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Abstract

Gamma-rays generated in nuclear reactions have been used on the Joint European Torus (JET) for
many decades to study the main mechanisms of fast-ions slowing down, redistribution and losses, as
well as for the development optimal plasma scenarios with auxiliary plasma heating. The recent JET
deuterium-tritium experiments verified the feasibility of using confined a-particles for diagnosing and
monitoring the D-T fusion rate. In addition, a novel technique for the determination of the plasma core
temperature was tested by means of the 7p fusion reaction y-ray measurements.

Several fusion plasma devices utilising magnetic confinement aimed at achieving burning deuterium-
tritium plasmas, are under construction or at an early design stage. The Diagnostics for these
machines will be a critical factor to their success and is an area of active research in the fusion
community. Gamma-ray measurements, as well as neutron diagnostics are amongst a very restricted
set of plasma diagnostics that will be practical in these future D-T fusion machines by virtue of their
tolerance to the harsh radiation environments they will be required to work within. In this paper, we
propose several applications using y-ray diagnostics during all reactor exploitation phases, from the
no-/low-activation to the burning D-T plasmas, for setup of plasma discharges, characterisation of the
auxiliary plasma heating, development of optimised plasma scenarios and a-particle studies. Nuclear
reactions generating y-rays, which are suitable for measurements in fusion devices, have been
selected. Recommendations for their usage based on the previous experience of the y-ray diagnostic
operation on JET are provided. This paper provides insights for design and modelling of y-ray
diagnostic systems as well as testing them in currently working fusion devices before their use in the
burning plasma machines.

1. Introduction

The main source of energy in future thermonuclear reactors with magnetic
confinement is the fusion reaction between deuterium and tritium, D(T,n)*He. The self-
sustained D-T plasma burn is provided by 3.5-MeV a-particles (“He-ions) transferring energy
to the thermal plasma during their slowing down. Only adequate confinement of a-particles
and optimised plasma scenario can provide efficient heating of the bulk plasma and steady
plasma burning. For this very reason the plasma scenario development and the fusion-born a-
particle studies were one of the priorities in the second D-T experiments (DTE2) on Joint

European Torus (JET). JET, with Be-wall and W-divertor (known as “ITER-like wall”)
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producing significant population of a-particles with enhanced auxiliary heating systems and

improved energetic-particle diagnostic capabilities delivered these tasks [1].

Now, several fusion plasma devices with magnetic confinement aimed at burning
deuterium-tritium plasma experiments are under construction (ITER [2,3], SPARC [4],
Burning Plasma Experimental Superconducting Tokamak (BEST) and at the design studies
(DEMO [5], STEP [6] etc.). A harsh fusion reactor environment with a very high level of
neutron and y-ray fluxes will make some conventional plasma diagnostics impractical.
Among the restricted set of instruments available for plasma control of burning plasmas and
machine protection, neutron and y-ray measurements can be used since they do not require

direct access to the plasma and can be setup far away from the reactor vessel.

The y-ray spectrometry of fusion plasmas [7] is based on detection of y-rays produced
in nuclear reactions which arise in high-temperature plasmas among fast ions and fuel and
impurities. On JET, y-ray measurements were used during more than a quarter of century for
diagnosing of fast-ions [8] and fusion born a-particles [9-11], studying their confinement and
redistribution, as well as developing most advanced plasma scenarios [12-15]. The y-ray
spectra were recorded within the energy range 1-30 MeV. For this purpose, several y-ray
spectrometers were exploited, i.e. BGO, Nal(Tl) and LaBr3(Ce) scintillators and a high purity
Ge-detector (HPGe). The HPGe-detector has so high energy resolution that allowed analysing
the y-line Doppler broadening [16-20]. Figure 1 represents an example of the HPGe-spectrum
showing the broadened y-ray lines related to nuclear reactions with fast-ions. The LaBr3(Ce)
scintillator has a very short decay-time, so the fast LaBr;(Ce) spectrometers used a fast data
acquisition system that allowed measurements at MHz-counting rates [21]. JET
spectrometers viewed the plasma center vertically and tangentially [22,23] through
collimators equipped with neutron attenuators. One of the main features of fusion y-ray
diagnostics is decrease of the neutrons streaming through collimators, providing substantial
suppression of the y-ray background. On JET, neutron attenuators based on °LiH and natural

lithium composition, LiH, which are nearly transparent to MeV y-rays were used [22].

Also, 2D y-ray/neutron cameras [24,25] were used to visualise the fast-ion and o-
particle redistribution in plasmas due to effects related to magneto-hydro-dynamic (MHD)
activity and the auxiliary plasma heating with energetic neutral deuterium and tritium beam
injection (NBI) and waves in the ion-cyclotron range of frequencies (ICRF) [26-29]. It
consisted of 2 fan-shaped array cameras with 19 collimated viewing channels (9 vertical and

10 horizontal). The importance of 2D measurements of the fast-ion y-ray image is
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demonstrated in figure 2 that shows an effect of the fast ion redistribution due to the toroidal

AE instabilities (TAE) in the plasma.

In JET with carbon wall (JET-C) with some beryllium elements the carbon was a
main impurity in plasmas. So, the fast-ion diagnosis was based on measurements of y-rays
due to nuclear reactions listed in [8]. Later, in JET with ITER-like wall (i.e. Be-wall and W-
divertor) beryllium was a main impurity in plasmas and the fast-ion diagnostics were based

on measurements of y-rays generated in the Be+p, Be+d, Be+>He reactions [7,20].

To study the confined He-ions and fusion born a-particles, the *Be(a,ny)!°C nuclear
reaction was used [11,30-32]. Note, this diagnostic reaction was accepted as the basis for the
confined a-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 tungsten
instead of beryllium for the vessel first wall. It was taken into consideration the fact that
tungsten is more relevant for future DEMO machine and other fusion devices. Initial

evaluations of the new baseline and the research plan have been realised [35,36].

In most fusion devices the Glow Discharge Cleaning (GDC) boronisation is used for
wall conditioning. Boron layers deposited on recessed surfaces getters oxygen as well as
providing high-Z impurity control to achieve the highest possible plasma performance [37].
Recently, it was found that solid boron injection using dropper system [38] is a more effective
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. Both boronisation methods are under
consideration for application in ITER. Also, lithium, which retains hydrogen isotopes leading
to lower wall recycling, has been used to improve plasma performance [39] since Li-impurity
reduces effective charge (Zf) 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 much lower input power
was achieved in super-shots compared to discharges without pellets [41]. In JET, Ne seeding
as extrinsic radiator strongly reduces divertor heat loads and small and high frequency ELMs.
These effects were successfully demonstrated in D-T experiments on JET [1] providing
encouraging results for ITER. Therefore, this motivates consideration to use Ne impurity for

measurements of fast ions with y-ray diagnostics as well.

The use of y-ray diagnostics in present devices and future reactors is discussed in this
paper. Nuclear reactions generating suitable y-rays for measurements in fusion plasmas with

different low Z-impurities (Li, B, C, Ne) have been selected. Gamma-ray diagnostic



capabilities for all reactor exploitation phases, from the no-/low-activation to the burning D-T
plasmas, including initial setup of plasma discharges: detection of runaway electrons in the
plasma current ramp-up and disruptions (Section 2), diagnosing fast ions for optimising of
auxiliary plasma heating systems (Section 3), optimisation of D- and D7-plasma scenarios
(Section 4) and alpha-particle studies (Section 5) are considered. Recommendations for usage
of these reactions based on previous experience of the y-ray diagnostic operation on JET are
provided. This paper gives an opportunity for design and modelling the diagnostic systems as
well as testing them in the currently working fusion devices before the use in the burning

plasma machines.

