
communications physics Article
A Nature Portfolio journal

https://doi.org/10.1038/s42005-025-02390-w

Characterisation of turbulence
suppression by fast-ion-Alfvénic
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Turbulence causes anomalous transport of plasma and thus limits achieving high temperature and
density of magnetically confined fusion plasmas. Recently, fast-ion-driven Alfvénic instabilities were
found to influence plasma thermal confinement by regulating turbulence. However, both favourable
and unfavourable effects coming fromvariousmechanismshave been reported fromexperiments and
simulations to date. Here, we report a key parameter (ratio between growth rate of Alfvénic instability
and that of microturbulence) which can characterise changes in heat transport of thermal ions due to
nonlinear interaction between the fast-ion-drivenAlfvénic instabilities andmicroturbulence in tokamak
plasmas. The transition from transport enhancement to reduction occurs at a particular value of the
parameter as it gets higher, and is reminiscent of the bifurcation responsible for transport-barrier
formation. This simple characterisation successfully covers the trend of experimental results, and can
provide a useful guideline for realising high performance confinement of burning plasmas inwhich fast
ions are abundant.

For thermonuclear fusion of magnetically confined plasmas, one needs to
achieve high plasma temperature, density, and energy confinement time
simultaneously. One primary reason limiting this goal has been anomalous
plasma transport, which is caused by low-frequency, short-scale
microturbulence1.

Fast ions produced by external heating methods such as neutral beam
injection (NBI) and ion cyclotron resonance heating (ICRH) sometimes
excite high-frequency Alfvénic eigenmodes (AEs)2, which are magnetohy-
drodynamic (MHD) modes at the macroscale (device size). They can
degrade confinement of fast ions3–7, and therefore have been traditionally
thought to be a threat to achieving fusion8–10. While they have been some-
times observed to degrade confinement of thermal plasma as well11–13, there
is accumulating evidence that the fast ion-driven AEs can sometimes
enhance confinement of thermal plasmas14–22. Recently, there has been a lot
of progress in research addressing this subject17,23,24. However, there have
been no publication that clarifies these two opposing trends to date, and it is
important to understand the underlying physics responsible for those. A
simple characterisation of the condition under whichwe expect the thermal
confinement enhancement in the presence of the fast ion-drivenAEswill be
useful for extrapolation to future devices inwhich fast ionswill be abundant.

This study concentrates on cases in which AEs and microturbulence
coexist, and their nonlinear interaction is considerable. We note that the-
oretically, fast ions can enhance thermal plasma confinement in the absence

of AEs as well25–30. We emphasise that AE–microturbulence interaction is
not only fusion-relevant, but also of high academic interest by itself as a
prime example of multi-scale interaction in plasmas11–16,18,19,22,31,32. Indeed,
similar problems have been a subject of active research in space and
astrophysics33–35.

In this paper, we present state-of-the-art global gyrokinetic simu-
lation results on nonlinear interactions between toroidal Alfvénic
eigenmode (TAE) and turbulence driven by ion-temperature gradient
(ITG) in tokamak plasmas. TAE and ITG are the leading candidates for
AEs and microturbulence, respectively, in present-day experiments.
Here, TAE is the standing Alfvén wave formed by the toroidal coupling,
which renders the continuum damping ineffective, and can be excited by
the resonance with the fast ions3. We have found a dimensionless
parameter that successfully characterises the changes in turbulent heat
transport due to the TAE–turbulence interactions. The parameter is the
ratio of the linear growth rate of TAE to that of turbulence, γTAE/γTurb.
The transport increases at low values of γTAE/γTurb, whereas it is reduced
at high values of γTAE/γTurb. The transition from the enhancement to the
reduction occurs at γTAE/γTurb≃ 0.5, and can provide an understanding
of the opposite predictions on the heat transport of thermal ions
described above. This parameter characterisation is in good agreement
with the trend of experimental results indicating the influence of a variety
of AEs on the thermal heat transport in the Joint European Torus (JET),
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the Axially Symmetric Divertor Experiment (ASDEX)-Upgrade, and the
Doublet III-D (DIII-D).

The reduction in the transport at high values of γTAE/γTurb is due to the
shearing of microturbulence eddies by the large-scale E × B flow associated
with TAE. This transition from TAE-induced thermal transport increase at
low values of γTAE/γTurb to TAE-induced thermal transport reduction at
high values of γTAE/γTurb is reminiscent of the well-known bifurcation in
transport-barrier formation36, inwhichωE × B/γTurbplays the role of anorder
parameter37,38.Here,ωE × B is theE × Bshearing rate, andγTurb represents the
ambientmicroturbulence decorrelation rate, which can be approximated by
the growth rate of turbulence.

