MeV gammas discharging
the first excited state of 12C. The use of high energy resolution
HPGe γ-ray spectrometers with an oblique line-of-sight, can
provide information on losses ofH-ions.Modelling shows that
the Doppler broadening of the 4.44 MeV γ-line in the spec-
trum depends on the H-ion loss-cone. The calculated Doppler
peaks depending on the H-ion loss-cone width are presented
in figure 14. One can see a sensitivity of the Doppler shape to
the loss pitch-angles, θ = arccos(v||/v), where v|| is the H-ion
velocity component along the magnetic field. The 11B(p,γ)12C
reaction can be used for H-NBI characterisation in both H-
and D-plasmas and the H-minority heating of D-plasmas.

The inelastic scattering reactions 10,11B(p,piγ)10,11B could
be useful for the energy distribution assessment in the case of
MeV-energy H-ions. The cross-section of the 11B(p,p1γ)11B

reaction [73] is presented in figure 15. One can see that there
is a reaction threshold at Ep ≈ 2.6 MeV to excite the first
level in 11B. As a result, the H-ions with EH > 2.6 MeV gen-
erate 2.125 MeV gammas. In the case of a very energetic
H-ion tail, the upper levels can be excited and γ-ray trans-
itions from them will appear in the γ-ray spectrum (see the
11B level scheme in figure 15). In the 10B(p,piγ)10B reaction,
the threshold is much lower (≈0.8MeV) as the first and second
levels are at 0.718 and 1.740 MeV (see the 10B level scheme
in figure 7(a)). For the 1 MeV H-NBI characterisation, the
0.718 MeV gammas can be used for monitoring of the beam
deposition in the plasma. Note that in the D-plasmas, γ-rays
of the 10B(p,piγ)10B reaction are in the energy range with a
rather high neutron-induced background (Eγ < 3 MeV), so
there are some restrictions for the analysis of discharges with
high neutron rates. Nevertheless, gammas generated due to the
inelastic scattering 10,11B(p,piγ)10,11B mean that it is possible
to characterise H-NBI and ICRF heating in D-plasmas.

12C + p reactions. In some fusion devices, for example in JT-
60SA in its initial experimental stages, carbon will be the
main plasma impurity as it was in JET carbon wall operations.
Figure 16 demonstrates the γ-ray spectrum recorded during
a JET discharge with a very energetic H-ion tail. Due to the
proton inelastic scattering, 12C(p,piγ)12C, the first (4.44MeV)
and second (7.654 MeV) levels were excited (see the 12C level
scheme in figure 6). The recorded spectra have allowed assess-
ment of the energeticH-ion tail distribution. The cross-section
of the 12C(p,piγ)12C reaction [58] is presented in figure 16.
One can see that this reaction is very sensitive to MeV pro-
tons, which is useful for the ICRF heating characterisation.
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Figure 14. Calculations of the 4.44 MeV γ-ray Doppler broadened peak for different width of the loss-cone, which is characterised by the
pitch-angles θ = arccos(v||/v).

Figure 15. Left—the cross-section of the 11B(p,p1γ)
11B reaction [73]. Right—scheme of the 11B excited states with γ-ray transitions;

branching ratios (%) are shown.

In the radiation capture reaction 12C(p,γ)13N, the
reaction has two resonances at Ep1 ≈ 0.456 MeV and
Ep2 ≈ 1.700 MeV with γ0-transition cross-sections,
σp1 ≈ 125 µb (Eγ0 = 2.365 MeV) and σp2 ≈ 50 µb
(Eγ0 = 3.502 MeV) [74, 75]. For the H-NBI charac-
terisation in H-, D- and T-plasmas it would be espe-
cially beneficial to have an additional boron doping of
the plasmas. In this case, the use of the 12C(p,γ)13N
reaction (2.365 MeV gammas), together with the boron
capture reaction, 11B(p,γ)12C (4.440 MeV gammas),
with the resonance energy Ep ≈ 0.162 MeV, allows

monitoring of the H-ion energy distribution during NBI
heating.

22Ne(p,γ)23Na reaction. This reaction can be useful for
diagnosing fastH-ions in low-activation plasmas with Ne dop-
ing. There are several proton resonances which decay by γ-
ray transitions. Figure 17 shows the energy dependence of the
relative reactivities of several resonances in the case of the
Maxwellian distribution of H-ions. The strongest resonances
are at 0.639 MeV (≈4 mb) and 1.279 MeV (≈9 mb) energies.
This reaction can be exploited in low-activation plasmas only.
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Figure 16. Left—figure 24 showing γ-ray spectrum recorded in 2.8 MA/2.8 T discharge with H-minority ICRF heating in a low-density
deuterium plasma in JET with a carbon wall. Right—cross-section of the inelastic scattering of protons on carbon [58]. Left figure
reproduced from [9]. © 2002 IAEA, Vienna. Published under licence by IOP Publishing Ltd. All rights reserved.

Figure 17. Comparison of reactivities of proton resonances in the 22Ne(pγ,)23Na reaction [58].

