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Alphas (20%): essencial source for sustained, self-collisional 
heating of the bulk thermal plasma in future FPP (pilot PP will
play a key exploratory role when Q~1-5 is achieved).

Neutrons (80%): Dominant kinetic energy carrier acting as the 
ultimate downstream energy reservoir for electricity generation 
and assisting in tritium self-sufficiency downstream (Tritium
blanket).

Energetics of Conventional DT Fusion

D  ➯ 1 out of ~6500 hydrogen atoms à Abundant in sea water.

T  ➯ very scarce : 7.5kg steady-state world wide inventory à More later...
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➯ Beam-thermal fusion reactions using high energy beams are an alternative path 
though fundamentally limited since Nbeam << Nthermal (at least an order of magnitude)
           à  More on this later…

Thermonuclear Cross Sections & Reactivity Constraints

Lavell MJ, Front. Phys. (2024)

§ DT exhibits a resonant peak at lower 
center-of-mass energies compared to 
alternative reactions

§ When plasma is pressure limited and 
considering < 𝜎𝑣 > à soft spot for 
thermal-thermal fusion at ∼15keV.
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Probing burning plasmas with DT : TFTR & JET Milestone Experiments

ʻTFTR Experience…ʼ ITER / PPPL conf. call  C.H.Skinner   24 June 2014

Slide title 

•  Important main point 
–  Important detail 

•  Another important sub-detail 

2 

R= 2.6m, a= 0.9m, 6.0 T, 3 MA, 40 MW NB, 11 MW ICRF, ATJ graphite + CFC limiters, no divertor. 
‘Fusion plasma experiments on TFTR: A 20 year retrospective’ R J Hawryluk et al., Phys. Plasmas 5 (1998) 1577. 

TFTR vessel

§ TFTR : first ever evidence of alpha-driven Alfven Eigenmode and stochastic ripple diffusion of 
alphas close to the plasma edge à fast-ion / alpha specific diagnostics were (are) crucial !

§ Performance Metrics at JET : #99971 the Pfus ∼ 10MW (P𝛼 ∼ 2MW), corresponding to Q ∼ 0.3 
(Paux =32MW).

Rimini F, PPCF (2025)

JET Tokamak (1983-2023)TFTR Tokamak (1982-1997)
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Experimental evidence of DT/Alpha effects

30% higher [ΔTeð0Þ ≈ 2.5 keV] at similar heating condi-
tions compared with the deuterium discharge. Note, the Te
experimental uncertainty is∼10%or less. As it was declared
in [1–3], this Te increase happens both due to improved
confinement associatedwith the use of tritiumand heating of
electrons by D-T fusion alpha particles. In the afterglow
period, the D-T core electron temperature has a trend with
dTe=dt ≥ 0 during the first t ≈ 60 ms of theD-T afterglow,
reaching Teð0Þ ≈ 10.3 keV. In the next ∼70 ms the core
temperature is slightly decreasing to∼10 keV and then, it is
falling rather rapidly, but not so fast as in the reference
deuterium discharge. Thus, during the first ∼130 ms of the
afterglow, the core electron temperature of the D-T plasma
remained in the range in the range 10–10.3 keV without any
auxiliary heating. We should note that slowing down of the
3.5-MeV alpha particles is predominantly due to electron
friction since their energy Eα ≫ Ecrit ≈ 0.38 MeV (accord-
ing to [7], at the critical energy of ions,Ecrit, the rate of loss of
energy to the plasma electrons and to the ions equal). At the
same time, thermalisation of NBI ions occurs mainly due to
interaction with fuel ions because of ET-NBI < Ecrit ≈
0.31 MeV and ED-NBI < Ecrit ≈ 0.21 MeV. Hence, the D
and T beam ions are mostly heating the plasma fuel ions,
merely, 3.5MeVD-Talpha particles could cause the heating
of electrons in the plasma core as shown in Fig. 2(d). The
ion-electron slowing-down time of 3.5-MeValphas, is τsα ∼
910 ms [8].As a result of electron friction during 400ms, the
average alpha particle energy loss is ∼1.8 MeV [7], so their
energywill beEα ∼ 1.7 MeV ≫ Ecrit. Therefore,D-T alpha
particles can provide sustainable electron heating during

slowing down in the afterglow lasting ≈400 ms. The NBI
ion thermalization time is less than 200 ms.
One can see that theD-T neutron rate (meaning the alpha

