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Abstract

Ion cyclotron emission (ICE) driven by perpendicular neutral beam-
injected (NBI) deuterons, together with the distinctive ICE driven by
tangential NBI, have been observed from heliotron-stellarator plas-
mas in the Large Helical Device (LHD). Radio frequengy radiation
in the lower hybrid range has also been observed ||, swith lequency
dependent on plasma density. Here we focus on recentimeasurements
of ICE from deuterium plasmas in LHD, which show substantial vari-
ation in spectral character, between otherwise similar/plasmas that
have different local density in the emitting region. 'Here we analyse
this variation by means of first principles simula.tions, carried out us-
ing a particle-in-cell (PIC) kinetic approach. We show, first, that
this ICE is driven by perpendicular NBI deuterons, freshly ionised
near their injection point.in the outer midplane edge of LHD. We find
that these NBI deuterons undergo collective sub-Alfvénic relaxation,
which we follow deep. into the nonlinear phase of the magnetoacous-
tic cyclotron instability. The frequency and wavenumber dependence
of the saturated amplitudes of the excited fields determine our simu-
lated ICE spectra, and these spectra are obtained for different local
densities corresponding to the different LHD ICE-emitting plasmas.
Thefvariation with density of the spectral character of the simulated
LICE corresponds well with that of the observed ICE from LHD. These
results from heliotron-stellarator plasmas complement recent studies
of density-dependent ICE from tokamak plasmas in KSTAR [2, 3],
where the spectra vary on sub-microsecond timescales after an ELM

crash. Taken together, these results confirm the strongly spatially lo-
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1 INTRODUCTION

calised character of ICE physics, and reinforce the potential of ICE as

a diagnostic of energetic ion populations and of the ambient plasma’

1 Introduction

Ion cyclotron emission (ICE) is widely observed fromsmagnetically con-
fined fusion (MCF) plasmas [1]. In addition to historical obser\vations from
deuterium-tritium plasmas in JET [5, 6] and TFTR [7], since 2017 ICE has
been reported and analysed from the KSTAR4[8, 95 DII-D [10], ASDEX-
Upgrade |11, 12, 13], TUMAN-3M [11| and. EAST [15] tokamaks, and the
LHD heliotron-stellarator [16, 17, 18]. 4 TCE spegtra typically comprise a
succession of narrow, strongly suprathermal, peaks at sequential cyclotron
harmonics of an energetic ion species. These species include fusion-born ions
[0], neutral beam injected (NBI)dens [19], and ions energised by ion cyclotron
resonant heating (ICRH) [20]. The emitting region is identified by match-
ing spectral peak frequencies to local magnetic field strength. While in most
cases it corresponds to the outer midplane edge plasma, ICE from the plasma
core has recently been r?ported from the TUMAN-3M [11], ASDEX-Upgrade
[12] and DII<D [?1] tekamaks. ICE has also been observed in NSTX and
NSTX-U whereit was found to be spatially colocated with internal transport
barriers {22]. It is clear that the plasma physics process responsible for ICE
is the magnetoacoustic cyclotron instability (MCI) [23]. This excites waves
on the fast:Alfvén-cyclotron harmonic branch, by drawing on the free energy
of fast 1ons whose distribution in velocity-space incorporates a population

inversion. The linkage between ICE and the MCI was established by early

analytical studies |24, 25, 26, 27|, and reinforced in the past decade by first
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principles computational studies using the particle-in-cell (PIC) approeach
[28, 29, 30, 31, 20, 3, &, 9]. In outline, the MCI involves the excitation,
through wave-particle cyclotron resonance, of quasi-perpendicular propa-
gating waves on the fast Alfvén-cyclotron harmonic branches. \For these
waves, the perpendicular phase velocity w/k; ~ Vy, with V, the Alfvén
speed, implying that energetic ions with v; ~ V, will dlominatesany wave-
particle resonant instability drive. Such drive is, of course, only possible
at spatial locations where the energetic ion velogity-space distribution near
vy ~ V4 exhibits a population inversion, that is,0@,f /@vy > 0 locally. This
intuitively attractive physics was identified in the pioneering formulation of
the MCI by Belikov and Kolesnichenko [23] and%n subsequent analytical
studies [24, 25, 26, 27]. Tt also‘emerges naturally from PIC-based studies
of the relaxation of energetic ion distributions in majority thermal plasmas
[28, 29, 30, 31, 20, 3, &, 9]. Inthese;the collective instability, and indeed the
normal modes themsélves, are not prior assumptions; instead they emerge
from the summation, over tems.of millions of macroparticles, of self-consistent
gyro-resolved kinetigsrand field evolution.

The notion that thesstrongest drive comes from v; ~ V4 originates in the
mathematical analysis of the linear magnetoacoustic cyclotron instability
(MCI). Specifically the kinetic dielectric tensor elements are rich in Bessel
functions whose @arguments kv, /Q, see for example Eqs. (11) to (13) of
Ref! [26G], becomek, v, (/€2 for the driving energetic ion population, with €
and v g its cyclotron frequency and speed respectively.