Remarks. Most of the diagnostic reactions in table 2 can be
used in low-activation plasmas only. However, the D(p,γ)3He
(5.5 MeV γ-rays) and T(p,γ)4He (20 MeV γ-ray) reac-
tions are extremely important for both NBI and ICRF
heating scenario developments in deuterium, tritium and
DT-plasmas.

3.3. Characterisation of heating systems generating
energetic D-ions

Generation of fast deuterons is also associated with both NBI
and ICRF heating systems. Positive-source NBI systems usu-
ally provide fast deuterons with energies up to ∼120 keV,

whereas N-NBI systems operate with higher energy deuter-
ons. In JT-60SA and ITER, the N-NBI system will deliver fast
deuterons with energies up to 500 keV and 1 MeV, respect-
ively. In this sub-section, a set of selected nuclear reactions,
proposed in table 3, for γ-ray diagnosis of energetic D-ions in
plasmas is discussed.

In JET, the main source of energetic D-ions in the MeV-
energy range was ICRF heating, i.e. harmonics and 3-ion
ICRH schemes [29]. The energetic D-ion tail was character-
ised using γ-rays from T(d,γ)5Li, 3He(d,γ)5Li, 9Be(d,nγ)10B,
9Be(d,pγ)10Be and 12C(d,pγ)13C reactions [9]. In the non-
beryllium machines, the energetic D-beams can be charac-
terised with γ-ray measurements in H-, D-, T-, He- and
D3He-plasmas.
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Table 3. Diagnostic nuclear reactions for characterisation of energetic deuterons.

Reaction
Energy of reaction,
Q (MeV)

Energy of gammas,
Eγ (MeV)

Reaction application
comments

H(d,γ)3He 5.49 5.5 H-plasma; ENBI > 0.4 MeV
D(d,γ)4He 23.85 24 D-, DT-plasma; σ ∼ 0.02 µb

@ 1 MeV
T(d,γ)5He 16.79 17 T-plasma; NBI performance,

ERes ≈ 0.11 MeV
3He(d,γ)5Li 16.66 17 D3He—plasmas; NBI

ERes ≈ 0.45 MeV
4He(d,γ)6Li 1.474 2.186 He-plasmas,

Ed > 1.1 MeV
6Li(d,nγ)7Be 3.381 0.429 H-, He-plasmas
6Li(d,pγ)7Li 5.026 0.478
10B(d,nγ)11C 6.4648 2.0, 4.319, 4.80 etc B-doping
10B(d,pγ)11B 9.2296 2.12, 4.445, 5.02 etc
11B(d,nγ)12C 13.732 4.440, 3.21 & 9.64
11B(d,αγ)9Be 8.031 1.68, 2.43, 3.05, 6.38
12C(d,pγ)13C 2.722 3.09 C-impurity; ED > 0.43 keV

Deuteron radiation capture reactions. In the H-plasma,
5.5 MeV γ-rays from the H(d,γ)3He reaction can be used
for commissioning and studying D-NBI heating with beams
ENBI > 0.4 MeV. In the case of injection of the 1 MeV D-
beams in D-plasmas, an effective core ion-temperature can be
inferred with a D(d,γ)4He capture reaction, which produces
24 MeV gammas. Indeed, the cross-section of this reaction
reaches ≈0.02 µb at ED = 1 MeV [58], so the 24 MeV γ-ray
emissivity could be measurable in discharges with energetic
NBI ions, e.g. in ITER. A negligible background in this γ-ray
energy range allows for a credible analysis of the broadening
of the 24 MeV peak that is related to the deuteron distribution
function.

In deuterium plasmas with some 3He doping, the D-NBI
performance can be monitored by measuring the 17 MeV
γ-ray emission from the 3He(d,γ)5Li reaction as it was
routinely done on JET. It is important to note that the reac-
tion cross-section has a broad resonance at ED ≈ 0.45 MeV.
Since the 3He(d,p)4He reaction gives rise to 3.6 MeV
α-particles, this type of experiment could also be used
for tests of the α-particle diagnostics prior to DT-plasma
studies.

Furthermore, it is very important to set up an optimal trans-
ition fromL- toH-mode [76]. Before full-scale burning plasma
experiments in the established H-mode, final characterisation
of the D-NBI could be done in full T-plasmas. A straightfor-
ward method of L–H transition monitoring could be measure-
ments of 17 MeV γ-rays from the T(d,γ)5He reaction.

In exotic He-plasma experiments, energetic D-ions with
ED > 1.1 MeV can excite the first level of 6Li due to the cap-
ture reaction 4He(d,γ)6Li producing 2.186 MeV gammas. The

D-ions below 1 MeV will give rise to the radiation capture γ-
ray spectrum, which can be defined as Eγ ≈ Q + 2Ed/3.

