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Abstract

During bursty MHD events, transient ion cyclotron emission (ICE) is ob-

served from deuterium plasmas in the Large Helical Device (LHD) heliotron-

stellarator. Unusually, the frequencies of the successive ICE spectral peaks

are not close to integer multiples of the local cyclotron frequency of an en-

ergetic ion population in the likely emitting region. We show that this ICE

is probably driven by a subset of the fusion-born protons near their birth

energy Ep = 3.02MeV; this subset has a kinetic energy component parallel

to the magnetic �eld, mpv
2
‖/2, signi�cantly greater than its perpendicular

energy mpv
2
⊥/2, for which v⊥ ∼ VA, the Alfvén speed. First principles com-

putations of the collective relaxation of this proton population, within a

majority thermal deuterium plasma, are carried out using a particle-in-cell

approach. This captures the full gyro-orbit kinetics of all ions which, to-

gether with an electron �uid, evolve self-consistently with the electric and
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1 INTRODUCTION 3

magnetic �elds under the Maxwell-Lorentz equations. We �nd substantial

frequency shifts in the peaks of the simulated ICE spectra, and these cor-

respond closely to the measured ICE spectra. The present study proposes

that the transient ICE in LHD is generated by the identi�ed subset of the

fusion-born protons, relaxing under the magnetoacoustic cyclotron instabil-

ity. So far as is known, this is the �rst report of a collective radiation signal

from fusion-born ions in a non-tokamak magnetically con�ned plasma.

1 Introduction

The initial deuterium plasma campaign [1, 2, 3, 4, 5, 6, 7, 8] on the Large Heli-

cal Device (LHD) heliotron-stellarator has provided interesting new opportunities

to study the fundamental physics of ion cyclotron emission (ICE) [9]. ICE was

detected both during perpendicular deuterium neutral beam injection (NBI)[10]

and during transient events. In this paper, we focus on the ICE that arises during

transient events [11, 12, 13, 14, 15, 16, 17] which may be caused by the heli-

cally trapped energetic-ion-driven resistive interchange MHD mode (EIC), char-

acterised by the mode numbers m = 1 and n = 1 (poloidal and toroidal respec-

tively) [11, 12, 13, 14]. The abrupt onset of an associated tongue-shaped magnetic

surface deformation has been reported in LHD [16, 17]. Contemporaneously, brief

intense RF signals are detected in the hundreds of megahertz range, during which

spectral peaks whose origin we address in this paper are found with a typical
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spacing of 20MHz to 25MHz.

The much higher fusion reactivity of deuterium plasmas in LHD, compared to the

negligible levels in previous hydrogen plasmas, generates fusion-born protons with

energy Ep = 3.02 MeV. We propose here that a subset of these protons, with super-

Alfvénic parallel velocities, are responsible for the transient ICE signal (shown,

for example, in Fig. 1) that is observed during bursting events. This ICE signal

is distinctive [18]: unusually, the frequencies of the successive spectral peaks are

not close to integer multiples of the local cyclotron frequency of the energetic ion

populations in the likely emitting region, whether fusion-born or neutral beam

injected (NBI). We investigate how this ICE may be excited, and identify the

likely physical origin of its distinctive frequency shift, by carrying out direct nu-

merical simulations using a hybrid particle-in-cell (PIC) approach [19, 20, 21, 22].

Our computations follow the full gyro-orbit kinetics of hundreds of millions of

ions, including both minority energetic ions (protons at 3.02 MeV) and majority

thermal deuterons, together with an electron �uid, evolving self-consistently with

the electric and magnetic �elds under the Maxwell-Lorentz system of equations.

The simulation domain spans one spatial axis and all three velocity coordinates

(1D3V).

This PIC-hybrid approach was recently applied successfully to the interpretation

of ICE from NBI protons in hydrogen plasmas in LHD [23]. In related work, the

applicability of PIC computations for interpreting ICE from a subset of fusion-



1 INTRODUCTION 5

born protons in deuterium plasmas was recently demonstrated for KSTAR obser-

vations [24, 25], and also for ICE driven by NBI deuterons in KSTAR deuterium

plasmas [26]. In all these recent cases, as in the early ICE observations in JET [9]

and TFTR [27] for example, the experimentally observed ICE spectral peaks are

close to the cyclotron frequency of the energetic ions in the emitting region in the

outer midplane plasma. In the corresponding PIC and PIC-hybrid computations

[28, 21, 29, 22, 24, 25, 23], the minority energetic ion population is initialised

with a physically motivated non-Maxwellian distribution in velocity space. This

population then relaxes collectively under the magnetoacoustic cyclotron insta-

bility (MCI) [30, 31, 32], which in these simulations manifests at the level of the

Maxwell-Lorentz dynamics of the individual particles and the self-consistent �elds.

The spatiotemporal Fourier transforms of the excited electric and magnetic �elds

that arise in the PIC-based computations then yield simulated ICE spectra, which

compare well with observations.

Identi�cation of the initial distribution in velocity space of the candidate ICE-

generating energetic ion population, prior to relaxation under the MCI, is central

to this approach. It typically rests on particle orbit studies, for example Fig. 14

of Ref. [9], Fig. 2 of Ref. [33], Fig. 2 of Ref. [24], Fig. 3 of Ref. [26] and Refs.

[34, 35]. For the present application, we develop, as follows, our hypothesis for the

velocity space distribution of the emitting sub-population of the protons recently

born in deuterium fusion reactions with energy Ep = 3.02 MeV, which implies
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that the emission location corresponds to the edge plasma. We �rst assume that,

as usual, this ICE is dominated by waves propagating close to perpendicular to

the local background magnetic �eld. Speci�cally, these waves are on the fast

Alfvén-cyclotron harmonic wave branch; this follows from the analytical theory

of the MCI [31], and is con�rmed by analysis of the oscillations self-consistently

excited in �rst principles PIC-based computations [28]. We assume that the ICE

is primarily driven by a sub-population which can be characterised by a highly

non-Maxwellian velocity space distribution, which we can model approximately

in terms of a drifting-ring velocity distribution [36]

f
(
v‖, v⊥

)
=
nenerg.