particle source rate) at the peak of the discharge fusion
performance is about 130 times higher than D-D neutron
rate [see Fig. 2(c)]. Therefore, the core density of charged
D-D fusion products, 3-MeV protons, 1-MeV tritons, and
0.82-MeV 3He, is considerably lower than the alpha particle
density in the D-T plasma and the electron heating by the
D-D fusion products during the afterglow is negligible.
It is important to note that measured ne and Te radial

profiles at the peak of the D-T fusion performance and
in the afterglow are changing coherently (see Fig. 3).
We found that in similar pulses without afterglow, the ne
density in the plasma core is still rising at around 8.1–8.3 s
as a result of the transition to H mode at around 7.2 s. It is
therefore to be expected that the ne density rise would still
be observed in the initial 100–200 ms of the afterglow since
the plasma is still in the end of the H-mode transition phase
and heating power is still effectively being supplied by the
energetic alpha particle population. The equivalent deu-
terium reference pulse, also with afterglow, did not exhibit
this persistent rise in the core density during the initial
afterglow phase.
For comparison, one can see that Teð0Þ in the deuterium

discharge is marginally increasing though ne decreasing in
the post-NBI phase [see Fig. 2(b)]. The similar effect has
been observed in some JT-60U tokamak discharges [9]. It
was established that a convective heat transport mechanism
is responsible for this effect. Our TRANSP [10] calcula-
tions confirm that the convective fraction in the electron
power-density balance is sustaining during the deuterium
afterglow. In contrast, this fraction is constantly decreasing

FIG. 2. Waveforms of the D-T JET pulse No. 99801 (red lines)
vs the deuterium JET pulse No. 100793 (blue lines); panels show
waveforms of the NBI heating power, the central electron
temperature, Teð0Þ and the measured neutron rate; dashed line
marks the NBI power cut.

FIG. 3. ECE measurements of the electron temperature profile
(Te) and high-resolution Thomson scattering measurements of
the electron density profiles (ne): red lines—smoothed profiles
during NBI heating (t ≈ 8.09 s); blue lines—smoothed profiles in
the afterglow (t ≈ 8.15 s).

PHYSICAL REVIEW LETTERS 131, 075101 (2023)

075101-3

Electron heating in afterglow

Kiptily V, PRL (2023)

JET

Special Topic: Alpha particle physics experiments in TFTR
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Figure 34. (a) Radial profiles of �↵ and q(r) at ⇠
150 ms following turn-o↵ of neutral beam heating in

a weak central shear discharge with alpha driven TAE

activity. (b) Corresponding toroidicity induced n = 4

gap in the shear Alfvén spectrum at the time of observed

n = 4 activity. The gap structure is radially well aligned

and the mode frequency (marked by the dashed line)

occurs in the gap, as expected for TAEs. The dominant

uncertainty in the gap frequency arises from the uncer-

tainty in the central safety factor obtained from MSE

measurements (! ⇠ VA/qR).

Figure 35 shows the time traces of the central �↵

and plasma � as well as contours of magnetic fluctua-
tions versus frequency and time in a DT plasma with
q(0) > 1. Theory indicates that Landau damping
(both thermal and beam ion) and radiative damp-
ing are dominant stabilizing terms during high power
neutral beam injection, so that the only window for
observing TAEs is in the narrow time slice follow-
ing the end of beam injection as shown in Fig. 35.
Typical D or T beam ion slowing down times are of
the order of 80–100 ms, and the decay of the plasma
� occurs on a similar timescale after termination of
neutral beam injection as indicated by the trace of
the central plasma �. However, energetic alpha par-
ticles have a slowing down time considerably longer
(300–500 ms depending on the plasma conditions in
the afterglow) as indicated by the �↵ trace. Thus, one
of the key factors in exciting TAEs in TFTR is the
decay of the plasma � on a timescale short compared
with the alpha particle slowing down time.
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Figure 35. Evolution of DT neutral beam power,

central �↵(0) and Troyon normalized volume averaged

plasma � for a discharge in which TAEs appear in a nar-

row time window after the termination of neutral beam

injection (discharge 95796). The contour plot of mag-

netic fluctuations versus frequency and time indicates

multiple modes near the calculated TAE frequency at

r/a ⇡ 0.3 (solid line). The plasma parameters during

mode activity were: B = 5 T, I = 2.0 MA, R = 2.52 m,

ne(0) = 4.3⇥ 1019 cm�3, Te(0) = 6 keV, Ti(0) = 15 keV.