6Li + d reactions. Doping the plasma with lithium can be used
for the D-NBI characterisation in H- and He-plasmas. In this
case, the 6Li(d,nγ)7Be and 6Li(d,pγ)7Li reactions produce γ-
rays due to discharging the first excited states with energies
0.429MeV (7Be∗) and 0.478MeV (7Li∗). The available cross-
sections shown in figure 18 increase monotonically, so these
cross-sections data could be easily extrapolated to a required
energy range.

10,11B + d reactions. These reactions are the most demanding
because boronisation of the reactor wall is suggested for sev-
eral machines including ITER. Among the available boron
reactions, the 11B(d,nγ)12C and 11B(d,αγ)9Be reactions are
most practical since they have large cross-sections (figure 19)
and an 80% abundance of the 11B isotope. 1 MeV NBI deu-
terons can excite the 12C levels up to 15.6 MeV (see the 12C
level scheme in figure 6) and the 9Be levels up to 8.9 MeV
(see figure 20(a)). Gamma-ray decays of the 12C excited states
4.440, 7.654 and 9.641 MeV give rise to the strongest γ-
ray emission. Also, the 11B(d,αγ)9Be reaction can be use-
ful for the D-beam characterisation; however the expected
γ-ray emissivity from this reaction is much less than from
11B(d,nγ)12C. The γ-ray decay of the 9Be levels 1.684, 2.429
and 3.049 MeV could be measured, however the dominant
decay of the 2.429 MeV state is 5Heg.s. + α, while the 3.049
and 4.704 MeV states decay with neutrons, i.e. 8Beg.s. + n.
These reactions could also be used for the characterisation of
NBI heating with ED < 0.5 MeV. The reaction cross-sections
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Figure 18. Cross-sections of the 6Li(d,niγ)7Be and 6Li(d,piγ)7Li reactions [58] related to the ground (i = 0) and first excited states (i = 1).

Figure 19. Evaluated total nuclear reaction cross-sections [58]. (a) 11B(d,nγ)12C and 11B(d,α)9Be reactions. (b) 10B(d,p)11B and
10B(d,n)11C reactions.

presented in figure 21 are obtained by measuring n0- and n1-
neutrons [77] and α0- and α1-alphas [78] in the low-energy
deuteron experiments.

According to the available total reaction cross-section data
shown in figure 19, the 10B(d,nγ)11C (see the scheme of
11C excited states with γ-ray transitions in figure 20(b)) and
10B(d,pγ)11B reactions can be used for the NBI characterisa-
tion; however, the 10B isotope has 20% abundance, so in the
boron-doped plasma, its concentration would be four times
less than 11B. Figure 22 shows the partial 10B(d,p)11B reac-
tion cross-sections for the low-energy [78] and MeV-energy
deuterons, which are related to the excitation of the first three
levels in 11B (see the scheme of 11B excited states with γ-
ray transitions in figure 15). Note that the γ-ray emissions
2.12, 4.445 and 5.02 MeV due to the decay of these levels
dominate.

12C(d,pγ)13C reaction. Since this reaction goes with
Q = 2.722 MeV, only energetic deuterons can excite the first
13C level, 3.089 MeV (see the scheme of 13C excited states
with γ-ray transitions in figure 23(a)). This is an import-
ant reaction for the D-beam characterisation as the energy
threshold for excitation of the 3.089 MeV level is 0.43 MeV.
Hence, deuterons with energies exceeding this threshold give
rise to 3.089 MeV γ-ray emission. The cross-section of the
excitation of this level is presented in figure 23(b).

One can conclude that using a combination of nuclear reac-
tions for γ-ray diagnosis of energetic D-ions listed in table 3
could provide valuable information on the characterisation of
D-NBI heating in plasmas.

Remarks. In devices with boronisation, 10,11B + d reactions
could be very informative for the fast D-ions characterisation
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Figure 20. 9Be and 11C level schemes with γ-ray transitions and branching ratios (%) [58].

Figure 21. Experimental cross-sections related to the population of excited states at low energies of deuterons. (a) 10B(d,ni)11C reaction
[77]. (b) 11B(d,αi)9Be reaction 9Be [78].

Figure 22. Experimental cross-sections of the 10B(d,p)11B reaction related to the population of the first three excited states of 11B.
Left—low energy deuteron data [78]. Right—MeV range deuteron data [58] with the fitted curves.
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Figure 23. (a) 13C level scheme with γ-ray transitions and branching ratios (%) [58]. (b) Experimental cross-section of the 12C(d,p)13C
reaction [79] related to the population of the first excited state of 13C.

in high performance experiments; in machines with carbon as
the main impurity (e.g. JT-60SA), the 12C(d,pγ)14N reaction,
which was widely used on JET, would be a perfect alternative.