Results
Simulation of TAE–microturbulence interaction
The turbulent transport in the presence of interactions between micro-
turbulence and the Alfvénic eigenmode is simulated using the GKNET
code39 based on nonlinear gyrokinetic theory40,41. See the ”Methods” section
for the numerical model and plasma parameters.

In the tokamaks, the plasma temperature is high in the core region
(small r in Fig. 1a) and low in the edge region (large r in Fig. 1a). The ion-
temperature gradient (ITG) drives microinstability with the linear growth
rate γTurb, which then develops into microturbulence at the ion-Larmor
radius scale, as shown by small-scale eddies (Fig. 1a) in a turbulent steady
state established as a result of complex processes, including the production
of large-scaleflow, such as zonalflow38. Thefluctuating E × B velocity due to
the perturbed electrostatic potential ϕ in Fig. 1a causes the thermal ion heat
flux in the radial direction. On the other hand, the fast ion density gradient
produced by external heating drives the toroidal Alfvénic eigenmode (TAE)

with the linear growth rate γTAE, which in turn produces large-scale eddies,
as shown in Fig. 1c. Figure 1b shows that the presence of TAE significantly
influences turbulence. The influence of the TAE on the zonal flow shearing
rate is shown in Fig. 1d and is discussed later. To investigate the changes in
the thermal heat flux due to the TAE–turbulence interaction, we compare
the thermal ion heat transport due to turbulent fluctuations with a fast-ion-
driven TAE in Fig. 1b and without the TAE in Fig. 1a.

To understand a general trend of changes in the heat transport, non-
linear gyrokinetic simulations were performed for several plasma profiles
with different thermal ion-temperature and fast ion-density gradients
represented by the logarithmic gradients 1/LT =−dln T/dr and 1/
Lnf =−dln nf/dr, respectively. For example, a steep thermal temperature
gradient corresponds to a large 1/LT value. In addition, microturbulence is
simulated for different values of normalised plasma pressure β = 2μ0nT/B

2

(ratio of thermal to magnetic pressure) to understand a common trend of
changes in the heat transport due to the ITG turbulence at low β (β = 0.64%)
and kinetic ballooning mode (KBM) turbulence at high β (β = 1.28%). The
KBM is also a microinstability driven by an ion-temperature gradient, but
has stronger magnetic fluctuations than the ITG turbulence. The effect of
nonlinear TAE–turbulence interaction on the heat flux of thermal ionsQi is
evaluated by comparingQi in the presence of fast ions (Fig. 1b) indicated by
”TAE+Turb” and Qi in the absence of fast ions (Fig. 1a) indicated by
”Turb”. See the ”Methods” section for quantitative descriptions ofQi, γTAE,
and γTurb.

Parameter characterising heat transport change
We summarise the impact of the interactions between the TAE and tur-
bulence on the heat flux of thermal ions Qi in Fig. 2. A key dimensionless

Fig. 1 | Microturbulence with/without fast ion-driven Alfvén eigenmode in a
tokamak plasma. a Contour plots of perturbed electrostatic potential ϕ in micro-
turbulence without toroidal Alfvénic eigenmode (TAE) simulated using the global
nonlinear gyrokinetic simulation code GKNET. b Contour plots of perturbed
electrostatic potential in microturbulence with TAE driven by fast ions. The pre-
sence of the TAE significantly influencesmicroturbulence as a result of the nonlinear

TAE–turbulence interaction. Here, r, θ, and ζ are the minor radius, the poloidal and
toroidal angles, respectively, and R0 is the major radius of the torus. The ratio of fast
ion to bulk ion temperature is T0f/T0i = 25, and the fraction of fast ion density
normalised to electron density is n0f/n0e = 2.5%. c Contour plots of perturbed elec-
trostatic potential of the TAE eigenfunction. d Profiles of zonal flow shear with and
without TAE.
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parameter that characterises the overall trend of changes in thermal heat
transport due to the TAE–turbulence nonlinear interactions is the ratio
γTAE/γTurb. Figure 2 shows the ratio of the ionheatflux in thepresence of fast
ionsQiTAE+Turb to that in the absence of the fast ionsQiTurb as a function of
γTAE/γTurb. In our simulations, the TAE is unstable atn = 2with growth rate
γTAE, and the ITG mode or KBM is unstable in the high-wavenumber
regime with the highest growth rate γTurb at n = 12, which corresponds to
kθρi = 0.42. The values of the growth rates γTAE and γTurb are shown in the
”Methods” section. We have found that QiTAE+Turb/QiTurb decreases with
increasing γTAE/γTurb for four scans: the fast-ion density gradient Lnf scan of
the turbulence at low normalised pressure β, the temperature gradient LT
scan of the turbulence at low β, the LT scan of the turbulence at high β, and
the Lnf scan of the turbulence at high β. The heat flux is increased by the
TAE–turbulence interactions, QiTAE+Turb/QiTurb > 1, at low values of γTAE/
γTurb, whereas the heat flux is reduced,QiTAE+Turb/QiTurb < 1, at high values
of γTAE/γTurb. The transition from the enhancement to the reduction occurs
at γTAE/γTurb≃ 0.5. It may be worth mentioning here that the normalised
heat flux QiTAE+Turb/QiTurb decreases as γTAE/γTurb decreases at γTAE/
γTurb < 0.3, as shown by the green and red curves, because the TAE becomes
almost stable and its influence on the transport becomes weak.