2. Runaway electrons: start-up and disruptions

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

Runaway electrons, interacting with plasma species and vessel materials, 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 (i.e. fission chambers etc.). However, a beneficial add-on is
installation of collimated y-ray spectrometers observing the plasma volume. The HXR/y-ray
spectrometers provide information on the RE distribution dynamics [44-46]. An evolution of
the confined RE beam during JET discharge start-up [46] is shown in figure 3. HXR spectra
were recorded by the y-ray detector in the energy range Enxr > 2 MeV. To obtain information
on the RE distribution and its development during long-lasting period, the time-dependent
HXR spectra were processed with DeGaSum code [47, 48]. This code was first developed as
a tool for deconvolution of y-ray spectra recorded for fast-ion studies in fusion plasma
experiments, then subsequently upgraded to reconstruct the RE energy distribution. The
reconstructed RE distributions (see figure 3d) were used to obtain an evolution of the RE

current (see figure 3c) 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, JET experience of using y-ray spectrometry in fusion plasma research shows
that in any plasma discharge a HXR spectrum may be recorded in the beginning of the
discharge, i.e. RE appearance during a current ramp-up; then, in the main heating phase, y-ray
detector provides spectra related to nuclear reactions due to presence of fast-ions/a-particles
in the plasma; at last, if a disruption breaks out the plasma at the end of the discharge, a HXR
spectrum due to REs may be recorded as well. Hence, y-ray diagnostics can be used as a

multipurpose tool for the fusion plasma studies.

3. Diagnosing fast ions for optimisation of auxiliary heating systems

One of the main steps in the preparation of fusion device operation is commissioning
of auxiliary heating systems, including NBI and ICRF. The effectiveness of both heating
systems is rather sensitive to the characteristics of fast-ion populations generated by these
systems. Hence, the commissioning, characterization and optimization of heating systems

benefits from the availability of good quality diagnostic data for fast ions.

The JET NBI system [49,50] had 2 neutral injector boxes each with 8 positive-ion
neutral injectors (PINIs) which worked with H>, D>, T>, He gases. These PINIs, with a
maximum D-beam injected power 2.2MW, were operated with energies up to 125 keV. This
beam energy is not sufficient to use y-ray measurements for diagnosing NBI ions. However,
the high-energy negative-ion-source based NBI systems (NNBI) can provide more energetic
beams, thereby making y-ray diagnostics suitable for their detection. For example, the Large
Helical Device (LHD) is already exploiting the H-beam with energy up to 190 keV.
Furthermore, commissioning of two 5-MW NNBI units with the beam energy of 500 keV is
planned in the JT-60SA tokamak soon. In ITER, also NNBI beams (hydrogen and deuterium)
with energy up to 1 MeV will be implemented in the future.

It is important to characterise NBI heating using all available beam-plasma
combinations, i.e. H-beam into H-, D-, T- and He-plasmas, and D-beam into H-, D- and 7-
plasmas. Information on the beam power deposition, shine-through etc. can help 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 from the optimisation of the RF coupling at
available frequencies to get the best heating efficiency varying gas injection, antenna phasing
etc. On JET, y-ray diagnostics provided a lot of insightful data, when the ICRH system was
commissioned in the frequency range f=w/(2m)=23-57MHz. Indeed, the energetic ion-tail due
to ICRH, in some cases in the MeV-range, gave rise to nuclear reactions resulting in an
intensive y-ray emission from the plasma. It is important to start ICRF heating setup in the
non-/low-activation H-, D-, T-plasmas, using various heating schemes which generate
energetic - and *He-ions. Indeed, this allows use of a comprehensive set of diagnostics,

which is significantly limited during the D-T plasma operation.
3.1 Optimisation of ICRF heating systems generating energetic >He-ions

ICRF heating scenarios using *He are rarely used for system commissioning. Yet these
scenarios have a range of applications in fusion research, including maximizing bulk ion
heating and various fast-ion studies. In view of the scenario development for D-T plasmas,

often scenario elements are first tested in H-, D- and H-D plasmas.

There are several ICRF scenarios, where a small amount of He-ions is used to absorb the
ICRF power. In deuterium plasmas, *He-minority heating is typically the most optimal at
n3ue/Me ~ 5-10%, while lower concentrations, n3ne/ne ~ 2-3% optimize the heating in hydrogen
plasmas. The typical energies for ICRF-generated *He-ions vary from ~50-100 keV to MeV-
range energies, depending on the minority concentration, ICRF power and phasing, plasma
density and other parameters. The experiment parameters are usually adjusted to maximize or
limit the fast-ion energies, depending on the specific target application of ICRF. The three-ion
D-(*He)-H and “He-(*He)-H ICRF scenarios with very low He concentrations (<0.5%) are
particularly relevant for fast-ion applications in predominantly hydrogen plasmas (with ~10-
30% of deuterium or ~5-15% of “He). 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 y-ray diagnosing energetic *He-ions are presented

in Table 1.

On JET, in the scenario with the fundamental *He-minority and the mode conversion

(MC) wave heating at f = 32 MHz, fast *He-ions accelerated by ICRH in the MeV-energy
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range were detected in discharges with a low *He-concentration in the H- and D-plasmas. In
view of the foreseen ICRF heating operation in the non-activated ITER phase the
examination of He fundamental minority heating performance in H-plasmas is in demand.
ICRF heating of H(®He) plasmas were carried out at half the nominal ITER magnetic field,
2.65T, that is mimicking the RF wave absorption at f = 52 MHz in D-T plasmas [52]. The
main indicator of the fast 3He-ion generation was y-rays from the reaction D(*He,y)°Li in the
case of D-plasmas, and ’Be(*He,py)''B, 2C(®He,py)*N reactions in H-, D-plasmas due to

beryllium and carbon which were main JET impurities [8,53].

D(3He,y)°Li reaction. In deuterium JET plasmas, this reaction was a major diagnostic reaction

for characterisation of ICRF heating and fast-ion studies in experiments with 3He-minority. It
is a weak y-ray branch of the aneutronic fusion reaction D(®*He,p)*He, Q = 18.353MeV
which, producing a 3.6-MeV a-particle and 14.7-MeV proton, has a pronounced resonance in
the cross-section, ¢ ~ 0.81b, at the °He energy Esne =~ 0.67MeV [54]. According to
measurements made in [55], the branching ratio of these reactions is Iy / I'y = 5x107 in the
centre-mass energy range 25 — 60 keV (here, I' = h/t is quantum mechanics parameter related
to probability of an event). However, this ratio increases at higher energies reaching ~10~ in
the MeV-range [56,57]. As far as intrinsic widths of the °Li ground and first excited states
are I'o ~ 1.5MeV and I'1 = 3-6MeV, the gamma-rays, yo (Eyo= 17 MeV) and y1, corresponding
to transitions to these states cannot be resolved in the measured spectra. Figure 4 shows
spectra recorded in two similar deuterium plasma discharges with *He-minority ICRF heating
but with different *He concentrations. One can see that the y-ray count-rate is higher at 2.2%
concentration than at 3.8%, indicating the presence of more energetic ions that is increasing
the fusion reactivity <ovsne> at lower ‘He concentration. Information on other diagnostic
reactions produced y-rays, i.e. *He reactions with intrinsic low-Z impurities, carbon, boron,

lithium etc. can help with complete characterisation of the *He-ion distribution function.

12C(3He,py)**N reaction. Before the ITER-like wall upgrade this reaction was rather practical

for the characterisation of ICRF accelerated He-ions in JET H- and D-plasmas. The
excitation functions of the 14N states [58] represented in figure 5 have been used to assess the
3He-ion energy distribution function [8,19,53]. The *He-ions with Esue > 1.5 MeV populate
the 1N excited states [59] shown in this figure. Most intensive y-ray transitions 1.635, 2.313,
2.793, 4915 and 5.106 MeV are useful for the *He-ion energy distribution analysis. In the
case of the very energetic *He-ion tail, several high-energy states could be excited (in figure

5 the excitation energy related to Ezne=3 MeV is shown). It is important to emphasise that



synergy of y-ray analysis of both ?C(®He,py)*N and D(*He,y)’Li reactions provide an
diagnostic advantage for the fast >He-ion characterisation in fusion plasma devices with

carbon impurity.