4. Optimisation of D- and DT-plasma scenarios

Generation of the 1MeV tritons in the fusion reactionD(D,p)T
leads to their ‘burnup’ during slowing down, giving rise to
14 MeV neutrons from the D(t,n)4He reaction and 17 MeV
gammas from its branch, D(t,γ)5He. There is a maximum of
these emissions at the resonance energy ET ≈ 160 keV. As
a rule, 14 MeV neutron monitors/spectrometers have been
used to study the confinement and slowing-down of fast tri-
tons in deuterium plasmas [80–84]. In JET, 17MeV γ-rays and
prompt triton losses were also measured for a comprehensive
study of the ICRF heating performance [85].Monitoring of the
17 MeV gammas were routine measurements. An example of
the γ-ray spectrum, which is recorded in a high-performance
JET deuterium discharge by the BGO-scintillator detector, is
shown in figure 24. The gammas related to the D(t,γ)5He
reaction are measured in the range Eγ ≈ 12–17 MeV. The
neutron-induced γ-ray background emission is rather intense
in the energy range below ∼10 MeV deuterium plasmas. A
finite slowing-down time of DD-tritons from the birth energy
to the maximum of the D–T fusion reaction leads to a differ-
ence between the DD-neutron and 17 MeV γ-ray rate wave-
forms. One can see in figure 24 that the 17 MeV γ-rays are
delayed relative to the neutron rate. As a rule, analysis of DD-
and DT-neutron rates is used to infer the triton slowing-down
time. However, monitoring of the 17 MeV γ-rays is preferable

because the 14 MeV neutron measurements and analysis are
rather complicated by reason of a low detection efficiency.
In addition, the energetic MeV-tritons generate γ-rays from
selected nuclear reactions in table 4, so the monitoring of these
γ-rays can provide a figure of merit of the heating performance
and information on the triton source distribution function.

11B + t and 12C + t reactions. In plasmas with boron impur-
ity, the 11B(t,nγ)13C and 11B(t,2nγ)12C reactions can be used
for analysis of the triton energy distribution. In figure 25,
one can see that the 11B(t,2nγ)12C cross-section is highest.
According to the 12C decay scheme (see figure 6), 1 MeVDD-
tritons can excite the first two levels, hence the 4.44 MeV and
3.21 MeV γ-rays could be in the spectrum. However, tritons
with energies Et < 0.24 MeV can excite the 4.44 MeV level
only, so 3.21 MeV gammas are not generated. In this case, the
ratio of the 4.44 MeV and 3.21 MeV γ-ray peaks depends on
the triton energy distribution. Since the 11B(t,nγ)13C reaction
has Q= 12.421 MeV, high-energy levels of 13C up to 13 MeV
are excited (see the level scheme of 13C in figure 23(a)). The
most intensive γ-rays, 3.09MeV, 3.68MeV and 3.85MeVwill
be in the spectrum, though gammas related to decays of the
high-energy levels, 4.946 MeV, 7.462 MeV and 7.547 MeV,
could appear as well.

The 12C(t,nγ)14N reaction could be useful in the case of a
small concentration of carbon in the plasma. The cross-section
of the reaction (see figure 25) is sufficient for the diagnosis
of MeV tritons. Decays of the first two excited states in 14N
(see the level scheme in figure 5) provide a strong emission
of 2.312 MeV and 1.635 MeV γ-rays. The energy distribution
of the DD-tritons at birth depends on an effective temperature

18



Nucl. Fusion 66 (2026) 066004 V.G. Kiptily et al

Figure 24. Gamma-ray spectrum recorded in JET deuterium discharge #40554 (left); waveforms of total neutron rate and γ-ray emission
rate of the D(t,γ)5He reaction in the energy range 12–17 MeV (blue dash-box marked in left figure).

Table 4. Diagnostic nuclear reactions for characterisation of energetic tritons.

Reaction
Energy of reaction,

Q (MeV)
Energy of gammas,
Eγ (MeV)

Reaction application
comments

D(t,γ)5He 16.79 17 D-plasma; triton burnup
monitoring

11B(t,nγ)13C 12.421 3.09, 3.68, 3.85 etc D-plasma, B doping; triton
burnup monitoring11B(t,2nγ)12C 7.475 4.44 & 3.21

12C(t,nγ)14N 4.015 2.312 & 1.635 D-plasma, C impurity;
triton burnup monitoring

D(T,γ)5He 16.79 17 DT-plasma: α-particle rate
T(pγ)4He 19.814 20 DT-plasma: DD-protons

rate, core temperature &
fuel ratio

of deuterons. Due to an auxiliary heating of the plasma, the
DD-tritons could have energy exceeding 1 MeV. Tritons with
Et > 1.13 MeV can excite the level at 4.915 MeV, and tri-
ton energy Et ≈ 1.36 MeV is a threshold for excitation of the
5.108 MeV level. Thus, measurements of γ-ray emission due
to the decay of these levels can provide information on the
DD-triton source in ICRF heated plasmas.

