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Stable Deuterium-Tritium plasmas with
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energetic-ion instabilities
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M Check for updates

Providing stable and clean energy sources is a necessity for the increasing
demands of humanity. Energy produced by Deuterium (D) and Tritium (T)
fusion reactions, in particular in tokamaks, is a promising path towards that
goal. However, there is little experience with plasmas formed by D-T mixtures,
since most of the experiments are currently performed in pure D. After more
than 20 years, the Joint European Torus (JET) has carried out new D-T
experiments with the aim of exploring some of the unique characteristics
expected in future fusion reactors, such as the presence of highly energetic
ions in low plasma rotation conditions. A new stable, high confinement and
impurity-free D-T regime, with reduction of energy losses with respect to D,
has been found. Multiscale physics mechanisms critically determine the
thermal confinement. These crucial achievements importantly contribute to
the establishment of fusion energy generation as an alternative to fossil fuels.

Modern societies are eager to increase their energy resources, which
are currently largely provided by fossil fuels. In this context, plasmas,

current, /,, and a toroidal magnetic field, By, is particularly promising.
Tokamaks have made great progress from their initial proposal’.

i.e. the fourth state of matter, which are characterized by the presence
of free-charged particles, can provide a carbon-free energy source
through fusion reactions of light atom nuclei. For that purpose, plas-
mas must be well confined and reach high pressure in order to over-
come the electrostatic repulsion of particles. Magnetic containment is
one of the most promising routes toward this goal. The tokamak

Plasmas with good thermal confinement have been achieved in high-
performance tokamak discharges when turbulence-driven energy
losses (one of the main physics mechanisms by which plasmas lose
their thermal confinement) are strongly reduced. This is the case for
the H-modes® or internal transport barrier (ITB) regimes*, in which
steep pressure gradients are formed, leading to high plasma pressure.

concept, in which plasmas are confined both by a high toroidal electric  Recently, the EAST® and KSTAR® tokamaks have reported significant
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advances. Long-sustained high-performance plasmas were obtained in
conditions of low turbulent heat transport with simultaneous avoid-
ance of dangerous magnetohydrodynamic (MHD) bursts, called edge
localized modes (ELMs)’, which are characteristic of H-modes. Such
bursts can lead to rapid expulsion of edge plasma and hence to high
levels of heat and particle flux to the tokamak wall.

On the one hand, these advances have clarified the route towards
a potential fusion energy commercial reactor. On the other hand, the
results obtained are not enough to provide a clear insight into how
future energy-producing reactor plasmas are expected to behave. The
reason is that in significant contrast to plasmas produced nowadays,
formed almost exclusively by pure Deuterium (D), energy-producing
plasmas will use Deuterium and Tritium (T) to produce 14.1 MeV
neutrons and 3.5 MeV “He nuclei (alpha particles). The presence of T
has been identified as a potential source of significant changes with
respect to pure D plasmas, particularly in terms of turbulence or MHD
characteristics®’. Furthermore, the presence of a small and yet very
energetic population of alpha particles, which will provide the main
self-heating mechanism through collisions to the thermal plasma,
leads to conditions that are mostly unexplored and have been identi-
fied as potentially detrimental. The highly energetic fusion-born alpha
particles mainly transfer energy to electrons (rather than to thermal
ions) by collisions, thus providing strong electron heating. Conditions
in which the electron temperature, T, is significantly higher than the
ion temperature, T; have been identified as leading to unfavorable
destabilization of turbulence and clamping of the ion temperatures at
very low values, as shown in plasmas with pure electron heating by
means of electromagnetic waves*'°. Moreover, alpha particles do not
provide significant torque and therefore lead to low toroidal rotation,
reducing rotation-driven suppression of turbulence'". Finally, they
can resonantly destabilize Alfvén waves that can produce stochastic
transport of alpha particles and hence reduction of fusion energy
generation” ¢,

These novel characteristics are in contrast to present-day
experiments which are typically heated by neutral beam injection
(NBI) at energies ~ 100 keV. NBI dominantly heats ions, not electrons,
and provides significant torque. Unlike fusion-generated alpha parti-
cles, they produce a sizeable fast-ion density fraction with T;/T. > 1. In
such conditions, it is well known that high confinement can be
obtained®.

The Joint European Torus (JET) tokamak”, which is the only
tokamak in the world capable of operating with T, has undergone a
new experimental campaign in D-T, DTE2'®, with the aim of providing
solid evidence on the characteristics of D-T plasmas. A world record of
fusion energy was produced in JET at the end of 2021 by developing
H-mode plasmas with ELMs. However, such an impressive result was
obtained under conditions of high NBI power. In this paper, we
describe DTE2 plasmas that, rather than maximizing the production of
fusion energy, aim to capture other important characteristics expec-
ted in future fusion reactors, such as the simultaneous development of
conditions with dominant total heating fraction transferred to the
electrons, low input torque, and the triggering of Alfvén wave
instabilities. Since the simultaneous development of plasmas with
dominant alpha particle heating and low NBI input power is not pos-
sible at JET, the expected conditions in future fusion tokamak reactors
were reproduced by using external heating with electromagnetic
waves resonating at the ion cyclotron frequency (ICRF). In these con-
ditions, low external torque is applied while generating ions in the MeV
energy range and significant energetic ions-related perturbations.
These characteristics were not studied in the DTE2 fusion energy
record, nor in the first D-T campaign in JET (DTE1)° or TFTR® in the 90s,
since in both cases the maximization of the fusion power by using high
NBI power was mostly explored and in such conditions plasmas with
Ti/T.>1and high ion heating and rotation are obtained. Therefore, the

study presented in this paper represents the first time that this path
has been pursued in D-T plasmas.