UB(He,pny)'?C reaction. Boron doping gives an opportunity to monitor the MeV He-ions in

metallic-wall devices, i.e. without carbon and beryllium plasma-facing components.
Evaluated cross-sections of the strongest 1'B+3He reactions are shown in figure 6. It is clearly
seen that the yield of the 1'B(*He,pny)'?C reaction is an order of magnitude higher than other
reactions. According to the scheme of the !2C excited states shown in figure 6, *He-ions with
energy Esne ~ 1 MeV give rise to 4.440 and 3.214 MeV gammas. However, more ions
(several MeV energy) could excite the level 9.637 MeV as well, which is de-excited by the
transition to the ground state as shown in figure 6. Indeed, in the high-performance D-plasma
the D-D fusion products, 3-MeV protons, 1-MeV tritons and 0.82-MeV 3He-ions, are heavily
generated, so the secondary reactions with them, //B(p,y)>C and !B(t,2ny)*2C, are giving rise
to the 2C gammas that could confuse the characterisation of *He-ions. So, it is recommended
to use this reaction in H-, HD-, H*He- and T-plasmas. In T-plasmas, the bulk tritium can be
accelerated during the *He-ion heating due to the 2" harmonic coupling, nevertheless the 7-
tail is low-energetic and the 'B(z,2ny)'2C reaction cannot distract the 'B(3He,pny)?C

reaction analysis.

"Li(®He,y)'°B reaction. Doping the plasma with a small amount of lithium could be beneficial

for characterisation of the *He in ICRF heating scenarios, especially those which are
generating MeV 3He-ions. This is an additional option for the characterization of fast *He-
ions. There are several resonances that are found in this radiation capture reaction. From the
diagnostics point of view, the most useful resonances are at Ezne = 0.92 (E*108 = 18.43 MeV),
1.45 (18.8), 2.16 (19.3) and 3.45 (20.2) MeV [60]. The decay of the 1°B resonant states with
energies E*10s mainly goes to the ground state (yo), 1% (y1), 4" (y4) and 5" (ys) excited states
(see figure 7a). Energies of the transitions are defined as E,i = E*108 — Ei. Since the resonant
states have intrinsic width, the related peaks are rather broad. Thus, there are high- and low-
energy peaks in the y-ray spectrum for the *He-ion heating analysis, i.e. a clamp of the broad
overlapped y-ray peaks in energy range 13 — 20 MeV and several monochromatic y-ray lines
below 5 MeV. Both energy regions of the ‘Li(3He,y)!°B reaction y-ray spectrum are extremely
sensitive to the 3He-ion energy tail (see figure 7b) that is important for 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 “Li(3He,y)!°B reaction could cause a problem for analysis of



other y-rays, i.e. 17 MeV from D(®*He,y)°Li and =20 MeV from T(*He,y)®Li) reactions, in the

same 3He energy range.

T(3He,y)®Li reaction. In the big-bang nucleosynthesis, in the early Universe, this reaction is

hypothesised to have given a contribution to the °Li production. For studies in tritium
plasmas, it can be used to characterise *He-ions with energies exceeding 0.5 MeV such that
no extra plasma impurities are needed for y-ray diagnosing. Capture y-rays of the T(®He,y)5Li
reaction (Q = 15.795 MeV) to the ground state of °Li, yo and fist two excited states, y1 (E1 =
2.186 MeV) and v2 (E2 = 3.563 MeV), have been observed for Esne > 0.5 MeV [61].
Energies of these gammas can be defined as E,i =~ Q + (1/2)Esue — Ei. Figure 8a represents
measured excitation functions of this reaction [62]. It was found that the capture y-ray
emission spectrum is sensitive to the 3He-ion energy distribution. The demonstration of this
sensitivity is presented in figure 8b, where emission spectra were calculated, using available
data and a Maxwellian 3He-ion distribution with different temperatures. Note that population
of the low-lying states leads to appearance of 2.186 MeV and 3.563 MeV y-rays that also can

be used for *He-ion diagnosis.

If neon is injected as an extrinsic radiator in the low-activation plasma, the
2'Ne(*He,py)*’Na reaction (Q = 5.782 MeV) can be used for optimisation of the ICRF
heating. However, the *He-ion tail need to be rather energetic because of a high Coulomb
barrier for the ions. The cross-section of this reaction increases rather fast with energy of *He-
ions, e.g. it is ~0.5 mb at Ezpe= 2 MeV and ~100 mb at 4 MeV [59]. This reaction generates
y-rays in the energy range of the intensive neutron-induced y-ray emission. Thus, the
?'Ne(*He,py)*’Na reaction can be used for diagnosing *He-ions in the low-activation plasmas

only.
3.2 Characterisation of heating systems generating energetic H-ions

Energetic H-ions can be generated both with NBI and ICRF heating systems. The
energy range for H-ions generated with NBI depends on the plasma source technology for the
NBI system. In JET and present-day devices, positive-ion NBI technology 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 energetic H-
ions to the plasma. For example, the N-NBI systems for JT-60SA and ITER are designed to
deliver fast H-ions with energies up to 500 keV and 870 keV, respectively. In the Large
Helical Device (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 ~50-100
keV up to a few MeV depending on many factors, including available heating power, ICRF
scenario and plasma density. Hydrogen minority heating with ICRF waves is the widely used
scenario for plasma heating of D-, 7- and DT-plasmas. The advantage of this scenario is the
good performance over a wide range of hydrogen concentrations (typically ~3-10%). For
example, in JET experiments in [8], 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
experiments in hydrogen plasmas, also the second harmonic has been applied. The
application of this ICRF 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 ICRF systems, e.g. in view of accurate shine-through and hot-spot validation.
Furthermore, it provides valuable data for adjusting and optimising the heating systems
within the operational boundaries to deliver the projected system performance, following the
commissioning stage. Selected nuclear reactions for y-ray diagnosis of energetic 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 y-rays from D(p,y)’He, ’Bet+p and
2C(p,p1y)*C reactions [8].

D(p.y)®He 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 plasmas. The
first observation of this reaction in the tokamak plasma by means of measurements of 5.5-
MeV gammas was at Doublet-111 (DI11-D) in 3.6 MW NBI (Enx < 70 keV) heated discharges
during 0.2s [63]. It was a big challenge because the reaction cross-section at these energies is
below 0.3 ub [64 - 66]. In the case of the hydrogen NBI heating in ITER, the yield of these y-
rays could be much higher as the cross-section grows rapidly reaching ~4 pub at E, = 1 MeV
[67]. During H-minority ICRF heating, an effective temperature of the H-ion energetic tail
can be inferred with the D(p,y)*He reaction. An example of the 5.5-MeV y-ray spectrum and
energy distribution assessments in JET experiments [8] is presented in figure 9. The analysis
of the recorded capture y-ray peak was made using the Maxwellian tail approximation for the
energy distribution; it was found that ICRH accelerated H-ions had Tn = 200 keV. Note, the
astrophysical approach using the Gamov peak definition [68] is not valid for Ty > 100 keV;
physically, the capture y-ray peak depends on the maximum overlap of the tail distribution,

which is decreasing at high H-ion energies, and the reaction cross-section that increases with
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their energy. The sensitivity of the capture y-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 y-ray spectrum depends on Te due to energetic H-ions mostly slowing down on
electrons. So, the line-integrated electron temperature can be specified with these
measurements. The H-ion ICRH distribution tail also depends on Te, however the 5.5-MeV v-
ray spectrum depends more strongly on the effective Th. One can see that the 5.5-MeV peak
is rather broad in both NBI and ICRF plasma heating scenarios. According to JET
experience, the use of the D(p,y)*He reaction for H-ion diagnosis has some restrictions. It
could be unsuitable for NBI characterisation at Exgi < 100 keV as the 5.5-MeV y-ray yield is
not sufficient for reliable measurements. In the case of ICRF heating, it can be difficult to
separate 5.5-MeV y-rays from the detected y-ray background if the tail temperature Tu> 400
keV because the peak becomes too broad. Also, selecting the y-ray detector line-of-sight, one
needs to consider a high recoil velocity of the *He* nucleus that leads to a significant Doppler

effect for 5.5-MeV y-rays emitted.