D(T,γ)5He & T(p,γ)4He reactions. JET experiments withD–T
plasmas already showed that the rate of 17 MeV γ-rays from
the D(T,γ)5He reaction can be a figure of merit of the heating
performance in addition to the 14 MeV neutron rate [12]. In
addition, as previously discussed, measurements of 20 MeV
γ-rays from the T(p,γ)4He reaction can be used for the H-
minority heating characterisation. In D–T plasma, simultan-
eous measurements of the 20 MeV and 17 MeV gammas are
rather useful for the development of high-performance scen-
arios. Indeed, the D–T fusion rate depends on the effective H-
ion temperature due to ICRF heating, which can be inferred
by measuring of the 20 MeV peak broadening. As an example
of the use of this plasma optimisation tool, a comparison of
two γ-ray spectra recorded in JET D–T discharges at the cent-
ral toroidal field B0 = 3.3 T and plasma current Ip = 2.0 MA,

i.e. during the H-minority and second harmonic T ICRF heat-
ing, is presented in figure 26.

It is important to note that in burning plasmas, 20 MeV γ-
rays are generated byDD-protons. As shown in [86], simultan-
eous measurements ofD(T,γ)5He and T(p,γ)4He reactions can
monitor the fuel ratio, nD/nT, in the plasma core; the 20 MeV
γ-rays from the T(p,γ)4He reaction give an effective electron
temperature (Te). Indeed, this is a unique diagnostic tool for
reactor plasmas.

Remarks. The 17 MeV gammas of the D(t,γ)5He reac-
tion and the 11B(t,2nγ)12C reaction γ-rays could be a
powerful diagnostic tool for the triton burnup monitoring
in high-performance deuterium plasmas with boronisation.
Measurements of the D(T,γ)5He and T(p,γ)4He reactions
allow us to tune theD–T plasma scenarios andmonitor import-
ant parameters (the fuel ration and Te) in the burning plasma.

5. Alpha-particle studies

There are several nuclear fusion reactions which give rise
to α-particles: D(T,n)4He, D(3He,p)4He, T(T,2n)4He, and
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Figure 25. Evaluated total nuclear reaction cross-sections of 11B(t,n)13C, 11B(t,2n)12C and 12C(t,n)14N reactions [58].

Figure 26. Gamma-ray spectra recoded in JET D–T discharges at 3.3 T/2.0 MA: red-lines—H-minority (51 MHz); blue-lines—second
harmonic T-heating (32 MHz).

11B(p,2α)4He. In the first two reactions, alphas have nearly
the same birth-energy, ≈3.5 MeV and ≈3.6 MeV, respect-
ively. The birth-energy spectra of the last two reactions have
continuous features due to the kinematics of three outgoing
particles in the final state. Tritium-beam experiments [87]
have found that the energies of the T–T α-particles are below
≈3.8 MeV. Measurements of the first-orbit α-particle losses

in JET tritium plasmas with 110 keV T-NBI heating showed
a broad loss-peak at Eα ≈ 4 MeV [12]. The well-known 3-
alphas 11Bp-reaction (Q= 8.682 MeV) has a strong resonance
at EH ≈ 0.675MeVwith a total cross-section≈1.4 b [71]. The
11Bp-reaction experiments revealed that at the resonance there
is a broad peak in the α-particle spectrum at Eα ≈ 4.3 MeV.
As such, theα-particle studies inD–T, D–3He, T–T and 11B–H
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fusion plasmas need to be carried out in a wide range of α-
particle energies. Several γ-ray diagnostic reactions are selec-
ted (see table 5) forα-particle studies in plasmas with different
levels of the neutron-induced γ-ray background.

D–T plasma. In plasmas with boron impurities, γ-ray meas-
urements of the α-particles can be studied with 10B(α,nγ)13N
and 10B(α,pγ)13C reactions. The 10B(α,pγ)13C reaction was
proposed as an alternative to the 9Be(α,nγ)12C diagnostic
reaction for ITER in the past [88]. Indeed, alpha-particles with
the energy Eα > 1 MeV give rise to γ-rays which are dischar-
ging the first three excited states of 13C shown in figure 23(a).
Excitation functions of these states, 3.089 MeV, 3.684 MeV
and 3.854 MeV, were obtained from the measured γ-ray angu-
lar distributions in the α-particle energy range 1.25–4.2 MeV
[89]. The low-energy cross-sections of the 10B(α,pγ)13C reac-
tion in the range 2.5 MeV > Eα > 0.57 MeV were meas-
ured in recent experiments [90]. Comparison of both data sets
in the overlapped energy range shows a good agreement (see
figure 27).