Comparison with experiments
To compare our simulation results with the experimental observations, we
plot four points obtained from the analysis of ASDEX-Upgrade12, JET16,20,42,
and DIII-D22 in Fig. 2. The curve from our numerical simulations is in
agreement with the points representingASDEX-Upgrade discharge #39230
and JET discharge #94701, showing a reduction in thermal ion heat
transport. The point representing the DIII-D discharge #159243 is con-
sistent with an extrapolation of the curve from our simulation to a higher
value of γTAE/γTurb. The point representing the JET discharge #73224 is in
the stable regime γTAE/γTurb < 0, while it is plotted at γTAE/γTurb =−0.1 to

save space. This point shows the suppression of the heat transport and is
consistent with the curve from our simulation, because the normalised heat
flux represented by the green and red curves approaches a small value as
γTAE/γTurb decreases in the regime γTAE/γTurb < 0.3. Hence, our parameter
characterisation successfully reproduces the changes in thermal ion heat
transport observed in the analysis of discharges in several machines. The
characterisation is applicable to a variety of AEs such as TAE in JET#94701,
reversed-shear AE (RSAE)2 in DIII-D#159243, KBM/AE in AUG#39230,
and beta-induced AE (BAE)2 in JET#73224. We speculate that the same
physics mechanism will apply to other AEs, as our theoretical prediction
based on simulation results for the TAE agrees with the experimental
observations for the RSAE in DIIID#159243 and BAE in JET#73224. In
Fig. 2, the plotted experimental results spread over a range of fast ion
energies and fast ion fractions, which are quantified by the ratio of fast ion to
bulk ion temperature T0f/T0i and the ratio between fast ion density and
electron density n0f/n0e in this study. These values are T0f/T0i = 8 and n0f/
n0e = 6.9% for AUG#39230, T0f/T0i = 33.8 and n0f/n0e = 3% for JET#94701,
T0f/T0i = 11.9 andn0f/n0e = 5.9% forDIII-D#159243, andT0f/T0i = 7–10and
n0f/n0e = 6–7% for JET#73224. We used T0f/T0i = 25 and n0f/n0e = 2.5% in
the GKNET simulations. The points for JET#94701 and AUG#39230
exhibit similar reductions in heat transport, even though the values of these
energies and fractions are significantly different. This is well captured by our
characterisation in terms of γTAE/γTurb and is in good agreement with our
simulation results in Fig. 2. The reason behind this can be that the energy
and fraction of fast ions affect the changes in turbulent transport and that of
the growth rate of TAE in a similar way, as shown by GKNET simulations
for different values of the energy and fraction of fast ions in ”Methods”. As a
result, γTAE/γTurb can characterise the trend of the experimental results for a
wide range of various values of the energy and fraction of fast ions in Fig. 2.
This characterisation is limited to a parameter regime in which the
TAE–turbulence interactions are active. For extreme cases, such aswhen the
fraction of fast ions is near 0% or 100%, we would not expect the TAE-
turbulence interactions. The γTAE/γTurb characterisation is also relevant
when AEs influence turbulence via E × B flow-induced shearing. The
enhancement of zonal flow amplitude by AEs is presented in refs.
14,16,17,20,21. is expected to be proportional to the amplitude of AE, which
in turn correlates with γAE. This is very likely the reason why γTAE/γTurb is a
goodparameter to characterisenot onlyour simulation results but alsoother
analyses of experimental data. An additional physical insight gained from
our simulation studies is that the E × B flow-induced shearing of turbulence
is mostly achieved by the large-scale TAE vortex flows represented by the
coherent structure in Fig. 1b and c rather than axisymmetric zonal flows
when γTAE/γTurb > 0.7, as shown below. See the ”Methods” section for the
evaluation ofQiTAE+Turb/QiTurb and γTAE/γTurb from the experimental data.

