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Abstract

Ion cyclotron emission (ICE) is widely observed from spatially localised minority energetic ion
populations in toroidal magnetically confined fusion (MCF) plasmas, both tokamaks and
stellarators. Its spectral structure is typically regular with narrow suprathermal peaks, whose
frequency separation matches a local energetic ion cyclotron frequency. Here we report the first
computational (fully nonlinear self-consistent kinetic particle-in-cell code) and analytical (linear
magnetoacoustic cyclotron instability (MCI)) studies of ICE observations from cylindrical
plasmas contained in the Large Plasma Device (LAPD). Because LAPD is cylindrical, the
plasma physics giving rise to the observed ICE spectrum necessarily excludes toroidal effects.
Our approach, previously successful for toroidal plasma ICE, assumes slab geometry and hence
is well adapted to LAPD. ICE from LAPD is strongly electrostatic, as distinct from
electromagnetic, and is driven by 15 keV beam ions for which the ratio of perpendicular speed
to the local Alfven speed, v /vy, is 0.15, lower than in MCF plasmas from which beam-driven
ICE has previously been observed. Our results are in good agreement with these observations.
There is congruence between simulated ICE spectra, obtained in the saturated nonlinear regime
of our computations, and observed ICE spectra; the underlying physics is essentially the same
as in toroidal plasmas; and there is alignment with linear analytical theory where appropriate.
The present work establishes a mapping from the cylindrical LAPD ICE observations to toroidal
MCEF ICE observations. The LAPD spectra are instances of beam-driven MCI-type ICE in its
sub-Alfvenic, predominantly electrostatic manifestation, which has precedents in MCF
stretching back to the 1990s. An interesting corollary is that, for many purposes, ICE in toroidal
MCEF plasmas ‘might as well’ be occurring in a cylinder.
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1. Introduction

The Large Plasma Device (LAPD)[1, 2] presents unique
opportunities to investigate the effect of magnetic field geo-
metry on the generation of ion cyclotron emission (ICE).
Whereas ICE is widely observed from energetic ion popula-
tions in toroidal magnetically confined fusion (MCF) plasmas
[3-47], both tokamaks and stellarators, in LAPD the confining
magnetic field is cylindrical and the plasma more uniform. The
LAPD plasmas whose ICE phenomenology is examined here
are 19 m long and 60 cm in diameter. The majority thermal
component of the plasma is composed of singly charged
helium ions and there is a minority energetic spiralling beam
of He™ or H* ions injected into it. A variety of waves are spon-
taneously excited, spanning the shear Alfvén, ion cyclotron
and lower hybrid frequency ranges [48, 49]. Here we focus on
the ICE components. Its spectral structure is typically regular
with sharp suprathermal peaks, whose frequency separation
is identified with a local ion cyclotron frequency in the emit-
ting region. ICE is typically excited in MCF plasmas under
conditions where there is a spatially localised deviation of the
minority energetic ions -for example, fusion born or beam-
injected- from a Maxwellian velocity-space distribution [9,
10, 50]. This can result in their collective relaxation under the
magnetoacoustic cyclotron instability (MCI), which is widely
believed to underpin experimental observations of ICE.

The contemporary theory of the MCI has two strands. The
linear analytical approach [9, 10, 50, 51] is based on calcu-
lations of combinations of kinetic dielectric tensor elements,
summing over contributions from thermal ions and electrons
together with the non-Maxwellian energetic ions. This essen-
tially local, slab geometry, treatment has proven success-
ful in capturing key features of the dependence of observed
ICE spectra on local plasma conditions, and on the velocity-
space distribution of the energetic ion population. Recently
advanced by means of computational calculation of the kinetic
dielectric integrals, linear MCI theory also explains aspects of
the fine structure of observed ICE spectral peaks, including
doublet splitting [52]. The second strand takes MCI theory
into the fully nonlinear regime, by means of first principles
gyro-resolved kinetic treatments embodied in particle-in-cell
(PIC) [53, 54] codes. These self-consistently solve the Lorentz
force law and Maxwell’s equations for tens of millions of
gyromotion-resolved energetic and thermal ions, together with
electrons and all vector components of the electric and mag-
netic fields. Applied to the MCI, the PIC code EPOCH [55]
yields simulated ICE spectra in the saturated regime, including
their polarisation (in particular, electromagnetic versus elec-
trostatic), for direct comparison with observed ICE spectra.