Note that there are some benefits of using the 10B(α,pγ)13C
reaction instead of the 9Be(α,nγ)12C one. The boron reac-
tion can provide information on alphas in the energy range
Eα > 1 MeV, while D–T α-particles with Eα > 1.7 MeV
can be studied with the 9Be(α,nγ)12C reaction. Furthermore,
information on α-particles, which could be obtained from γ-
rays by means of three excited levels in the 10B(α,pγ)13C
reaction, is more convincing than data from two excited
levels in the 9Be(α,nγ)12C reaction. However, the drawback
of the boron reaction is the lower cross-section, i.e. the rate
of 3.854 MeV gammas by a factor of 2–2.5 less than the
4.44 MeV emission in the 9Be(α,nγ)12C reaction. In addi-
tion, the 10B isotope abundance is ≈20%, though the vessel
boronisation with the 10B isotope would not be expensive.
Nevertheless, γ-ray diagnostics of confined α-particles with
Eα > 1 MeV in fusion devices with boron plasma impurity
using the 10B(α,pγ)13C reaction are promising and could be
experimentally tested and validated in low-activation plasma
devices, as was conducted in the case of the 9Be(α,nγ)12C
reaction on JET [9, 32]. The yield of the 3.089 MeV,
3.684 MeV and 3.854 MeV γ-rays can be measured by scin-
tillation detectors as well as HPGe detectors, which provide
high-resolution γ-ray spectrometry. In the case of the HPGe
detector, an analysis of the Doppler broadened γ-ray peaks
could deliver information on the energy distribution of α-
particles in the plasma (see the use of thismethod on JET [17]).

An advanced technique to measureα-particles escaping the
plasma and striking the wall, known as γ-ray monitor of the
lost α-particles (GRAM), has been proposed for ITER in [91].
It is a rather simple and robust method, which does not require
access to the reactor vacuum vessel. The lost α-particle rate
can be measured by a γ-ray spectrometer viewing the boro-
nated wall or a specially-installed target with a thin boron
layer. Furthermore, in low-activation plasmas, the use of a col-
limated HPGe spectrometer could allow measurements of the
pitch-angle distribution of lostα-particles, as proposed in [89].
Indeed, since the 3.089 MeV and 3.684 MeV excited states

Figure 27. Excitation functions of the first three states in the
10B(α,pγ)13C reaction obtained in [89, 90]. Reprinted from [20],
copyright (2025), with permission from Elsevier.

in 13C∗ have got ≈1 fs lifetimes, the γ-line Doppler shape
analysis is available. Hence, the velocity space of the lost α-
particles can be inferred.

The 10B(α,nγ)13N reaction (Q = 1.059 MeV) gives rise to
2.368MeV γ-rays if the α-particle energy exceeds≈1.8 MeV.
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Table 5. Diagnostic nuclear reactions for α-particle studies.

Reaction
Energy of reaction,
Q (MeV)

Energy of gammas,
Eγ (MeV)

Reaction application
comments

6Li(α,γ)10B 4.461 γ0, γ1, γ2, γ3 and 0.718,
1.740, 2.154

Low-activation plasmas;
ERes ≈ 1.17, 2.43,
4.02 MeV

7Li(α,γ)11B 8.66 γ0, γ2 and 4.44 ERes ≈ 0.402, 0.815 &
0.954 MeV

10B(α,pγ)13C 4.061 3.09, 3.68 & 3.85 D–T plasma; Eα > 1 MeV
10B(α,nγ)13N 1.059 2.368 D–T plasma;

Eα > 1.8 MeV
3.50 Eα > 3.4 MeV

11B(α,nγ)14N 0.158 2.313 Low-activation plasmas;
Eα > 3 MeV

1.635 Eα > 4.6 MeV
20Ne(α,α′γ)20Ne — 1.634 Low-activation plasmas
22Ne(α,α′γ)22Ne — 1.275
20Ne(α,γ)24Mg 9.316 γ0, γ1 Low-activation plasmas
22Ne(α,γ)26Mg 10.615 γ0, γ1
22Ne(α,nγ)25Mg −0.478 Eγ < 3.4 MeV Low-activation plasmas;

Eα > 1.4 MeV

These gammas could therefore be used for the identific-
ation of energetic confined alphas in low-activation plas-
mas, as in D–T plasmas these gammas are in the energy
range of a high neutron-induced background. The 13N state
at 3.502 MeV (see figure 28(a)) is excited by alphas with
energy higher than Eα ≈ 3.4 MeV, so 3.50 MeV gammas
can be used for α-particle studies in the D–T phase as well.
Note that the 3.50 MeV gammas could cause a complica-
tion for the analysis of the γ-rays from the 10B(α,pγ)13C
reaction because of a specific γ-ray response function of
solid-state detectors. Gamma-rays with energy Eγ > 2mec2

appear in the γ-ray spectrum as three peaks: full energy
at Eγ, single escape at Eγ − mec2 and double escape at
Eγ − 2mec2. As such, when analysing γ-ray emission from the
10B(α,pγ)13C reaction, this should be taken into account. This
is not the case when using measurements for high-resolution
Ge-detectors.