Since ) also approximates to k; V4 for the fast Alfvén wave at its funda-
mental cyclotron resonance, the Bessel function argument approximates to

v10/Va. In addition, since the most significant contributions (involving sign

Page 4 of 40



Page 5 of 40

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-104301.R2

1 INTRODUCTION

reversals, etc.) from the Bessel functions and their derivatives concentrate
around where their argument equals unity, linear theory implies in“bread
terms that the dominant contribution to driving the MCI comes from en-
ergetic ions that have v, close to Vy, irrespective of their v)."This line of
reasoning, first developed by Belikov and Kolesnichenko [23] in the 1970s,
also works for nth cyclotron harmonics and corresponding nthiorder Bessel
functions and derivatives, hence the broadly comparable linear/growth rates
calculated across a range of low cyclotron harmonics showmnyin e.g. Fig. 3 of
Ref. [26]. The central role of Bessel function§ in linear"MCI theory carries
over into the sub-Alfvénic regime, see for example Egs. (9, 10 and 16) of
Ref. [32]. The analytical theory of the MCIwhieh®contributes to explaining
many aspects of ICE observations, has recently undergone a renaissance, see
for example Refs. [33, 31|. The suppesition, derived from linear MCI theory,
that ICE observations at preten cyeletron harmonics in KSTAR deuterium
plasma is mainly driven by energetie ions with v; ~ V), turned out to have
predictive power, see Ref. [3]:

The NBIions drivingd€E are not necessarily super-Alfvénic, even marginally.
An early example ofésub-Alfvénic ICE arose in TFTR DT supershots [35].
In the LHD cases considered here, v, o = vyps is less than V4 by factors of
around two, withhoyp; the speed of the NBI ions. This deeply sub-Alfvénic
ICE regime is underexplored in terms of published experimental data. Here
we report three instances from LHD, which we examine using first principles
studies of the nonlinear regime of the MCI, using PIC-type approaches. In
addition, the path taken here differs from that of Ref. [18] for which both the
density and magnetic field were changed in order to vary vypg;/Va, whereas

only the density was changed here. For example, if one adjusts the value of
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vnpr/Va by changing the injection energy of the fast ions (hence the value
of vyps), in principle the bulk plasma parameters could remain invariant.
Whereas if one adjusts the value of vyp;/V4 by changing the plasma density
(hence the value of V), this results also in a change of the value of key bulk
plasma ratios such as plasma frequency to cyclotron frequency, and in the
value of the lower hybrid cutoff. These are, of course; important for fast
wave physics in plasmas.

PIC code algorithms [36] solve the Maxwell-Lorentz system of equations,
typically for tens or hundreds of millions of interacting'charged macropar-
ticles - energetic ions, thermal ions, and electrons - together with the self-
consistent, electric and magnetic fields./ Collective®instabilities thus emerge
at the level of particle kinetics andivfield dynamics. The PIC approach can
retain full gyro-orbit resolution, and is thus particularly suitable for phe-
nomena that incorporate gyroresonance, such as the MCI. In PIC studies
for ICE interpretationjpa minority energetic ion population is initialised with
a distinct, physically motivated, velocity-space inversion. This population
then relaxes under the Maxwell-Lorentz system, while coupled to the ther-
mal ions and electrons, and interacting with, and generating, self-consistent
fields. Typically, the frequency and wavenumber dependence of the sat-
urated amplitudes of the MCl-excited fields determine the simulated ICE
spectragpwhich are then compared to the observed ICE spectra. Our PIC
computational approach, using the hybrid-PIC code |29], is the same as used
in Ref. [18], to which we refer for further detail.

The. foregoing approach was recently applied to observations of ICE from
hydrogen plasmas in LHD, driven by NBI protons injected perpendicular to

the confining magnetic field [18]. A focus of Ref. [18] is the dependence of
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observed ICE properties on whether the NBI protons are super-Alfvénic¢ or
sub-Alfvénic in the emitting region of the plasma; that is, whether vy p/Va
is larger or smaller than unity, where vypg; is the speed of the NBI ions
and V4 the local Alfvén speed. The present computational study .addresses
measurements of ICE from significantly sub-Alfvénic populationssof ener-
getic NBI ions, under conditions where the local density differsisignificantly
between LHD plasmas. At fixed NBI energy and local field strength, the
value of V, is governed by the value of the density. In recent PIC studies of
ICE from the KSTAR tokamak, ICE chirpingon sub-microsecond timescales
during the ELM crash was interpreted 3] in terms of fast density dependence
arising from filament motion. Understanding thexdénsity dependence of ICE
phenomenology is thus topical, both experimentally and in relation to the-
ory and interpretation. In particular, it will assist the exploitation of ICE
measurements to infer the key, features of the velocity-space distribution of

energetic ion populations in MCFE plasmas.

2 Sub-Alfvénic ICE

Ring-beam distributions'in velocity-space, as adopted in the present paper,
are appropriatefor representing freshly ionised populations of NBI ions, and
were used in initial studies of the excitation of electrostatic modes to in-
terpret probe measurements of ICE in TFTR plasmas with deuterium and
tritium NBT in Ref. [27]. This electrostatic instability (as distinct from the
fully electromagnetic treatment now prevalent, including in the present pa-
pet) did not rely on the fast Alfvén wave, and could be driven by significantly