2πv⊥
δ (v⊥ − v⊥,0) δ

(
v‖ − v‖,0

)
(1)

whose free parameters are its density nenerg., v⊥,0 and v‖,0. On the basis of many

previous studies of ICE and its driving instability, the MCI [37, 38, 39, 40, 41, 23],

we �x v⊥,0 to be close to the local Alf�ven speed VA, because this is a necessary con-

dition for ICE to be strongly driven. We assume the driving ions are fusion-born

protons at their birth energy Ep = 3.02MeV because ICE unfolds on µs timescales

during which no signi�cant slowing-down occurs, such that their corresponding

parallel component of kinetic energy is then

v2‖,0 =
2

mp

Ep − v2⊥,0 (2)
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This de�nes a value for v‖,0 > v⊥,0 ≈ VA which, when used in the PIC computa-

tions, gives rise to substantial spectral shifts in the simulated spectra. We shall

show that these shifts correspond closely to the measured di�erences between ICE

spectral peak frequencies and the integer harmonics of the local proton cyclotron

frequency, that are observed during the transient events in LHD [11, 12, 16]. This

tends to con�rm our identi�cation of the dominant ICE-generating energetic ion

population as this particular subset of the fusion-born protons near their birth

energy.

The present study is topical, in that recent observations from ASDEX-Upgrade

[42] and DIII-D [43] exhibit increasing diversity and complexity in the distribu-

tion of ICE spectral peaks. There may be multiple candidate energetic ion species,

both fusion-born and NBI, either sub- or super-Alfvénic, furthermore ICE is de-

tected from the core plasma [44, 45], as well as from its traditional locus near the

outer midplane edge [46, 43]. Frequency shifts of the kind examined here intro-

duce a further degree of freedom to the frequency at which ICE spectral peaks are

observed [37, 27, 33, 47, 48]. There is thus a new challenge, which one might term

ICE plasma chemistry, in identifying the most likely ICE-generating ion species,

together with their locations, from contemporary observed spectra where these

are not immediately obvious. The localisation of the ICE-generating subset in

velocity space, which follows from the present analysis of the LHD data presented

in Figs. 1 and 2, provides an example of the reconstruction of the zeroth-order
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features of the velocity space distribution function of an energetic ion population,

based solely on ICE measurements [36, 49, 50, 51]. This in turn illustrates the

diagnostic potential of ICE.

2 Observations of ICE during the transient event

in LHD plasma 133979

The ICE acquisition system on LHD has been developed in partnership with

KSTAR [52, 53, 54]. The measurement system comprises a dipole antenna located

in the 10-O port of LHD, inside the vacuum vessel. A fast digitizer performs direct

sampling of the radiofrequency measurements at a frequency of 1.25 GSamples/s.

The time evolution of the RF signal intensity is collected by a 14-channel �lter

bank spectrometer in the range of 70MHz to 2800 MHz, with intermediate spectral

resolution and with µs time resolution for a duration spanning the whole plasma

discharge [54].

A distinctive ICE signal, in the frequency range between 200MHz and 300MHz,

was detected during a transient event in LHD deuterium plasma 133979. This

was heated with deuterium and hydrogen NBI: 59keV perpendicular and 170keV

tangential, respectively. The measured perturbed magnetic �eld time series shown

in Fig. 1 has spectral peaks (see also Fig. 2) whose separation could be related

to the cyclotron frequency of an energetic ion species: in particular, the 3.02MeV
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fusion-born protons, born in deuteron-deuteron fusion reactions. As we describe

below, these spectra are di�erent from ICE previously investigated. First the

peaks appear to have undergone substantial Doppler shifts with respect to local

integer cyclotron harmonics; and second, the frequency interval between successive

peaks is not strictly uniform. As an example of this ICE phenomenology, the top

left panel of Fig. 1 shows the time series of the magnetic �eld intensity of the

bursting ICE at t ≈ 4.443s in LHD plasma 133979, and the top right panel shows

the corresponding spectrogram displaying intense radio frequency activity in the

hundreds of megahertz range. This spectrogram is plotted with increasingly high

time resolution in the two bottom panels of Fig. 2. We shall show that these

e�ects can arise naturally from the substantial super-Alfvénic parallel velocity of

the energetic protons that, we argue, drive this ICE.
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Figure 1: ICE phenomenology measured during the bursty MHD event in LHD
plasma 133979. (Top left) Time series of the magnetic �eld �uctuations (au). (Top
right) Corresponding windowed Fourier transform showing the time evolution of
the frequency content in the hundreds of MHz range. (Bottom panels) The ICE
feature plotted at higher time resolution across narrower frequency domains.

Figure 2 presents two ICE power spectra, taken (top) just before the bursty

event at t = 4.440s, and (bottom) during the event at t = 4.444s. The major

di�erence consists in the appearance during the burst of the three peaks labelled

b, c, d in the lower panel, together with peak a. The average of the slightly unequal

frequency separations between these peaks b, c and d is ∆f = 26.6MHz. Figure

3 displays the time evolution of the measured neutron �ux between t = 3.0s and

t = 5.5s during LHD plasma 133979. This signal reaches its maximum value
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Figure 2: ICE power spectra from LHD plasma 133979 before (top panel) and
during (bottom) the bursty MHD event. The spectrum at the time of the bursty
event exhibits three intense peaks b, c and d, together with peak a, and there
is additional activity above 300MHz. The peaks b, c and d are at 255.1MHz,
281.7MHz and 308.2 MHz; peak a is at 32.73MHz.
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Figure 3: Measured neutron �ux from LHD plasma 133979 plotted versus time
(in seconds). The signal reaches peak amplitude at t ∼ 4.43s, slightly before the
bursty event occurs.

at t ∼ 4.43s shortly before the bursty event, and decreases following it; there is

probably a causal link [6] which results in an inversion in the velocity space of

the fusion-born protons capable of driving ICE. The top panel of Fig. 4 shows

that the NBI power is steady around the time of the burst, between 4.4s and 4.6s.