We show that very good properties are achieved in terms of
energy confinement and stability. The type of confinement expected in
baseline reactor plasmas is obtained because of the better energy
confinement in D-T with respect to the same conditions in D. In par-
ticular, for the electrons, the energy losses by transport are low, which
allows temperatures of about 110 million K. For the ions, the core heat
transport is significantly reduced in D-T compared to D when
instabilities generated by the energetic ions are observed. This type of
plasma provides an integrated solution for future tokamak reactors
since, despite the development of an H-mode, deleterious ELMs are
avoided. These results suggest improved energy confinement in future
D-T plasma conditions.

Results

D-T plasmas development and comparison to D

Several plasma configurations and D-T concentrations were explored
in JET to cover a wide range of possible configurations in future
tokamak reactors. To minimize the external torque and hence the
toroidal rotation, the plasmas presented in this study were mostly
heated with ICRF, which ensures that a low external torque is applied.
ICRF heating can accelerate ions to MeV energies, and hence it was
used as a proxy for alpha particle-heated dominated plasmas. In these
plasmas, 1% of H was used as a minority wave resonator. Additional
lower heating power levels of NBI were used with the aim of reaching
high temperatures. The discharge #99896, with major radius, Rop =3 m,
and minor radius, a = 0.91 m, shown in Fig. 1A, represents the type of
plasma performed. The chosen D-T concentration was ~ 50%D-50%T
as it is expected to deliver the maximum fusion power in future
tokamak fusion reactors. A summary of the main global characteristics
of this discharge is shown in Supplementary Table 1 in the Supple-
mentary Information.

During the phase with ICRF and NBI heating, the thermal con-
finement time of this plasma, 7, calculated excluding the contribution
of energetic ions, is the reference in the ITER baseline conditions as
Hog(y, 2) = /T/pgog = 1 (Fig. 1C) with 7;p305 the energy confinement time
predicted by the IPB98(y,2) scaling?. This result is obtained under low
rotation conditions, since the Mach number at p = 0.5, M=v,,,/c;~ 0.15,
with vy, the plasma rotation, ¢, = /T ,/m; the sound speed and m; the
Deuterium ion mass, is lower than that expected in ITER D-T plasmas®.

As shown in Fig. 1B these results are obtained in the presence of
small edge fluctuations rather than ELMs with By = 1.2 and f;, ~ 0.45
(Fig. 1C). Analysis using the TRANSP suite of modeling codes? indi-
cates that 56% of the total auxiliary heating is transferred to electrons
as shown in Fig. 1D. The high electron heating is confirmed by the
observation that T, > T;, notably in the region p < 0.4 with T/T; ~ 1.4 on
the magnetic axis. On the contrary, during the NBI-only phase,
Hog(y, 2) = 0.7, indicating a lower confinement compared to the phase
with injected ICRF heating. In terms of power produced by D-T fusion
reactions, Pg,s ~ 0.5 MW was obtained. Finally, the radiated power
reaches 60% of the total power injected and is located at the plasma
separatrix close to the X-point, which indicates that the accumulation
of core impurities, usually a concern in high confinement plasmas in a
metallic wall environment such as in JET?, is avoided.

The good thermal confinement of discharge #99896 is obtained
in the presence of generally-believed deleterious electromagnetic
perturbations over a wide range of frequencies when ICRF heating is
added, as shown in Fig. 1E. We can identify perturbations generated by
the interplay between energetic ions and Alfvén waves, such as tor-
oidal Alfvén eigenmodes (TAE)*** and reversed-shear Alfvén eigen-
modes (RSAE)*. Fishbone instabilities”*® related to the interaction
between energetic ions and MHD are also present. All of this activity
corroborates the presence of highly energetic ions in the plasma. MHD
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activity and in particular neoclassical tearing modes (NTM)** are
also found.

An equivalent discharge, #100871, in terms of input power, radi-
ated power, and density, with pure D was also carried out to compare
to the characteristics of D-T discharges. The match was successful,
including a similar pattern of magnetic instabilities. The comparison
between the temperature and electron density profiles between D-T
and D is shown in Fig. 2A, B. Although the electron density is nearly
identical in D-T and D, both T, and T; are higher in D-T for the entire
plasma radius. In particular, in the plasma core, an increase in T; slope
is obtained. Since the heating deposition profiles are very similar in D-T
and D in the plasma inner core, as verified with TRANSP, such a change
in T; could have its origin in differences in thermal transport. Indeed, a
significant change is found, as demonstrated by calculating the power
balance heat diffusivity for ions, x;, and electrons, x,, (see Fig. 2C). In D-
T, x; shows a drop in the plasma core starting from p = 0.4 and reaching
Xio-1/Xip ~ 0.5 at p = 0.2. The electron heat diffusivity, x,, remains very
low for D-T and D, which leads to very peaked T, similar to ITB plasmas
observed in other high electron heated plasmas such as the super
I-mode developed in EAST’. Importantly, X; p-7/Xep-r ~ 2 While it is
doubled for pure D indicating deteriorated ion thermal confinement.

