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Abstract. The fully self-consistent simulation of energetic particle turbulence and transport in burning plasmas 
such as ITER must incorporate three new physics elements: (i) kinetic effects of thermal particles at the thermal 
ion gyroradius (micro scale), (ii) nonlinear interactions of many meso scale (energetic particle gyroradius) shear 
Alfvén waves induced by the kinetic effects at the micro scale, and (iii) meso-micro couplings of the 
microturbulence and Alfvénic fluctuations. The large dynamical ranges of spatial-temporal processes further 
require global simulation codes efficient in utilizing massively parallel computers at the petascale level and 
beyond. Therefore, the studies of energetic particle physics in ITER burning plasmas call for a gyrokinetic 
turbulence approach. Progress of gyrokinetic simulations of energetic particle turbulence and transport in 
tokamaks is reported in this paper. Specifically, nonlinear gyrokinetic simulations find that the energetic particle 
transport induced by the microturbulence decreases rapidly due to the averaging effects of the large gyroradius 
and banana width, and the fast decorrelation of energetic particles with waves. Linear global gyrokinetic 
simulations using GTC and GYRO demonstrate the excitation of the toroidal Alfvén eigenmode (TAE) by the 
pressure gradient of the energetic particles. The TAE linear dispersion from gyrokinetic simulations is in 
reasonable agreement with conventional fluid simulations. Furthermore, initial linear and nonlinear simulations 
of a DIII-D experiment dedicated for energetic particle studies find fast ion instabilities. 
 
1. Introduction 
 
Energetic particles can be generated in magnetically confined plasmas by fusion reactions 
and auxiliary heating. They are subjected to the diffusion by macroinstabilities [1], 
microturbulence [2], stochastic magnetic fields [3], and classical collisional and orbital 
effects [4]. The confinement of energetic particles is a critical issue in the International 
Thermonuclear Experimental Reactor (ITER) [5], since the ignition relies on the self-heating 
by energetic fusion products. In ITER burning plasma experiments, energetic particles will 
constitute a significant fraction of the local plasma energy density [6]. Since such energetic 
populations often exist in states far away from thermal equilibrium due to their non-
Maxwellian distribution and/or peaked pressure profiles at the core, they can readily tap the 
corresponding free energy and collectively excite electromagnetic instabilities to intensities 
much enhanced over thermal levels. The intrinsic time and length scales of these instabilities 
leads to a breakdown of the constants of motion and a resultant enhanced level of transport in 
the corresponding phase space (mainly, energy and radius) of energetic particles, which could 
adversely affect the overall performance of ITER experiments [7,8]. 
 
Among the various plausible collective electromagnetic instabilities in burning plasmas, the 
shear Alfvén wave (SAW) has long been theoretically recognized and experimentally verified 
as the most prominent one. The SAW instability, e.g., toroidal Alfvén eigenmode (TAE) [1] 
and energetic particle mode (EPM) [9], is most dangerous to energetic particle confinement. 
It excites short wavelength fluctuations that maximize tapping of the pressure gradient free 
energy and drive symmetry-breaking transport. It has the unique feature of having a nearly 
constant group velocity along the confining magnetic field, similar to that of energetic 
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particles, thus rendering wave-particle resonance accessible to a large fraction of the 
energetic particles. Intensive theoretical and experimental research (see Ref. 6 for a review), 
as well as numerical simulations [10-14] over the last two decades has clearly delineated the 
important aspects of the linear physics of SAW instabilities: wave spectra, excitation 
mechanisms, mode structures, and damping mechanisms. The basic conclusions are: (1) 
SAW spectra consist of continuous spectra (due to radial inhomogeneities) with finite gaps 
(due to equilibrium symmetry breakings) at frequencies ranging from Alfvén to thermal ion 
transit frequencies; (2) two types of modes may exists [7-9,15], i.e., discrete Alfvén 
eigenmodes (AEs) inside the gaps due to background equilibrium and/or energetic particle 
effects, and EPMs that are excited at the fast particle characteristic frequencies when the 
mode drive overcomes continuum damping; (3) instability excitation maximizes when the 
wavelength perpendicular to the confining magnetic field is comparable to the energetic 
particle’s gyroradius ρE (defined as meso scale); and (4) the instability has thresholds that are 
imposed by damping from both thermal ions and trapped electrons. In particular, there is 
significant damping via local/global resonant mode conversion due to kinetic effects of 
thermal ions to kinetic Alfvén waves with radial wavelengths comparable to the thermal ion 
gyroradius ρi (defined as micro scale) and finite parallel electric field. Although these key 
linear physics mechanisms have been identified, a global, fully self-consistent, nonlinear 
kinetic code is desirable to simultaneously resolve micro and meso scales to reliably map out 
the linear stability boundaries and to accurately predict the nonlinear saturation amplitude for 
realistic ITER plasma parameters and equilibria. 
 