T(p.y)*He reaction. In tritium and DT-plasmas, the detection of 20-MeV capture y-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 carried out on JET. Figure 11
represents 20-MeV y-ray spectra recorded by vertical and tangential JET spectrometers in
discharges with H-minority heating of tritium plasmas [11]. In the first approximation, using
the Maxwellian tail approximation and reaction cross-sections for E, < 80 keV [69] and E; =
0.1 — 6.0 MeV [70], it was found that Ty < 400 keV. Calculations performed similarly to
those for the D(p,y)*He reaction (see figure 12) show that the 20-MeV capture y-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, the neutron induced y-ray background is very low
in the range E; > 9-10 MeV in deuterium/tritium and E, > 15 MeV in D-T plasmas. This is a
big advantage in making measurements of 20-MeV y-rays from the T(p,)*He reaction for

characterisation of the plasma heating.

"Li(p.y)®Be reaction. In the case of lithium injection, this reaction is helpful for

characterisation of the H-NBI heating of the H-plasma and H-minority ICRF heating in D-
plasmas. Several resonances in the excitation function of 8Be* by the "Li(p,y)®Be reaction are
known [59], 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 Egge ~ 17.64, 18.15, 18.9 and 19.07 MeV are mostly de-

exciting by vyo, v1, Y3 and vya transitions (see figure 13a). The resonance at E, = 0.44 MeV can
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be used for H-NBI characterisation in H-plasmas. In this case, high-energy y-rays, E,o =
17.64 MeV and E,1 = 14.59 MeV, appear in the y-ray spectrum. Note that the absence of the
neutron-induced background in H-plasmas also allows detection of low-energy gammas, in
particular at energies ~ 1.014 MeV and = 0.718 MeV, related to transitions to 16.63 and 6.92
MeV levels. At Ep < 0.44 MeV, analysis of capture y-rays resulting from yo and y; transitions
could provide an additional information on the energy distribution of NBI H-ions.
Characterisation of H-ions accelerated during the ICRF heating of D-plasmas can be done by
measuring yo and y: transitions from all known resonances. Gamma-ray peaks related to the
y1 transition to the first excited state E; =~ 3.03 MeV is rather broad because of the intrinsic
width I'1 = 1.5 MeV. However, using high-efficiency detectors [71], overlapping of the y-ray
peaks related to different resonances can be resolved because of a low neutron-induced
background in the y1 energy range. Figure 13b represents calculation results of the “Li(p,y)®Be
reaction y-ray emissivity in the Maxwellian tail approximation. One can see that the y-ray
spectrum strongly depends on the effective H-ion temperature, Tu. So, the 'Li(p,y)®Be

reaction can be useful for 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 y-ray
diagnostics. One of the advantages of the capture reaction /B(p,y)!°C is that the lowest
proton reaction resonance takes place at Ep, = 0.162 MeV. Note, this reaction is a branch of
the 1'B(p,2a)*He reaction known as the 3-alpha aneutronic fusion reaction, which has a very
high cross-section, ¢ = 1.4 b at Ep = 0.65 MeV [72]. The /B(p,y)!°C resonant state decays
with yo and y1 transitions, E,o = 16.11 MeV and E,; = 11.67 MeV. The cross-sections of these
resonance transitions are o(yo) = 6.2 ub and o(y1) = 134 ub [73]. The vy transition also gives
rise to 4.44-MeV gammas discharging the first excited state of >C. The use of high energy
resolution HPGe y-ray spectrometers with an oblique line-of-sight, can provide information
on losses of H-ions. Modelling shows that the Doppler broadening of the 4.44-MeV y-line in
the spectrum 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, 8=arccos(vy/v), where v is the H-ion velocity component along
the magnetic field. The “B(p,y)!°C 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 ©B(p,piy)!*™B could be useful for the energy

distribution assessment in the case of MeV-energy H-ions. The cross-section of the
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1B(p,p1y)''B reaction [74] 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 1'B. So, the H-ions with Ey > 2.6 MeV
generate 2.125 MeV gammas. In the case of a very energetic H-ion tail the upper levels can
be excited and y-ray transitions from them will appear in the y-ray spectrum (see the !B level
scheme in figure 15). In the °B(p,piy)!°B reaction the threshold is much lower (=0.8 MeV) as
the first and second levels are at 0.718 and 1.740 MeV (see the 1°B level scheme in figure 7a).
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 y-rays of the °B(p,piy)'°B
reaction are in the energy range with rather high neutron-induced background (E, < 3 MeV),
so there are some restrictions for analysis of discharges with high neutron rates. Nevertheless,
gammas generated due to the inelastic scattering °!B(p,piy)®'B makes it 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 a main plasma impurity as it was in JET carbon wall operations. Figure
16 demonstrates the y-ray spectrum recorded during a JET discharge with a very energetic
H-ion tail. Due to the proton inelastic scattering, >C(p,piy)*2C , the first (4.44 MeV) and
second (7.654 MeV) levels were excited (see the *2C level scheme in figure 6). The recorded
spectra have allowed assessment of the energetic H-ion tail distribution. The cross-section of
the 12C(p,piy)*2C reaction [59] presented in figure 16. One can see that this reaction is very
sensitive to MeV-protons that is useful for the ICRF heating characterisation.

In the radiation capture reaction *2C(p,y)!®N, the reaction has two resonances at Ep; ~
0.456 MeV and Epz2 = 1.700 MeV with yo-transition cross-sections, op1 = 125 ub (Eyo = 2.365
MeV) and op2 =~ 50 pb (E,0 = 3.502 MeV) [75, 76]. For the H-NBI characterisation in H-, D-
and T-plasmas it would be especially beneficial to have an additional boron doping of the
plasmas. In this case the use of C(p,y)*®N reaction, (2.365-MeV gammas) together with
boron capture reaction, “/B(p,y)!?C (4.440-MeV gammas) with the resonance energy Ep =

0.162 MeV, allows monitoring the H-ion energy distribution during NBI heating.

22Ne(p.y)®Na_reaction. This reaction can be useful for diagnosing fast H-ions in low-

activation plasmas with Ne doping. There are several proton resonances which decay by v-
ray transitions. Figure 17 shows the energy dependence of relative reactivities of several
resonances in the case of Maxwellian distribution of H-ions. The strongest resonances are at
energies 0.639 MeV (= 4 mb) and 1.279 MeV (= 9 mb). This reaction could be exploited in

low-activation plasmas only.
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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 usually provide fast deuterons with energies up to ~
120 keV, whereas N-NBI systems operate with higher energy deuterons. In JT-60SA and
ITER, the N-NBI system will deliver fast deuterons with energies up to 500 keV and 1 MeV,
respectively. In this sub-section, a set of selected nuclear reactions for y-ray diagnosis of

energetic D-ions in plasmas is proposed in Table 3.

In JET, the main source of energetic D-ions in the MeV-energy range was ICRF
heating, i.e. harmonics and 3-ion ICRF schemes [29]. The energetic D-ion tail was
characterised using y-rays from T(d,y)’Li, *He(d,y)’Li, °Be(d,ny)!’B, °Be(dpy)!’Be and
2C(d py)3C reactions [8]. In the non-beryllium machines the energetic D-beams can be

characterised with y-ray measurements in H-, D-, T-, He- & D’He-plasmas.