D-T density-ratio scans were performed to evaluate the impact of
T on plasma characteristics, as shown in Supplementary Figs. 1 and 2.
As an example, the discharge #99817 was performed in conditions
similar to #99896 but with 85% T fraction and Br= 3.7 T. A summary of
the main global characteristics of this discharge is shown in

99896 1,=1.9MA Br=2.75T

Supplementary Information Table 1. The total heating to electrons
under these conditions was 70% as obtained from TRANSP, with Py, ~1
MW and T, reaching 110 million K and 7; 60 million K with only 8 MW of
input power. Similar to discharge #99896, a broad range of energetic-
ion instabilities was obtained. Compared to the case with ~ 50%D-50%
T, Xip-1/Xe,p-7is reduced to ~ 1, which means that the presence of T in
the plasma is a key player in reducing ion thermal energy losses due to
heat transport.

Core instabilities analyses

Beyond large-scale MHD and Alfvén-driven fluctuations, small-scale
microturbulence driven by the lon Temperature Gradient (ITG)
instability®' is one of the major threats to plasma thermal confinement.
In JET plasmas, ITG modes, destabilized at ion-gyroradius scales, ~1
cm, are usually responsible for enhancing core radial energy transport
even in strongly electron-heated plasmas®. Instead, energy transport
driven by instabilities at electron-gyroradius scales, ~ 0.1 mm, i.e. by
electron temperature gradient modes (ETG), is found not to contribute
significantly to overall outward transport in the plasma core®. In this
section, an analysis of the fluctuations found in plasma #99896 is
given, and their role in producing good thermal confinement is
clarified.

A Fourier analysis of the measured magnetic fluctuations is
shown in the Supplementary Information Fig. 3. A full range of
activity is found at both low and high frequencies. In the frequency
range 1kHz <f<40 kHz, modes with toroidal mode numbern=0-7
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Fig. 1| Main characteristics of the D-T discharge #99896. A Time evolution of
discharge #99896, with toroidal current /, = 1.9 MA, magnetic field Br=2.75T, and
Gos = 4.5, heated mainly with ICRF power, Pcgr = 4.5 MW. The NBI power,

Pngr ~ 3.5 MW, was also injected with deuterium beams, before 9 s, and tritium
beams, after 9 s. The radiated power, P,,4 represents 60% of the total input power.
The power produced by D-T fusion reactions obtained reaches a maximum of
Pss ~ 0.5 MW. B Time evolution of edge fluctuations as obtained from the By line

8 85 9
Time(s)

emission from the inner divertor. C Time evolution of By, defined as Sy = BaB/I,[%]
with S the ratio between magnetic and thermal pressure and a the plasma minor
radius, Hog(y, 2) and f ¢, = n,/ng, the Greenwald fraction with 7, the average density
and ng, the Greenwald density defined as ng, = Ip/ﬂaz. D Accumulated NBI and ICRF
radial power deposition for the discharge #99896. E Time evolution of magnetic
perturbations detected by the Mirnov coils.
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Fig. 2 | Comparison between the D-T discharge #99896 and the D counterpart
#100871. A Comparison between T;and T for the D-T discharge #99896 and the D
counterpart #100871. T; is measured by the charge-exchange technique on
impurity ions. T, is obtained by means of LIDAR and high-resolution Thomsom
scattering (HRTS). An average over 8.5 s-8.7 s is performed. p 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
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uncertainties. B Comparison between electron density, n,, for the D-T discharge
#99896 and the D counterpart #100871. n. is measured with HRTS. Shaded error
bars represent standard deviation of the time-averaged signals and the systematic
diagnostic uncertainties. C Comparison between x; and x. obtained by power bal-
ance analysis for the D-T discharge #99896 and the D counterpart #100871. Shaded
error bars represent standard deviation.

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 analysis®. A nonlinear
interplay between high-frequency TAE and low-frequency NTM is
detected, as shown in Fig. 3A. In particular, toroidal mode numbers
n=1and 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 g =1, at p ~ 0.25, with g the safety factor defined as g = d¥,/d¥,
with ¥, the toroidal magnetic flux and ¥, the poloidal magnetic flux.
RSAE are destabilized very close to the magnetic axis. TAE and NTM
are located just outside g =1, at 0.25 < p < 0.45.

Further evidence of radial and temporal overlap of MHD and TAE
beyond g =1, located at R ~ 3.25 m, is obtained from density fluctua-
tions using a reflectometry diagnostic® 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
means of radial correlation from reflectometry. Density fluctuations 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 power'.

The origin of the destabilization of magnetic fluctuations by
energetic ions has been analyzed with the global gyrofluid code
FAR3D™. Two energetic ion species, H and D, 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 interplay with fishbones, located inside q =
1at p ~ 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)¥. 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 ¢ ~ 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 losses with 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 to magnetic perturbations
even if they are not at the origin of such instabilities.

Therefore, it becomes clear that although magnetic 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 predicted®® and also
obtained in dedicated numerical simulations in the presence of
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energetic ions*****°, They are known to reduce transport driven by ITG
turbulence, in particular in the presence of energetic MeV ions as
shown in D-*He plasmas®>**.