The increase in the heat flux,QiTAE+Turb/QiTurb > 1, at small γTAE/γTurb
is not compared to the experimental data because we could not find any
experiments in this veryweakAE regime. The analysis in refs. 14,20. implies
that the transport increases when the AE exceeds the marginal stability and
becomes weakly unstable. The simulation results in refs. 14,20. may corre-
spond to the enhancement of Qi in the γTAE/γTurb < 0.3 regime in our
simulations. Further studies in this very weak AE regime are left for future
work. On the other hand, the results in ref. 13 show an enhancement in the
heat flux at γTAE/γTurb = 1.62. While this case is inconsistent with our
parameter characterisation, theAE is significantlyunstable in ref. 13 and can
cause strong thermal ion heat flux. In other words, the interaction between
the AE and turbulence does not play a dominant role in determining the
thermal heat flux. This case is outside of the validity regime of our simple
characterisation and suggests an upper limit of the suppression effect of AE
on turbulent transport.

Mechanism responsible for changes in heat transport
The changes in the heat fluxQi can be understood from redistribution of the
wavenumber spectrum of Qi. Figure 3a shows the toroidal wavenumber
spectrum of the heat flux Qi(n) due to the ITG turbulence, where Qi =∑n

Qi(n). In the absence of TAE, the heat flux QiTurb(n) peaks at n = 12. The
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Fig. 2 | Influence of fast-ion-driven Alfvénic eigenmodes on turbulent transport
characterised by the key dimensionless parameter. Thermal ion heat flux with fast
ions QiTAE+Turb normalised to that without fast ions QiTurb as a function of γTAE/
γTurb, where γTAE = γ (n = 2) and γTurb = γ (n = 12) are the linear growth rates of the
TAE and the microturbulence, respectively, where n is the toroidal wavenumber.
Four curves with points correspond to the four scans of GKNET simulations for
various plasma profiles: the fast-ion density gradient Lnf scan of the turbulence at low
normalised plasma pressure β, the thermal temperature gradient LT scan of the
turbulence at low β (β = 0.64%), the LT scan of the turbulence at high β (β = 1.28%),
and the Lnf scan of the turbulence at high β. Symbols▲AUG39230,⊙ JET94701, •
DIII-D159243, and △ JET73224 are from the analysis of experimental data. The
heat flux is increased due to the TAE–turbulence interaction QiTAE+Turb/QiTurb > 1
at low values of γTAE/γTurb. On the other hand, the heat flux is reduced QiTAE+Turb/
QiTurb < 1 at high values of γTAE/γTurb for both simulation and experimental data.
The transition from the increase to the reduction occurs at γTAE/γTurb≃ 0.5. The
energy and fraction of fast ions correspond to T0f/T0i = 25 and n0f/n0e = 2.5%,
respectively, in the GKNET simulations. These values are T0f/T0i = 8 and n0f/
n0e = 6.9% for AUG39230, T0f/T0i = 33.8 and n0f/n0e = 3% for JET94701, T0f/
T0i = 11.9 and n0f/n0e = 5.9% for DIII-D159243, and T0f/T0i = 7–10 and n0f/
n0e = 6–7% for JET73224.
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TAE–turbulence interactions reduce the heat flux QiTAE+Turb(n) from
QiTurb(n) at n = 12, while the interactions enhance the heat flux at n = 10 for
both low and high values of γTAE/γTurb. The TAE–turbulence interactions
also suppress the amplitude of electrostatic potential |ϕ(n)| at n = 12 and
enhance |ϕ(n)| at n = 10 in Fig. 3b. These are similar to recent results by the
GENE code showing that the AE–turbulence interactions shift the peak of
the heat flux spectrum from high to low wavenumbers43.

The spectrum of the electrostatic potential in Fig. 3b shows zonal flow
production at n = 0 and excitation of TAE at n = 2. For the weaker drive of
the TAE with R0/Lnf = 28 (a low value of γTAE/γTurb), the amplitude of the
TAE is smaller than that of zonal flows, and the energy transfer in the
wavenumber space by the weak TAE is limited, as shown in Fig. 3a and b.
The fluctuations cause strong heat transport at n = 10 because they are
unstable against microinstability, resulting in the enhancement ofQi at low
values of γTAE/γTurb, which is similar to the increase in Qi for the KBM
turbulence at higher β11. Both the increase in the fluctuation amplitude and
the modified phase difference between the electrostatic potential and tem-
perature fluctuations contribute to the strong heat flux. For the stronger
drive of TAEwithR0/Lnf = 33.5 (a high value of γTAE/γTurb), by contrast, the
amplitude of the TAE is larger than that of zonal flows, and the TAE
transfers the energy to a wide range of low n values in Fig. 3b. The strongly
excited fluctuations at low wavenumbers, such as n = 4, do not cause strong
heat transport, as shown in Fig. 3a, leading to the reduction in Qi. This is
because themicroinstability atn = 4 is stable, indicating that the electrostatic
potential and temperature fluctuations are significantly out of phase,
causing a small heat flux. Hence, the amplitude of the TAE influences the
changes in ion heat transport through the redistribution of the heat flux
spectrum.