Mode activity appears after the slowing down of neutral

beam ions (tBeam ⇠ 80–100 ms) but before the thermal-

ization of 3.5 MeV alphas (⌧↵300�400 ms), and in the

TAE range of frequency: fTAE ⇠ 200�250 kHz.

The TAE activity is clearly seen after termina-
tion of neutral beam injection as indicated by the
amplitude of magnetic fluctuations. A sequence of
short bursts 50–100 ms in duration are observed
with toroidal mode numbers ranging from n = 2 to
n = 4. At the time of mode activity, q(0) ⇡ 1.5
as obtained from MSE measurements, and �↵(0) ⇡
0.05% as obtained from TRANSP code kinetic anal-
ysis. Mode activity appears after the slowing down
of neutral beam ions (tBeam ⇠ 80�100 ms), but
before the thermalization of 3.5 MeV alphas (ta ⇠
300�400 ms), and in the TAE range of frequency
fTAE ⇠ 200�250 kHz. The level of magnetic activ-
ity observed at the plasma edge is typically very
small (B̃/B ⇠ 10�8), however the internal level of
magnetic fluctuations as inferred from reflectometer
measurements of the density is considerably higher.

Figure 36 displays the theoretical predictions
of the critical �↵ for TAE instability at 150 ms
after termination of neutral beam injection for a
normal (positive) shear discharge with q(0) < 1,

Nuclear Fusion, Vol. 40, No. 1 (2000) 133

TFTR 

TAEs driven in afterglow
Zweben SJ, NF (2000)

are detected, while for 120 kHz < f < 200 kHz the modes detected
cover n = − 5 to n = 6. However, nonlinear mode-mode interactions
are at the origin of some of these fluctuations. This is demonstrated
by performing a mode-mode bi-coherence analysis34. A nonlinear
interplay between high-frequency TAE and low-frequency NTM is
detected, as shown in Fig. 3A. In particular, toroidal mode numbers
n = 1 and n = 2 among other interactions are a result of such nonlinear
interplays (this is shown in detail in the Supplementary Information).
A necessary condition for such an interaction to occur is that the
radial locations of TAE and NTM are close to each other. This
requirement is further verified by the analysis of the location of the
different perturbations in real space using several techniques, as
clarified in the methods section. RSAE and fishbones are located
inside q = 1, at ρ∼ 0.25, with q the safety factor defined as q ≡ dΨt/dΨp

with Ψt the toroidal magnetic flux and Ψp the poloidal magnetic flux.
RSAE are destabilized very close to the magnetic axis. TAE and NTM
are located just outside q = 1, at 0.25 < ρ < 0.45.

Further evidence of radial and temporal overlap of MHD and TAE
beyond q = 1, located at R ∼ 3.25 m, is obtained from density fluctua-
tions using a reflectometry diagnostic35 at R ∼ 3.36 m. It is shown in
Fig. 3B that high-frequency fluctuations for both D-T and D are
detected in the TAE and NTM frequency ranges. Furthermore, except
for the frequencies corresponding to TAE and NTM, density fluctua-
tions are lower for D-T than for D, notably in the typical range of ITG
fluctuations f < 150 kHz. This supports the improvement in confine-
ment for the thermal ions shown in Section 2 although further analyses
are required in order to fully characterize turbulence reduction by
meansof radial correlation from reflectometry. Densityfluctuations do
not increase significantly when 4.5 MW of ICRF power is added on top
of NBI power, except at the TAE and NTM frequencies. This is impor-
tant because, in general, turbulence increases with increasing input
power leading to the so-called thermal confinement degradation with
input power12.

The origin of the destabilization of magnetic fluctuations by
energetic ions has been analyzed with the global gyrofluid code
FAR3D36. Two energetic ion species, H andD,were considered because
they are both ICRF-accelerated by means of the first and second har-
monic absorption. Their characteristics are obtained from TRANSP.
The frequency and location of the fishbone and TAE perturbations
obtained from linear simulations with FAR3D agree with experimental
data as shown in the Supplementary Figs. 4 and 5 in the Supplementary

Information, which clarifies that the perturbations are destabilized by
ICRF-accelerated ions. Nonlinear simulations including both energetic
ion species are shown in Fig. 3C. The radial extension of the electro-
static potential perturbation, 2.4 m < R < 3.5 m, agrees well with the
experimental location and clearly shows that the energetic-ion-
induced perturbations extend up to mid-radius, coinciding with the
radial extension of the decrease in thermal energy transport losses in
D-T compared to D.