Low-activation plasmas. In JET, α-particles were studied
using several ICRF plasma heating schemes, i.e. the He-
ion beam acceleration by the third harmonic [12] in He-
plasmas and D-ion beam acceleration in D3He-plasmas and
the 3-ion ICRH scheme with D-NBI ion acceleration in
the D3He-plasma, generating 3.6 MeV fusion alphas [20].
However, there is an opportunity to study energeticα-particles
before D–T experiments measuring MeV α-particles from
the 11B(p,2α)4He and 3He(D,p)4He fusion reactions. For this
purpose, an appropriate concentration of boron in plasmas
is needed both for the α-particle production and their dia-
gnosis. According to the cross-section data of the p–11B and
D–3He fusion reactions, NBI heating with beam-ion energies
ENBI > 0.4 MeV is required to generate a suitable α-particle
source in H- and D3He-plasmas. In fusion devices with ICRF
capabilities, D–3He experiments could also explore α-particle
generation using 3He-minority heating, third harmonic D-ion

acceleration [92] or the 3-ion D–(DNBI)–3He scheme [93]. As
scientific exploitation of the JT-60SA tokamak has already
started, fast α-particle studies in theH-plasmas with hydrogen
N-NBI and, in the low-activation D–3He plasmas with deu-
terium N-NBI heating are proposed [94, 95]. A boron drop-
per as well as neutron and γ-ray spectrometers are needed
to realise these studies. Note that the first successful p–
11B experiments—using N-NBI heating [96], and H-minority
beam acceleration [97]—have been carried out on the LHD
with a boron dropper; lost α-particles from the 11B(p,2α)4He
reaction were detected.

In low-activation plasmas, boron reactions 11B(α,nγ)14N,
10B(α,nγ)13N and 10B(α,pγ)13C,which were discussed above,
can be used for the diagnosis of MeV α-particles both with γ-
ray and neutron diagnostics. Indeed, the partial cross-sections
of the 10B(α,nγ)13N reaction presented in figure 28(b) shows
that α-particles with energies Eα > 1 MeV generate ener-
getic neutrons, so in the low-activation plasma experiments,
this fact is very important. One needs to note that neutrons,
n0, de-exciting the compound nuclei 14N∗ to the ground state
of 13N, are most energetic, e.g. at Eα = 1.5 MeV neut-
rons have the energy En ≈ 2 MeV. Neutrons, n1, n2 and
n3, feeding the excited states of 13N∗ are much less ener-
getic. Figure 29(a) shows total neutron spectra from the
10B(α,nγ)13N reaction that are expected in the different α-
particle energy distributions presented in figure 29(b). One can
see that the neutron yield is rather sensitive to the energy dis-
tribution of α-particles. Note that in D3He-plasmas, only n0-
neutrons can be used for α-particle studies since the 2.5 MeV
neutron emission due to the D(D,n)3He reaction is relat-
ively strong and could be an obstacle for the α-particle ana-
lysis. However, in H-plasmas, measuring MeV α-particles
from the 11B(p,2α)4He reaction, the whole neutron spectrum
from the 10B(α,nγ)13N reaction could be available for the
analysis.
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Figure 28. (a) 13N level scheme with γ-ray transitions and (b) partial cross-sections of the 10B(α,n)13N reaction [58].

Figure 29. (a) Calculated energy spectra of neutrons from the 10B(α,nγ)13N based on the available reaction cross-sections [58] (see
figure 28(b)) and energy distribution functions of confined α-particles (b), which are born at 3.6, 4.0 and 4.5 MeV.

As to the 11B(α,nγ)14N reaction, it has a rather small energy
yield, Q = 0.158 MeV. Therefore, the reaction gives rise to
2.313 MeV γ-rays by α-particles with energy Eα > 3 MeV
(see the 14N level scheme in figure 5); more energetic alphas,
i.e. Eα > 4.6 MeV, also generate 1.635 MeV γ-rays. Since
the evaluated total cross-section for the γ-ray production [58]
exceeds 100 mb in the range Eα > 3 MeV (figure 30), γ-
ray detection could be feasible for energetic α-particle studies.
In addition, measurements of neutrons would be useful in H-
plasmas, but complete cross-section data of this reaction are
needed.

The 6,7Li(α,γ)10,11B reactions have an advantage for α-
particle studies as they have quite narrow resonances in a broad
range of energies, from 0.4 MeV to 4 MeV [98]. The rate of
the resonant related γ-rays is proportional to the number of
confined α-particles within the resonance energy, and several

resonances are required to build up the α-particle energy dis-
tribution. The main drawback of these reactions is rather low
cross-sections (in the µb-range). Hence, applications of these
reactions are restricted by experiments with a low neutron-
induced background, for example, it could be T–T or D–3He
plasmas. Increasing the α-particle production in D–3He plas-
mas could be done by D-NBI heating of the deuterium plasma
with as high as possible 3He-concentration and deuteron ener-
gies near the reaction resonance at ≈0.45 MeV.

If neon is injected as an extrinsic radiator in the plasma,
the neon reactions can be utilised for α-particle studies. The
energetic α-particles can generate gammas in the inelastic
scattering reactions 20,22Ne(α,α’γ)20,22Ne. To overcome the
Coulomb repulsion and to excite the nucleus, α-particles
should tunnel through the barrier, which is rather high, i.e.
UC ≈ 5.5 MeV. Figure 31 shows that the inelastic scattering of
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Figure 30. Evaluated total nuclear reaction cross-section of 11B(α,n)14N [58].