Effects of collective SAW instabilities on the energetic particle confinement depend 
ultimately on the self-consistent nonlinear evolution of SAW fluctuations. Here, physical 
insight and understanding will require computations on a truly grand challenge scale. The 
complexities of nonlinear dynamics are further compounded by the complexities of 
geometries (e.g., radial inhomogeneities and equilibrium symmetry breakings) intrinsic to 
SAW in tokamak plasmas. Consequently, the current knowledge on energetic particle-
induced SAW nonlinear physics and transport remains isolated and qualitative. Specifically, 
the nonlinear evolution of SAW turbulence depends critically on the complex nonlinear phase 
space dynamics of energetic particles [16] as well as on the complex nonlinear mode-mode 
couplings among the multiple SAW modes [8] that are expected in ITER plasmas. Both 
nonlinear effects, in turn, depend sensitively on the global features of wave-particle 
resonances and mode structures. Current understanding is typically based on the reduced 
models of a single toroidal SAW mode with a single wave-particle resonance and/or an 
isolated nonlinear mode-coupling effect; e.g., zonal flow/field [17,18] or nonlinear frequency 
gap modification [8]. These reduced models based on a coherent mode or non-interacting 
modes often predict a transport of energetic particles well below the level observed in 
experiments. Recognizing that SAW instabilities in ITER plasmas will typically be 
comprised of modes with toroidal mode numbers n ~20~ O(a/ρE) (a is the minor radius) and 
that for each n, there are O(n) frequency gaps within which SAW modes may be localized, 
the current understanding is far from being adequate. Therefore, it is necessary to develop 
nonlinear kinetic codes for simulation of meso-scale energetic particle turbulence, which 
incorporates all the essential physics mechanisms including kinetic thermal particles and, 
must be able to efficiently handle a large number of interacting SAW modes. 
 
More challenging still are the physics of couplings between energetic particle-induced SAW 
turbulence and microscopic drift-Alfvén wave (DAW) turbulence driven by thermal particles 
[7,19,20], which is ubiquitous in fusion plasmas. Recognizing that DAW turbulence has 
frequencies comparable to the lower end of SAW turbulence but micro-scale perpendicular 
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wavelengths, e.g., n~200~O(a/ρi) could be expected for DAW turbulence in ITER plasma, a 
unified simulation platform self-consistently treating both meso- and micro-turbulence is 
obviously needed to examine the energetic particle transport due to DAW turbulence and 
thermal particle transport due to SAW turbulence. The fully self-consistent simulation of 
energetic particle turbulence and transport must therefore incorporate three new physics 
elements: kinetic effects of thermal particles, nonlinear interactions of a large number of 
meso-scale modes, and cross-scale couplings of meso-micro turbulence. The large dynamical 
ranges of spatial-temporal processes further require global simulation codes that are efficient 
in utilizing massively parallel computers at the petascale level and beyond. Therefore, the 
studies of energetic particle physics in ITER burning plasmas require a kinetic turbulence 
approach. Since the important SAW frequencies (e.g., TAE and EPM) are much smaller than 
the ion cyclotron frequency, the most suitable method for this new paradigm is nonlinear 
gyrokinetics, which removes unwanted high frequency modes and rigorously retains all linear 
and nonlinear wave–particle resonances and finite Larmor radius effects.  
 