The middle and bottom panels plot the time evolution of the power radiated

by the plasma in six di�erent radio frequency channels, between 100MHz and

800MHz. Intense transient activity is visible. The origin of the activity at the

highest frequencies, 600MHz and 880MHz in the bottom panel, is not clear. In

the present paper, we focus on the energetic ion physics underlying the radio

frequency bursts in the range 200MHz to 300MHz.
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Figure 4: (Top) Time evolution of NBI power and (lower two panels) radio fre-
quency intensity emitted from the plasma across six frequency channels. The two
blue vertical dashed lines indicate the times just before the burst at t = 4.440s,
and during the burst at t = 4.444s, that correspond to the ICE spectra in Fig. 2.
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3 Identi�cation of the candidate sub-population

fusion-born protons

The redistribution of the initially helically-trapped ions that are implicated in

burst kinetic MHD [11, 12, 14] or abrupt tongue deformation [16, 17] could gen-

erate a distinct, transient, highly non-Maxwellian distribution in velocity space,

perhaps involving the expelled ions and freshly trapped ions. Let us therefore

make the assumption (for this, or some as-yet-unknown, reason) that a transient,

spatially localised, highly non-Maxwellian population of 3.02MeV fusion-born pro-

tons could be responsible for the ICE spectral peaks b, c and d in Fig. 2. Our

initial goal is then to perform multiple PIC-hybrid computations of the collective

relaxation of these highly energetic protons, using the plasma parameters at an

appropriately inferred ICE emission location; and to investigate whether the re-

sulting simulated ICE power spectra are compatible with the measurements in

Fig. 2. In this section, we identify the fundamental cyclotron frequency with the

mean frequency spacing between the peaks b, c and d. This allows us to determine

the emission location and thus the plasma parameters necessary to initialise our

simulations in section 4. Alternatively in section 5, peak a de�nes the fundamental

cyclotron frequency from which steps of section 4 are repeated. These approaches

share the assumption that these peaks have a common emisson location. If the ra-

diation is generated by protons, identifying the 26.6MHz mean frequency spacing
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Figure 5: (Left) Pro�le of magnetic �eld strength as a function of major radius in
LHD, overplotted on a poloidal cut of magnetic surfaces. (Right) Radial pro�le of
electron and ion temperature (upper) and electron number density (lower), around
the burst occurrence time t ≈ 4.43s. In the poloidal cross section which has
horizontal elongation, magnetic �eld strength 1.75T corresponds to R = 4.521m.

between these peaks as an indicative local proton cyclotron frequency implies a lo-

cal magnetic �eld strength of 1.75T, see Fig. 5. The corresponding radius in LHD

magnetic geometry is 4.521m, which is close to the last closed magnetic surface.

The electron and deuterium temperatures at this estimated emission location are

846eV and 907eV respectively, while the electron number density is 8.8x1018m−3;

these are used as input parameters in our PIC-hybrid simulations.

The table [35] displayed as Fig. 6 gives the computed time after which 3.02MeV

protons are lost, as a function of their radial birth location and of their initial

pitch angle, evaluated in the equatorial plane of LHD. The red boxes are the ini-

tial locations corresponding to uncon�ned fusion-born protons. Conversely, there
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Figure 6: Table from Ref. [35] showing the time after which a 3.02 MeV proton
born in LHD is lost as a function of major radial location and pitch angle (de�ned
by Eq. 6) at birth, evaluated on the equatorial plane of LHD. Each number in
this table is the time before loss, in milliseconds. Red boxes denote promptly
lost protons. The remaining protons constitute the local con�ned population and
de�ne its velocity distribution. The underlying calculation [35] tracks the guiding
centre, and collisions are neglected because their timescale is long compared to
the timescales on which ICE unfolds.

is the possibility for fusion-born protons to remain on con�ned trajectories [55].

Further studies have shown that other particles in the MeV energy range can be

con�ned in LHD [55], for example some 15MeV protons resulting from the D +

3He → 4He (3.67 MeV) + p (15 MeV) reaction are con�ned over the chaotic �eld

line region [56]. In order to make use of the information in Fig. 6 to establish

whether the candidate ICE-generating protons at the location of the ICE bursts

are indeed con�ned, we need to establish a mapping between particle velocity

vectors there and at the birth location. We �rst calculate the magnetic moment
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of the potentially con�ned sub-population of 3.02MeV fusion-born protons at the

burst location, which we denote by

µICE =
mHv

2
⊥,burst

2Bburst

(3)

Here the value of v⊥,burst, which denotes the perpendicular velocity of the ICE-

emitting ions at the burst location, is not exactly known but is strongly con-

strained, as we describe below; and we assume Bburst = BICE = 1.75T, as already

established. We now invoke the conservation of magnetic moment µICE = µR,

with µR = mHv⊥,R/2BR the magnetic moment at major radius R, where the local

perpendicular velocities of the protons is denoted by v⊥,R, and the corresponding

local magnetic �eld is denoted BR. It follows that

v⊥,R =

√
2BRµICE

mH

(4)

Equating the total kinetic energy, which is the sum of perpendicular and parallel

components, to the birth energy, we have

1

2
mHv

2
R =

1

2
mHv

2
⊥,R +

1

2
mHv

2
‖,R = 3.02MeV (5)
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We can then compute the pitch angles α at the inferred birth locations,

α = arcsin

(
v⊥,R
vR

)
(6)

for v⊥,burst = [0.8, 0.9, 1.0, 1.1, 1.2]VA at R = 4.521m. This range of values for

v⊥,burst/VA is chosen because it is known to give strong drive for the MCI and

hence ICE [28]. Finally, we compare these values with those tabulated in Fig. 6,

to �nd out whether these protons are born on con�ned trajectories. The values of

α are displayed in Table 1, and suggest that the protons that intersect the burst

location in the range of velocities considered were originally born on con�ned

trajectories, as identi�ed for LHD in Fig. 6.