These EPOCH PIC simulations of ICE achieve good agree-
ment with observations [12, 15, 41, 42, 46, 47, 56, 57], includ-
ing recently the variation of spectral structure with the isotopic
mix of thermal ions [58], and are carried out in locally uniform
slab geometry with fixed magnetic field strength and plasma
number density. Importantly, the growth rate of particle and
field energies inferred at early times from the PIC simulations
can be shown to be that predicted by the analytical theory of
the MCI for corresponding initial parameters [45].

Both strands of contemporary MCI theory are in locally
uniform slab geometry, thus omitting the magnetic field gradi-
ents and curvature, together with density gradients, that are
fundamental to toroidal MCF plasmas. The success of MCI
theory in nevertheless matching observed ICE spectra is taken
to indicate that the plasma physics of ICE is strongly local-
ised, with localisation determined by the small spatial region in
which substantial deviation from the Maxwellian arises in the
velocity-space distribution of the minority energetic ion pop-
ulation which drives ICE. This localisation is also responsible
for the narrowness of ICE spectral peaks, with the local cyclo-
tron frequency in the emitting region correspondingly well
defined. In the case of ICE driven by 3.5 MeV fusion-born
alpha-particles in deuterium-tritium plasmas, or by 3 MeV
fusion-born protons in pure deuterium plasmas, it has been
shown that this localisation can arise from drift orbit effects
[12]. ICE driven by neutral beam injected (NBI) ions usually
arises from a location in the plasma near the injection point at
the edge, where the velocity-space distribution of freshly ion-
ised particles approximates a delta-function [12, 15, 41, 42].
ICE from the core plasma, sometimes transient, is also increas-
ingly found, see for example [14-16, 21-24, 43].

Given the widespread current use of ICE as a diagnostic for
energetic ion populations in toroidal MCF plasmas, together
with its potential in relation to fusion-born ions in future aneut-
ronic plasmas where neutron-based diagnostics will be inap-
plicable, it is important to test the model assumptions and
observational inferences wherever possible. Observations of
ICE from the cylindrical LAPD plasma provide a fresh per-
spective with respect to the success of the slab geometry
approximation when modelling ICE, and, as we discuss below,
with respect to other aspects of ICE phenomenology. These
aspects include: the polarisation of ICE signals—in particu-
lar, electromagnetic vs electrostatic—which is important for
their detection and measurement; how the polarisation of ICE
depends on the ratio of the energetic ion velocity (perpendic-
ular, v, , and parallel, v, to the local magnetic field direction)
to the local Alfvén speed v4; the consequences for the spectral
structure of ICE spectrum of the substantial velocity compon-
entv| possessed by beam ions in LAPD; and the ways in which
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the lower hybrid frequency wy g, above which the fast Alfvén
wave is evanescent, affects the envelope of the ICE spectrum,
see for example [11].

The ICE from LAPD considered here is driven by injec-
ted beam ions for which v, /v4 =0.15, a value lower than
in MCF plasmas from which NBI-driven ICE is typically
observed. This ICE signal is strongly electrostatic, as distinct
from electromagnetic. Electrostatic NBI-driven ICE spectra
were observed from deuterium—tritium (DT) supershot plas-
mas in the Tokamak Fusion Test Reactor (TFTR), see for
example figures 1 and 2 of [10], and interpreted theoretically
there in terms of an electrostatic limit of the linear analytical
MCI. Beam-driven ICE was previously detected from smaller
tokamak plasmas like the Princeton Divertor Experiment [59],
together with smaller-scale experiments [60, 61]. The obser-
vations of electromagnetic ICE from super-Alfvénic fusion-
born alpha-particles in DT plasmas in the Joint European Torus
(JET) underlined the importance of understanding the rela-
tionship between ICE driven by beam ions and ICE driven by
fusion-born ions, a synthesis for which was provided in [7].
There, ICE spectral peaks at harmonics of the alpha-particle
cyclotron frequency, evaluated at the outer midplane plasma
edge, were observed at the onset of the beam injection phase
of TFTR supershots and persisted for approximately 100 ms—
250 ms. This was in contrast with observations of ICE from
JET, where alpha-particle cyclotron harmonic peak intensit-
ies evolved with the density of alpha-particles at the plasma
edge. These differences were found to be due to the fact that
newly-born fusion alpha-particles were super-Alfvénic near
the edge of JET plasmas, but sub-Alfvénic near the edge of
TFTR supershot plasmas, see for example figure 6 of [7].
In TFTR plasmas with edge densities such that newly-born
alpha-particles were super-Alfvénic, alpha-particle cyclotron
harmonic ICE spectral peaks were observed to persist. These
results were in qualitative agreement with analytical linear
growth rates of the MCI in the differing plasma regimes; see
also the analysis for sub-Alfvénic alpha-particles under TFTR
conditions in [62], where characteristic values of v, /v, are in
the range 0.3-0.5.