Deuteron radiation capture reactions. In the H-plasma, 5.5-MeV y-rays from the H(d,y)*He

reaction can be used for commissioning and studying D-NBI heating with beams Eng| > 0.4
MeV. In the case of injection of the 1-MeV D-beams in D-plasmas, an effective core ion-
temperature could be inferred with D(d,y)*He capture reaction, which produces 24-MeV
gammas. Indeed, the cross-section of this reaction reaches ~ 0.02 ub at Ep = 1 MeV [59], so
the 24-MeV y-ray emissivity could be measurable in discharges with energetic NBI ions, e.g.
in ITER. A negligible background in this y-ray energy range allows a credible analysis of
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 y-ray emission from the He(d,y)’Li reaction as it was routinely done
on JET. It is important to note that the reaction cross-section has a broad resonance at Ep =
0.45 MeV. Since the He(d,p)’He reaction gives rise to 3.6-MeV a-particles, this type of
experiments could also be used for tests of the a-particle diagnostics prior to D7-plasma

studies.

Furthermore, it is very important to set up an optimal transition from L- to H-mode [77].
Before full-scale burning plasma experiments in the established H-mode, final
characterisation of the D-NBI could be done in full 7-plasmas. A straightforward method of
L-H transition monitoring could be measurements of 17-MeV y-rays from the 7(d,y)’He

reaction.
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In exotic He-plasma experiments, energetic D-ions with Ep > 1.1 MeV can excite 1% level of
°Li due to the capture reaction *He(d,y)°Li producing 2.186 MeV gammas. The D-ions below
1 MeV will give rise to the radiation capture y-ray spectrum, which can be defined as Ey = Q

+ 2E4/3 .

Li + d reactions. Doping the plasma with lithium can be used for the D-NBI

characterisation in H- and He-plasmas. In this case the °Li(d,ny)’Be and °Li(d,py)’Li reactions
produced y-rays due to discharging the first excited states with energies 0.429 MeV (’Be*)
and 0.478 MeV (’Li*). The available cross-sections shown in figure 18 increase
monotonically, so these cross-sections data could be easily extrapolated to a required energy

range.

10118 + d reactions. These reactions are the most demanding because boronisation of the

reactor wall is suggested for several machines including ITER. Among the available boron
reactions, the “/B(d,ny)">C and "'B(d,oy)’ Be reactions are most practical since they have large
cross-sections (figure 19) and 80% abundance of the /B isotope. 1-MeV NBI deuterons can
excite the /2C levels up to 15.6 MeV (see the 12C level scheme in figure 6) and the *Be levels
up to 8.9 MeV (see figure 20a). Gamma-ray decays of the °C excited states 4.440, 7.654 and
9.641 MeV give rise to the strongest y-ray emission. Also, the "/B(d,ay)’Be reaction can be
useful for the D-beam characterisation, however the expected y-ray emissivity from this
reaction is much less than from "’B(d,ny)'*C. The y-ray decay of the ’Be levels 1.684, 2.429
and 3.049 MeV could be measured, however the dominant decay of the 2.429 MeV state is
SHeg s + o, while the 3.049 and 4.704 MeV states decays with neutrons, i.e. *Be,s. + n. These
reactions could also be used for characterisation of NBI heating with Ep < 0.5 MeV. The
reaction cross-sections presented in figure 21 are obtained by measuring no- and ni-neutrons

[78] and a- and aj-alphas [79] in the low-energy deuteron experiments.

According to available total reaction cross-section data shown in figure 19, the ’B(d,ny)!!C
(see the scheme of //C excited states with y-ray transitions in figure 20b) and ’B(d py)"'B
reactions can be used for the NBI characterisation, however °B isotope has 20% abundance,
so in the boron doped plasma its concentration would be 4-times less than “/B. Figure 22
shows the partial ’B(d,p)"B reaction cross-sections for the low-energy [79] and MeV-energy
deuterons, which are related to excitation of the first three levels in /B (see the scheme of /B
excited states with y-ray transitions in figure 15). Note, the y-ray emissions 2.12, 4.445 and

5.02 MeV due to decay of these levels dominate.
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2C(d py)C reaction. Since this reaction goes with Q = 2.722 MeV, only energetic deuterons

can excite the first 3C level, 3.089 MeV (see the scheme of /3C excited states with y-ray
transitions in figure 23a). This is an important 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 y-ray emission. The cross-section of

excitation of this level is presented in figure 23b.

In conclusion, one can say that using a combination of nuclear reactions for y-ray diagnosis
of energetic D-ions listed in Table 3 could provide valuable information on characterisation

of D-NBI heating in plasmas.

4. Optimisation of D- and DT-plasma scenarios

Generation of the 1-MeV tritons in the fusion reaction D(D,p)T leads to a ‘burnup’ of
them during slowing down giving rise to 14-MeV neutrons from the D(t,n)*He reaction and
17-MeV gammas from its branch, D(y)’He. There is a maximum of these emissions at the
resonance energy Et = 160 keV. As rule, 14-MeV neutron monitors/spectrometers have been
used for studying confinement and slowing-down of fast tritons in deuterium plasmas [81—
85]. In JET, 17-MeV y-rays and prompt triton losses were also measured for a comprehensive
study of the ICRF heating performance [86]. Monitoring of the 17-MeV gammas were
routine measurements. An example of the y-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,y)’ He reaction are measured in the range E, = 12-17 MeV. The
neutron induced y-ray background emission is rather intensive in the energy range below ~10
MeV deuterium plasmas. A finite slowing-down time of DD-tritons from birth energy to the
maximum of the D-T fusion reaction leads to a difference between the DD-neutron and 17-
MeV y-ray rate waveforms. One can see in figure 24 that 17-MeV y-rays are delayed relative
to the neutron rate. As a rule, analysis of DD- and DT-neutron rates are used to infer the triton
slowing-down time. However, monitoring of the 17-MeV y-rays is preferable because the 14-
MeV neutron measurements and analysis are rather complicated. Also, the energetic MeV-
tritons generate y-rays from selected nuclear reactions in Table 4, so the monitoring of these
y-rays can provide a figure of merit of the heating performance and information on the triton

source distribution function.

"B+t and °C+t reactions. In plasmas with boron impurity, the “B(t,ny)!>C and "B(t,2ny)!°C

reactions can be used for analysis of the triton energy distribution. In figure 25 one can see
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that the //B(t,2ny)!°C cross-section is highest. According to the /°C decay scheme (see figure
6), 1-MeV DD-tritons can excite first two levels, hence the 4.44-MeV and 3.21-MeV could
be detected in the y-ray spectrum. However, tritons with energies E; < 0.24 MeV can excite
the 4.44 MeV level, so 3.21-MeV gammas are not generated. In this case, the ratio of the 4.44
MeV and 3.21 MeV y-ray peaks depends on the triton energy distribution. Since the
"Bt ny)3C reaction has Q = 12.421 MeV, high-energy levels of °C up to 13 MeV are
excited (see the level scheme of *C in figure 23a). The most intensive y-rays, 3.09 MeV, 3.68
MeV and 3.85 MeV will 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 2C(t,ny)!?N 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 diagnosis of MeV
tritons. Decays of the first two excited states in /*N (see the level scheme in figure 5) provide
a strong emission of 2.312 MeV and 1.635 MeV y-rays. The energy distribution of the DD-
tritons at birth depends on an effective temperature of deuterons. Due to an auxiliary heating
of the plasma, the DD-tritons could have energy exceeding 1 MeV. Tritons with E; > 1.13
MeV can excite the level at 4.915 MeV, and triton energy E; = 1.36 MeV is a threshold for
excitation of the 5.108 MeV level. Thus, measurements of y-ray emission due to the decay of

these levels can give information on DD-triton source in the ICRF heated plasmas.