R (m) 3.10 3.20 3.30 3.40 3.50 3.60 3.70 3.80 3.90 4.00 4.10 4.20 4.30 4.40 4.50 4.60
BR (T) 2.28 2.42 2.56 2.64 2.68 2.69 2.66 2.61 2.53 2.43 2.33 2.20 2.06 1.92 1.78 1.65

0.8VA 20.29 20.94 21.56 21.91 22.08 22.13 21.98 21.78 21.42 20.99 20.52 19.91 19.23 18.55 17.83 17.14
0.9VA 22.96 23.71 24.42 24.82 25.01 25.07 24.91 24.68 24.26 23.76 23.22 22.53 21.75 20.97 20.15 19.36
1.0VA 25.69 26.54 27.35 27.80 28.02 28.09 27.90 27.64 27.17 26.59 25.98 25.19 24.31 23.44 22.51 21.61
1.1VA 28.48 29.44 30.35 30.87 31.12 31.19 30.98 30.68 30.15 29.50 28.81 27.92 26.93 25.94 24.90 23.90
1.2VA 31.34 32.42 33.45 34.04 34.32 34.40 34.16 33.83 33.22 32.49 31.72 30.72 29.60 28.51 27.35 26.23

Table 1: Birth pitch angles α, de�ned by Eq. 6, expressed in degrees at di�erent
major radial locations R, which for a 3.02 MeV proton lead to perpendicular
velocities of v⊥,burst = (0.8, 0.9, 1.0, 1.1, 1.2)VA at R=4.521m. It follows that these
protons lie in the con�ned region of (α,R) parameter space delineated by the lower
black region in Fig. 6 since the pitch angles calculated here do not exceed 35◦.
These pitch angle values are therefore smaller than those which lead to promptly
lost ions indicated in Fig. 6 for the range R = 3.10m to R = 4.60m.



4 SIMULATIONS OF BURSTING ICE FROM LHD PLASMA 133979 19

The foregoing suggests that 3.02MeV protons with perpendicular velocities in the

range v⊥,burst = [0.8−1.2]VA at the location of interest are on con�ned trajectories.

In the next section, we will show that they could e�ciently drive the observed

transient ICE signal. In contrast, the velocities of the energetic deuterons from

perpendicular NBI are very sub-Alfvénic at the ICE location. Typically, these

have v⊥/VA < 0.3, so that their ability to drive the MCI would be weak [23, 25],

and we need not consider them further here.

4 Simulations of bursting ICE from LHD plasma

133979

4.1 Frequency shifts and energy partitioning

The three intense peaks b, c and d in Fig. 2 are at frequencies 255.1, 287.1 and

308.2 MHz. In the preceding section, we used the average spacing between neigh-

bouring peaks, 26.6MHz, as an interim value for the proton cyclotron frequency

ΩH at the ICE location. If we normalize the three spectral peak frequencies to

26.6MHz, they would correspond to proton cyclotron harmonics 9.6, 10.6 and 11.6,

which are evidently not integer multiples of the fundamental. To progress, we �rst

evaluate the frequency di�erences between the measured spectral peaks and the
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nearest sequence of integer harmonics of ΩH , which could be either (9, 10, 11) or

(10, 11, 12). If we evaluate [308.2, 281.7, 255.1] MHz −26.6 × [11, 10, 9] MHz, we

obtain positive shifts that equate to [15.6, 15.6, 15.7] MHz, or 0.6×26.6MHz. The

shifts are negative with respect to harmonics 10, 11 and 12: [308.2, 281.7, 255.1]

MHz −26.6×[12, 11, 10] MHz = [−11.0,−10.90,−10.90]MHz, or −0.4×26.6 MHz.

In either case, then, the measured frequency shifts relative to integer cyclotron

harmonics have magnitude ' ΩH/2.

Let us �rst examine whether, in principle, in the present context, it is plau-

sible that there could arise Doppler shifts of 15.7MHz (harmonics 9,10,11) or

−10.9MHz (harmonics 10,11,12). It is well known [57, 28, 21] that to excite the

MCI requires the energetic ions to have perpendicular velocity v⊥ ≈ VA. If the

total kinetic energy of the ions is su�ciently large that this value of v⊥ is com-

patible with v‖ ' VA also, this would provide scope for Doppler shifts satisfying

k‖v‖ ∼ ΩH if k‖VA ∼ ΩH . This is equivalent to
(
k‖/k⊥

)
k⊥VA ∼ ΩH . In the MCI,

a quasi-perpendicular fast Alfvén wave is resonant with the nth proton cyclotron

harmonic: ωfast ' k⊥VA ' nΩH . The MCI is typically [9] most strongly driven

around the tenth proton cyclotron harmonic in deuterium plasmas, i.e. n = 10,

see Fig. 1 of Refs. [28, 21] and Fig. 4 of Ref. [25]. For su�ciently energetic ions

undergoing the MCI, this suggests it is therefore possible to satisfy k‖v‖ ∼ ΩH at

ω ∼ nΩH if k‖/k⊥ ∼ 1/n. It follows - but only at back-of-envelope level - that it

might be possible for a strongly non-Maxwellian population of 3.02MeV protons
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to excite, through the MCI, waves at cyclotron harmonics that are Doppler shifted

by the large amount ∼ ΩH/2 that is observed. As an illustration, let us suppose

∣∣k‖v‖∣∣ ∼ ΩH/2 (7)

for waves excited on the fast Alfvén branch at the tenth harmonic of ΩH , so that

ω ∼ k⊥VA ∼ 10ΩH (8)

Then upon taking the ratio of each side of Eqs. 7 and 8, we �nd

k‖
k⊥
∼ VA

20u‖
∼ 1

48.4
(9)

for the case u‖ = 2.42VA which is inferred from Eq. 10 of Section 4.3 when

u⊥ = 1.05VA. It follows that fast Alfvén waves propagating only 1◦ or 2◦ from per-

pendicular to B0 could in principle undergo wave-particle cyclotron harmonic res-

onance at the required, highly shifted, frequency of approximately 10ΩH ±ΩH/2.

The question then is: are such waves actually excited? This motivates our direct

numerical simulations reported below.