The generation of zonal flows is studied for discharge #99896 by
analyzing the energy transfer between fishbone and TAE perturbations
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Fig. 3 | Core plasma fluctuations characteristics. A Bicoherence analysis of the
perturbations found in discharge #99896. The analysis is performed at t=7.7 s.
B Logarithmic power of the density fluctuations as obtained from reflectometry at
major radius R ~3.36 m, p ~ 0.35, and ¢t = 8.4 s, for the D-T discharge #99896 with
only NBI heating or with full NBI and ICRF heating and comparison to the pure D
discharge #100871. C Electrostatic potential, @, fluctuations obtained for the D-T
discharge #99896 by the global code FAR3D when considering two species of
energetic ions, H and D, accelerated by the ICRF power. The yellow circle represents
the g =1surface. Inside g =1, an =1 perturbation is obtained which is identified as a
fishbone instability. Outside g = 1, TAEs are obtained.
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Fig. 4 | Alpha particle transport and losses in D-T. A Alpha particle density profile
as calculated with TRANSP assuming no alpha particle transport (114,¢,) and com-
parison to the profile obtained from the FAR3D code after the full development of

and the thermal plasma. The 2D pattern of n = O structures for zonal
poloidal flows, as obtained from FAR3D nonlinear simulations, are
shown in Fig. 5A, B, D, E considering two different energies for the
energetic ions. Clearly, fishbones and TAE drive zonal flows, with
higher intensity with increased energetic ion energy, and hence
stronger instability drive. To study the influence of T on the zonal flow
generation, an additional simulation with FAR3D is done artificially
replacing T by D and keeping the total amount of thermal ions con-
stant. As shown in Fig. 5C, F, although the generation of zonal flow by
fishbone and TAE is also present in pure D, the intensity of zonal flow is
lower than in D-T, which could explain the lower turbulent transport
found in D-T compared to D, as hinted previously in numerical studies
performed in D-T plasmas when turbulent transport is close to
threshold***.

The role of T and energetic ions on the good plasma confinement
of discharge #99896 is further analyzed by performing simulations
with CGYRO®. CGYRO solves the gyrokinetic-Maxwell equations*® to
obtain the electrostatic and electromagnetic fluctuations and corre-
sponding turbulent energy transport. Local simulations are performed
at p = 0.31, as it is beyond the inverse radius of the sawtooth and is a
location in which TAE is detected. The simulations are carried out by
including and excluding energetic ions as separate species in addition
to the electrons, D and T species. Due to the low energetic ion density
compared to the electron density, ~3%, the growth rates obtained in
linear simulations are nearly unaffected in the ITG scales by the pre-
sence of energetic ions as shown in Fig. 6A, B. However, low k, modes
with TAE frequency are destabilized. These results show that the type
of plasma found in JET is different to other plasmas dominated by
energetic ions effects, such as the FIRE mode®, which is characterized
by strong turbulence reduction with energetic ion dilution and linear
effects®.

Regarding non-linear effects, as shown in Fig. 6C, the energy flux,
Q, obtained when including energetic ions is close to turbulence
threshold and it is comparable to the values calculated from power
balance analysis from TRANSP. Importantly, such a strong reduction in
thermal energy flux compared to the case without energetic ions is
accompanied by a high increase in zonal flow shearing activity, wg«g,
which is more than ten times higher when energetic ions are included,
thus confirming the results obtained with FAR3D.

Two extra simulations with CGYRO were performed to reveal the
physics mechanism by which turbulent transport is strongly reduced
in the presence of energetic ions. In both cases, the aim is to keep the
energetic ions in the simulations but to stabilize the energetic ion
mode at low k, by assuming either a/Ly, =0 or by reducing the energy
of the energetic ions four times with respect to the standard case,
down to Tg/T. = 5.25 as shown in Fig. 6A, B. As shown in Fig. 6C, the
presence of energetic ions without an energetic ion mode has some
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the fishbone instability (n, snq). B Alpha particle loss frequency spectrum obtained
by using the fast ion loss detector (FILD) with channels that are receptive to 3.5 MeV
alpha particles.
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equivalent temperature (7)) using two values, Tr=1MeV and 7= 500 keV in the

R (m)
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FAR3D code. Zonal flow generation increases with increasing perturbation intensity
for both TAEs (A, B) and fishbones (D, E). The radial extension of zonal flow activity
coincides with the extension of the two perturbations. The zonal flow activity in D-T
is compared to the one in pure D (C and F) by artificially replacing T by D in FAR3D.
The intensity of the zonal flow is lower in D than in D-T.

stabilizing effect on the thermal fluxes, but the matching of experi-
mental fluxes is only obtained when the energetic ion mode is
destabilized.

Furthermore, there is a clear asymmetry between the transport
obtained in D and in T, with the T transport systematically lower than
that for D, x;r ~ 0.8x;p. Such a difference has an important con-
sequence on the total flux in D-T compared to that of pure D. This is
numerically analyzed by performing an alternative simulation in which
the T ions are artificially considered as D, thus performing a pure D
simulation. The turbulent energy flux ratio Qp-7/Qp = 0.67 is similar to
the power balance obtained for the discharges #100871 in D and
#99896 in D-T at the same radial location, Q99896/Q100871 = 0.71. This
result confirms expectations from purely numerical simulations per-
formed for D-T plasmas*****°, From the numerical point of view, global
effects from profile shearing were investigated in CGYRO and found to
negligibly affect the thermal fluxes at the radial location studied.