sub-Alfvénic fast ions, given a very narrow distribution of speeds parallel to
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the magnetic field. Computed growth rates for tritium (T) harmonicside-
generate with background D were relatively lower, providing a link with the
observed reduced intensity of ICE spectral peaks at the third and sixth T
harmonics in some TFTR experiments, see Fig. 2 of Ref. [27]. Subsequently
in TFTR, ICE was observed at cyclotron harmonics of the fusion products
(3He in DD supershots, and both *He and *He in T and in DTsupershots)
and of the sub-Alfvénic NBl-injected D and T. Astwith ICE/in JET, the
emission originated from the outer midplane edge plasmay but there were
significant differences with respect to JET, pasticularlyin the time evolution
of the TFTR ICE signals. Typically, during the first 50 to 200 ms follow-
ing the NBI trigger, cyclotron frequencies of thesfidsion products dominated
the measured ICE spectrum, but then died out. They were replaced by ICE
spectral peaks at multiple cyclotron harmenics of the injected D and T, until
the NBI injectors were turned. off. “In subsequent TF'TR experiments, He-
lium was puffed [35], forcing the plasmas to transit from typical supershots
to pure L-modes. This changed the electron critical density and hence the
local value of the ratio 9g/V4 s 1, where v, is the alpha-particle birth veloc-
ity and V) is the local Alfvén speed in the ICE-emitting region at the plasma
edge. The tramsient nature of ICE in TFTR supershots could be explained
by the fa¢t that the alpha-particle fusion products were sub-Alfvénic in the
edge plasma. A/ plasma shifting from supershot to L-mode leads to early
alpha-particle-driven ICE generation lasting for ~ 200ms which then soon
extinguishes, typical of the supershot phase, see Fig. 7 of Ref. [37]. The
linear MCI treatment [27, 32, 7| distinguishing the sub-Alfvénic behaviour
of TFTR from super-Alfvénic regimes typical of JET lead to higher growth

rates for the former compared to the latter. This phenomenology follows
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from orbits and velocity-space considerations.
In the observations from DIII-D (Ref. [10]) and ASDEX-Upgrade (Refs.|L1,
, 13]) the NBI ions are also sub-Alfvénic, but the observational foeus is on
core ICE. For core ICE, the MCI physics is more complex and less certain:
partly because fusion-born ions may additionally contribute to the drive;
and partly because there are no core ICE counterparts to thesvery high-
resolution measurements of plasma conditions for edge ICE, as shown for
LHD in e.g. Fig. 3 of the present paper. The distinctive ICE measurements
from NSTX and NSTX-U [22] appear to be driven, near transport barriers,
by ions that are locally mildly super-Alfvénie. . JCE from the core plasma in
the small (major radius 0.557m, minor radius 0:256m) TUMAN-3M toka-
mak was observed in association with sub=Alf¥énic NBI using a mixture of
hydrogen and deuterium using magnetic probes [11].
The density-dependence of ICE speétra driven by substantially sub-Alfvénic
NBI ions has not prewviously been explored, and especially not in otherwise
similar plasmas, as here. Reference |18] addresses two cases of ICE, on ei-
ther side of the boundazy, between sub-Alfvénic and super-Alfvénic in LHD.
References [3] and [3] for KSTAR include density-dependence, but this is
continuously. and rapidly varying on microsecond timescales in the ELM
crash, which is awery different context from the quasi-stationary conditions
in thepresent paper. Furthermore the driving ions (3 MeV fusion-born pro-
tons).indRefs, |3, 8are strongly super-Alfvénic with v, close to V. The NBI
deuterons driving the ICE in KSTAR, Ref. [9], are mildly sub-Alfvénic. As
noted in the caption to Fig. 5 there, the action of the MCI is concentrated in
(wyk) space in the fairly narrow wedge between vyp; and V4. Among other

things, this motivates the drive to "open the wedge" in the present paper;
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as noted in the main text and captions, we go down to vxpg;/Va = 0.36 in

LHD plasma 138439.

3 ICE from LHD deuterium plasmas:.diagnos-
tic context

In the LHD heliotron-stellarator, the ICE driven by perpendictilar NBI deu-
terium, and the distinctive ICE driven by tangential NBL have previously
been observed using loop antennas [1]. Moreover, radiofrequency emission
has been observed in the lower hybrid range, with frequency dependent on
plasma density. Here we address recent measure?nents of radio-frequency
emission at multiple deuteron cyelotren harmenics from deuterium plasmas
in LHD, which show substantial variation in spectral character, between
otherwise similar plasmas thatihave different local density in the emitting
region. These measurements are obtained with the dipole antenna described
below. We show that this [CE,is driven by perpendicular NBI deuterons,
freshly ionised neat theirinje¢tion point in the outer midplane edge of LHD.
These NBI deuterons undergo collective sub-Alfvénic relaxation, which we
follow deep inte the nonlinear phase of the magnetoacoustic cyclotron in-
stability. | The variation with density of the spectral character of the sim-
ulated TCE corresponds well with that of the observed ICE from LHD.
These xesults from heliotron-stellarator plasmas complement recent stud-
ies of démsity-dependent ICE from tokamak plasmas in KSTAR [2, 3|, where
the spectra vary on sub-microsecond timescales after an ELM crash. Taken
together, these results confirm the strongly spatially localised character of

ICE physics, and reinforce the potential of ICE as a diagnostic of energetic

10
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ion populations and of the ambient plasma.