Table 2 displays the consequences of di�erent partitions of the 3.02MeV proton

birth energy into perpendicular and parallel components, in terms of the cor-

responding perpendicular and parallel velocities normalised to the local Alfvén
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Species v⊥/VA Energy ⊥ (keV) v‖/VA Energy ‖ (keV) ωDrift/ΩH

H 0.50 108.16 2.59 2891.84 0.0144
H 0.60 155.76 2.56 2844.24 0.0143
H 0.63 170.00 2.63 2830.00 0.0142
H 0.70 212.00 2.54 2788.00 0.0141
H 0.80 276.90 2.51 2723.10 0.0140
H 0.90 350.45 2.47 2649.55 0.0138
H 1.00 432.66 2.44 2567.34 0.0136
H 1.10 523.52 2.39 2476.48 0.0134
H 1.20 623.03 2.34 2.376.97 0.0131

Table 2: The consequences of di�erent partitions of 3.02MeV proton energy into
perpendicular and parallel components, expressed in terms of velocities normalised
to the local Alfvén speed in the ICE emitting region of LHD plasma 133979 during
the bursty event at t = 4.444sec. The last column shows the corresponding
circulation frequency due to the combined curvature and grad B guiding centre
drifts, and demonstrates that this is small compared to ΩH .

speed at the emission location in LHD. In addition, the last column shows that

the Doppler shift due to the combined curvature and grad B drift [58] is an order

of magnitude smaller than the frequency shift inferred from the measured power

spectrum in Fig. 2. We shall use PIC-hybrid simulations to explore the range

of k‖ which, together with v‖, could result in frequency shifts consistent with

the measured ICE power spectrum. Hitherto, no wavenumber measurements of

ICE have been reported from LHD. Each PIC-hybrid computation is run at a

given angle between the magnetic �eld B0 and the 1D spatial simulation domain,

which we identify as the outward radial direction in LHD, and which de�nes the
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orientation of possible k vectors.

4.2 Simulations with zero parallel velocity

As a �rst step in isolating the role of v‖, we run simulations for which v‖ = 0, so

that the initial velocity distribution function of protons is given by a ring beam

fH = nproton/ (2πv⊥) δ
(
v‖
)
δ (v⊥ − u⊥). This enables us to focus on the role of u⊥.

We know that u⊥ ≈ VA is necessary for the MCI to occur. With u⊥ in this range,

and u‖ = 0 for now, the total kinetic energy of such protons is less than 3.02MeV.

We explore a range of perpendicuar velocities from u⊥ = 0.8VA to 1.2VA. These

computations use 500 particles per cell for the thermal deuterons and for the

fast protons, and represent the electrons as a massless �uid. The grid has 1024

cells, and the cell size is chosen such that the cold plasma dispersion relation is

recovered from the spatiotemporal Fourier transform of the electric and magnetic

�eld �uctuations, in the appropriate limit. The time evolution of the �elds and

of the ion species energy density from our PIC-hybrid simulations show that the

collective relaxation of the 3.02MeV proton population is governed by the MCI,

as seen in Fig. 7. It is known that the MCI drive scales with the relative number

density ξ = nproton/ne in the relevant regime [22]. In the simulations described

below, the value of ξ is chosen to saturate the MCI within 20τD: ξ = 0.0025 for

orientation of the spatial domain with respect to B0 of 90.5◦, 91.0◦ and 91.5◦;

and ξ = 0.0050 for 92.0◦. This approach optimises the use of computational re-
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Figure 7: Time evolution of the energy density change of the �elds and of the
thermal deuterons and fusion-born proton population. The latter collectively
relaxes under the MCI and cedes its energy to excite the electric and magnetic
�elds, and cause the thermal deuterons to oscillate self-consistently. The magenta
and green traces correspond to the y and z-component of the magnetic �eld. The
blue and red curves show the energy density change of the x-component of the
electric �eld and of the thermal deuterons respectively. The propagation angle
between the simulation domain and the background magnetic �eld B0 is 91◦. The
time is normalised to the deuteron gyroperiod τD.
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sources (each simulation requires two hours on 56 cores) without compromising

the physics.

The resulting power spectra shown in Fig. 8 are for a range of values of the

perpendicular component of velocity 0.8 ≤ u⊥/VA ≤ 1.2. The spectral peaks are

at successive proton cyclotron harmonics, and in this respect they di�er, as ex-

pected, from the LHD ICE observations in Fig. 2 that we seek to explain. These

preliminary simulation results are encouraging in relation to the essential feature

of the ICE spectrum in Fig. 2, measured during the LHD transient, in that the

simulated spectra are dominated by a few cyclotron harmonic peaks in the fre-

quency range between ω = 8ΩH and 12ΩH .

The magnitude of the most strongly driven spectral peaks in Fig. 8 tends to

decrease monotonically as u⊥ increases, and this feature is most notable when

the propagation angle gets closer to 90◦. Figure 9 shows the sensitivity of the

spectral peak maxima to the propagation angle, as well as to the perpendicu-

lar beam velocity in the range 0.925 ≤ u⊥/VA ≤ 1.050. It con�rms that, in

these initial computations for the restricted case u‖ = 0, the MCI of a ring-beam

population of energetic protons with u⊥ ∼ VA generates simulated ICE spectra

whose dominant peaks are in the observationally signi�cant range between 9ΩH

and 12ΩH . We have found that this spectral range is also dominant for an ini-

tial fast proton distribution which incorporates perpendicular thermal spread [36]

fH ∝ exp
[
− (v⊥ − u⊥)2 /v2⊥,r

]
with v⊥,r = 0.15u⊥.
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Figure 8: Power spectra of the excited δBz energy density in multiple computa-
tions of the relaxation of a ring-beam (v‖ = 0) distribution of protons for LHD
plasma 133979 parameters at the time and location of the bursting ICE event.
For the �ve spectra plotted in each panel, the protons have purely perpendicular
velocity u⊥: from top, u⊥ = 1.2VA, 1.1VA, 1.0VA, 0.9VA and 0.8VA. The propaga-
tion angle between k and B0 is 90.5◦ (top left), 91.0◦ (top right), 91.5◦ (bottom
left), 92.0◦ (bottom right).
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Figure 9: Power spectra for oscillations excited by a ring-beam (v‖ = 0 proton
population) at a propagation angle of 91.0◦ (left), and 90.8◦ (right), for di�erent
perpendicular beam velocities (inset), in the range 0.925 ≤ u⊥/VA ≤ 1.050. In
both cases, the four dominant spectral peaks that result from the simulations
are the ninth to twelfth harmonics of ΩH . These correspond exactly to the four
cyclotron harmonics of greatest relevance to the interpretation of the measured
ICE spectral peaks b, c and d in Fig. 2.
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4.3 Simulations with realistic parallel velocity