D(T.y)’He & T(p.y)?He reactions. JET experiments with D-T plasmas already showed that the

rate of 17-MeV y-rays from the D(7,y)’He reaction can be a figure of merit of the heating
performance in addition to the 14-MeV neutron rate [11]. Also, as it was discussed before,
measurements of 20-MeV y-rays from 7T(p,y)*He reaction can be used for the H-minority
heating characterisation. In D-T plasma, simultaneous measurements of the 20-MeV and 17-
MeV gammas is rather useful for development of high-performance scenarios. 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 y-ray spectra recorded in JET D-T discharges
at the central toroidal field Bo=3.3T and plasma current [,=2.0MA, i.e. during the H-minority
and 2™ harmonic 7 ICRF heating, is presented in figure 26.

It is important to note that in burning plasmas, 20-MeV y-rays are generated by DD-protons.
As it was shown in [87], simultaneous measurements of D(T,y)°He and T(p,y)?He reactions

can monitor the fuel ratio, np/nr, in the plasma core; the 20-MeV vy-rays from the T(p,y)*He
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reaction give an effective electron temperature (Te). Indeed, this an unique diagnostic tool for

reactor plasmas.

5. Alpha-particle studies

There are several nuclear fusion reactions which give rise to a-particles: D(T,n)’He,
D(FHe,p)'He, T(T,2n)*He, and "'B(p,2a)?He. In the first two reactions alphas have nearly the
same birth-energy, ~3.5 MeV and =3.6 MeV, respectively. The birth-energy spectra of the last
two reactions have continuous features due to the kinematics of 3 outgoing particles in the
final state. Tritium-beam experiments [88] have found that energies of the 7-T a-particles are
below =3.8 MeV. Measurements of the first-orbit a-particle losses in JET tritium plasmas
with 110-keV 7-NBI heating showed a broad loss-peak at E, = 4 MeV [11]. The well-known
3-alpha !'Bp-reaction (Q = 8.682 MeV) has a strong resonance at Ey = 0.65 MeV with total
cross-section =1.4 b [72]. The "Bp-reaction experiments revealed that at the resonance there
is a broad peak in the a-particle spectrum at E, = 4.3 MeV. So, the a-particle studies in D-T,
D-3He, T-T and "’B-H fusion plasmas need to be carried out in a wide range of a-particle
energies. Several y-ray diagnostic reactions are selected (see Table 5) for a-particle studies in

plasmas with different levels of the neutron-induced y-ray background.

Low-activation plasmas. The advantage of the ®"Li(a,y)'>!'B reactions for a-particle studies

is that they have quite narrow resonances in a broad range of energies, from 0.4 MeV to 4
MeV [89]. The rate of the resonant related y-rays is proportional to the number of confined a-
particles within the resonance energy and several resonances are required to build-up the a-
particle energy distribution. The main drawback of these reactions is rather low cross-sections
(in the pb-range). Hence, applications of these reactions are restricted by experiments with a
low neutron-induced background, for example, it could be 7-T or D->He plasmas. Increasing
the o-particle production in D-’He plasmas could be done with D-NBI heating of the
deuterium plasma with as high as possible *He-concentration and deuteron energies nearby

the reaction resonance at <0.45 MeV.

Also, there are boron reactions presented in Table 5 that also can be used in low-activation
plasmas: /B(a,ny)!*N, °B(a,ny)’>N and °B(a,py)’>C reactions. Note, the last two are
candidates for o-particle studies in D-T plasmas. The /B(a,ny)’*N reaction has rather small
energy yield, Q=0.158 MeV. Therefore, the reaction give rise to 2.313-MeV y-rays if the a-
particle population has energy E, > 3 MeV; more energetic alphas, i.e. Eq > 4.6 MeV, can
generate 1.635-MeV 7y-rays (see the '“N level scheme in figure 5). Since the evaluated total
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cross-section for the y-ray production [59] exceeds 100 mb in the range E, > 3 MeV (figure
27), y-ray detection is feasible for energetic a-particle studies. It is not possible in D-T
plasmas since energies of y-rays in this reaction are in the range of a high y-ray background

rate.

If neon is injected as an extrinsic radiator in the plasma, the neon reactions can be utilised for
a-particle studies. The energetic a-particles can generate gammas in the inelastic scattering
reactions “*?’Ne(a, o ’y)***’Ne. To overcome the Coulomb repulsion and to excite the nucleus,
a-particles should tunnel through the barrier, which is rather high, i.e. Uc= 5.5 MeV. Figure
28 shows that the inelastic scattering of a-particles on ’Ne has much higher cross-section
than in the case of ?’Ne, i.e. for 3.5-MeV a-particles it is =65 mb against of =<2.5 mb. Though
?’Ne isotope abundance is = 9%, the “’Ne(a,a 'y)*’Ne reaction could provide a higher y-ray
emission rate than the ’Ne(a,a y)*’Ne reaction. The y-ray transition 2*-0* (1.275 MeV) is
strongest in ’Ne but extra energetic alphas could also excite 4+ and 2+ states, which decay
with 2.083 MeV and 3.181 MeV y-rays (see the “’Ne level scheme in figure 29). In the case
of ?’Ne the strongest y-ray transition (2°-0") is 1.634 MeV.

Most of the Net+a nuclear reactions are endothermic, Q<0, so the reactions require an
additional energy input that means there is a reaction threshold for a-particles. The only
exothermic ones are radiative capture reactions 2*?’Ne(a,y)**?°Mg. These reactions could be
practical for diagnostics just in low-activation plasmas because their cross-sections are rather
low [90], i.e. for alphas in the range 2.5 - 5.5 MeV the cross-section of the “’Ne(a,y)**Mg
reaction is ~ 5 ub and the ’Ne(a,y)’’Mg cross-section is even lower. Gamma-rays to the

ground and first excited states with energies Eyo= Q + Ecm. .

The endothermic *’Ne(a,ny)*’ Mg reaction has Q = -0.478 MeV. There are low-lying excited
states in 2 Mg (figure 29), so the first level can be excited by alphas with Eq > 1.4 MeV. The
measured excitation function [91] of this level is shown in figure 30a. The total cross-section
of the neutron production in the “’Ne(a,n)?*’ Mg reaction with a-particles in the energy range
Eq > 2.3MeV [92] presented in figure 30b; the excited states of >’ Mg are discharged by y-rays
with E, < 3.41MeV (see the ’Mg level scheme and y-ray transitions in figure 29).

D-T plasma. In plasmas with boron impurities y-ray measurements of the a-particles can be
studied with ’B(a,ny)">N and °B(e,py)!>C reactions. As was mentioned, they can be used
both in the low-activation and D-T plasmas. The ’B(a,py)>C reaction was proposed as an

alternative to the *Be(a,ny)!°C diagnostic reaction for ITER in the past [93]. Indeed, alpha-
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particles with energy E, > 1 MeV give rise to y-rays which are discharging the first three
excited states of C shown in figure 23a. Excitation functions of these states, 3.089 MeV,
3.684 MeV and 3.854 MeV, were obtained from the measured y-ray angular distributions in
the a-particle energy range 1.25 — 4.2 MeV [94]. The low-energy cross-sections of the
B(a,py)!3C reaction in the range 2.5MeV > E, > 0.57MeV were measured in recent
experiments [95]. Comparison of both data sets in the overlapped energy range shows a good

agreement (see figure 31).