Regarding turbulence in the ETG scales, multiscale simulation
capturing both energetic ion modes and ETG is very computationally
challenging due to extreme spatial resolution requirements and thus
beyond the scope of this work. However, for the case without energetic
ions, preliminary multiscale simulations capturing both the ion and
electron gyroradius scales indicate that the nonlinear ETG transport is
suppressed by the ion-scale fluctuations.

In summary, the analyses of core plasma fluctuations indicate an
optimum route towards the generation of fusion power in D-T toka-
mak plasmas whereby energetic ion instabilities remain in conditions
of negligible or weak alpha particle transport, while they can induce
thermal energy transport reduction by means of zonal flows, notably in
the presence of T. Importantly, this is obtained under conditions of
some energetic ions characteristics relevant to ITER burning plasmas,
e.g. the energetic ion density is similar to the one expected in ITER,
~1%"*¢, avoiding energetic ion dilution as usually happens in strong NBI
heated plasmas.

Pedestal formation in D-T

As depicted in Fig. 7A and B, the D-T discharge #99896 shows the
formation of an H-mode with a steep edge temperature gradient, i.e. a
pedestal, at p,,; ~ 0.95. The temperature of the D counterpart is lower
at the same location, while the density is nearly identical. The fact that
the pedestal pressure is higher with increasing isotope mass has been
observed in H-mode plasmas with ELMs (ELMy H-mode). However, in
ELMy H-mode regimes with typical type-1 ELMs**~, an increase in edge
density rather than temperature is obtained with increasing isotope
mass™.

With the aim of further investigating the origin of the pedestal
found in discharge #99896, it is compared to two D-T discharges, one
with a clear transition to H-mode with only NBI power and the devel-
opment of typical type-l ELMy H-mode and another, with NBl and ICRF
heating that remains in L-mode, i.e. without temperature pedestal. As
shown in Fig. 8A, the edge density of the discharges #99896 and the
one in L-mode is nearly identical, demonstrating that the density of
discharge #99896 remains in L-mode, yet the pedestal formation is
evident as the edge temperature nearly reaches that of the ELMy
plasma (Fig. 8B). Importantly, discharge #99896 has no ELMs as shown
in Fig. 8C in which the divertor oscillations from Be;; divertor emission
are compared to those obtained in L-mode and with ELMs. Clearly, the
fluctuations are closer to those obtained in L-mode.

The spontaneous generation of plasmas with no ELMs and a
pedestal for the temperature is systematic in these kinds of plasmas
performed in D-T at different /, and Br. It is apparent from the available
data that, in those plasma conditions, the input power is close to the L
to H-mode transition power threshold, but below the power required
to fully develop ELMs. This is supported by the fact that during the
phase where the temperature pedestal is sustained an n = O coherent
mode can be observed in the magnetic sensors with a frequency of
5kHz. This mode, known in JET as M-mode®, is typically detected in JET
immediately after the L to H-mode transition. Long phases with an
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ps. C Energy flux obtained from gyrokinetic simulations performed with the CGYRO
code for discharge #99896 at p = 0.31. The simulations are performed including
and excluding the energetic ion component. Values of the ion thermal energy flux
deduced from power balance in TRANSP (black horizontal dashed line) are only
obtained when the energetic ion component is included in the simulations as a

separate species. The total thermal ion energy flux obtained in D-T including
energetic ions is compared to the one obtained assuming that all the thermal ions
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window 8.5 s-8.9 s for #99896 and 8.4 s-8.8 s for #100871. The evaluation of the
error bars in panels A and B is done by deriving the expected signal levels at a given
temperature and by calculating the standard deviation based on the photoelectron
statistics, the plasma background light variation, and the detector noise.

M-mode present are typically observed in the L-H transition at low
density in JET, where pedestal dynamics similar to that described here
have been identified*. This aspect was further studied in the particular
case of discharge #99896, for which it was found that an additional 3
MW of input power lead to the formation of an ELMy H-mode regime.
Regarding the magnetic configuration in which these results were
obtained, it was used the standard B x VB in JET with the ion VB drift
towards the dominant X-point. This configuration is known to be
‘favourable’ in terms of power requirements for the access to H-mode.

These plasmas show similarities with the I-mode regime™™%,
found in D, which is characterized by the formation of a pedestal for
the temperature, while the density remains in L-mode. Similar to the I-

mode, the no-ELM regime described here has good impurity transport
properties, with no impurity accumulation. However, no signs of the
so-called weakly coherent mode (WCM), typically found in I-mode
plasmas, have been detected.