Progress of gyrokinetic simulations of energetic particle turbulence and transport in tokamaks 
is reported in this paper. Specifically, nonlinear gyrokinetic simulations find that the 
energetic particle transport induced by the microturbulence decreases rapidly due to the 
averaging effects of the large gyroradius and banana width, and the fast decorrelation of 
energetic particles with waves. Linear global gyrokinetic simulations using GTC [21] and 
GYRO [22] demonstrate the excitation of TAE by the pressure gradient of energetic particles. 
Linear dispersion from gyrokinetic simulations is in reasonable agreement with conventional 
fluid simulations. Furthermore, initial linear and nonlinear simulations of a DIII-D 
experiment dedicated for energetic particle studies find fast ion instabilities. In Sec. II, we 
discuss gyrokinetic simulation of the TAE excitation by energetic particles. Energetic particle 
transport by microturbulence is presented in Sec. III. 
 
2. Gyrokinetic simulation of TAE excitation by energetic particles 
 
Gyrokinetic simulations of Alfvénic waves that are driven unstable by energetic particles 
have been performed using particle code GTC and continuum code GYRO. In initial GTC 
simulations [23], continuum damping of the SAW has been demonstrated and a frequency 
gap due to the toroidal effects has been generated. In the presence of the energetic particle 
density gradient, the excitation of the toroidal Alfvén eigenmode (TAE) has been observed 
with a frequency residing inside the gap. Initial GYRO simulations with a small cyclic flux 
tube have shown high-n TAE modes driven by the energetic particle resonance. The modes 
are most unstable inside the expected frequency gap. Large cyclic flux tubes (across the 
whole plasma with many singular surfaces) simulations give similar results. These 
preliminary simulations have demonstrated the feasibility of gyrokinetic approach for 
simulating energetic particle driven Alfvén instabilities. 
 
GYRO is a physically comprehensive and extensively benchmarked code for the solution of 
nonlinear gyro-kinetic-Maxwell equations. Electrons are fully drift-kinetic and transverse 
electromagnetic fluctuations are included. Equilibrium profile variations are allowed over an 
arbitrary radial annulus. In the simulation using the s-α flux tube equilibrium, background 
plasma density and temperature gradients are set to zero and energetic particles have a 
Maxwellian distribution function with a thermal velocity matching the velocity of Alfvén 
waves. The mode frequencies from simulations fall within the predicted TAE gap. The 
parallel electric field (E||) is small as predicted by the MHD theory.  Extensive simulations 
using this s-α geometry show that the dependence of the frequency (ω) and the growth rate 
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(γ) on all following parameters follows that predicted by the known MHD theories: the 
poloidal wave number (kθ), the density (nh) and density gradient (dnh/dr) of the energetic 
particles, the safety factor (q), the magnetic shear (r/q dq/dr), and the β values of background 
plasmas.  We have also performed simulations using a thin flux tube with cyclic boundary 
conditions.  These simulations show that the growth rates of a thick flux tube with zero 
boundary condition differ only slightly from those using cyclic boundary conditions. The 
relationship between TAE frequency and growth rate is summarized in Fig. 1. The colored 
band is the range of frequency bounded by the Alfvén continuum and the dots sweep though 
various low n-numbers. Clearly, the computed TAE growth rates are higher when the 
frequencies fall within the gap and are markedly smaller when outside.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Linear growth rate as a function of real frequency in GYRO simulation of TAE mode. 
 