Note, there are some benefits using the "’B(a,py)!3C reaction instead *Be(a,ny)">C one. The
boron reaction can provide information on alphas in the energy range E, > 1MeV, while D-T
a-particles with E, > 1.7 MeV can be studied with *Be(a,ny)’’C reaction. Furthermore,
information on a-particles, which could be obtained from y-rays by means of 3 excited levels
in ’B(a,py)!’C reaction, is more convincing than data from 2 excited levels in the
’Be(a,ny)’°C reaction. However, the drawback of the boron reaction is the lower cross-
section, i.e. the rate of 3.854-MeV gammas by factor of 2-2.5 less than the 4.44-MeV
emission in the ?Be(a,ny)!°C reaction. Also, the ’B isotope abundance is =20%, though the
vessel boronisation with /B isotope would not be expensive. Nevertheless, y-ray diagnostics
of confined a-particles with £, > 1 MeV in fusion devices with boron plasma impurity using
the ’B(a,py)!3C reaction is promising and could be experimentally tested and validated in the
low-activation plasma devices as was done in the case of the ’Be(a,ny)"*C reaction on JET [8,
32]. The yield of the 3.089 MeV, 3.684 MeV and 3.854 MeV y-rays can be measured by
scintillation detectors as well as HPGe detectors, which provide high-resolution y-ray
spectrometry. In the case of HPGe detector, an analysis of the Doppler broadened y-ray peaks
could deliver information on the energy distribution of a-particles in the plasma (see the use

of this method on JET [17]).

An advanced technique to measure a-particles escaping the plasma and striking the wall,
known as y-ray monitor of the lost a-particles (GRAM), has been proposed for ITER in [96].
It 1s a rather simple and a robust method, which does not require access to the reactor vacuum
vessel. The lost a-particle rate can be measured by a y-ray spectrometer viewing the
boronated wall or a specially installed target with a thin boron layer. Furthermore, in low-
activation plasmas, the use of a collimated HPGe spectrometer could allow measurements of

the pitch-angle distribution of lost a-particles as it was proposed in [94]. Indeed, since the
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3.089 MeV and 3.684 MeV excited states in "*C* have got =1fs lifetimes the y-line Doppler

shape analysis is available. Hence, the velocity space of the lost a-particles can be inferred.

The “B(a,ny)">N reaction gives rise to 2.368 MeV y-rays if the a-particle energy exceeds
~1.8 MeV. So, these gammas could be used for identification of energetic confined alphas in
low-activation plasmas; in D-T plasmas these gammas are in the energy range with high
neutron induced background. The °N state at 3.502 MeV (see figure 32a) is excited by
alphas with energy ~3.4 MeV and higher, so 3.50-MeV gammas can be used for a-particle
studies in the D-T phase. The partial cross-sections of the ’B(e,n3)!’N reaction presented in
figure 32b shows that a-particles with energies £, > 1 MeV also generate energetic neutrons
(Ex= 1.8 MeV at E;= 1 MeV), so in the low-activation plasma experiments this fact should be
considered. Alpha-particles in the energy range E, > 3.5 MeV generate y-rays with E, = 3.502
MeV, however, that could result in a complication for analysis of the y-rays from the
B(a,py)’3C reaction. Indeed, figure 33 shows that at E,= 4 MeV intensities of both (3.502 +
3.547) MeV and 3.685 MeV gammas are nearly the same though 3.854-MeV y-ray emission
is about 2-fold higher. Note that the y-ray response function of any solid-state detector
consists of the continuous y-ray Compton scattering spectrum and three peaks: full energy
(FEP) at E,, single escape (SEP) at E, — m.c’ and double escape (DEP) at E, — 2m.c’. So,
measuring y-ray emission from ’B(a,ny)’>N and °B(a,py)’C reactions with scintillators,
there are an overleaping of two groups of peaks recorded, 3.502 (DEP) + 3.089 (SEP) +
3.685 (DEP) and 3.502 (SEP) +3.09 (FEP) + 3.685 (SEP). This is not the case if using a high
resolution HPGe detector for the diagnostics. Nevertheless, the a-particle studies in D-T

plasmas with ’B(a,ny) "N and °B(a,py)'>C reactions are feasible.

6. Summary and conclusions

In this paper, nuclear reactions giving rise to the appropriate y-rays for measurements in
both low-activation (H, D, T, He) and D-T plasmas with Li, B, C and Ne impurities were
selected. Using previous experience of y-ray diagnostic operation on JET, applications of
these reactions for y-ray diagnostics in present devices and future reactors are proposed. That
gives an opportunity for modelling and testing y-ray diagnostic systems in the currently

working fusion devices before using them in burning plasma machines.

During the selection of y-ray diagnostic reactions, lack or ambiguity of the important
nuclear cross-sections were found. Seeing as the wall boronisation is considered in most

fusion devices, reaction cross-section measurements with boron targets, using p-, d-, *He- and
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“He-beams, are recommended. Data on the a-particle reactions, '*/B(a,ny)!>"*N and
B (a,py)C, are of crucial importance as for the a-particle confinement studies and their
monitoring in future burning plasma reactors. Cross-section measurements of the following
reactions ’B(p,p’y)!°B, “!B(d ny)"""’C, "'B(day)’Be, ’B(dpy)!'B, 'B(*He,pny)!2C are
especially required for the commissioning and characterisation of the auxiliary heating and

plasma scenario development.

The severe fusion reactor environment is the reason that some conventional plasma
diagnostics are not practical. However, without a direct access to the plasma y-ray diagnostics
can be used in burning plasma reactors. Since these can be set up far away from the vacuum
vessel in a shielded room. Gamma-ray measurements provide diagnostic capabilities in all
reactor exploitation phases, from the no-/low-activation to the burning D-T plasmas,
including initial setup of plasma discharges, commissioning and characterisation of the
auxiliary plasma heating, helping development of optimised plasma scenarios. The a-particle
studies, as well as monitoring of the D-T burn, enable the inference of temperature and D7-

fuel ratio in the core and thus are key duties of the burning plasma y-ray diagnostics.
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Table 1. Diagnostic nuclear reactions for characterisation of fast *He-ions

Energy of reaction,

. Energy of gammas, Reaction application
Reaction Q (MeV) E,(MeV) comments
D-plasma; ICRH
D(*He,y)’Li 16.66 17 performance; a-particles
production; Eres =~ 0.65 MeV
T(He,y)Li 15.795 2.186, 3.563 & yo, V1, 72 T-plasma
Low-activation plasmas; Eres
"Li(*He,y)"°B 17.788 0.718, 2.868, 3.586, ~0.92,1.45, 2.16 and 3.45
4.055 & yo, Y1, Y4, 75 MeV/
UB(*He,pny)**C 8.239 4.44,3.21 & 9.64 Low-activation plasmas
12(~(3 14 1.635, 2.313, 2.793, F .
C(°He,py)**N 4.779 4914 & 5.106 otc. C-impurity
Ne(He,py)?*Na 5782 0.583, 0.891, 2.211,

2.968 and 3.059 MeV

Low-activation plasmas

Table 2. Diagnostic nuclear reactions for characterisation of energetic H-ions

. Energy of reaction, | Energy of gammas, . s
Reaction Q (MeV) E, (MeV) Reaction application comments
; D-plasma; ICRH, Tx <400 keV
D(p,y)’He 5.49 5.5 D-plasma; NBI, Eyg > 100 keV
. T-plasma; ICRH, Ty > 50 keV
T(p,y)"He 19.814 20 T-plasma; NBI, Ex > 100 keV
N Low-activation plasmas;
Li(p,y)°Be 17.255 Yo, Y1, ¥3,Y4 Eres= 0.44, 1.03, 1.89, 2.06 MeV
y 1 Low-activation plasmas;
B(p.y)“C 15.957 4.44 & yo, 11 Eres~ 0.163 MeV
Low-activation plasmas;
"Bp,py)"’B . 0.718, 1.74 etc. E,>0.8 MeV
"B.py)"B 2.125, 4.445 etc. E, > 2.6 MeV
Low-activation plasmas, C-
1.9435 Yo 2.365,3.502 impurity; Eres= 0.458 & 1.7
IZC(p,y)]3N MeV
C-impurity; D-, T-plasmas
12 2 -
Clp,piy)°C 4.44,3.21 etc. ICRH, E, > 4.85 MeV
. 2 vi & 0.440, 2.288, Low-activation plasmas;
Ne(p,y)~Na 8.794 2.541,3.237,3.325 | Eres=0.436,0.479, 0.639, 0.661
3.915 & 1.279 MeV
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Table 3. Diagnostic nuclear reactions for characterisation of energetic deuterons