The simulation results obtained in the preceding sub-section 4.2, for the case

where the driving proton population has no velocity component parallel to the

magnetic �eld, indicate that the range of angles and u⊥/VA values considered

give rise to healthy, and potentially experimentally relevant, MCI-driven power

spectra. Let us now focus in particular on u⊥/VA = 1.05, and introduce parallel

velocities into our approach. For fusion-born protons, the initial kinetic energy

E =
(
u2⊥ + u2‖

)
/2mH = 3.02MeV. Since

u‖ =
[
2E/mH − (u⊥)2

]1/2
(10)

it follows that if u⊥ = 1.05VA, then u‖ = 2.42VA for a 3.02MeV proton. In

the series of PIC-hybrid computations described in this sub-section, we use these

values for u⊥ and u‖ (together with other pairings derived in the same way; see

Table 2) as parameters in the simple model distribution function of the fusion-born

protons

fH
(
v⊥, v‖

)
=

nH

2πv⊥
δ(v‖ − u‖)δ(v⊥ − u⊥) (11)

We have run PIC-hybrid simulations for minority 3.02MeV proton populations,

initialised using Eqs. 10 and 11, in majority thermal deuterium plasmas. We

use 2000 particles per cell for each ion species, with 8192 cells, and a duration of

15τD. Power spectra are constructed from the spatiotemporal Fourier transform
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Figure 10: The power spectrum of δBz (left) is constructed from the spatiotem-
poral Fourier transform of δBz (right). These are plotted on a dB and log10 scale
respectively, for the �elds excited by the relaxation of a 3.02MeV proton popula-
tion initialized with nH/(2πv⊥)δ(v‖−u‖)δ(v⊥−u⊥), u⊥ = 1.05VA and u‖ = 2.42VA.
The propagation angle between k and B0 is 91.0◦, and the majority thermal ions
are deuterons.

of δBz, taken over the full spatial domain and averaged over 15τD. This is shown

on the right panel of Fig. 10, where the fast Alfvén branch and multiple cyclotron

harmonic wave branches are clearly visible. Summing the Fourier transformed

power between k = 0 and k = 24ΩH/VA yields the power spectrum shown on

the left panel in Fig. 10. This is identical to the green trace shown in Fig. 11

(left). Figure 11 shows the power spectra of waves propagating in the +x̂ direction

(corresponding to the direction of the 1D simulation domain) at an angle of 91.0◦

and 90.8◦ with respect to the background magnetic �eld B0. The green power

spectra result from 3.02MeV protons whose parallel and perpendicular velocities
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are u‖ = 2.415VA = 2.199× 107ms−1 and u⊥ = 1.050VA = 0.956× 107ms−1; while

the blue traces have the same value of u⊥ but with u‖ = 0, for comparison (as in

sub-section 4.2). The frequency resolution in the computed spectra is±0.07ΩH . In

the blue cases, for zero u‖, three intense spectral peaks appear at 9ΩH , 10ΩH and

11ΩH . For the green traces in Fig. 11, with u‖ = 2.42VA, the dominant spectral

peaks are at: 9.50ΩH , 10.44ΩH and 11.30ΩH for 91.0◦ propagation angle; and at

9.57ΩH , 10.50ΩH and 11.30ΩH for 90.8◦. We note immediately that the spectral

peak frequencies are shifted by approximately ΩH/2, similar to the observational

shifts noted at the start of sub-section 4.1

For a second set of simulations using protons initialised with u⊥ = 0.950VA =

0.865× 107ms−1 and u‖ = 2.470VA = 2.244× 107ms−1, at a propagation angle of

89.0◦, the MCI-excited spectrum is shown in Fig. 12. This has major peaks at

9.49ΩH , 10.57ΩH and 11.57ΩH .

As noted at the start of sub-section 4.1, the observed frequencies of the ICE

spectral peaks b, c and d in Fig. 2 could be provisionally identi�ed with 9.6ΩH ,

10.6ΩH and 11.6ΩH . The extent of agreement between these experimental values

and the results of �rst principles simulation embodied in the green spectra of

Figs. 11 and 12 appears encouraging. The four dominant spectral peaks as a

function of
(
u⊥, u‖

)
are given in Tables 3 and 4 for waves propagating in the +x̂

direction of the simulation domain, at angles of 91.0◦ and 89.0◦ with respect to

the background magnetic �eld B0.
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Figure 11: Power spectra of δBz from PIC-hybrid computations with the orien-
tation of the spatial domain x̂ at an angle of 91.0◦ (left) and 90.8◦ (right) with
respect to the background magnetic �eld. Only excited waves propagating in the
+x̂ direction are included. The initial energetic proton distribution functions are
nH/(2πv⊥)δ(v‖)δ(v⊥− u⊥) (blue trace) and 1/(2πu⊥)δ(v‖− u‖)δ(v⊥− u⊥) (green
trace). The velocities are u‖ = 2.199 × 107ms−1 and u⊥ = 0.956 × 107ms−1, cor-
responding to u⊥ = 1.05VA and u‖ = 2.42VA and are such that mH(u2‖ + u2⊥)/2 =

3.02MeV. The dominant spectral peaks for the green traces are at: (left) 9.50ΩH ,
10.44ΩH and 11.30ΩH ; (right) 9.57ΩH , 10.50ΩH and 11.30ΩH .
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u⊥, u‖ (VA)
`

9 10 11 12 13 14 15

u⊥ = 0.90, u‖ = 2.48 - - - 11.37 12.30 13.10 13.97
u⊥ = 0.95, u‖ = 2.47 - - 10.44 11.37 12.24 13.04 -
u⊥ = 1.00, u‖ = 2.44 - 9.57 10.44 11.30 12.17 - -
u⊥ = 1.05, u‖ = 2.42 - 9.50 10.44 11.30 12.10 -
u⊥ = 1.10, u‖ = 2.39 8.70 9.57 10.37 11.17 - -

Table 3: Location of the four major peaks in the simulated ICE spectrum, in units
of ΩH , for drifting ring-beam populations of minority 3.02 MeV protons initialised
with �ve di�erent combinations of (u⊥, u‖) as shown. In all cases the waves are
forward propagating, and the propagation angle between the simulation domain
and the background magnetic �eld B0 is 91.0◦. The frequency resolution in the
computed spectra is ±0.07ΩH .