Large-scale flow shearing of turbulence
The mechanism of the reduction in turbulent transport is the large-scale
E × Bflow-induced shearing ofmicroturbulence eddies, as quantified by the
flow shearing shown inFig. 1d. Figure 4 shows theTAEvortexflow shearing
rateωTAE = 〈|d2ϕTAE/dr

2 | 〉 and the zonal flow shearing rateωE×B = 〈|d2ϕZF/
dr2|〉 as a function of γTAE/γTurb, where 〈⋯〉 denotes the average over the
radius. The zonal flow shearing rate is higher than the TAE vortex flow
shearing rate at low values of γTAE/γTurb anddecreaseswith increasing γTAE/
γTurb,while theTAEvortexflowshearing rate increaseswithγTAE/γTurb. The
TAE vortex flow shearing rate becomes comparable with the zonal flow

shearing rate at γTAE/γTurb≃ 0.7 for the turbulence at low β, and is higher
than the zonal flow shearing rate at γTAE/γTurb > 0.4 for the turbulence at
high β. Thus, the heat flux QiTAE+Turb is regulated by the large-scale E × B
flow, i.e., the zonal flow and TAE vortex flow, while the difference between
QiTAE+Turb andQiTurb ismainly causedby theTAEvortexflowat largeγTAE/
γTurb. This correlation of changes in the TAE vortex flow shearing rate and
changes in turbulent transport is similar to the well-known reduction of
microturbulence eddies’ radial size due to axisymmetric E × B flow shear44

where a significant reduction in turbulent transport has beenobservedwhen
the E × B shearing rate, ωE×B in tokamak geometry37, exceeds γTurb. The
E × B flow shearing rate ωE×B at high β is larger than that at low β. This is
because the linear growth rate of the KBM at high β is significantly higher
than that of the ITGmode at low β, as shown in Fig.5, so that the amplitude
of thefluctuationsof theKBMthatdrives the zonalflows ismuch larger than
that of the ITGmode.As a result,ωE×B at highβ is larger than that at lowβ. It
is noteworthy that the zonal flow-induced turbulence shearing and the AE
vortexflow-induced shearing of turbulence eddies share a commonphysical

Fig. 3 | Spectrum changes in ion heat transport in
the presence of TAE. a Toroidal wavenumber
spectra of the thermal ion heat flux Qi(n) due to the
turbulence at low βwith fast ions (TAE+ Turb) and
without fast ions (Turb), showing an increase inQi at
a low value of γTAE/γTurb (γTAE/γTurb = 0.48, R0/
Lnf = 28) and a reduction in Qi at a high value of
γTAE/γTurb (γTAE/γTurb = 0.66, R0/Lnf = 33.5),
respectively, as computed by GKNET. Here, n is the
wavenumber for the toroidal coordinate ζ and
Qi =∑n Qi(n). b Toroidal wavenumber spectrum of
perturbed electrostatic potential ϕ(n). The
TAE–turbulence interactions shift the peak of the
spectrum from high to low wavenumbers in (a) and
(b). Qi(n) at n = 10 is the dominant contributor to
the total Qi. Consequently, the increase in Qi(n) at
n = 10 causes the enhancement ofQi at low values of
γTAE/γTurb, while the smallQi(n) at n = 10 causes the
reduction in Qi at high values of γTAE/γTurb. The
amplitude of the TAE represented by |(n)| at n = 2 is
larger than that of the zonal flow at n = 0 for
TAE+ Turb at a high value of γTAE/γTurb. This
strong TAE reduces the thermal-ion heat flux Qi by
shifting the peak of the spectrum from high to low
wavenumbers.
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Fig. 4 | Large-scale flow shearing of turbulence eddies. TAE vortex flow shearing
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2|〉 as a

function of γTAE/γTurb for the fast-ion density gradient (Lnf) scan of the turbulence at
low β and the temperature gradient (LT) scan of the turbulence at high β as simulated
by GKNET, where 〈⋯〉 denotes the average over the radius r. The TAE vortex flow
shearing rate becomes comparable to the zonal flow shearing rate at γTAE/γTurb≃ 0.7
at low β, and becomes higher than the zonal flow shearing rate at γTAE/γTurb > 0.4 at
high β.
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mechanism. The former has been well-established by previous works. In
addition, our work demonstrates that the latter can be a main mechanism
for a relatively large value of γTAE/γTurb. The TAE vortex flow shearing can
be an extension of the shearing by axisymmetric zonal flows, and thus the
influence of the TAE vortex flow shearing can be related to the parameter
γTAE/γTurb. We remark that zonal flow-induced shearing can be enhanced
and dominate the vortex flow-induced shearing with increasing γTAE when
there aremultiple unstable TAEs45. However, the physics of vortex-induced
shearing and that of zonal flow-induced shearing are very similar, and
characterisation by the parameter is still useful even in that case.