In addition to the nonlinear interplay between TAE and NTM,
other complex and multi-scale interactions are of paramount interest
and critically determine the performance. It is found with FAR3D that
alpha particles do not destabilize any perturbation due to their low
density, however, nonlinear interplaywithfishbones, located inside q=
1 at ρ ∼ 0.25, can induce radial transport and losses of alpha particles,
partially depleting the plasma axis of such particles, as shown in
Fig. 4A. This is experimentally corroborated, as shown in Fig. 4B, by
means of the fast ion loss detector (FILD)37. In the initial phase of the
discharge, when the activity of the fishbone is especially strong, alpha
particle losses are detected, as can be seen at t ∼ 8 s. In the later phase
of the discharge, fishbone activity is reduced in intensity and no fur-
ther losses are detected with origin in the fishbone perturbation, but
rather in the NTM at f ∼ 15 kHz. Unlike fishbones, no alpha losses with
origin in TAE are detected in both the FAR3D simulations and the
experiment. Importantly, it is found in FAR3D that losseswith origin on
ICRF accelerated protons are much lower than those from alpha par-
ticles in the presence of fishbones. This is an important result, as it
shows that alpha particles are very sensitive tomagnetic perturbations
even if they are not at the origin of such instabilities.

Therefore, it becomes clear that althoughmagnetic perturbations
do not prevent the reach of high confinement, they can lead to loss of
fusion power. These results show the critical interaction between
magnetic perturbations and alpha particles, and we conclude that it is
essential to control such interactions to produce high fusion power in
future tokamak reactors.

Nevertheless, magnetic perturbations induced by energetic ions
can also lead to beneficial effects that may have a positive impact on
reducing energy losses by heat transport. This is the case of the
interplay with the so-called zonal flows, i.e. thermal plasma flows with
f ∼ 0 and poloidal and toroidal perturbation mode numbers,
n, m = 0, 0. Zonal flows were theoretically predicted38 and also
obtained in dedicated numerical simulations in the presence of

Fig. 2 | Comparison between the D-T discharge #99896 and the D counterpart
#100871. AComparison between Ti and Te for the D-T discharge #99896 and the D
counterpart #100871. Ti is measured by the charge-exchange technique on
impurity ions. Te is obtained by means of LIDAR and high-resolution Thomsom
scattering (HRTS). An average over 8.5 s-8.7 s is performed. ρ is defined as the
square root of the normalized toroidal magnetic flux. Shaded error bars represent
the standard deviation of the time-averaged signals and the systematic diagnostic

uncertainties. B Comparison between electron density, ne, for the D-T discharge
#99896 and the D counterpart #100871. ne is measured with HRTS. Shaded error
bars represent standard deviation of the time-averaged signals and the systematic
diagnostic uncertainties. C Comparison between χi and χe obtained by power bal-
ance analysis for theD-T discharge #99896 and theD counterpart #100871. Shaded
error bars represent standard deviation.

Article https://doi.org/10.1038/s41467-024-52182-z

Nature Communications | ��������(2024)�15:7846� 4

Improved confinement in DT (JET)
Garcia J, Nature Comm (2024)

➯ Alphas + other fast ions 
(FIs) co-exist so it’s 
challenging to isolate 
alpha’s role at high 𝛽!"#$ 
in potentially  non-linearly 
coupled phenomena !

[see also Fitzgerald M, NF (2023)]

See also: Siena A, NF (2025), Varela J, NF (2025)
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➯ Tritium is extraordinarily rare (7.5kg steady-state world wide inventory), 
expensive (∼32k€/g), and subject to rapid radioactive decay (half-life ∼12.3 
years).

➯ Running a DT plasma requires comprehensive nuclear-grade facility 
certification, strict radioactive inventory accounting, and extensive remote 
handling arrays.

The Scientific Question: Can we study identical alpha particle confinement and 
transport properties in standard, non-active experimental facilities?

