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1. Introduction 
Ion cyclotron emission (ICE) comprises strongly suprathermal radiation, typically with multiple 
narrow spectral peaks at ion cyclotron harmonics. ICE is driven by the magnetoacoustic 
cyclotron instability (MCI), caused by a spatially localised inversion in the velocity-space 
distribution of the minority energetic ions[1-5]. Recent observations[6,7] from H-mode 
deuterium plasmas heated by deuterium neutral beam injection (NBI) in DIII-D, were obtained 
using the Ion Cyclotron Emission diagnostic[8], which has been recently upgraded [9]. The 
experiments show spectral peaks at the local deuteron ion cyclotron frequency fci in the DIII-D 
edge plasma, and its harmonics. We have run direct numerical simulations, using the  EPOCH 
particle-in-cell (PIC) code[3-5,10], for these DIII-D ICE scenarios for the first time. We 
initialize our EPOCH PIC simulation with a majority thermal deuteron plasma, a small minority 
population of energetic 75 keV perpendicular-injected NBI deuterons, and a neutralising 
population of thermal electrons. The initial velocity distribution of the NBI deuterons is 
modelled as a ring-beam; this approach has been successful in capturing the physics underlying 
ICE observations under different NBI plasma conditions in the  KSTAR tokamak[11] and LHD 
stellarator[12,13]. EPOCH solves[10] the Maxwell-Lorentz system of equations for fully 
kinetic electrons and ions, together with their self-consistent electric and magnetic fields. 
Importantly, particle gyro-orbits are fully resolved, hence all aspects of cyclotron resonance 
phenomenology are captured from first principles. The plasma parameters match those of the 
experiment (DIII-D shot 166357), except that we use a higher ratio of the number densities of 
NBI ions to thermal ions (nNBI/ni =10-2), to achieve acceptable computational run times. The 
scaling consequences of this choice are understood[5] and do not affect the key physics. We 
combine our numerical approach with evaluation of the analytical linear growth rates of the 
MCI in the experimentally relevant parameter regime. We have applied the same procedure to 
a classic case of edge ICE from JET[4], leading to physically interesting comparisons. Our aim 
is to use powerful computational techniques, coupled with high performance computations, to 
demonstrate that ICE signals can be used to infer the characteristics of fast-ion velocity 
distribution functions. This supports the further exploitation of ICE as a diagnostic tool to study 
energetic particles in fusion reactors.   
 
2. Simulation results and comparison with DIII-D ICE 
Figure 1 plots the energy flow in our PIC simulation, as the energetic minority NBI ion 
population relaxes within the majority thermal plasma under self-consistent Maxwell-Lorentz 
dynamics. Taken together, the time traces of the change of energy density of the self-consistent 
magnetic (ΔBz)2 and electrostatic (Ex)2 field components, as well as the change in kinetic energy 
density of the electrons (KEe),  majority (KEi) and minority (KEmin) ion species, confirm that 
the MCI arises as an emergent property. We observe an energy shift from the NBI deuterons 
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primarily to the thermal background ions (red curve), with a smaller fraction of the energy 
shifted to the background electrons.  

 
Fig.1 Time evolution of the change in energy density of particles together with the electric and magnetic fields, 
from an EPOCH simulation with a 75keV minority NBI deuteron population. The plasma parameters correspond 
to those obtained during the experiment at 𝜌 = 𝑅/𝑎 ≈ 1.2, where 𝑅 is the major radius and 𝑎 is the minor radius 
of the tokamak: ne = 9×1018m-3,  nNBI/ni =10-2, Te = 84eV, Ti = 321eV, B0z = 1.33T, and.  
The simulation spans  0 < x < 300,000 λD and 0 < t < 18τcD. Top (red) Change in kinetic energy density of the 
thermal bulk plasma deuterons; (blue) energy density of the electrostatic field Ex; (black) change in energy density 
of the electrons; (green) energy density of the magnetic field perturbation ΔBz; (cyan) change in kinetic energy 
density of the minority energetic NBI deuterons. Time is normalised to the deuteron gyroperiod τcD. For clarity, 
the change of energy density in this figure is shown up to 8τcD but the simulation is allowed to continue running 
for 18τcD in order to collect more data.  