More recently, studies of the dependence of observed ICE
spectra on the value of v, /v, for the driving beam ions have
been carried out on the LHD heliotron-stellarator [41, 42].
This work has benefited from the application of fully non-
linear PIC simulations, which were not available at the time
of the TFTR and JET DT ICE studies. In [41], the trans-
ition in ICE phenomenology across the boundary v, /v4 = 1
was addressed. The variation of ICE spectral structure with
edge plasma density, spanning values of v, /v4 between 0.6
and 0.36 for the NBI ions, was found to be well matched by
PIC MCI simulations in [42]. These results partly motivated
predictive studies for future ICE measurements in the W7-X
stellarator [63], for which v /v4 = 0.14, comparable to the
LAPD regime considered here. The polarisation of the pre-
dicted ICE spectrum in W7-X was found to be predominantly
electrostatic, except at the lowest cyclotron harmonic peaks.
Electrostatic aspects of the MCI are also of interest because

of potential interplay with the lower hybrid drift instability
at high cyclotron harmonics as considered in [64, 65], for
example.

Finally, we note that the beam ion injection angle in LAPD
is such that the value of v| /v can be substantial. This creates
a potential link to recent observations of ICE from fusion-born
protons in deuterium plasmas in LHD [43], where frequency
shifts arising from high v are central to the observed ICE phe-
nomenology, see e.g. figure 2 of [43], and to its PIC-based
interpretation in terms of the MCIL, see e.g. figure 16 of [43].

In summary, there are multiple points of contact between
LAPD ICE observations, together with the new PIC-based
modelling and interpretation results presented in this paper,
and contemporary frontier aspects of ICE from toroidal MCF
plasmas.

2. Observed ICE spectra from LAPD

We refer to [48, 49] for a systematic account of the LAPD
plasma configuration and detection equipment used to obtain
the ICE spectra shown in figure 1. Figure 1 shows two power
spectra of the electric field component E, observed from
Helium plasmas with 15 keV He * beam in LAPD using a
dipole probe. Each of the panels shows the ‘beam on’ and
‘beam off” spectra: only with the beams present is there excit-
ation of ICE. Some of the key features observed are an extens-
ive set of sequential ion cyclotron harmonic spectral peaks,
ranging from around 10 w g+ to around 70 w g+ fading out
close to the lower hybrid frequency wyy ~ 77w.ge, visible in
the electric field; and a broad overall structure, peaking around
the 35th harmonic. We note that the electronics and the probe
used for these measurements were maximally sensitive in the
range of about 10w e+ to 350w+ [49], hence any ICE at
lower harmonics may not have been detectable. We aim to
study the physics which gives rise to these distinctive features
of LAPD ICE, which are reproducibly observed in other sim-
ilar LAPD plasmas.

3. Simulation of ICE from LAPD

We use the EPOCH PIC code [55] to simulate the plasma scen-
arios relevant to LAPD. We adopt a 1D3V simulation domain
which comprises a one dimensional spatial domain oriented
at a chosen angle to the ambient magnetic field, while includ-
ing all three dimensions in velocity space, thus capturing ion
and electron gyromotion. This approach, while requiring sig-
nificant but feasible amounts of computational resources, has
been successfully employed previously to model MCI phys-
ics for simulation and interpretation of ICE observations from
beam heated plasmas in the KSTAR [12] and D-IIID [15] toka-
maks and the LHD heliotron-stellarator [41, 42] for example.
EPOCH self consistently evolves the electric and magnetic
fields in space and time, defined on a Yee staggered grid, using
Maxwell’s equations with a finite-difference time-domain
method alongside the gyro-orbit resolved charged particle
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Figure 1. Two experimentally observed power spectra of the electric field, observed using a dipole probe in a Helium plasma with a 15 keV
He+ beam in LAPD. The y-axis denotes the intensity in arbitrary units and the x-axis corresponds to the frequency in units of ion cyclotron
frequency and MHz. A distinctive feature of these ICE spectra is that ion cyclotron harmonic peaks are observed up to very high harmonics
fading out close to the lower hybrid frequency, win ~ 77wcne in these cases. There is also an overall broader peak around the 35th

harmonic, with finer cyclotron harmonic peaks visible overlapping it. The spectrum on the bottom is reproduced with permission from [49].