Verification-- To verify the gyrokinetic simulation of toroidal SAW eigenmodes, benchmark 
cases have been designed for code comparisons using a suite of nonlinear turbulence codes, 
as well as linear eigenvalue and initial-value codes. For verification, a circular, low β, R0/a = 
3 tokamak equilibrium, and a parabolic profile with q(0) = 1.3, q(a) = 3.9 are chosen. The 
energetic particle parameters that are fixed are the ratio of the energetic particle velocity to 
the Alfvén velocity, vEP/vA = 1, and the density gradient scale length, a/LEP = 8 with a peak 
value near r/a = 0.5. Maxwellian distributions are assumed for energetic particles. The 
profiles for thermal ions and electrons are chosen as constant in radius in order to avoid 
exciting secondary drift instabilities. We retain the toroidal mode number, n, and the central 
fast ion βEP(0) as independent varying parameters. Typically, n is varied over a range of 3 to 
10 and βf from 0.01 to 0.04. Both gyrokinetic GTC and hybrid TAEFL [11] find unstable 
TAE modes with real frequencies in the lowest order gap and growth rates that are close 
(±20%) over certain ranges of n and βEP(0), as shown in Fig. 2 for n=3 mode. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 TAE real frequency and growth rate from GTC (green) and TAEFL simulation (blue). 



5 
 

Validation-- A DIII-D shot #122117 [24,25] which is exceptionally well-diagnosed and 
extensively studied is chosen for comparisons with gyrokinetic and hybrid simulation codes. 
The simulation of this experiment is challenging for both the SAW modes and the associated 
energetic particle transport. The simulation must confront the coexistence and interaction of a 
spectrum of at least two types of Alfvénic modes, namely TAE and reverse shear Alfvén 
eigenmode (RSAE) [26]. Measured temperature perturbations are of similar peak magnitude 
for both types of modes. Predictions of the temperature perturbation from the ideal MHD 
code NOVA [27] is in close agreement with measurements. However, straightforward 
application of the ORBIT code [28] without the mode frequency sweep cannot match the 
experimentally observed energetic particle transport. In support of modeling efforts, 
dedicated DIII-D time was given to obtain a circular version of the discharge #122117. The 
new discharge (shot #132707) [29] was extremely successful and took advantage of recent 
diagnostic upgrades with simultaneous measurements of density and temperature fluctuations 
across a significant fraction of the plasma radius for the entire shot duration. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Linear dispersion and frequency gap structure from TAEFL simulation of DIII-D shot #122117. 
 
TAEFL [11] is utilized to simulate the energetic particle driven AE modes in the DIII-D shot 
#122117, which is D-shaped with a reversed shear q-profile having qmin ≈ 4.2. TAEFL is an 
initial-value, reduced MHD fluid-kinetic hybrid model for arbitrary non-circularly shaped 
tokamak configurations. Gyrofluid closure methods are used to include the wave-particle 
coupling physics required to excite energetic particle-driven instabilities. A scan in fast ion 
density profile shapes (i.e., stepping the peak gradient location from the center to the edge) 
was made for n=3 modes that illuminates the range of unstable AE modes. As Fig. 3 shows, 3 
modes (EAE at 208 kHz, RSAE at 53 kHz, TAE at 90 kHz) were found by this scan. These 
identifications are based on the dominant mode couplings present in the eigenfunctions. Of 
these, the RSAE and TAE are consistent with the frequency range of coherent modes that 
were observed. Small variations in the q-profile used in the TAEFL equilibrium for the RSAE 
case indicated that the RSAE converts to a TAE for q=4.15 and 4.4. These changes in mode 
structure are accompanied by large (~ factor of 2) upshifts in the real frequency of the mode. 
Such frequency upshifts were also observed experimentally. 
 
DIII-D discharge #132707 is a nearly circular cross-section case and a reversed shear profile 
with qmin≈2. In GYRO simulations using experimental geometry and profile, background 
plasma density and temperature gradients are first zeroed out. An analytically prescribed 
density distribution function for the energetic particles with a peaked density gradient 
localized around r/a=0.6 is adopted. The eigenfunction for the perturbed potential of n=4 
mode (Fig. 4) shows coupling of poloidal harmonics typical of TAE modes. We also found 
that growth rate is not significantly affected by the background temperature gradient but 
could be stabilized by the background density gradient. 
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Fig. 4 Radial profile of TAE mode poloidal harmonics in GYRO simulation of DIIID shot #132707. 
 