The TAE vortex flow is different from the zonal flow by having a non-
zero real frequency and a spatial variation in the poloidal direction. If the
TAE vortex flow pattern changes in time too rapidly, it can reduce the
effectiveness of shearing microturbulence eddies46. However, the TAE
rotation rate slows down significantly in the nonlinear saturation regime.
Therefore, the TAE vortex induced shearing is effective and exhibits a
similar suppression effect on the turbulence eddy size as familiar from the
vortex flow in magnetic islands47–50. In addition, concerning the mode
structure of TAE in the poloidal direction, its effect on the shearing is weak
compared to (d2ϕ/dr2)38,51.

Discussion
We have investigated the influence of fast-ion-driven AEs on the plasma
thermal confinement, which is a critical fusion-relevant issue. We have
identified a key parameter that characterises the changes in the heat
transport of thermal ions due to nonlinear interactions between the TAE
driven by fast ions and the microturbulence driven by the ion-temperature
gradient in tokamakplasmas. Theparameter is the ratio of the growth rate of
the TAE to that of the microturbulence, γTAE/γTurb, and the thermal heat
transport ismitigated at γTAE/γTurb > 0.5. This characterisation based on the
key dimensionless parameter, successfully covers the trend of experimental
results from JET,ASDEX-Upgrade, andDIII-D, where a variety ofAEsplay
a role. The experimental results indicate lower values of normalised heat
fluxes comparedwith those fromGKNET. This observationmay imply that
the suppression effect of AEs on turbulent transport is more pronounced
thanwhat is anticipatedby theGKNETsimulations.Whilewe cannot justify
that the growth rate describes the nonlinear saturated state in general a
priori, it turns out to be a useful indicator to characterise the changes in
turbulent transport due to the presence of TAE for the cases we have

simulated. Of course, there exists a theoretical possibility of one type of
instability with a lower growth rate but with a larger scale may dominate
turbulent transport in the nonlinear saturated regime52,53. Although it is
parameterised by the linear growth rates, the underlying physical
mechanism for the transport reduction at high values of γTAE/γTurb is the
shearing of microturbulence eddies by the large-scale E × B flow associated
with TAE. It is noted that the simple parameter γTAE/γTurb can be calculated
from linear simulations, which require significantly less computational
resources than nonlinear simulations. Because of this reduced numerical
cost, the parameter can be useful not only in understanding the results from
current experiments, but also as the first step in predicting the performance
of burning plasmas in future devices.We note that multiple fast-ion species
effects are not included because of numerical reasons. Simulations with
multiple fast-ion species and a much higher energy of fast ions, such as
3.5MeV alpha particles, will be pursued in the near future, as well as the
validation of the parameter characterisation for experimentalmagneticfield
configuration, density, and temperature profiles.

Methods
Simulation details
Turbulent transport in the presence of the TAE–turbulence interaction is
simulated using the global gyrokinetic simulation code GKNET39. The time
evolution of the distribution function is solved based on the gyrokinetic
equation40,41 coupledwithMaxwell’s equation to obtain the electrostatic and
vector potentials. The gyrokinetic equation is derived from the Boltzmann
equation by removing the gyrophase angle dependence of the particle dis-
tribution function coming from fast cyclotron motion around the ambient
magnetic field B0

40,41, and describes the spatiotemporal evolution of the
distribution function f(r, θ, ζ, v||, μ, t), where the two velocity coordinates are
the parallel velocity v|| and magnetic moment μ =m | v⊥|

2/(2B0), where
v = v||B0/B0+ v⊥. The toroidal coordinates of the particle gyrocenter posi-
tion (r, θ, ζ) are shown in Fig. 1a. The Fourier expansion is used along the
toroidal direction, so that the distribution function can be written as f(r, θ, ζ,
v||, μ, t) =∑n fn(r, θ, v||, μ, t) exp(inζ), where n is the toroidal wavenumber.
The nonlinear interactions between the TAE, turbulence, and zonal flows
are represented in terms of the Poisson bracket in the gyrokinetic equation.
The nonlinear interplay between differentmodes is validated by confirming
the conservation of perturbed entropy in the toroidal wavenumber space in
GKNET54.
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Fig. 5 | Linear dispersion relation of toroidal Alfvénic eigenmode (TAE) and
microinstabilities, and thermal ion heat flux. a Linear growth rate γ and real
frequency ω of TAE and microinstabilities simulated by GKNET for two values of β
as a function of the toroidal wavenumber n. The microinstability is the ion-
temperature gradient (ITG) mode at low β (β = 0.64%) for R0/LT = 6.66 and R0/
Lnf = 28, as shown in c and is the kinetic ballooning mode (KBM) at high β
(β = 1.28%) forR0/LT = 6.66 andR0/Lnf = 33.5, as shown ind, whereR0/LT andR0/Lnf
are the logarithmic gradients normalised by the major radius of the torus R0. The
TAE is unstable at a low wavenumber (n = 2), whereas the microinstabilities are
unstable at high wavenumbers (n ≥ 6). bAlfvén wave continuum of n = 2mode, real
frequency of n = 2TAE at high β in a, and eigenfunction |ϕ(n,m)|. cThermal ion heat