dynamics using a modified Boris algorithm. The charged
particles obey the Lorentz force law under the instantan-
eous local electric and magnetic fields and are represented
by macroparticles weighted on the grid using a fifth-order
scheme to reduce noise. The electron and thermal ion (singly
charged Helium) populations are initialised as a pseudoran-
dom Maxwell distributed thermal background. The minority

energetic beam ions (He™ or H') are initialised with a ring-
beam distribution given by

2
f(vH,vJ_)o<exp —w exp| — -z
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Table 1. Physical parameters used in the EPOCH PIC simulations of ICE from LAPD.

Parameter Value (He™ beam cases) Value (HT beam cases)
Electron density (n.) 1.5-3.0%x 10" m™3 23%x 107 m™3
Thermal ¢~ and He™ temperature 7 eV 7eV

Magnetic field 0.15T 0.18T

Beam injected ion energy 15 keV 15 keV

Beam ion density 0.0233 X ne 0.0304 x ne
Beam pitch angle 35° 53°

Initial drift along B (vg) 6.94 x 10°ms~! 1.02 x 10°ms™!
Initial perpendicular velocity (up) ~ 4.86 x 10°ms ™! 1.35 x 10°ms ™!
Perpendicular velocity spread (#,)  0.001 X ug 0.001 X ugp
Parallel velocity spread (v,) 0.1 X vq 0.1 X vq

Here v, and v are the velocity components perpendicular and
parallel to the background magnetic field; uy is the initial per-
pendicular velocity and v, is the initial bulk velocity along
the background magnetic field, whose values are determined
by the energy of the injected beam and its orientation with
respect to the magnetic field; and u, and v, are the perpen-
dicular and parallel velocity spreads respectively. In its zero-
thickness limiting case of a product of drifting delta-functions,
motivated by drift orbit studies(see figure 14 of [4], figure 2
of [7], figure 2 of [13] and table 1 of [43] ), equation (1) has
been used successfully in modelling ICE from fusion-born ion
populations in JET [50], TFTR [62], KSTAR [13] and LHD
[41]. Inclusion of limited thermal spread has been studied in
[52, 56, 66]. In the present study, the system of thermal elec-
trons and ions with the energetic ion ring-beam, once initial-
ised, is then allowed to evolve self-consistently over several
ion gyroperiods.

The CFL (Courant-Friedrichs—Lewy) condition [67] for
the time step is satisfied to within a factor of 0.95. A stand-
ard requirement of PIC simulations is to resolve the electron
Debye length Ap, to capture the associated plasma physics.
Furthermore, in order to prevent numerical heating of the spe-
cies with the smallest gyroradius (in this case, the electrons),
the grid cells must be sufficiently small to resolve the corres-
ponding (electron) gyroradius. The cell size used in our sim-
ulations varies from 0.36\p, to 0.83\p, depending on these
parameters with the spatial domain along x and the externally
applied magnetic field in the xz plane. The simulation spatial
domain must be long enough to encompass several gyroradii
of the beam ions. Taken together, these constraints require us
to use 200000 cells for each simulation. In addition to these
requirements on the spatial resolution, we must also satisfy the
Nyquist condition in the wavenumber space such that dk, the
resolution in wavenumber space, is smaller than w, /v4, where
w, is the ion cyclotron frequency and v, is the Alfvén velocity.
Given that characteristic frequencies are of the order of the
ion cyclotron frequency and its harmonics, and that the MCI
is a cyclotron resonant wave-particle phenomenon, w, must
be resolved by the angular frequency resolution dw, mean-
ing the simulation must run for several gyroperiods. We run
the simulations for 127, in the HT beam cases and 87
in the case of He™ beam. The Nyquist frequency, which is
dependent on the sampling rate, should be large enough to

reduce aliasing from affecting the region of interest. Due to
memory limitations, the simulation data cannot be saved at
every timestep. However, it must still be stored at sufficient
cadence to accurately capture the physics being investigated.
Finally, since noise is inversely dependent on the square root
of the number of macroparticles, we use 100 particles per cell
for each species.