On LHD, the acquisition system of the ICE measured at a dipole antenna
located in the 10-O port inside the vacuum vessel was developed in partner-
ship with KSTAR [38, 39, 10, 11]. A fast digitizer performs direet,sampling
of the radiofrequency measurements at a frequency of 1.25GSa/s. The time
evolution of the RF spectral intensity is determined from thisgsSignal us-
ing a 14-channel filter bank spectrometer in the range of 7OMHz to 2800
MHz, with intermediate spectral resolution and with us time resolution; for
a duration spanning the whole plasma discharge |40]."This dipole antenna
measuring the ICE is located close to NBI'#5 and toroidally opposite to
NBI #4, see Fig. 4. y

4 Observed density dependence of NBI-driven
ICE from LHD deuterium plasmas

During perpendicular/deuterium NBI experiments in LHD, it was observed
that the spectral charactemofthe ICE changes significantly between plasmas
whose parameters in the /emitting edge region differ only in their electron
density. The left panel of figure 1 shows that ICE at frequencies 30MHz and
60MHz was observed only when NBI #5 was operated without NBI #4 in
LHD¢plasmas 138439 and 138458. Conversely, in these plasmas, ICE was
not observed when only NBI #4 was operated without NBI #5. Moreover,
as shown in the right panel of Fig. 1, ICE was continuously observed during
continuous operation of NBI #5 in LHD plasma 138433. These results
support the interpretation below that ICE measured at the dipole antenna is

driven locally by perpendicular-NB injected deuterons from NBI #5. Figure

11
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Figure 1: Measured time traces for: (left panel) LHDyplasmas 138439 (black
traces) and 138458 (red), to which NBI #4 and NBI #5 were applied in sep-
arate brief bursts; (right panel) LHD plasma 138433 during which NBI #5
was operated continuously. From top ta bottom, the five vertically arranged

panels are: (a) neutron flux; emigSion intensity detected by RF spectrometer
for frequency channels at (b) 30MHzand (c) 60 MHz; (d) NBI port through
power; (e) line averaged density.

2 shows the ICE power spectra observed at the time indicated by the vertical
blue dashed line in Fig. 1 for LHD plasmas 138439, 138458 and 138433 which
differ primarily in their edge plasma densities. The profiles of the electron
density, electron temp;ature, and ion temperature are shown in Fig. 3.
These wereaken at instants which are very close to the times at which the
ICE spectragsshown. inr Fig. 2, were observed. Figure 2 shows that, as the
electronidensity increases, the amplitudes of the ICE spectral peaks typically
increase, in the frequency range of interest to us below 120 MHz; the number
of tharmenies increases; and the width of spectral peaks increases.  If we
identify the 12.06MHz spacing between the ICE spectral peaks in Fig. 2
with the local deuterium cyclotron frequency, this suggests that the local
background magnetic field value is 1.581T and hence the emission location

is at R = 4.651m, as illustrated in Fig. 5. Table 1 summarises the plasma

12
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60
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——— #138439, t = 4.92s, n, = 1.2 x 10Ym 3, vyxpr/V4 = 0:36
— — —12.05 MHz
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&
Intensity (dB)

- 1 1 1 1 1 1 1 1
41 12,050 241 36.15 482 6025 723 8435 964 108.45 1205
42 Frequency [MHz]

46 Figure 2: Observed ICE power spectra for three LHD deuterium plasmas
atrtimes. indicated by the blue vertical dashed lines in Fig. 1 during oper-
ations of NBI #1-3, 5 for LHD plasmas 138439, 138458 and 138433 which
50 differ primarily in their edge plasma densities. The peak-to-peak frequency
51 separation Af is 12.05MHz in all three cases. Identifying Af with the
52 local deuteron cyclotron frequency Qp implies a magnetic field strength
B'= 1.581T, which corresponds to an outer midplane plasma edge location
in LHD.
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Figure 3. Measured radial profiles of the LHD plasmas. (Top) electron
density/and (middle) electron temperature, obtained by Thomson scattering
at'the timeof the ICE spectra displayed in Fig. 1; (bottom) ion temperature
obtained by charge exchange spectroscopy during heating by NBI #4.
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NBI-5, L
(66 keV)

NBH1, //

Antenna (176 keV)
NBI-2, //
(176 keV)

oNOYTULT D WN =

15 NBI3, //

16 (176 keV) NBI-4, L

(42 keV)

19 Figure 4: Schematic diagram of LHD plasma shewing locations and direc-
20 tions of NBI beams.

23 parameters at the inferred emission location where the deuteron cyclotron
b/

25 frequency matches 12.05 MHz, with reference to Fig. 3, together with values

27 for the velocity of freshly injected ioms vy g7, and the local Alfvén speed V.

29 We note for future analysis.that, singe the Alfvén speed is given by

32 By
Vy=—aro-"-— 1
3 AT Vonemp (1)

36 with n. and mp the e.]&ctron density and the deuteron mass respectively,
38 the key dimensionless ratio of the NBI deuteron speed to the Alfvén speed,
40 vng1/Va, alsoincreases as n. increases. We observe that in all three plasmas,
42 the NBI deuterons are in the sub-Alfvénic regime. This regime was previ-
44 ously investigated in earlier ICE experiments carried out in TFTR, involving
46 gas puffing [12, 35y This changed the edge plasma density, transitioning the
48 fusion-born alpha-particles from a sub-Alfvénic to a super-Alfvénic regime
50 mthataegion. The consequences for the TFTR ICE spectrum are discussed
52 in Figs. 7 to 9 of Ref. [35]. We note that the Alfvén speed definition Eq. 1
>4 includes D only: the ratio D/(D + H) remains constant and very close to

56 unity during the plasmas studied. Our simulations incorporate the effect of
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Figure™5: Identifying the approximate location of the region where ICE
is generated @uring perpendicular deuterium NBI in LHD. We match the
approximate frequency spacing between observed neighbouring ICE peaks,
=~ 12 MHz, to the spacing between successive local deuteron cyclotron har-
monics., This is possible only at R ~ 4.65m.
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3

4

Z LHD 7. n. NBL#b6b ovnpr Vi owpi/Va

7 plasma (eV) 10m™  keV  10°ms™! 10°ms™*

8 138439 70 1.2 66.7 2.53 7.04 0.36

9 138458 80 1.8 66.7 2.53 5.75 0.44

I 138433 50 3.4 68.7 257 418 061

12

13 Table 1: Edge plasma parameters and NBI deuteron energies, with corre-
14 sponding values for vypr/Va which are significantly sub-Alfvénic.