Using the experimental profiles and parameters of shot #132707, TAEFL scans in fast ion 
pressure were carried out for n=2 to 8. For n=2-4, RSAE instabilities are found with real 
frequencies just above the lower continuum near the qmin location as shown for n=3 in Fig. 5. 
The mode structure for these instabilities is dominated by a single poloidal mode number 
with m=2n. For n=5–8, TAE instabilities are present with broader coupled poloidal mode 
spectra and with real frequencies about twice as large as the RSAE modes. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Real frequency, growth rate, and frequency gap structure of n=3 mode from TAEFL simulation 
of DIII-D shot #132707. 
 
HMGC [12] simulations based on shot #132707 (t=725ms) have been performed. Preliminary 
results show fast-ion-driven instabilities of n=6 mode and γ/ωr~0.1, which cause no 
significant redistribution of fast ions [FIG. 6 (a)], as is expected for a stable experimental 
profile. In the nonlinearly saturated stage, continuing Alfvénic activity is seen near qmin [FIG. 
6 (b)]. We performed two simulations with slightly different qmin for sensitivity studies.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 HMGC results for DIII-D shot 132707, t=725ms. (Panel a): Radial fast ion density profile at 
the beginning of the simulation and after nonlinear saturation of the instabilities. (Panel b): Power 
spectrum P(ω,ρ) shows mode activity near qmin (ρ=0.4) after nonlinear saturation. The white lines 
indicate the Alfvén continuum and two examples with different values of qmin are shown. 
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3. Energetic particle transport by microturbulence 
 

Earlier fusion experimental [4,30] and theoretical [31] studies indicated that energetic 
particles do not suffer a large transport due to the microturbulence excited by the pressure 
gradients of thermal particles. However, a recent fusion experiment [32] showed some 
evidence of the correlation between the excitation of the microturbulence and the 
redistribution of energetic ions produced by the neutral beam injection (NBI). Some recent 
theoretical [33] and computational [34] studies also suggested a significant transport level of 
the energetic particles driven by the microturbulence. To resolve this discrepancy, here we 
study the diffusion of the energetic particles by the microscopic ion temperature gradient 
(ITG) [2] turbulence in large scale first-principles simulations of fusion plasmas using the 
global GTC [21]. The fast ion radial spread as a function of energy and pitch angle is 
measured in the steady-state ITG turbulence. The probability density function of the radial 
excursion is found to be very close to a Gaussian, indicating a diffusive transport from a 
random walk process. The radial diffusivity as a function of the energy and pitch angle can 
thus be calculated using the random walk model. We find [35] that the diffusivity decreases 
drastically for high energy particles due to the averaging effects of the large gyroradius and 
banana width, and the fast decorrelation of the energetic particles with the ITG oscillations. 
By performing the integration in phase space, we can calculate the diffusivity for any 
distribution function. The NBI ion diffusivity driven by the ITG turbulence is found to 
decrease rapidly for the born energy up to an order of magnitude of the plasma temperature 
and more gradually to a very low level for higher born energy. This result may explain the 
differences between the older experiments [4] with a higher born energy and the newer 
experiment [32] with a lower born energy (relative to the plasma temperature). The GYRO 
simulation [34] also found some re-distribution of the α-particles away from the classical 
slowing down in the ITG/TEM (trapped electron mode) turbulence and both positive and 
negative fast particle (density and energy) flows in the presence of kinetic electrons.  
 