The Operational and Logistics Cost of Tritium
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Exploring Aneutronic and Alternative Fusion Channels

Lavell MJ, Front. Phys. (2024)

• 𝐷!"#$ + %𝐻𝑒 → 𝟒𝑯𝒆 + 𝑝 + 18.35𝑀𝑒𝑉

• 𝐻!"#$ + ''𝐵 → '(𝐶∗ → *𝐵𝑒∗ + +𝐻𝑒 → 𝟑 𝟒𝑯𝒆 + 8.68𝑀𝑒𝑉

➯ 3He, while expensive, is not as rare as 
Tritium and has already been used
frequently in Tokamak plasma discharges
e.g. ICRH 3-ion schemes [Kazakov YO, 
PoP (2021)], alfa driven modes [Kiptily
VG,  PPCF (2022)].

➯ 11B is easily accessible and has even 
been tried already in the LHD stellarator 
[Magee RM, Nature Comm (2023)].

➯ Either 3He or 11B need however to be 
at significantly higher energy than 
Tritium…
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Beam Injection assisted fusion reactions

The Beam Solution ➯ To maximize reaction rates, we require an energetic beam to inject 
particles directly near the cross-section resonances.

For fusion power the relevant quantity is 
< 𝝈𝒗 >   ➯  maxima slightly pushed to 
higher energy e.g.

 ✦  ED-beam(D-T) ∼ 127keV
 ✦  ED-beam(D-3He) ∼ 450-500keV

JET beam system : 𝐸!"#$ ≲ 125𝑘𝑒𝑉
ITER beam system : 𝐸!"#$ =
870 𝐻 𝑜𝑟 1𝑀𝑒𝑉(𝐷)

Sweet spot for D3He and p11B : 500-700keV
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Insights from JET studies using D-3He (MeV ions DNBI+ICRH and alphas) (1)

ARTICLES NATURE PHYSICS

As a next step, predictive modelling of Ti in pulse #94701 was 
undertaken with the CRONOS code31, using all relevant parameters, 
including measured Te and ne, and heat source profiles calculated 
by TRANSP as input. Two different χi profiles were assumed in this 
analysis (Fig. 2i). The impact of the reduced ion heat losses on the Ti 
achieved in #94701 is clearly illustrated by comparing the two pre-
dicted Ti profiles shown in Fig. 2g. The dotted red line illustrates the 
ion temperature in #94701 predicted using the TRANSP-computed 
χi for this pulse. The good agreement between the predicted and 
measured Ti profiles verifies the consistency of CRONOS and this 
synthetic modelling approach. This analysis also shows that a much 
lower Ti would have been reached in #94701 (dashed red line) if the 
thermal ion heat diffusivity were the same as in the NBI-only pulse 
#94704. However, the experimentally observed Ti in #94701 is sig-
nificantly larger than the latter Ti prediction, providing further con-
firmation of the reduced ion heat losses in the presence of MeV ions.

The well-known mechanisms stabilizing ITG turbulence such as 
the ratio Ti/Te and the E × B shearing rate (γE×B) cannot explain the 
lower χi in the core region (ρtor < 0.4) for pulse #94701. Indeed, both 
parameters are lower in this pulse as compared with those in the 
NBI-only pulse #94704. For example, at ρtor = 0.23, Ti/Te ≈ 1 versus 
1.4 and γE×B ≈ 1.4 m s−1 versus 2.2 m s−1.

The two comparison pulses are not only inherently different 
in the heating channel for fast ions (dominant ion versus elec-
tron heating) but also feature an essential difference in the mag-
netohydrodynamic (MHD) behaviour. The sub-Alfvénic NBI ions 
in #94704 did not destabilize any Alfvén eigenmodes. In con-
trast, a variety of TAE modes in the frequency range ~200 kHz 
with toroidal mode numbers n = 2−6 were driven by high-energy 
ions in pulse #94701 (Fig. 2e). The observed mode frequen-
cies are in good agreement with the theoretically predicted fre-
quencies of TAEs, f
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Fig. 2 | Improved thermal ion confinement in fusion plasmas with MeV ions and unstable TAEs. Comparison of two JET pulses #94704 (~100!keV ions, 
blue lines) and #94701 (MeV-range ions, red lines) performed at the same operational conditions and same total auxiliary heating power Paux!=!14!MW but 
with different characteristics of the fast ion population. a, Auxiliary heating power from the NBI system, PNBI, and the ICRF system, PICRF. b, Core electron 
temperature, Te0. c, Plasma stored energy, Wp. d, Neutron rate from D–D fusion reactions. e, Magnetic coil spectrogram showing destabilized TAEs with 
different toroidal mode numbers, n, in pulse #94701. f,g, Measured radial profiles of the electron (Te, f), and ion temperatures (Ti, g) at Paux!=!14!MW, where 
ρtor is the square root of the toroidal magnetic flux normalized to its value at the plasma boundary. The error bands in both panels account for the standard 
deviation of the time-averaged (±0.1!s) signals and the systematic diagnostic uncertainties. h,i, Computed electron (χe, h) and thermal ion (χi, i) heat 
diffusivities as a function of ρtor. The error bands in these panels take into account uncertainties in the temperature profile data, different fittings to Ti and 
the extrapolation to the magnetic axis, including uncertainties in the power balance. Dotted and dashed red lines in g show the Ti profiles for pulse #94701 
predicted using the two χi profiles in i as input.