15 o

16

:; LHD NBI#1 NBI#2 NBI#3 NBI#4a NBI#4b NBI#5a NBI#50
19 plasma (keV).D (keV),H (keV), D (keV), D (keV), D (keV), D (keV), D
20 138439 172 - 174 30.5 45.2 - 66.7

21 138458 172 138 - 30.5 46.2 - 66.7

;g 138433 172 163 174 35.4 51.1 - 68.7

;g Table 2: Table giving the different NBI enérgies; either H or D. The sim-
26 ulations use the deuterium energies of NBI #5b. Note from Fig. 4 that
27 NBI #1, #2 and #3 are all directedyparallel, whereas NBI #4 and #5 are
28 perpendicular to the magnetic field.

29

30

31

gg both the thermal deuterons and the.energetic deuterons NBI population as
gg explained in the next séction:

36

37 N

38 . . . . .

39 5 First principles simulations of ICE spectra
40

41 . .

4 and“their,density dependence

43

44

jg 5.1/ Basis of the computational approach

47

48 Our hybrid-PIC simulations, reported below, use the deuterium injection
49

50 energies of NBI #5b given in Table 2 to define the initial perpendicular
51

52 velocity of the energetic minority deuteron population. These deuterons
53

54 are represented in velocity space as a gyro-resolved ring-beam distribution
55

56 ~ § (vy —vnpr), as discussed further in Sec. 5.2, which coexists with a much
57

58
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more numerous gyro-resolved thermal deuteron population together with a
charge-neutralising electron fluid. With this 1D3V code, the wavenumbers
of spatial variations can only be oriented along the single axis (1D) ofithe
spatial domain, the z-direction. It is nevertheless possible todfully represent
ion gyrations, because the code is 3V. This is done by integrating (v.,v,)
over time. Once initialised, this system subsequently reléxes under first
principles self-consistent Maxwell-Lorentz dynamics. The majority thermal
deuterons have T; = 280eV, which is inferred fromthe LHD ion tempera-
ture profile shown in Fig. 3 in combination with thewesult of Fig 5; we use
the associated thermal velocity vp; = 1.64%:.10%:ms~! to characterise their
initially Maxwellian distribution. It follows that :;NB] Jvr; = 15.43, which
is also the ratio of ion Larmor radii #pwpr /7. We use 32798 particles per
cell for the thermal background deuterons and 8192 particles per cell for the
NBI deuterons. The 1.581T baekground magnetic field is perpendicular to
the 1D spatial domain of.our simulation, which consists of 4096 cells. The
1D spatial domain of the simulations is taken to correspond to the radial
direction, such that the\perpendicular background magnetic field is oriented
in the toroidal direction.. The wavevector k of spatial fluctuations propa-
gates radially, outwards if positive. The cell sizes are 0.0028m, 0.0022m and
0.0014mnfor LHD plasma 138439, 138458 and 138433 respectively, which cor-
respond respectively to multiples of 1.31, 1.00 and 0.65 of the characteristic
gyroradius #y; of the thermal deuterons. The different plasma densities give
rise to different electron skin depths A.: 0.0015m, 0.0013m and 0.0009m,
respectively. These need to be smaller than the cell sizes to be consistent
with PIC-hybrid model assumptions |13, 11]. Chosen as above, the cell sizes

keep the ratio of Az/\. constant at about 1.70 in all three cases. This
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approach thus captures cyclotron resonant phenomenology directly, at the
level of particle-field interactions for individual ions moving on their resolved
gyro-orbits. The hybrid-PIC model used here relies on collisionless ions and
Coulomb collisions are not taken into account over the timerseales studied
(the deuteron gyroperiod 7p=0.1us). In the appropriate limit, the code re-
covers the cold magnetised plasma dispersion relation. (To enable systematic
comparison of computational outputs, we use the same.relative beam den-
sity & = nypr/ne for all our simulations; as distinet from, say, a constant
absolute beam density. Specifically, we set € = 0.0005 in all simulations.
The extent to which the value of ¢ may havewaried between the three LHD
plasmas was explored using the FIT3D ‘eode |17, ‘.]. This makes it possible
to estimate - subject to several unavoidable uncertainties - the time-evolving
number density of the NBlideuterons which originate from injector #b5 in
LHD, summing over all NBI iomenergies from zero to 67 keV. The FIT3D
calculations necessarily relate to a radial location just inside the last closed
flux surface (LCFS), whereas the ICE measurements in this paper appear
to originate just outsi(ﬁ the ' LCE'S. The estimated values of £ do not vary
greatly. Weufind that thehighest value of & among the three plasmas is esti-
mated to oeeur for, LHD plasma #138439, which has the weakest observed
ICE speetrum, see the top panel of Fig. 2. Tt is known that linear MCI
drive'is often a slowly monotonically increasing function of £ [31, 18], other
variables being equal. The reversal of this trend in the present case, where
however density varies greatly between the three plasmas, suggests that the
background density dependence effect we consider, which determines ICE
spectral character in addition to ICE intensity, is dominant over any conse-

quences of any variation in nypgr/ne.
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The ratios of the NBI deuteron speed vyp; to the local Alfvén speed Vi are
0.36, 0.44 and 0.60 for LHD plasmas 138439, 138458 and 138433 respectively;
see Table 1. The NBI deuterons are thus in a significantly sub-Alfvénic (and
accordingly computationally resource-intensive) regime for allsthree plasmas;
they have an even lower value of vy pr/V4 than the sub-Alfvénic NBI protons

in LHD hydrogen plasmas whose ICE was addressed in Ref. [@]