flux Qi in the presence of TAE driven by fast ions (TAE+ Turb) and that in the
absence of fast ions (Turb) as a function of the fast-ion density gradient R0/Lnf for
turbulence at low β (ITG) as simulated by GKNET. The heat fluxQi due to the TAE-
turbulence interaction (TAE+ Turb) decreases with increasing drive of TAE R0/Lnf,
and the thermal ion heat transport is suppressed in the presence of a stronger TAE.
d Heat flux as a function of the bulk temperature gradient R0/LT for turbulence at
high β (KBM). In the presence of TAE (TAE+ Turb), the TAE–turbulence inter-
action increases Qi at high gradients, whereas the interaction decreases Qi at low
gradients.
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To understand the basic physics of the interactions between TAE and
turbulence, we consider typical turbulence driven by the ion-temperature
gradient (ITG) and typical TAE in a normal magnetic shear tokamak
plasma with a circular cross-section instead of an experimental configura-
tion. Global simulations are necessary to capture the global spatial structure
of TAE,which has a low toroidalwavenumber.We consider a typical case in
which theTAEdirectly interactswith the ITG turbulencewith the gap of the
Alfvénwave continuum located at themiddleof theminor radius r.Here,we
describe the setup of the nonlinear simulations of this plasma. The back-
ground magnetic field B0 = (0, Bθ0, Bζ0) is characterised by the safety factor
q(r) = rBζ0/(R0Bθ0), representing the twist of the magnetic field lines, where
R0 is the major radius of the torus. The safety factor, the temperature and
density profiles are q(r) = 1.65+ 1.5(r/a+ 0.15)6, ns(r) = n0s exp[−δr/Lns
tanh((r−r0)/δr)] and Ts(r) = T0s exp[−δr/LT tanh((r−r0)/δr)], respectively,
where r0 = a/2, δr = 0.3a and R0/Lni = 2.22. Here, s = e, i, and f represent the
electron, ion, and fast-ion species, respectively, anda is theminor radius and
a/R0 = 0.2. There is no source or sink of heat and particles in the system. The
simulation domain is 0.1 ≤ r/a ≤ 0.9, and fluctuations are set to vanish at the
boundary. Plasma parameters are ρ∗ = 1/100,T0f/T0i = 25,mi/me = 100, n0i/
n0e = 0.975 and n0f/n0e = 0.025, and Nr ×Nθ ×Nv|| ×Nμ = 128 × 256
× 64 × 16 grid points are employed11,39. The toroidal direction is treatedwith
spectralmethodswith30 evenmodes, and the collisions are calculated using
the Lenard–Bernstein operator. The simulation cost for studying the
interaction between the TAE and turbulence is very high because of the
following requirements that should be satisfied simultaneously. The first is
the time-scale resolution and duration of the simulation. The highest fre-
quency of fluctuations in the gyrokinetic simulations of plasmas with fast
ions is the real frequency of the TAE, denoted as ωA, and ωAδt = 0.02 « 1 is
satisfied in our simulations, where δt is the minimum time-step width. We
successfully obtained thenonlinear saturated state of TAEand turbulence in
the presence of their nonlinear interactions. If the conditions were not
satisfied, a nonlinear saturated state could not be established. This obser-
vation also demonstrates that the simulation duration was sufficiently long.
Second, simulating turbulence requires high resolution in the configuration
space, particularly in the directions normal to the magnetic field, to resolve
thefine-scale structureof turbulence eddies. In addition, simulating theTAE
requires a high resolution in the velocity space to capture the wave-particle
resonance, especially in the parallel direction along the field line.