Figure 31. Evaluated total nuclear reaction cross-sections of 20,22Ne(α,α′)20,22Ne [58].

α-particles on 22Ne has a much higher cross-section than in the
case of 20Ne, i.e. for 3.5 MeV α-particles it is≈65 mb in com-
parison to ≈2.5 mb. Though 22Ne isotope abundance is ≈9%,
the 22Ne(α,α′γ)22Ne reaction could provide a higher γ-ray
emission rate than the 20Ne(α,α′γ)20Ne reaction. The γ-ray
transition 2+−0+ (1.275 MeV) is strongest in 22Ne but extra
energetic alphas could also excite 4+ and 2+ states, which
decay with 2.083 MeV and 3.181 MeV γ-rays (see the 22Ne

level scheme in figure 32). In the case of 20Ne, the strongest
γ-ray transition (2+–0+) is 1.634 MeV.

Most of the Ne + α nuclear reactions are endothermic,
Q < 0, so the reactions require an additional energy input
which means there is a reaction threshold for α-particles.
The only exothermic ones are radiative capture reactions
20,22Ne(α,γ)24,26Mg. These reactions could be practical for
diagnostics only in low-activation plasmas because their
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Figure 32. 20Ne, 22Ne and 25Mg level schemes with γ-ray transitions [58].

Figure 33. Experimental cross-sections. (a) 22Ne(α,n1)25Mg reaction (population of the first excited state of 25Mg) [100]. (b) Total
cross-section of the 22Ne(α,n)25Mg reaction [101].

cross-sections are rather low [99], i.e. for alphas in the range
2.5–5.5 MeV, the cross-section of the 20Ne(α,γ)24Mg reaction
is ∼5 µb and the 22Ne(α,γ)26Mg cross-section is even lower.
Gamma-rays to the ground and first excited states have ener-
gies Eγ ≈ Q0,1 + Ec.m.

The endothermic 22Ne(α,nγ)25Mg reaction has
Q = −0.478 MeV. There are low-lying excited states in
25Mg (figure 32), so the first level can be excited by alphas

with Eα > 1.4 MeV. The measured excitation function
[100] of this level is shown in figure 33(a). The total cross-
section of the neutron production in the 22Ne(α,n)25Mg reac-
tion with α-particles in the energy range Eα > 2.3 MeV
[101] is presented in figure 33(b); the excited states of
25Mg are discharged by γ-rays with Eγ < 3.41 MeV
(see the 25Mg level scheme and γ-ray transitions in
figure 32).
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6. Summary and conclusions

A severe fusion reactor environment is the reason that some
conventional plasma diagnostics are not feasible. However, γ-
ray diagnostics can be used in burning plasma reactors without
direct access to the vacuum vessel, and the feasibility of γ-
ray measurements for monitoring theD–T fusion rate and dia-
gnosing confined α-particles was confirmed in the recent D–
T experiments on JET. Using previous experience of the γ-
ray diagnostic operation on JET, various applications of γ-
ray diagnosis in present devices and future reactors were pro-
posed in this paper. Gamma-ray measurements can provide
diagnostic information in all reactor exploitation phases, both
low-activation (H/D/T/He) and burning D–T plasmas, includ-
ing the initial setup of plasma discharges, which is considered
detection of REs during the plasma current ramp-up and in the
case of disruptions. The γ-ray diagnosis of fast-ions (H, D,
T, 3He) can be used to optimise auxiliary plasma heating sys-
tems as well as deuterium and D–T plasma scenarios. Special
consideration in the paper focuses on the γ-ray diagnosis of α-
particles inD–T and low-activation plasmas, as well as theD–
T burn monitoring, enabling the inference of temperature and
DT-fuel ratio in the core, and which are thus key duties of the
burning plasma γ-ray diagnostics. For this purpose, nuclear
reactions giving rise to appropriate γ-rays for measurements
in plasmas with Li, B, C and Ne impurities were selected and
recommendations for usage of these reactions based on previ-
ous JET experience are provided.

During the selection of γ-ray diagnostic reactions, a lack
or ambiguity of the important nuclear cross-sections was
found. Seeing as wall boronisation is considered in most
fusion devices, reaction cross-section measurements with
boron targets, using p-, d-, 3He- and 4He-beams, are recom-
mended. Data on the α-particle reactions, 10,11B(α,nγ)13,14N
and 10B(α,pγ)13C, are of crucial importance for α-particle
confinement studies and their monitoring in future burn-
ing plasma reactors. In addition, cross-section measurements
of the following reactions: 10,11B(d,nγ)11,12C, 11B(d,αγ)9Be,
10B(d,pγ)11B, 11B(3He,pnγ)12C are required for the com-
missioning and characterisation of the auxiliary heating and
plasma scenario development.

In conclusion, this paper provides an opportunity for
designing and modelling diagnostic systems for burning
plasma machines, as well as testing them in currently work-
ing fusion devices in preparation for the exploitation of the
forthcoming SPARC and ITER.
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