5.2 Simulated ICE spectra compared to observations

In our PIC-hybrid simulations, the energetic minorityrdeuteron population
is initialised with a ring-beam distribufion in, velocity space, of the form
fyBr (UJ_,U”) = 1/ (2wvnpr) 0 (v”) d (v —unpi), where vypr the injection
speed resulting from the NBI #5b beam energies given in Table 1. These
NBI deuterons are initially/distributed randomly and uniformly in gyroangle
while the thermal deuterons are loaded by mean of a quiet start [17, 48], in
both positions and velogcities. The relaxation of this energetic ion population
under the Maxwell-Lorentz system of equations gives rise to self-consistently
excited electric and ma\gnetic fields; see Refs. [28, 20, 3| for details of this
approach. Fourier transformation of the excited fields yields spectral infor-
mation that isicompared to the LHD observations. We focus on the lower
cyclotron harmonies, for which the distribution of energy between the ICE
spectral peaks shown in Fig. 2 displays significant changes between the
three LHD plasmas. Figure 6 shows the simulated power spectra, along-
side the measured spectra extracted from Fig. 2. The red, green and blue
traces correspond to LHD plasmas 138439, 138458 and 138433 respectively.
In the middle and bottom panels of Fig. 6, these traces are obtained by

taking the spatiotemporal fast Fourier transform of the values of B, out-
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put from the PIC-hybrid computations in the time interval between t = 7
and t = 97p (where 7p = 27w /Qp is the deuteron gyroperiod), which is
summed over wavenumbers up to k = 4005 /V4. The agreement between
observed and simulated ICE spectra appears good quantitatively. Iln both
the top (experimental ICE) and middle (simulated spectra), panels in Fig.
6, the number of cyclotron harmonic spectral peaks incredses as unpr/Va
increases, as does their amplitude. These trends can be examined in greater
detail for the three plasmas separately in Fig. 7. Here our simulated power
spectra are shown as dark traces, together with the measured ICE spec-
tra which are plotted as coloured tracesdfor comparison: red, LHD plasma
138439; green, LHD plasma 138458; blue, LHD plz;sma 138433. The spectra
are vertically offset in comparison with, Fig. 6 such that the ordinate of the
peak with largest amplitude.is zero in each panel. In the left panel of Fig.
7, for which vyp;/Va = 0.36, the,strongest spectral peaks in the simulation
are at relatively low deuteron cyclotron harmonics, second to fourth. In
the middle panel, for which wnp;/Va = 0.44, the middle order harmonics
(fourth and fifth) Becomeumbre pronounced. In the right panel of Fig. 7,
for which uygp/Va'= 0.60, the amplitudes of the spectral peaks are sub-
stantially larger, and she simulation captures the experimental spectrum in
extending strongly across the middle order harmonics (fifth to seven). In
all three plasmas of Fig. 7, the strongest harmonic peaks in the experiment
and.in the simulations are the same: from left, second, second and fourth.

The fundamental computational noise level in our simulations is addressed
in Appendix A, where it is found to lie at about -145dB. The instrumental
noise level in the ICE detection system on LHD imposes the noise floor that

is visible in the top panel of Fig. 6. The question of where the instrumental
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noise floor should lie in our simulated spectra cannot be answered a priori.
However the bottom panel of Fig. 6 shows that the agreement ‘between the
observed and simulated ICE spectra is greatest if we conjecturally assign a
value of -133dB to the instrumental noise floor when considéring our sim-
ulated spectra. One possible source of difference with regard to the width
of the measured and simulated power spectra is the time durﬁg which the
time series is acquired. In the calculation, it corresponds tosthe duration of
the simulation which is 107p.

The spatiotemporal fast Fourier transforms| of 0 B, are plotted in Fig. 8.
These show that the concentration of excifedwave amplitude in (w, k) space
lies on horizontal bands at successive cyclotron harmonics, and that each of
these bands is approximately centeredion a line which satisfies w/k = vyp;.
This is represented by thesdark line.in each panel of Fig. 8, for which
(w/k) /Va = vnpr/Va = 0.36,00.44 and 0.60 from top to bottom. The
nearly horizontal structures are electromagnetic cyclotron harmonic waves
supported by both the thermalydeuterons (as a positive-energy wave) and
the NBI deuteron$ (as\a negative-energy wave). This is apparent from the
linear analytical theory of the MCI: restricting attention to the strictly per-
pendicular case formathematical clarity, let us consider for example the final
three terms on the right-hand side of Eq. (67) of Ref. [24]. Importantly,
the signs of the coefficients 84 and 5 in this equation, which are defined
at-Eqs. (51) and (52), depend on the specific distribution of the energetic
ions in'velocity-space. This leads on to the negative-energy character of
the energetic ion support to the corresponding cyclotron harmonic waves, as
anticipated by Belikov and Kolesnichenko [23]. The electromagnetic gener-