. Energy of reaction, | Energy of gammas, . s
Reaction Q (MeV) E, (MeV) Reaction application comments
H(d,y)’He 5.49 5.5 H-plasma; Exgi > 0.4 MeV
D(d,y)"He 23.85 24 D-, DT-plasma; 6~0.02ub @
I1MeV
T(d,y)’He 16.79 17 T-plasma; NBI performance,
EReS ~ 0.11 MEV
SHe(d,y)’Li 16.66 17 D’He —plasmas; NBI
Eres = 0.45 MeV
‘He(d,y)°Li 1.474 2.186 He-plasmas,
Eq> 1.1 MeV
SLi(d,ny) Be 3.381 0.429 H-, He-plasmas
SLi(d,py)’Li 5.026 0.478
"Bidny)"C 6.4648 2.0, 4.319, 4.80 etc.
""B(d,py)"'B 9.2296 2.12,4.445, 5.02 etc. B-doping
"B ny)*C 13.732 4.440,3.21 & 9.64
"B(d,ay)’Be 8.031 1.68,2.43,3.05, 6.38
Cidpy”-c 2722 3.09 C-impurity; Ep > 0.43 keV

Table 4. Diagnostic nuclear reactions for characterisation of energetic tritons

. Energy of reaction, | Energy of gammas, . C L.
Reaction Q (MeV) E,(MeV) Reaction application comments
D(t,y)’He 16.79 17 D-plasma; triton burnup monitoring
"Btny)C 12.421 3.09, 3.68,3.85etc. | D-plasma, B doping; triton burnup
"Bt 2ny)2C 7475 4.44 & 321 monitoring
2Cny”N 4.015 2.312 & 1.635 D-plasma, C impurity; triton burnup
monitoring
D(Ty)’He 16.79 17 DT-plasma: a-particle rate
T(py)'He 19.814 20 DT-plasma: DD-protons rate, core
temperature & fuel ratio
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Table 5. Diagnostic nuclear reactions for a-particle studies

Energy of reaction,

Energy of gammas,

Reaction application

Reaction Q (MeV) E,(MeV) comments
67+ 10 Yo, Y1, Y2, Y3 and Low-activation plasmas;
Li(e,)"B 4.461 0718, 1.740,2.154 | Eres= 1.17, 2.43, 4.02 MeV
77 11 Yo, v2 and 4.44 Eres = 0.402, 0.815 & 0.954
Li(a,y)"'B 8.66 MeV
mB(apy)”C 4061 3.09, 3.68 & 3.85 D-T plasma; E, > 1 MeV
10 13 2.368 D-T plasma; E, > 1.8 MeV
B(o,ny)”°N 1.059 E,> 3.4 MeV
3.50
Low-activation plasmas;
“B(OL I’ZV)MN 0.158 2.313 E.>3 MeV
1.635 E,> 4.6 MeV
20 5. 120
Ne(a.a'y)"Ne - 1.634 Low-activation plasmas
2Ne(a,a.’y)*’Ne 1.275
20 24
Ne(ony)"Mg 9:316 Yo Low-activation plasmas
Ne(a,y)*’Mg 10.615 Yo, Y1
2 Ne(a,ny)* Mg 0478 E, < 3.4 MeV Low-activation plasmas;

E¢> 1.4 MeV
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Figure 1. (a) — gamma-ray spectrum recorded by HPGe-detector for t = 8.5-11.5s 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,ny)1°B reaction. Figure reproduced from [20].

—35

25 3.0
R (m)

Figure 2. Tomographic reconstruction of the line-integrated intensities of 3.09-MeV y-rays measured with y-ray cameras:
left — emissivity profile related to the period without TAE modes; right — emissivity profile observed during the TAE activity.
Figure reproduced from [28].

29



Pulse No: 81321

Energy (MeV)

(a)
. 2000
g o lpia
= L
- 1000f
0 T I T I T NI ST I I
— - (b)
E
-] 3r
2 e
Cﬂ)
0 TN IS T NS Y Y T SN T N—— |-
. (c)
401~
g : II'I.II"I
- 20
o] I L 0 | T R Y N N
0 2 4 6 8 10 12 14 16
Time (s)

— 10% d)3
235100 - HXR mes 10
=2 E 10k E
S § 101} Y A
[ 10; - -n',T'_EF" ;1021
x5 10 il I‘ 44% :
T2 i R 01 20

2 6 10 14 18

N electrons
per channel)

Figure 3. JET shot #81321; (a) — plasma current; (b) — line-integrated electron density; (c) — reconstructed RE current in field
of view of the y-ray detector; (d) — measured HXR spectrum, Exxg> 2 MeV (black dots), reconstructed integral RE distribution

(red line) and HXR spectrum (blue line) corresponding to the reconstructed RE distribution. Figure reproduced from [46].
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Figure 4. Comparison of y-ray spectra from D(3He,y)>Li reaction recorded from ICRF heated plasmas with different 3He-

concentration.
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Figure 5. Excitation functions of the 4N states [58] and the 4N level scheme with strongest y-ray transitions [59]; 5.1-MeV
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Figure 6. Evaluated total cross-sections of 11B(3He,X)12C reactions and scheme of the 12C excited states with transitions
between them [59]; dash lines — excitation energies related to 1- and 3-MeV 3He-ions.
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Figure 7. (a) — scheme of the 19B excited states and transitions between them [59]; level energies (MeV) and transition
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branching ratios (%) are shown; (b) — emission spectra of yo, y1, Y4, ys gammas and related low-level y-ray transitions from

’Li(3He,y)*9B reaction calculated for different 3He-ion Maxwellian tails at temperature Tsue= 200, 400 and 600 keV.

Cross-section, ub

Figure 8. (a) — cross-sections measured for the capture gammas yo, y1 and y, [62]; (b) — capture y-ray emissivity spectra
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Figure 9. Gamma-ray spectrum recorded during 1.7MA/2.7T discharge with H-minority ICRF heating in deuterium JET
plasma; the GAMMOD code [8] analysis of the 5.5-MeV y-ray peak provided an effective temperature of the H-ion tail; 2n?

harmonic acceleration of deuterium was identified due to the appearance of characteristic 3.09-MeV gammas from the
12C(d,py)*3C reaction. Figure reproduced from [8].
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Figure 10. Calculated 5.5-MeV y-ray emissivity due to D(p,y)*He 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.
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Figure 11. Gamma-ray spectra recorded by vertical and tangential spectrometers during 1.8MA/2.2T discharge with H-
minority ICRF heating of tritium plasma in JET; 20-MeV y-rays from the T(p,y)*He reaction were observed. Figure reproduced
from [11].
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Figure 12. Calculated 20-MeV y-ray emissivity due to T(p,y)*He 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.
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Figure 13. (a) — scheme of the 8Be levels; ’Li(p,y)?Be reaction resonant states highlighted in red; (b) — calculated y-ray
emissivity due to the “Li(p,y)®Be reaction; the colour coded y-ray spectra are related to different Maxwellian tail
temperatures, Th.
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Figure 14. Calculations of the 4.44-MeV y-ray Doppler broadened peak for different width of the loss-cone, which is
characterised by the pitch-angles 9=arccos(v;;/v).
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scattering of protons on carbon [59].
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Figure 17. Comparison of reactivities of proton resonances in the 2Ne(py,)?*Na reaction [59].
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Figure 18. Cross-sections of the 6Li(d,ny)’Be and 6Li(d,py)’Li reactions [59] related to ground and 15t excited states.
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Figure 19. Evaluated total nuclear reaction cross-sections [59]: a) — 11B(d,ny)'2C and 1B(d,a)°Be reactions; b) — 19B(d,p)''B
and 1°B(d,n)1C reactions.
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Figure 20. °Be and '1C level schemes with y-ray transitions and branching ratios (%) [59].
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Figure 21. Experimental cros