3.1. Modelling the observed LAPD ICE spectra

Using the computational approach described above, we run
simulations of He* plasma with a minority energetic ion beam
population, either He™ or H*. The parameter set for the He+
beam is chosen to match the LAPD conditions which gave rise
to the observed ICE spectrum shown in figure 1, whereas the
H+ beam case is a theoretical study intended to explore adja-
cent parametric dependencies in regimes that might give rise
to ICE spectra similar to figure 1. The relevant parameters are
given in table 1. The simulation domain is oriented obliquely
at 89.5° with respect to the direction of the magnetic field fol-
lowing from the theory discussed in [50] as well as to allow for
the observation of parallel propagation effects. The He beam
pitch angle is based on the computed ion beam trajectory from
the injection angle. The ion temperatures were not measured in
the specific experiments with ICE observations but have been
measured in comparable experiments to be in the order of 1 eV.
In the absence of direct measurements of plasma temperature,
we estimated values using IAEA Helium charge state estim-
ates using FLYCHK [68], to match the highly ionised thermal
species assumed in the simulation. However, the thermal ions
do not play a major role in the stability of MCI because the
thermal ions get Doppler-shifted out of cyclotron resonance
with the beam-excited harmonics. They just provide an invari-
ant inertial load supporting the excited waves, which is inde-
pendent of temperature. MCI entails a collective relaxation of
the non-Maxwellian fast ion population, specifically the beam
ions in our simulations as seen in figure A4. The time traces
in figure 2 follow this collective relaxation through the loss of
energy from the fast ions, transferred to the thermal ions and
electrons and to the electric and magnetic fields. The excited
fields are predominantly electrostatic rather than electromag-
netic as quantified by the traces for the electric field E, and
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Figure 2. Time evolution of particle and field energy densities for the He™ plasma with 15 keV H™ beam case(2nd parameter set in
table 1). The minority beam ions lose energy which is gained by the thermal ions and electrons together with the spontaneously excited via
the electric and magnetic fields. The energy acquired by the electrostatic field component E; is dominant compared to that in the

electromagnetic component B:.

magnetic field B, in figure 2. This is consistent with the obser-
vations of predominantly electrostatic ICE shown in figure 1
and motivates the deeper study of the electric field E, output
data which follows.

In order to identify the mode structure of the excited fields,
E, is first stacked in a 2D matrix with time evolution along
one axis and spatial location in the other. Taking a 2D FFT
then provides us with the spatiotemporal Fourier transform of
the E, data, resolving it into its different wavenumber and fre-
quency components. Figure 3 shows the 2D spatiotemporal
FFT of the electric field E, data from our simulation of an HT
beam in an He™ plasma, for the parameters given in the right-
most column of table 1. The parabolic feature extending diag-
onally upwards from the origin can be matched with the cold
plasma dispersion relation of the fast Alfvén wave (equation
(5.49) in [69]). The horizontal lines correspond to ion cyclo-
tron harmonics. At the intersection of these two features, the
degeneracy between the fast Alfvén wave and the ion cyclo-
tron harmonic—ion Bernstein branch is resolved clearly in this
high resolution simulation. We see harmonics extending past
the flattening of the fast Alfvén wave and a strong extended
feature, both around 15w.. These harmonics can be seen as
spectral peaks in the associated stimulated ICE power spec-
trum, figure 6, discussed below.

Figure 4 shows the 2D spatiotemporal FFT of the E, data
from the He™ plasma with He ™ beam. This shares several fea-
tures with the experimental spectra shown in figure 1. There is
a succession of cyclotron harmonic peaks which continue far
into the frequency space, together with an extended structure
around the flattening of the Fast Alfvén wave. The intensity
of this extended feature exceeds that of the ion cyclotron har-
monic features in both figures 3 and 4. We also note that in

figure 4, the harmonics split and rejoin around the frequency
35w, and wavenumber 600 ‘;’—A This is discussed further below.