A scenario towards D-T burning plasmas

Compared to the more typical H modes that develop ELMs and are
heated with NBI power, the D-T discharge #99896 provides an
attractive alternative with similar thermal energy, but obtained at
lower input power, I, and Br. Such a feature could lead to a more
economical and simpler tokamak design. This is shown in Fig. 9A-C by
comparing the discharge #99896 and D-T H-mode discharge #99501,

Nature Communications | (2024)15:7846



Article

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

N‘,\_\ 5 § 25 : T T T T T (’B) 3 B.€U innér (C)
g > Q . o5 7d1vertor |
o AR 1 £ 2.0%8 <o type-I ELMy ] '
=1 [y 28 YQ‘\QO,‘ o H-mode N
— [ 1) RS ~ 2¢
< 3 1 gs0 1 & S
= g o 2
B2 8 % <15+
5 1 £10 =
g2 g 1 3
= = s 17
o [=] ~
= L ] o L
8 1 499776 §05 0.5
= oL #99502 L A @ g i 0 e Ry
0.70 0.80 0.90 1.00 0.70 0.80 0.90 1.00
P 400ms

pol

Fig. 8 | Pedestal characteristics in D-T. Comparison between discharge #99896
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deriving the expected signal levels at a given temperature and by calculating the
standard deviation based on the photoelectron statistics, the plasma background
light variation, and the detector noise. C Comparison of the Be, line emission from
the inner divertor for the same discharges. The vertical dashed line represents the
location of the plasma separatrix.
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and the systematic diagnostic uncertainties in panels A-C. D xi/Xcs- Xcs i the
GyroBohm diffusivity defined as x5 = 7,*>m,'/2 /(€2B;>a) with m,, the proton
mass, e the electron charge, and a the plasma minor radius. Shaded error bars
represent standard deviation.

at higher Png, I,, and By and heated with pure NBI power. Clearly, the
density is higher at the edge for discharge #99501, since a pedestal is
formed for both the density and the temperature, and yet the total
thermal energy content of the two discharges, W;y, is similar, W, ~ 2.4
M]J. The reason is that the lower edge density is compensated by the
higher core temperatures and lower core energy transport losses as
shown in Fig. 9D by comparing x;, which is nearly ten times lower in the
plasma core for discharge #99896.

Discussion

The path towards commercial fusion reactors, although better
understood in recent decades, still poses physics and technological
uncertainties. The size, magnetic configuration, type of confinement,
or power exhaust techniques expected in future tokamak devices are

not fully established. Therefore, it is of fundamental importance to
further clarify a safe and clear path toward the generation of efficient
energy by means of fusion reactions. This is especially important for
D-T plasmas. The presence of T, the generation of a high neutron rate
at 14.1 MeV energy, or the presence of a significant population of alpha
particles, are all characteristics of future fusion reactors in burning D-T
plasmas that are not present in ubiquitous pure-D discharges. Studying
the impact of such differences is critical in order to properly char-
acterize how D-T fusion reactors might behave. In particular, T can
have a strong impact on confinement, impurity generation, and sta-
bility, whereas alpha particles can lead to significant destabilization of
magnetic perturbations and provide electron heating.

The JET tokamak has recently conducted a new D-T campaign
after the first ones were developed at TFTR® and JET® in the 90’s. In
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view of clarifying key physics elements that will characterize future D-T
plasmas, several scientific directions have been explored. High fusion
power generation has been obtained by using NBI heating, which is the
main heating mechanism at JET. Other specific experiments have
focused on several important topics that were not previously studied
in D-T. A particular emphasis has been put on the exploration of some
of the unique features expected in future D-T plasmas, i.e. simulta-
neous dominant electron heating, low rotation, and fully destabilized
energetic ions instabilities. Since dominant electron heating by alpha
particles is not possible in the JET tokamak at low rotation, the electron
heating and high energetic particle generation, able to destabilize
magnetic perturbations in stationary conditions, has been externally
provided by using the maximum ICRF power available in DTE2.

A major result has been obtained suggesting that some reactor-
relevant plasma conditions may be very beneficial. The development
of large-scale energetic particle perturbations in the presence of highly
energetic ions significantly reduces the conductive-convective energy
losses driven by microturbulence in the plasma core leading to a good
core energy confinement. The strong impact of zonal flows has been
found to play a key role in the reduction of turbulent energy transport
in the conditions explored. Importantly, at such low levels of energy
losses, there is a clear asymmetry between T and D, since the presence
of T significantly enhances the zonal flow activity and further reduces
the energy losses by transport, resulting in better global confinement
in D-T compared to D.

Such results are obtained in a novel regime developed at JET,
similar to the I-mode, consisting of the onset of a pedestal in the
temperature while the density remains in L-mode and no damaging
ELMs are detected. This new high confinement plasma regime is
obtained close to the L-H transition threshold, and therefore requiring
low input power. The presence of T is crucial also in the plasma edge,
as at equivalent engineering parameters, a pedestal is developed in D-T
but not in pure D.

Exploring a broad range of plasma conditions in present-day
tokamaks is essential to evaluate how D-T plasmas might behave in the
future. This is because the physics mechanisms expected to play a role
in ITER and the future fusion reactor cannot be fully reproduced in an
integrated way in existing tokamaks, and therefore specific studies
must be performed. From this perspective, our studies complement
the results obtained in DTEI as they focus in different plasma regimes.
DTE1 provided clear evidence of alpha heating, while differences in
energy transport in D-T compared to D were weak and mostly with
origin on the pedestal in H-mode plasmas heated with NBI. In DTE2,
such results have been reproduced in H-mode plasmas when NBI is
used as the main heating system and T;/T, > 1°>*°. However, our results
significantly expand the knowledge about D-T by exploring some other
conditions expected in future D-T plasmas that cannot be obtained in
high NBI heated conditions. We show that close to the turbulence
threshold in the presence of energetic ions instabilities, as expected in
ITER*, zonal flows can play a significant role and provide a route to
lower core energy transport in D-T than in D. Importantly, the change
from C-wall in DTEL, to Be and W wall and divertor in DTE2 has
expanded the operational regime in which plasmas can be developed,
significantly broadening the possibilities to perform experiments
under conditions, notably at the plasma edge, not developed in DTE1**.