There is a further potentially signi�cant aspect to the simulated power spectra

shown by green traces in Figs. 11 and 12, which correspond to simulations with

super-Alfvénic u‖: the peaks at lower frequencies lie very close to low integer

cyclotron harmonics. This is in contrast to the substantial frequency shifts that

are visible at higher harmonics, and are tabulated in Tables 3 and 4. The absence

of a shift for the lowest frequency spectral peaks in our simulations suggests that,

in the measured LHD ICE spectrum of Fig. 2, the spectral peak a at the lowest

frequency may de�ne the proton cyclotron frequency at the location from which

the ICE originates. We shall exploit this and explain it in section 5.
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u⊥, u‖ (VA)
`

7 8 9 10 11 12 13

u⊥ = 0.90, u‖ = 2.48 - - - 10.57 11.64 12.64 13.7
u⊥ = 0.95, u‖ = 2.47 - - 9.50 10.57 11.57 12.57 -
u⊥ = 1.00, u‖ = 2.44 - 8.44 9.50 10.50 11.50 - -
u⊥ = 1.05, u‖ = 2.42 7.30 8.37 9.44 10.37 - - -
u⊥ = 1.10, u‖ = 2.39 7.30 8.37 9.44 10.37 - - -

Table 4: The same as Table 3 for a propagation angle of 89◦.
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Figure 12: Power spectrum of δBz from a PIC-hybrid computation for waves
excited propagating in the +x̂ direction, which is oriented at an angle of 89.0◦ with
respect to the background magnetic �eld. The initial energetic proton distribution
functions have the form de�ned in the caption to Fig. 11, with u⊥ = 0.95VA and
u‖ = 2.47VA. The dominant spectral peaks for the green traces are at 9.49ΩH ,
10.57ΩH and 11.57ΩH .
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5 Simulations using the lowest ICE spectral peak

as a point of reference

Thus far, we have focused on the three peaks between 250 and 310MHz in the

observed transient ICE power spectrum, Fig. 2, during LHD deuterium plasma

133979. The simulated ICE spectra that also result from our �rst principles PIC-

hybrid computations, shown in Figs. 11 to 12, strongly suggest that these three

observed ICE spectral peaks arise from MCI physics in the frequency range be-

tween about seven and eleven proton cyclotron harmonics. These three peaks are

strongly shifted with respect to integer multiples of ΩH in our simulations corre-

sponding to the green traces in Figs. 11 and 12, and this feature quantitatively

reinforces the link to the ICE observations. At the fundamental of ΩH , however,

the green traces exhibit no signi�cant frequency shift. This motivates the hypoth-

esis that, in the observed ICE spectrum, a spectral peak in the frequency range

comparable to ΩH is, indeed, exactly at ΩH . In the present section, we adopt this

hypothesis in relation to the spectral peak labelled a in Fig. 2, and then follow

its implications for the observed and simulated ICE spectra.

Let us �rst take the di�erence between the measured ICE power spectra before and

during the burst event, in order to distinguish the spectral peaks that result from

the burst event. This di�erenced ICE spectrum is plotted in Fig. 13, which can be

considered as variant of Fig. 2. In Fig. 13, peak a appears at 32.73MHz, while the
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three intense peaks b, c and d are at 252.3, 280.7 and 304.2MHz. Following the dis-

cussion in the preceding paragraph, the proton cyclotron frequency inferred from

peak a is ΩH = 32.73MHz. This di�ers from the value ΩH = 26.6MHz used hith-

erto, which was estimated from the mean frequency separation of peaks b, c and

d in Fig. 2. It implies a slightly di�erent radial location, hence correspondingly

di�erent local plasma parameters which are used in our next set of simulations.

The assumption that ΩH = 32.73MHz implies that the frequencies of the spectral

peaks b, c and d correspond to 7.71ΩH , 8.58ΩH and 9.29 ΩH if they are excited at

the same spatial location. This radial location is characterised by the local mag-

netic �eld strength B ' 2.147T, which for LHD outer edge implies R = 4.234m.

At that position, the local plasma parameters including electron number density

ne = 1.171×1019m−3, thermal deuteron temperature Ti = 2.4337keV and electron

temperature Te = 2.0466keV.

Using these parameters, we have run multiple PIC-hybrid computations for

3.02MeV protons with values of u⊥/VA in the range [0.8, 1.3]. As in sub-section

4.3, the corresponding parallel velocity u‖ is obtained using Eq. 10. The spa-

tial domain of our 1D3V computations is oriented such that there is an angle of

91.0◦ between B0 and all wavevectors k. The relative number density of energetic

protons at 3.02MeV compared to the thermal deuterons is ξ = 0.001 in our com-

putations. Let us focus on the case u⊥/VA = 1.2. For fusion-born protons at their

birth energy E = 3.02MeV, this implies u‖ =
[
2E/mH − (1.2VA)2

]1/2
= 2.175VA.
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Figure 13: Di�erence between ICE spectra measured before and during the
burst event in LHD plasma 133979, inferred from the dataset underlying Fig.
2. The vertical lines identify spectral peaks at 32.73MHz (red), 65.46MHz (yel-
low), 226.2MHz (purple), 252.3MHz (green), 280.7MHz (cyan), and 304.2MHz
(dark red) MHz. These frequencies normalized to 32.73 MHz yield 1, 2, 6.911,
7.709, 8.576 and 9.294.
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We therefore initialise the velocity distribution of energetic protons with param-

eter values u⊥ = 1.2VA and u‖ = 2.175VA in the representation fH
(
v⊥, v‖

)
=

nH/ (2πv⊥) δ(v‖ − u‖)δ(v⊥ − u⊥). The power spectrum of δBz obtained from the

corresponding PIC-hybrid computations is the green trace in Fig. 14. This dis-

plays shifted spectral peaks for the wave travelling forward, the strongest of which

are at 7.64ΩH , 8.57ΩH and 9.44ΩH . These values are remarkably close to those

peaks b, c and d in LHD in Fig. 2 which are at 7.71ΩH , 8.58ΩH and 9.29ΩH . In

contrast, the PIC-hybrid simulated spectrum for an energetic proton population

initialised with u⊥ = 1.2VA and u‖ = 0, plotted with a dark blue trace in Fig. 14,

has dominant peaks at the exact cyclotron harmonics 7ΩH , 8ΩH and 9ΩH . This

outcome suggests that the ICE burst is driven by 3.02MeV fusion-born protons

with u⊥ = 1.2VA and u‖ = 2.175VA. We emphasise that the frequency shift away

from each integer cyclotron harmonic is not the same for all harmonics, and hence

not simply Doppler in origin: both in the observations, and in our simulations.