Growth rate and frequency of TAE and microturbulence
When the amplitude of thefluctuation is infinitesimally small, the nonlinear
terms in the gyrokinetic equation can be neglected. As a result, the time
evolutionof theFourier components of thefluctuations canbewritten in the
formof fn = gn exp(γ(n)t−iω(n)t), whereγ(n) andω(n) are the linear growth
rate and real frequency of the fluctuation for a toroidal wavenumber n,
respectively. Figure 5a shows the linear growth rate and real frequency as
functions of toroidal wavenumber. The TAE is unstable at a low toroidal
wavenumber n = 2, and thus γTAE = γ(n = 2). The microinstabilities are
unstable at high wavenumbers n ≥ 6, and their growth rates peak at n = 12;
therefore γTurb = γ(n = 12). The microinstability is the ITG mode for low β
(β = 0.64%), while it is the kinetic ballooning mode (KBM) for high β
(β = 1.28%). The real frequency of the TAEω = 0.3 [vA/R0] =3.7 [vTi/R0] for
highβ lieswithin the gap in theAlfvénwave continuum, as shown inFig. 5b.
Wewill report the benchmarking ofGKNET for some experimental cases in
our next paper.

Definition of ion heat flux
The turbulent heat flux of thermal ions is given by

Qi ¼ Re � 1
r

∂ ϕ
� �

i

∂θ

pi
B

* +

þ 1
r

∂ Ak
� �

i

∂θ

qi
B

* +" #

ð1Þ

where pi = ∫〈(miv||
2/2+ μB0)fi〉i dv

3 and qi = ∫〈v||(miv||
2/2+ μB0)fi〉i dv

3,
where 〈…〉i and 〈…〉 denote the gyro-average and flux surface average,

respectively. The ion distribution function fi, electrostatic potential ϕ, and
vector potential A|| are obtained from nonlinear gyrokinetic simulations
using the GKNET code. In the figures, Qi is averaged over the radius r and
over a time window in the nonlinear steady state of turbulence.

Plasma profile scans of thermal ion heat flux
Thermal temperature gradient R0/LT and fast ion density gradient R0/Lnf
scans of the thermal ion heat flux Qi were performed using the GKNET
code. The logarithmic gradient is normalised by the major radius of the
torus R0. The heat flux Qi in the presence of fast ions is indicated by
”TAE+Turb”, while Qi in the absence of fast ions is indicated by ”Turb”.
Figure 5c shows that Qi due to the turbulence at low β with fast ions
(TAE+Turb) decreases with increasing drive of TAE R0/Lnf, while Qi

without fast ions (Turb) remains unchanged. Thus, the thermal ion heat
transport is suppressed in the presence of a stronger TAE. It is useful to note
that the influenceof nonlinear interactions between theTAEand turbulence
on the thermal heat transport correlates with the linear growth rate of the
TAE, γTAE. Figure 5d shows that the thermal ion heat flux Qi due to tur-
bulence at high β (Turb) increases with increasing temperature gradientR0/
LT, as expected. In the presence of TAE driven by fast ions (TAE+Turb),
the TAE–turbulence interaction increasesQi at high gradients, whereas the
interaction decreases Qi at low gradients. Therefore, there also exists a
correlationbetween the influenceofTAE–turbulencenonlinear interactions
on thermal transport and the linear growth rate of themicroinstability γTurb,
which is a strong function of R0/LT. The same behaviour with respect to R0/
LT is found for turbulence at low β. Thus, these results are common to both
turbulence at low β (ITG) and turbulence at high β (KBM).We verified that
the changes in the heat flux are not due to profile relaxation caused by the
growth of the TAE.

Here, we briefly discuss the influence of the energy and fraction of fast
ions on changes in turbulent transport. Figure 6 shows that the values of the
energy and fraction of fast ions affect the changes in turbulent transport and
the growth rate of the TAE in a similar way. Thus, γTAE/γTurb can char-
acterise the trend of the changes in turbulent transport when the interaction
between the TAE and turbulence is active.

Evaluationofheatfluxandkeyparameter fromexperimentaldata
The values of the normalised heat flux QiTAE+Turb/QiTurb and the key
parameter γTAE/γTurb are approximately evaluated by using data from the
published work for ASDEX-Upgrade discharge #3923012, DIII-D discharge
#15924322, JET discharge #9470116,42, and JET discharge #7322420. For
example, for ASDEX-U#3923012, γAE = 0.095 [cs/a] and γTurb = 0.18 [cs/a],
so that γAE/γTurb = 0.53. The normalised heat flux is approximated toQiTAE

+Turb/QiTurb≃ 0.3 for the average over 0.3 ≤ ρtor ≤ 0.6. ForDIII-D#15924322,
γAE = 3.23 × 104 [1/s] and γTurb = 2.2 × 104 [1/s] as written in page 3, so that
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γAE/γTurb = 1.47. The normalised heat flux is approximated to QiTAE+Turb/
QiTurb≃ 0.4 based on the statement ”a reduction of the thermal ion heat
transport by more than a factor of 2” in the “Abstract” section22.

Data availability
Thedata that support thefindings of this study are available on request from
the corresponding author.

Code availability
The GKNET code is available from the corresponding author upon rea-
sonable request.
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