NATURE PHYSICS | VOL 18 | JULY 2022 | 776–782 | www.nature.com/naturephysics778

Reduced thermal ion 
heat diffusivity (𝝌𝒊)

Blue: 100keV fast ions
Red: MeV-range fast ions

TAE region

Mazzi S, Nature Physics (2022) 

See also:
Na Y, Nature Reviews Physics (2025)
Ishizawa A, Communications Physics (2025)
Mazzi S, Rev Mod P. Physics (2026)

Mailloux J, NF (2022)
Kazakov YO, PoP (2021)
Nocente M, NF (2020) Best case scenario

n(3He)/ne ∼ 20-25%   ➯ n𝛂 ∼ 1-2x1016s-1

Inferred D–D neutron emission
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Insights from JET studies using D-3He (MeV ions DNBI+ICRH and alphas) (2)

Kiptily V, NF (2021)

Alpha particle driven EAEs (n=-1)

➯   Despite a birth rate of 1-2x1016s-1, only alpha particle distribution  
        featuring 𝜆 ≶ 0 particles can tap the resonances of the n=-1 mode and 
        drive it unstable (NBI+ICRH yields co-passing only distribution).
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• The JT-60SA Device.

• Methodology.

• Modelling Scenarios & alpha birth rates

• Interplay with MHD & Ripple

• Outlook and Conclusions.

Talk Outline
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§ The world's largest operating superconducting 
tokamak, engineered to sustain high normalized 
pressure (𝛽& ~ 3.5 − 4.3).

§ NBI system: 12 positive ion sources (P-NBI) delivering 
up  to 24 MW total at 85 keV. Two negative ion sources 
(N-NBI) delivering 10 MW at up to 500 keV.

JT-60SA Architectural Overview and Fast Ion Drive

Conceptual Design Report on JT-60SA                                
 

 
3.8 NBI System                                              Sec.3.8 Page 1 

3.8 NBI system 
 
3.8.1 Specification of NBI system for JT-60SA 
 
The NBI system is required to inject D0 beams of 34 MW for 100 s. The upgraded NBI system for 
JT-60SA consists of twelve positive-ion-based NBI (P-NBI) units and one negative-ion-based NBI 
(N-NBI) unit [3.8-1]. The injection powers of the each P-NBI and N-NBI units are 2 MW at 85 
keV and 10 MW at 500 keV, respectively. The layout of the NBI system on JT-60SA is shown in 
Fig.3.8-1. Figure 3.8-2 shows the vertical views of NBI system and the beam trajectories on 
JT-60U and JT-60SA, respectively. The location of the P-NBI system is the same as that of the 
JT-60U. There are three types of P-NBI units (perpendicular: 8 units, co-tangential: 2 units, 
counter-tangential: 2 units) to control deposition profile and plasma rotation. Each unit consists of 
two ion sources. The injection power of the P-NBI unit is decided to be 2 MW to use the present 
ion source without modification. Since electron heating by alpha particles is dominant in ITER and 
DEMO, high power N-NBI at 500 keV is required to study electron heated plasma on JT-60SA. 
The beamline of the co-tangential N-NBI unit is shifted downward from the equatorial plane by 
~0.6 m to drive off-axis plasma current, and hence to produce reversed shear with a high bootstrap 
current fraction. 
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Figure 3.8-1  Layout of the NBI systems on JT-60U and JT-60SA 

Figure 3.8-2  Vertical 
view of the NBI 
system and the beam 
trajectories. 
The beamline of the 
N-NBI unit is shifted 
downward by ~0.6 m. 
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N-NBI: off-axis 
current drive

Ip ,Btor

Main plasma parameters
R0, a 2.96m, 1.2m

Bt, Ip 2.25T, 5.5MA

Plasma vol. 130m3

T (flat-top) 100s
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§ Scenario modelling: CRONOS/METIS/JINTRAC (EU) and TOPICS/GOTRESS (Japan) used 
by the Experimental Team à In this talk CRONOS and METIS predictive scenarios will 
be explored.