In GTC simulation of ITG turbulence, we measured the radial excursion of several group of 
ions in phase space. We calculate the mean-squared radial displacement of each group of 
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particle at time t=0 and time t, respectively. To isolate the effects of turbulence scattering, we 
also calculate the equilibrium radial displacements of the same ions in another simulation 
where the ITG turbulence is suppressed. The equilibrium displacements are identical to the 
perturbed displacements for all energy groups before the turbulence grows to a high 
amplitude. After the turbulence reach a steady state, the difference between the equilibrium 
and perturbed displacements is small for high energy ions (e.g., E=16Te), indicating that the 
effect of the turbulence on the high energy orbits is small. On the other hand, for a lower 
energy (e.g., E=2Te), the perturbed displacement is much larger than the equilibrium 
displacement, indicating that the effect of the turbulence scattering dominates the radial 
displacement. The net turbulent displacement (perturbed displacement subtracted by the 
equilibrium displacement) increases linearly with time for all energy groups in the steady-
state ITG turbulence. This feature indicates that the radial excursion of the ions due to the 
turbulence scattering is a diffusive process. The probability density function (PDF) of the 
radial displacement for each energy group is indeed very close to a Gaussian. The diffusive 
nature of the ITG turbulent transport is further supported by the fact that the radial profile of 
the heat conductivity matches very well with the intensity profile; i.e., the transport is driven 
by the local fluctuation [36]. The stochastic wave-particle decorrelation [37,38] due to the 
overlaps of the phase-space islands gives rise to the diffusive transport process. 
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Since the radial excursion of the ions is diffusive, a phase-space-resolved diffusivity can be 

defined using the random walk model ( )
t

ED
Δ

Δ
=

2
,

2σξ , where Δσ2 is the change of the PDF 

standard deviation of the net radial displacement for each group of ions with energy E and 
pitch angle ξ during a time interval of Δt when the turbulence is in a steady state. The 
diffusivity is relatively smooth across the pitch angle ξ with no sharp resonance in the entire 
phase space. This is consistent with the diffusive process and the transport could therefore be 
described by a quasilinear theory [37,38]. As a consistency check, we calculate the diffusivity 
of the thermal ions by averaging the diffusivity D over a Maxwellian distribution function 
with a temperature of Ti, ∫= vdDFD M

3
0 . We find that this diffusivity D0 based on the 

random walk model is very close to an effective particle diffusivity Di of thermal ions 
measured in the simulation, D0 =1.1 Di. Here Di = 2χi/3 and χi is calculated from the self-

consistent heat flux using  ∫= vdfvvQ ri
32

2
1δδ measured in the simulation, where v is 

particle velocity, δf is the perturbed distribution function, and δvr is the radial component of 
gyrophase-averaged ExB drift. The diffusivity integrated over the pitch angle as shown in 
Fig. 1 peaks at the resonant energy of E=2Te and decreases drastically for higher energy 
particles, due to the averaging effects of the large gyroradius and orbital width, and the fast 
decorrelation of the energetic particles with the waves for the high energy particles.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Diffusivity driven by ITG turbulence for isotropic, mono-energetic particles. 
 
To understand the mechanisms of the reduction of the energetic particle diffusivity, we 
examine the asymptotic scaling of the diffusivity with respect to the particle energy for 
specific pitch angle. We find that the diffusivity 2/1 ED ∝  for trapped particles with E>3Te. 
This scaling can be understood from the quasilinear theory of the diffusivity for trapped 

particles in high energy limit, ( ) ( ) ( )bdb
n

E
nr pkJkJ
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22
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the first Bessel function J0 comes from the gyroaveraging and the second from the averaging 
over banana orbits, ( )qRvEb πεω 2/=  is the bounce frequency, ε=r/R is the inverse aspect 
ratio, ρb is the banana width, ρE and vE are the gyroradius and velocity of energetic particles, 
respectively, kr and kθ are the wave number in the r and θ direction, B is the magnetic field, 
Φn is the electrostatic potential, and p is the harmonics integer number. These two averages 
give rise to a dependence of D on 1/E when taking a large argument expansion of the Bessel 
function. Regarding the resonance condition, since ωd, ωb >>ω for energetic particles, we 
need p>0. Therefore the resonance condition becomes ωd=pωb, or equivalently, nωpre=pωb, 
where ωpre=qE/(mRrΩ)  is the precession frequency. This gives rise to another dependence of 
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D on 1/E when integrating over Φn since ωpre is proportional to E. Hence, the diffusivity 
2/1 ED ∝  for trapped particles accounts both the orbit averaging and the decorrelation 

process. For passing particles, the resonance condition of ω=k||v|| and the orbital averaging 
will each give rise to an E-1/2 dependence of D, so we expect a diffusivity ED /1∝ .  
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