Our findings pave the way for a more economical and simpler
design of tokamaks, confirming that nuclear fusion by means of
magnetically confined D-T plasmas is a promising source of clean
energy. However, further studies, such as compatibility with power
exhaust capabilities and exploration at higher density and power, are
required to fully qualify these plasmas as a solid route toward tokamak
reactors. Furthermore, it is necessary to perform more detailed mod-
eling activities to analyze multiscale effects involving energetic ions
and plasma perturbations at different spatial and temporal scales,
including the non-linear interaction of alpha particles with magnetic

perturbations. The most important aspect is to develop plasmas in
which, unlike in the JET results shown in this paper, alpha particle
heating is dominant. To this end, experimental and modeling efforts in
D-T including a significant population of alpha particles, as expected in
ITER®® or SPARC®, are essential.

Methods
Experimental design
The JET tokamak has investigated some of the most important
fusion reactor conditions by conducting a new D-T campaign with
Be/W wall. To reproduce the simultaneous high electron heating,
low torque, and the destabilization of energetic ions-related
instabilities expected in future tokamak reactors, JET has mostly
used ICRF power rather than NBI. Several experimental conditions
were explored to find an optimum plasma state in terms of con-
finement, energetic ion production, and D-T fusion power yield.
One of the limitations of such exploratory work was the ICRF power,
and hence the amount of electron heating available, which was
limited to ~4.5 MW, whereas the NBl power was used up to 10 MW in
pure NBI plasmas. The ICRF frequency used was 55 MHz at B/=3.7 T
and 42 MHz at B;=2.75T.

Different scans were performed for /, and By, e.g. I, was explored
in the range 1.9 MA </, <25 MA at two Br=2.75T, 3.7 T. The D-T
concentration ratio was scanned from 40% T to 85% T by using dif-
ferent valves injecting neutral D and T gases.

Key diagnostics for D-T operation

The ion temperature profiles in this paper were obtained from
charge exchange recombination spectroscopy (CXRS)®*> measure-
ments of impurity ions and electron temperature profiles from
combined analysis of LIDAR Thomson scattering® and high-
resolution Thomson scattering (HRTS)** diagnostics. The density
profiles were taken from HRTS measurements, with the density
normalized to match the line-average density measured by a far-
infrared interferometer.

Mirnov coils are used as a standard MHD diagnostic on almost all
tokamak devices. The coils are installed within the vacuum vessel close
to the plasma boundary and provide a measurement of the time
derivative of the magnetic field. Magnetic spectrograms (Fourier
decomposition of the Mirnov coil signal) can then be used to identify
relevant oscillation frequencies associated with MHD activity. In JET a
number of coil arrays with high-frequency response are available,
allowing activity in the Alfvén range to be observed.

The time-resolved neutron yield in JET is measured using three
fission chambers, containing *U and U, located outside the vacuum
vessel.

The Alfvén eigenmode active diagnostic (AEAD)® is characterized
by six toroidally spaced antennas, each with independent power and
phasing, whose aim is to actively excite marginally stable TAEs.

Alpha particle losses are detected by the fast ion loss detector
(FILD) consisting of a Faraday cup array”’. The Faraday cup array is
composed of multiple cups that span a wide poloidal angle below the
outboard midplane at a single toroidal location with a minor radial
extent.

ELMs are characterized by the Bell emission signal from the inner
divetor region.

The plasma isotopic composition is measured at the divertor
comparing the relative amplitude of Balmer D, and T, spectral lines.
The D and T ratio in the plasma core is assumed to be equal to the
edge, as is usually the case in JET in the presence of multi-ion plasmas
when turbulence is driven by ITG®.

The JET X-mode reflectometry diagnostic® is composed of four
distinct radial correlation reflectometers. All these reflectometers
probe the mid-plane JET plasma. Plasma fluctuations can be obtained
from the phase fluctuations of the reflectometer signal.
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Magnetic perturbation spatial location and q profile verification
The g profile for discharge #99896 has been obtained by means of a
loop between the EFIT code and the TRANSP code. The EFIT code
calculates the magnetic equilibrium with the input data for the
energetic ions content from TRANSP simulations. After a few
iterations, a converged g profile is obtained. The validation of the g
profile obtained from TRANSP and used for modeling with FAR3D
was carried out against a series of diagnostics and MHD markers. As
markers with the strongest signature in the diagnostics, the desta-
bilised NTMs were identified and their toroidal mode number
calculated using a toroidal array of Mirnov coils. The radial location
of the associated rational surface g = 4/3 was inferred using two
methods: the first uses as proxy the location of the phase inversion
of the perturbed electron temperature derived from Electron
Cyclotron Emission (ECE) at the NTM frequency, and the second
matched the NTM frequency as derived from the Mirnov coils to the
Doppler-shifted plasma rotation i.e. n X Vyp;, where V,; is the tor-
oidal rotation of the main plasma ions as derived from CXRS diag-
nostic. The radial location of the g = 1/1 surface was inferred from
the inversion radius of the ECE temperature profile during sawtooth
crashes as well as from the fishbones signatures in the perturbed
plasma temperature from ECE, evidencing a typical kink-like pattern
inside the g =1 surface. Lastly, the RSAEs and TAEs were located
using Soft X-ray cameras, interferometry and reflectometry.