§ NBI beam deposition, beam-target fusion reaction and fast ion distribution slowing 
down is modelled using the ASCOT5 suite.

Modelling suites

BBNBI ASCOT AFSI ASCOT

source 
rate

source rate
Steady state 
slowing down

Steady state 
slowing down

Deuterium / Proton Dfast - 3He / Hfast - 11B Alphas
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§ Analytic Bosch&Hale formulae for D-3He (DT_He4n, DHe3_He4p, DD_Tp/He3n).

§ Analytic formulae for p-11B [Tentori A, NF (2023)] à cast high energy alpha pair inside 
ASCOT5 calculation.

Fusion cross sections in ASCOT5

𝛼'

Mazzucconi D, Eur.Phy.Journ.A (2025)

• The 𝛂0 decay channel  is insignificant at Eproton < 2MeV.

• In the 𝛂1 decay channel, first alpha ∼3.8MeV (significant  
𝛥E), next 2 alphas with ∼0.08-4.94MeV (𝐸-./*0"~1.9𝑀𝑒𝑉 
+∼3MeV of excitation energy)

• Assume for simplicity we have 2 alphas which will share 
the 8.68MeV (low energy 3rd alpha discarded)
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Modelled scenarios

Scenario 4 (CRONOS)

• Ip=3.5MA and BT=2.28T.

• D plasma + 1.75% C impurity. 

• 10MW N-NBI and 20MW P-NBI. 
7MW of ECRH.

OP2 Scenario (METIS)

• Ip=4.6MA and BT=2.28T.

• D plasma + 1.75% C impurity. 

• 10MW N-NBI and 6MW P-NBI. 
1.5MW of ECRH. 

• Flat |q|∼1 at the core (ST model)

N-NBI
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Spatial distributions and power density expectations

D D Alphas Alphas

§ N-NBI beams are off-axis à fast-ion density is hollow (off-axis) à alpha distribution also off-axis.

§ Beam particle density is ~1/30 thermal ion density   à   𝑃"#$%&'()* ~20×𝑃"#$%&'()+,-  à 𝑃.()+,-~30 − 50𝑘𝑊 

10 % 3He
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Staged optimization in Scenario 4 (D-3He only)

§ Alpha production rate increases ~ linearly with He3 %.

§ DD neutron rates: 4.36à6.98×1016s-1 
1) Establish first the 3He(%).

2) Slightly shift plasma centroid closer 
to N-NBI path (if feasible).

3) Juggle with plasma density & 
temperature to raise fast ion 
slowing down time.

Coelho R, NF (2026)

Extrapolating to 25% He3, scenario 4 of JT-60SA 
would reach ~20×10/0s)/ (rateJET ×10) !
à If JET had operated at 10MW (7MW used) 
NBI it would at most reach ~3×10/0s)/…

Strategy

Loss criteria: cross 
plasma boundary 
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Alpha loss mechanisms considered (Scenario 4)
§ Prompt losses (typically on time scales < 10𝜇s).

§ Collisional losses (time scales ≲ 0.1s).

§ MHD perturbations (static n=1 with m=1, m=2,3 or m=1,2,3; phase 
chosen as “worst case scenario”).

§ No Ripple but fast ion orbit is “lost” when crossing plasma boundary 
(“rhomax” end condition).

(m=1,2,3,n=1) static MHD perturbation and q=1,2,3 rational surfaces
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Evaluating the losses / redistribution (Scenario 4 optimized -  10% 3He)

Part. Flux (1016 s-1) Power (kW)

Birth 8.1 50

Reference 5.3% 4.9%

(m=1,n=1) 5.8% 5.4%

(m=2,3,n=1) 6.2% 5.6%

(m=1,2,3,n=1) 6.2% 5.6%

Slowing 
down

q=1 q=2 q=3

Initial 
position Initial 

position

mileage

(m=1,2,3,n=1)
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METIS scenario using FEEQS equilibrium

§ Free-boundary equilibrium FEEQS includes SOL region.