The features of the observed ICE power spectra of the elec-
tric field, distinctive to the LAPD plasmas, shown in figure 1,
can be compared with those of our simulated power spectra.
These are obtained from the E, field properties captured in
figures 3 and 4 by integrating the power at each discrete fre-
quency interval over wavenumber space. Figure 5 shows E,
power spectra for two PIC simulations with different plasma
densities, for the 15 keV He™ beam. Figure 6 shows a PIC
simulation E, power spectrum for a 15 keV H beam case.
In both figures there are sequential harmonic peaks extending
up to high cyclotron harmonics fading out close to the corres-
ponding lower hybrid frequencies, ~40w ye+ and ~50w ye+
for figure 5, and ~29w 4.+ for figure 6. These harmonics are
predominantly electrostatic in both experiment and simula-
tion. Above the lower hybrid frequency, we expect a region
of evanescence (see e.g. appendix A of [11]), and also note
that it is possible for nonlinear MCI drive to excite cyclotron
harmonic features in this region, both experimentally(figures
1 and 3 of [11]) and in corresponding simulations(figures 4
of [11]). A broader peak is observed, around 25 w_y.+ and 35
weye+ for figure 5 and 16 w, for figure 6, close to the flattening
of the fast Alfvén wave similar to that observed in figure 2 of
[63] which also addresses a predominantly electrostatic ICE
scenario.

3.2. Comparison of nonlinear simulation results with linear
theory

In figure 4, the cold plasma dispersion relation for the fast
Alfvén wave (equation (5.49) in [69]) intersects the diagonal
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Figure 3. Spatiotemporal Fourier transform of the E, field component generated in our PIC simulation of the relaxation of a 15 keV H
beam in an He™ LAPD plasma for the second parameter set in table 1, showing the fast Alfvén wave along with excited ion cyclotron
harmonics. The logarithmic (base ten) colour scale quantifies the relative distribution of energy across frequency-wavenumber space.
Frequency is normalised to the proton cyclotron frequency w,, and wavenumber to the ratio of w, to Alfvén velocity v4. The simulation
resolves the degeneracy at the intersections between the dominant normal modes, which arise spontaneously in the simulation. These are the
fast Alfvén wave, on the diagonal at low frequencies <10wy, then flattening towards the horizontal axis at frequencies approaching 15wey;
and sequential quasi-horizontal branches of the ion cyclotron harmonic—ion Bernstein branch wave. The corresponding distributions of
excited field energy with respect to the frequency(the power spectrum) shown in figure 6 are obtained by integrating this plot over all
wavenumbers.
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Figure 4. Spatiotemporal Fourier transform of the E; field component generated in our PIC simulation of the relaxation of a 15 keV He™
beam in an He™ LAPD plasma for the first parameter set (1, = 3.0 X 10'® m~) in table 1 showing the fast Alfvén wave along with excited
ion cyclotron harmonics. The logarithmic (base ten) colour scale quantifies the relative distribution of energy across frequency-wavenumber
space. Frequency is normalised to the singly ionised Helium cyclotron frequency w, y.+ and wavenumber to the ratio of w .+ to Alfvén
velocity v4. The black diagonal line shows where the phase velocity matches the initial perpendicular speed of the beam ions: ¢ = uo as
defined by equation (1) and normalised to v4. It is evident that this condition strongly influences the location of field excitation in (w, k)
space.
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wavenumber. It is qualitatively similar to the experimental spectra shown in figure 1, including the electrostatic ICE harmonics spectral

peaks extending far past the broad peak.

line where the phase velocity matches the initial perpendicu-
lar speed of the beam ions (% = up), normalised as ‘v‘—;‘, around
(w,k) ~(35,600) in normalised units. This leads to a con-
tinuum like feature near the intersection, along with the har-
monics excited along the 3—;’ line. A magnified image of the
intersection region of figure 4 can be seen in figure A1 with
the color scale rescaled to show it clearly. We explore this fur-
ther using figure 7, which shows the MCI linear growth rates
across the (w,k) space for the same parameters for figure 4,
with the fast ions initialised as a ring-beam distribution. The
computationally enabled analytical linear calculations have