First principles PIC-hybrid simulations, extending into the nonlinear regime of

the MCI, are essential in recovering the frequency shifts.

An additional feature of interest in Fig. 14 is the relative strength of the peak

at the fundamental ΩH , which is more pronounced than neighbouring harmonics.

The lower harmonics up to ` ≈ 6 are linearly stable in our PIC-hybrid computa-

tions, and are driven later, in the nonlinear stage. This is shown in Fig. 15. This

aspect of MCI physics was discussed in Cook et al. [28], Carbajal et al. [21] and
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u⊥, u‖

`
5 6 7 8 9

u⊥ = 1.100VA, u‖ = 2.228VA 5.769 6.769 7.703 8.570 9.57
u⊥ = 1.200VA, u‖ = 2.175VA 5.835 6.702 7.636 8.570 9.436
u⊥ = 1.250VA, u‖ = 2.147VA 5.769 6.702 7.636 8.570 9.436
u⊥ = 1.300VA, u‖ = 2.117VA 5.769 6.702 7.636 8.570 9.436

Table 5: Spectral peak frequencies in units of ΩH , for four PIC-hybrid compu-
tations appropriate to the location where ΩH = 32.73MHz in LHD. The integer
values of `, labelling columns, denote the cyclotron harmonic for the u‖ = 0 case,
from which the spectral peaks has shifted. These results correspond to waves
propagating at an angle of 91◦ with respect to the background magnetic �eld B0.

Chapman et al. [24, 25].
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Figure 14: Simulated ICE power spectra obtained from two PIC-hybrid compu-
tations for the case ΩH = 32.73MHz with u⊥/VA = 1.2: blue trace, u‖ = 0,
green trace, u‖ = 2.175VA. These parameters determine the initial velocity dis-
tribution of the energetic minority proton population, which is represented by
nH/(2πv⊥)δ(v‖)δ(v⊥ − u⊥). For the green trace, these velocity parameters take
the dimensional values u‖ = 2.106× 107ms−1 and u⊥ = 1.161× 107ms−1 and are
such that 1/2mH(u2‖ + u2⊥) = 3.02MeV, which is the birth enery of fusion-born
protons in deuterium plasma. The blue trace spectral peaks are at integer proton
cyclotron harmonics. In contrast, the three dominant spectral peaks in the green
trace are at 7.64ΩH , 8.57ΩH and 9.44ΩH . The corresponding experimental ICE
spectral peaks from LHD are (see Fig. 13) at 7.71ΩH , 8.58ΩH , and 9.29ΩH . The
simulation domain is oriented at 91◦ to the background magnetic �eld.
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Figure 15: Time evolution of the power density of the spatial fast Fourier trans-
form of δBz, as a function of normalised wavenumber ΩH/VA, shown on a log10

scale. This shows how the distribution of spectral power across proton cy-
clotron harmonic frequency range changes with time in our PIC-hybrid computa-
tions. In both panels, the energetic proton minority population is initialised with
u⊥ = 1.2VA: left panel, u‖ = 0; right panel u‖ = 2.175. The blue (green) traces
in Fig. 14 correspond to time-integrated versions of the left (right) panels here.
The intensity at the fundamental cyclotron frequency increases in the later stage
of the simulations, t ≥ 8τD.
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6 Conclusions

We have obtained power spectra for the �uctuating part of the magnetic �eld δBz

from multiple PIC-hybrid computations of the collisionless relaxation of a fresh

fusion-born proton population. All the simulated ICE spectra show dominant

spectral peaks separated approximately by the cyclotron harmonic frequency ΩH ,

in the frequency range between 8ΩH and 12ΩH , see section 4 (7ΩH and 11ΩH , see

section 5). Our approach attempts to account for all these peaks at once, in which

case one would favor the origin of ICE at 4.234m. In contrast, the newly termed

ICE "chemistry" does not rule out that peak a could originate from a di�erent lo-

cation as compared with the emission location of peaks b, c and d. The observed

peak frequencies are shifted by a signi�cant fraction of ΩH relative to integer

values. We �nd good mappings from the simulated spectra to the three intense

peaks from the measured LHD spectrum in Fig. 2, provided that the protons are

initialised with v‖ ≈ 2.5VA, consistent with v⊥ ≈ VA and Ep = 3.02MeV. The

simulated spectra result from the collisionless relaxation of these protons via the

magnetoacoustic cyclotron instability for parameters relevant to a bursting ICE

event during LHD deuterium plasma 133979. This excites waves that propagate

almost perpendicular to the background magnetic �eld. The simulated results

have been obtained using a simple drifting ring, and additional simulations show

that the inclusion of thermal spread in the ring only slightly a�ects the relative

strength of the most intense harmonics. The propagation angle also a�ects the
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calculated spectra. Having noted these relatively minor sensitivities, the underly-

ing conclusion appears robust: the measured ICE spectrum from LHD deuterium

plasma 133979 shown in Fig. 2 is probably excited by the fast relaxation of a

transient local population of fusion-born protons at 3.02MeV whose perpendicu-

lar velocity is close to the Alfvén speed, and whose parallel velocity is therefore

∼ 2.5 times higher. We believe this may be the �rst observation of collective

radiation from a con�ned population of fusion born-ions to be reported from a

heliotron-stellarator plasma.
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