§ No variants considered (Reference scenario only). Ip=4.6MA should 
provide better confinement than the 3.5MA Scenario 4…

§ Same MHD perturbations as Scenario 4 (smaller (2,1) island though…).

§ Ripple (∼1% at bound.) is retained and marker lost if hitting the wall.

(m=1,2,3,n=1) static MHD perturbation and q=1,2,3 rational surfaces

Stochastic ripple region
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Evaluating the losses / redistribution (METIS with 10% 3He)
Part. Flux (1016 s-1) Power (kW)

Birth 4.9 30

Reference 1.4% 1.3%

(m=1,n=1) 1.4% 1.4%

(m=1,2,3,n=1) 1.5% 1.4%

rhomax 2.4% 2.4%

Ripple (GC) 1.9% 1.6%

Ripple (hybrid) 3.2% 2.8%

Initial 
positionSlowing 

down

q=1 q=2 q=3

q∼1

Initial 
position

mileage

Ripple (GC)

𝑳𝒑𝒓𝒐𝒎𝒑𝒕~𝟔𝟎 − 𝟖𝟎%
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Evaluating the losses / redistribution (METIS with 1% 11B)
Part. Flux (1015 s-1) Power (kW)

Birth 1.7 1.24

Reference 1.96% 1.89%

(m=1,n=1) 2.0% 1.94%

(m=1,2,3,n=1) 2.1% 2.0%

rhomax 3.4% 3.3%

Ripple (GC) 2.6% 2.2%

Ripple (hybrid) 4.3% 3.8%

Initial 
positionSlowing 

down

q=1 q=2 q=3

q∼1

Initial 
position

mileage

Ripple (GC)

𝑳𝒑𝒓𝒐𝒎𝒑𝒕~𝟔𝟎 − 𝟖𝟎%
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§ Per % of seeded 3He :

    𝜶𝒓𝒂𝒕𝒆 𝑺𝒄𝒆𝒏. 𝟒 = 𝟓 − 𝟖×𝟏𝟎𝟏𝟓𝒔)𝟏        𝜶𝒓𝒂𝒕𝒆 𝑶𝑷𝟐 −𝑴𝑬𝑻𝑰𝑺 = 𝟓×𝟏𝟎𝟏𝟓𝒔)𝟏

§ Per % of seeded 11B :

      𝜶𝒓𝒂𝒕𝒆 𝑶𝑷𝟐 −𝑴𝑬𝑻𝑰𝑺 = ×𝟐 𝟏. 𝟕×𝟏𝟎𝟏𝟓𝒔)𝟏    ⟼   D-3He yield is ~𝟓𝟎% higher than p-11B

§ Lower rates were successfully measured at JET (𝛾-ray diagnostics) à encouraging and offers 
opportunity to study alpha particles in JT-60SA (see V. Kiptily talk at this meeting)

§ Alpha confinement deteriorates at lower plasma current (Ip) Scenario 4 (x2.2 higher particle flux 
lost for reference case when using rhomax end condition).

§ Magnetic ripple has higher effect on alpha loss (especially when full orbit effect are retained 
when orbit steps into the SOL – hybrid run mode) – using rhomax end condition is a good proxy 
though … unless we need  to evaluate wall power loads… !

§ Static MHD (no E-field) can either redistribute (m=1) or enhance losses (m=2) à alpha birth 
distribution is off-axis à Resonant AEs / fishbones should be addressed though…

Comparative Fast ion regimes in D-3He and p-11B regimes



R. Coelho | 19th TM on EP | 28 September - 2 October 202623

§ A unique strategic device: JT-60SA provides a critical, non-radioactive platform to 
study alpha particle physics without tritium handling overhead.

§ Exploiting the 500 keV N-NBI: Essential ingredient either using D or H in 3He or 11B 
seeded plasma respectively.

§ Assisting path towards Burning Plasmas: At higher alpha birth rates and 
plasma current than JET, JT-60SA can provide useful insights in alpha physics i.e. 
alpha driven instabilities, plasma transport moderator, development/testing of alpha 
scoped diagnostics.

 à  Lessons to be learned for ITER burning plasmas, before BEST and SPARC 
                 operation.

Summary & Strategic Outlook