As shown in Supplementary Fig. 6, in the Supplementary Infor-
mation, the agreement between the g profile from TRANSP and the
MHD markers is good for discharge #99896. The g profile obtained for
the D discharge #100871 is very similar compared to the #99896.

Experimental profiles fitting

The profile fitting algorithm makes use of a Gaussian process regres-
sion (GPR), which is not limited by a selection of specific fit functions
and provides a statistically rigorous estimation of the confidence
bounds of the fit. For more details, see the book on the topic written by
Carl Edward Rasmussen and Christopher K. I. Williams http://
gaussianprocess.org/gpml/chapters/.

TRANSP simulations

The pulses shown in this article were analyzed by interpretive
simulations performed with the TRANSP modelling suite®” cou-
pled with external heating modules NUBEAM (NBI)*®* and TORIC
(ICRF)*’, and prepared with the OMFIT integrated modelling
platform’. Interpretive analysis was based on the use of fitted
profiles, including electron density and temperatures. The fitting
of T,, n. and T; were performed on data obtained from HRTS and
CXRS. The fitting of experimental profiles consists on applying a
global third-order polynomial fit in the range p < 0.8 (with the
additional constraint 07;(0)/or = 0).

FAR3D description and simulations parameters

The gyrofluid FAR3D code solves the linear and nonlinear reduced
resistive MHD equations describing the thermal plasma evolution
coupled with the first two moments of the gyro-kinetic equation,
the equations of the energetic particle density and parallel velocity
moments’’?, introducing the wave-particle resonance effects
required for Landau damping/growth. The correct model calibra-
tion requires performing gyrokinetic simulations to calculate the
Landau closure coefficients in the gyrofluid simulations, matching
the analytic TAE growth rates of the two-pole approximation of the
plasma dispersion function with a Lorentzian energy distribution
function for the energetic particles. The lowest-order Lorentzian is
matched with a Maxwellian distribution by choosing an equivalent
average energy. Further details of the model equations can be found
in references’”*,

A set of linear simulations is performed to reproduce the Alfven
eigenmode (AE) activity observed in the discharge, identifying the
resonance induced by populations of energetic particles (EP) as
passing D and trapped H. The analysis is based on a parametric
study with respect to the EP beta (EP density in the plasma) and
energy, calculating AEs consistent with the frequency range, plasma
radial location, modes number and AE family observed in the
experiment. Nonlinear simulations including passing D and trapped
H populations are performed to analyze the saturation phase of the
AE instabilities, particularly the energetic particle transport
induced, the generation of zonal structure, and the nonlinear
interaction between different EP populations. The simulations are
performed using the EP model profiles obtained from TRANSP, the
measured thermal plasma profiles, and the equilibrium calculated
with VMEC code”.

CGYRO description and simulations parameters

The CGYRO code® solves the electromagnetic gyrokinetic-Maxwell
equations*, Local simulations were carried out at p = 0.31. Shaped,
up-down symmetric flux-surface geometry was used and multi-
species collisions were included using the Sugama collision
operator’®, Transverse and compressional electromagnetic fluc-
tuations were retained. Rotation effects were assumed to be small in
the core and not included. Kinetic electrons, D and T as separate
species, were included in the simulations. Regarding the energetic-
ion species, a lumped H-D species with effective mass averaged
between H and D was assumed and modeled by fitting the energetic
particle distribution to an equivalent high-temperature Maxwellian
equilibrium distribution.

The simulations used a radial box length of L, = 673p; and a
binormal box of length L, = 628p;. N, = 768 radial modes and N, = 64
complex toroidal modes were retained. Other resolution parameters
were: Np = 24 (field line resolution), N¢ = 24 (pitch-angle resolution), N,
=8 (energy resolution) with maximum energy u2,,, = 8. The definitions
of the CGYRO numerical resolution parameters can be found in*’. The
energy flux is provided in GB unit defined as Qgz=n,T.c,p?, with

¢;=4/Te/m,, p- = pJa is the ratio of the proton sound gyroradius,

Ps = ¢/, to the system size, with Q. = eBo/m,, the ion gyrofrequency.
Convergence tests have been performed indicating that the CGYRO
results are well resolved.

The zonal flow shearing is defined in CGYRO as:

2
t ky =0

where k, is the radial wavenumber, qi)(ky,kx) is the fluctuating elec-
trostatic potential and () denotes the temporal average.

The equilibrium profile and geometry parameters are given in
Supplementary Table 2 in the Suplementary Information.

Wpxp= Z@P?Qd’(k Ky
3

Data availability

The JET experimental data is stored in the PPF (Processed Pulse File)
system which is a centralised data storage and retrieval system for data
derived from raw measurements within the JET Torus, and from other
sources such as simulation programs. These data are fully available for
the EUROfusion consortium members and can be accessed by non-
members under request to EUROfusion. Numerical data supporting
the outcome of this study are available from the corresponding author
upon request.

Code availability
The research codes cited in the paper require a prior detailed knowl-
edge of the implemented physics models and are under continuous
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development. The corresponding author can be contacted for any
further information.
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