alisation of the foregoing, for finite &, is at Eq. (20) of Ref. [26]. The dark
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Figure 6: Experimental and simulated power spectra.
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line overplotted on the spatiotemporal Fourier transforms in Fig. 8, which
delineates Qp/k = vnpr, can be recast as k;vypr/Qp ~ 1. At w'=Qp, this
represents the Bessel function argument which we mentioned earlier inthe
introduction; excitation is concentrated at values of the argument elose to
1. The steepest yellow-red feature in Fig. 8 corresponds_to.the linear fast
Alfvén dispersion relation w = £V, and incorporates signiﬁcanaloise energy.
Figure 9 plots the time evolution of the change in the different components
of particle and field energy density. It shows that, in these simulations, the
NBI beam deuterons relax and saturate faster, releasing more energy to the
excited fields and the bulk plasma, as thewalue of wyp;/Va increases towards

unity.

24

Page 24 of 40



AUTHOR SUBMITTED MANUSCRIPT - NF-104301.R2

Page 25 of 40

[ag5] » Kousnbag
0L 6 847 9 S4B € ¢

I

0

[ag5] m Louenbaig

€EVRET vUWISE[d

5 FIRST PRINCIPLES SIMULATIONS OF ICE SPECTRA AND THEIR DENSITY

DEPENDENCE

— NN TN ONOWORN

ge-

0c-

Sh-

01-

(0 =21 ‘gp) Lytsuaguy

ULy <oreds ‘E[P) Aypsuoquy,

(0

[ag5] m Lowenboxg

[ag5] m Lowenboxg

"9)eUIPIO

oL 6 8 L 9 § v € 2 L 0 oL 6 8 L 9 § v € 2 L 0
og- 0g-
0z = 0z
o- = o

@
0 =~ 0
Il
oL o oL
0z 0z
[ap5]  Kouamiboxy [ags] m Louenbazg
oL 6 8 £ 9 S ¥ € ¢ | 0 oL 6 8 L 9 § ¥ € ¢ L 0
ot . w,wmmmh@f% w&w&w&vmow%%&%e%owowoz%%%moffm 0c
A s ¢ 7 RELD
o o o mm& b B 0g W £ H W M o
f ; ,&(W,w% - g §
L -3 g
] i 1 EE Lo
R 2 8 m 0
g 4 )
] 0l 4o ¢
4 3
d oL
20 ¢
I
=)
ok 0z
8GT8ET euuse[d 6ETVR8ET vUISEId

— AN M ITNONWO0VRNO — AN SNV ONOONNO —ANN M S

mmnmmnmonmnmmnonmn s < I ITTT TN NN NN

(0 = ®f ‘gp) Lysuaguy

suoIje[NuIg

0I0Z SR ‘@EFRET PUe QGFRET ‘6eFeeT sewsed (THT 10] f pue g ‘g Afoanoodsar ‘opnjjdure 1so81e[ [jim STUOULIRY UOIJO[IAD
o) 10} Yous g F31q 0d fuosiieduion ur jesgo A[[eoriiea oxe vi1oads temod oy T, *dLg = 7 pur dL = ] UeaM19( PoFRIAR ‘p[ol
orpeusewr paqanireday) Jo, juduoduwoo-z ay) Jo vI13dads remod peajernurs SUrpuodssriod :s90er) YIe(] "99SG7 G = 7 1% £CFSET
pue 298767 = 7 1% YCHRECT ‘6eFRET stwseld (qHT woxy vipdads 1omod )T PoInsesw SOOI SN[ PUR U9SI3 ‘PIY ), 2INSI]

(0 = *wy ‘oreds ¢p) Aysuoyuy

sjuawILIadxyq

25



oNOYTULT D WN =

QuuuuuuuuuubdbbdDDdDDDDMDMNDEDMNDWWWWWWWWWWRNNNNNNNNNN= =2 2 29299230999
VWO NOOCULLhAWN-_rOCVONOOCTULDWN—_,rOCVOONOOCULDDWN=—_,rOUOVUONOOCULPMNWN—_ODOVUONOUVPSD WN =0

AUTHOR SUBMITTED MANUSCRIPT - NF-104301.R2

5 FIRST PRINCIPLES SIMULATIONS OF ICE SPECTRA AND THEIR DENSITY
DEPENDENCE

Plasma 138439

Plasma 138458

Frequency w([Qp]

Frequency w[Qp]

R ‘\l‘h\m‘m‘wlwmnwwmw i

ot i s s i

o K
0 10 20 30

Wavenumber k [Qp/Vy4]

i

L]

" : wmmmmz;uau‘

WMW M\IﬂﬁﬂMgg“‘ i i

i

k %
'-W:MJ I

0 30

40

R —

| WWMM‘"MMII i b

W i
TR 0 ot

0 10 20 30
Wavenumber k [Qp/V4]

26

40

-10

over the entire
lation and plotted
a log,, scale for
the three cases. The
concentration of ex-
cited wave amplitude
in (w,k) space lies on
horizontal bands at
successive  cyclotron
harmonics, and each
of these bands is
approximately cen-
tered on a line which
satisfies w/k = vnpr.
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Figure 9: Time evolu-
tion of the change in
the energy density of
the different field and
particle species: red,
background deuterons;
blue, NBI deuterons;
green, z-component of
the fluctuating part
of the magnetic field;
black, z-component of
the electric field.
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6 Conclusions