 
Figure 2a shows the spatiotemporal Fourier transform of the spectral density of the excited 
magnetic field (ΔBz)2. The dominant field excitations arising from the MCI are at the 
intersection of the fast Alfvén branch ω ≈ kVA, where VA denotes the Alfvén speed, and the 
multiple horizontal cyclotron harmonic waves. We note that the degeneracy of these two classes 
of normal mode at their intersection in (ω,k) space is encompassed by the generalised analytical 
solution of the linear mode conversion regime of two independent modes of oscillation in a 
plasma medium. A wave-mechanical approach[14] to solving the local approximate dispersion 
relation of the system [𝜔 − 	𝜔+(x, k)][𝜔 − 	𝜔2(x, k)] = 	𝜂, generates the solutions (𝜔±), 
plotted in Fig. (2b). The mode coupling, symbolized by 𝜂, is a small quantity that is only 
significant in the neighbourhood of the coupling point and whose presence leads to the 
characteristic shape of the dispersion curves at successive intersections of ω1 and 𝜔2, which 
correspond here to the fast Alfvén and cyclotron harmonic wave branches. 
 
To obtain a frequency spectrum, we integrate the spatiotemporal Fourier transform in Fig.2(a) 
over the wavenumber domain. This is plotted as the blue trace in Fig.3, to be compared with 
the experimental spectrum from DIII-D #166357[6] (red trace); the green trace defines the noise 
level. Our simulated spectrum exhibits distinct spectral peaks at integer cyclotron harmonics up 
to 7 fci . This is in good agreement with the observed ICE spectrum, for example the dominant 
spectral peak in both cases is the third harmonic. Furthermore the simulation replicates the 
relative strengths of the observed ICE spectral peaks at the second, third and fourth harmonics. 
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In order to quantify the computational noise, and verify that the presence of the NBI ions has 
indeed triggered the excitation of the MCI with its ICE-like power spectrum, we have run an 
identical high resolution EPOCH simulation of the background plasma in the absence of the 
NBI ions. The corresponding power spectrum (green trace) thus defines the level at which the 
normal modes of the system are populated by noise, through the fluctuation-dissipation 
theorem, in the absence of drive from energetic ions. Taken together, the three traces in Fig.3 
strongly suggest that the first principles physics in our simulation, from which the MCI 
emerges, is responsible for the observed ICE. 

(a)                                                                        (b)                  

 
Fig.2 (a, Left) Distribution of energy in the oscillatory part ΔBz of the Bz field component across 
frequency-wavenumber space, spanning the first 15 cyclotron harmonics and corresponding 
dimensionless wavenumber k wcmin/vA. Shading indicates the log10 of the spectral density.  
(b, Right) A wave-mechanical approach[14] to linear mode conversion using the system	𝐿6𝛹 =
i𝜕𝛹	/𝜕𝑡, where 𝐿6 is Hermitian operator whose solution generates the eigenvalues 𝜔±, plotted in this 
figure as a function of 𝜔2. The underlying structure matches that obtained in (a). 

 
Fig.3 Spectral intensity of ICE. Blue trace: output of the PIC simulation of the spectral intensity of the fluctuating 
Bz field energy density. Red trace: the measured spectral intensity of ICE from the NBI-heated DIII-D H-mode 
deuterium plasma [6]. Green trace: the noise baseline obtained by running a simulation without the NBI ions.   
 
3. Comparison of linear MCI growth rates in DIII-D and JET ICE cases  
Figure 4 plots the analytical linear growth rate of the MCI, obtained from Eq.(8) of Ref.[2], for 
the experimental parameter sets for two cases of observed ICE from tokamak edge plasmas. 
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These cases are the DIII-D shot #166357 already considered in this report, and JET deuterium-
tritium plasma 26148[15]. The latter is fully consistent with earlier calculations[3-5], which 
show that harmonics below the sixth are linearly stable. As discussed in Refs.[3-5], the observed 
ICE peaks at lower harmonics < 6 in JET arise from nonlinear interactions between pairs of 
spectral peaks linearly excited at harmonics > 6. In contrast, in the DIII-D case,  we find that 
the MCI is linearly excited down to the second harmonic. Furthermore the relative strength of 
MCI linear growth rates at the second, third and fourth ion cyclotron harmonics is the same as 
in the observed ICE spectrum. This suggests that in the DIII-D case, the saturated ICE spectrum 
is more strongly conditioned by the properties of the linear MCI than the JET case. As a 
corollary, it suggests that nonlinear MCI physics may be less important for the DIII-D case.  
 
 

 
 
Fig.4 Linear analytical growth rates of the MCI as a function of frequency, obtained from Eq.(8) of Ref.[2], for (a, 
Left) JET PTE Pulse 26148[15] and (b, Right) DIII-D shot 166357[6].  
4 Conclusions 
The DIII-D ICE spectrum considered here[6] is evidently driven by the magnetoacoustic 
cyclotron instability of perpendicular-injected 75 keV NBI deuterons in the outer midplane 
edge plasma. It is within the genre of NBI-driven edge ICE in KSTAR[11] and LHD[12,13].  
We have established points of contact with ICE driven by fusion products in JET[15], and 
explored ICE driven by NBI ions to support the current ongoing research at DIII-D[7,9]. 
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