The computational approach adopted in this paper has involved solving the
Maxwell-Lorentz equations for tens of millions of macroparticle.ions with
fully gyro-resolved orbits, together with fluid electrons, self-consistently with
the electric and magnetic fields. This is carried out with the PIGscode [36]
used in Refs. |29, 31], using a local (slab geometry), deseription, with one
spatial and three velocity-space coordinates (1D3V), and retaining all three
vector components of E and B. It transpires here that the self-consistent
particle dynamics and field evolution, when summed over, correspond to the
theory of the MCI [3, 8, 9, 20, 23, 24, 25, 26,27 28929, 30, 31], where appro-
priate. The Fourier transforms of the excited fields, in the saturated regime
of the instability, constitute our simulated ICE spectra, presented in Sec.
5. This approach has previeusly been successfully applied to interpret ICE
observations from M@F plasmas, notably JET [20, 28, 29, 30, 31], KSTAR
[3, 8, 9] and NBI-heated hydxogen plasmas in LHD [18].

We note that our ﬁrst—p\rinciples Maxwell-Lorentz 1D3V PIC approach nec-
essarily omits a very large number (tens, perhaps hundreds) of physical
effects that may contribute to the observed ICE spectra. These potentially
include: toroidal.magnetic field effects; background gradients, for example
of magnetic field' strength and density; dissipation effects, other than the
cyclotron (and Tandau) resonant effects that are captured by the PIC ap-
proach; wave propagation effects, other than (w, k) dispersion which is an
emergent property at the Maxwell-Lorentz PIC level of description, together
with slab geometry growth or damping which is also emergent; antenna char-
acteristics; and signal processing effects.

Discrepancies between Maxwell-Lorentz PIC outputs and the observed ICE
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spectrum are therefore to be expected, and will be due to physical effects,
and combinations thereof, under the headings outlined in the préceding paras
graph. The degree of agreement between our PIC outputs and the observed
ICE spectra, reported here in Sec. 5, suggests that it is possible that none
of the additional physical effects play a major role in determining the overall
ICE spectrum. The cost-benefit of trying to isolate which (p(;haps several
together) of these additional effects is primarily responsible for the relatively
minor differences between PIC outputs and the observed 1CE spectra may,
or may not, be attractive for future studies. At present we are able to
conclude that the plasma physics emission mechanism for this ICE is well
understood, aided by the fact that ICE is evideI:tly a highly spatially lo-
calised phenomenon. The results presented here further reinforce the scope
for exploiting ICE for diagnestic purposes.

Specifically, we are able to explain the physical origin of, and difference be-
tween, the ICE spectra ebtained from three deuterium plasmas in LHD that
differ primarily in their edge density. The collective instability of deuterons
at about 67 keV originaing from NBI #5, and relaxing under the non lin-
ear MCI ingthe outer midplane edge region is shown to be responsible for
the ICE. An.impertant consequence of the different edge densities across
the three plasmas is that the ratio of vyp;/Va for freshly ionised NBI
deutérons near their injection point changes while vyp; is kept constant.
The NBI deuterons are significantly sub-Alfvénic: vyp;/Va = 0.36, 0.44
and 0.60: Our PIC-hybrid computations of the collective relaxation of these
NBI'deuterons, evolving self-consistently with the thermal plasma and the
excited electric and magnetic fields under the Maxwell-Lorentz equations,

show similar trends with the LHD ICE observations. In particular, as the
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value of vyp;/Vy4 increases, the number of cyclotron harmonic peaks in the
simulated ICE spectra increases, along with their amplitude. These results
are consistent with our recent comparison of ICE from super-Alfvénic and
sub-Alfvénic NBI proton populations in LHD [18]. They alsoappear broadly
consistent with the results of earlier ICE experiments carried out in TFTR,

~

involving gas puffing [12, 35].
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A Appendix

We have checked the noise level of our simulation results by running PIC-
hybrid calculations without any energetic minority population,, retaining
only the deuterium thermal background plasma, and with @all other param-
eters kept equal, for each of three plasmas. The noisefin theisimuation is
not compared to the noise of the experimental detection system. We sim-
ply aim to establish the significance of the spectral peaks in the PIC-based
simulations that include NBI ions, with respéct to thesspectral peaks that
are generated by thermal noise in the codé. Kigure 10 displays: the power
spectra for computations that include both the NBI and thermal deuterons,
shown by continuous lines; and{the spectra,obtained from the simulations
that retain only the thermal deuterimm plasma, shown by the dashed curves.
The spectral peaks in the latter casesresult from the concentration of noise
energy at normal modes - in this case, cyclotron harmonic waves supported
by the thermal plasma#in line with the fluctuation dissipation theorem [19].
The dashed lines in FLQ 10 indicate that the fundamental computational
noise level is similardin all our simulations, at —145dB, although slightly

higher for the simulation of LHD plasma 138433.
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Figure 10: Quantifying'the effect of noise on spectral characteristics in our
PIC-hybrid simulations. Power spectra from simulations that contain both
NBI and thermal deuterons.are shown as solid traces. Dashed lines are
the spectral peaks in/thesabsence of NBI deuterons. The blue, green and
red traces respectively correspond to LHD plasma parameters at the ICE
location for plasmas 138433 (vypr/Va = 0.60), 138458 (vypr/Va = 0.44)
and 138439 (UNB]/VA = 036)
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