been carried out using the code discussed in [52] which is con-
structed from generalised kinetic equations for the dielectric
tensor elements. It is clear from comparisons of figures 4 and 7
that the outputs of our fully nonlinear PIC simulations carry an
imprint of the linear MCI, particularly with respect to the fol-
lowing features. The harmonics are excited along the :—2 line
and extend past the flattening of the fast Alfvén wave around
the 35th harmonic. There is a broad range of waves excited
close to the intersection of ‘V‘—U line with the fast Alfvén wave,
i.e. around the 35th harmonic and dimensionless wavenumber
600. The splitting of harmonics observed in the simulations
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Figure 7. Linear growth rates of the MCI for the case of an He™ LAPD plasma with 15 keV He™ beam plotted in frequency wavenumber
space. These results are obtained using the code of [52] for the first parameter set in table 1, with 7, = 3 x 10'® m~3. The diagonal red line
corresponds to ¥ = ug, normalised as i‘fz It is evident that the linear MCI is concentrated at sequential ion cyclotron harmonics along the

red line explaining the features observed in figure 4.

can also be seen in the linear calculations around this location.
The formation of the 3 line and the continuum like feature
at its intersection with the fast Alfvén wave have previously
been identified to be the case in figure 6 of [63] and figure
2 of [70]. Similar to the present study, all of these have sub-
Alfvénic beams, meaning that the L”—;) line is below the cold
plasma dispersion, since w =~ kv, at low frequencies.

3.3. Electrostatic versus electromagnetic aspects of ICE

As mentioned earlier in regard to figure 2, the minority ions
primarily excite modes in the electrostatic field Ey in contrast
to the electromagnetic field B,. This comparison is import-
ant because it can help determine the appropriate diagnostics
to measure ICE in experiments, as well as the other modes,
such as lower hybrid, which are excited by the fast ions. It
can also inform of mechanisms that nonlinearly excite lin-
early stable modes, thereby affecting the saturated power spec-
trum. In this section, we vary the energy of the beam ions
from 15 keV to 150 keV while keeping other parameters in
the H* beam column in table 1 the same to quantify its effect
on the fields excited and the mechanism of energy transfer.
Figure 8 shows how the ratio of the mean energy in the fluctu-
ating part of B; to that in E, in our simulations varies with the
parameter VV—: The dependence is almost linear, and the trans-
ition from predominantly electrostatic to electromagnetic is

found close to % ~ 0.4. The time evolution of the particle and
field energies which underpin figure 8, for 15 keV(% =0.32),
80 keV(Vv—j =0.74) and 150 keV(% = 1.013) HT beam cases,
can be seen in figure A2 in appendix. The rapid energy trans-
fer shown in the three time traces of figure A2 is the MCI in
action, through its linear and nonlinear phases. Corresponding
plots of time evolution of the MCI in other, broadly similar
contexts are given in figure 1 of [58], figure 9 of [42], figure 1
of [71] and figure 4 of [12]. The differences in the onset time of
the initial linear phase of the MCI are related to the difference
in energy or the ‘distance’ between the fast ion population and
the thermal ions in the momentum space similar to other beam
driven instabilities, for example see [72].

The dominant role of the electrostatic field component E,,
as compared to B;, in the nonlinear interactions which fur-
ther shape the LAPD ICE power spectrum can be inferred
from comparing the bicoherence plots shown in figure 9 (left)
and (right). Bicoherence [73, 74], defined and outlined for
the present application in the appendix of [63], provides a
robust quantitative measure of the strength of nonlinear coup-
ling between two waves (ki,k;), and hence of nonlinear drive
at a third wave, k; £ k,. Figure 9 shows nonlinear coupling
primarily in E. Near the bottom of bicoherence plot of Ey in
figure 9, for k <5 we see the lower wavenumbers interact-
ing with the structure around normalised wavenumbers (30—
40, 0-5). These nonlinear couplings indicate an exchange of
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Figure 8. The ratio of average energy in the excited electromagnetic field component B to that in the electrostatic field component E in the
PIC simulations of beam relaxation in LAPD plasmas, plotted versus initial perpendicular speed v of the beam ions normalised to the
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Figure 9. Bicoherence of the electric field Ex(left) and magnetic field B.(right) for the He plasma with 15 keV H+ beam case. The key
difference between the two bicoherences is the coupling visible at the bottom of E, and absent from B;. These nonlinear electrostatic
interactions of the lower harmonics with the intermediate and high wavenumbers corresponding to the higher harmonics also influence the

ICE spectra.

energy, possibly driving some of the modes which are linearly
stable and, therefore, absent from figure 7.

4. Conclusions

The approach to simulating ICE adopted here, in relation to
observations from the cylindrical LAPD plasma, is identical to
that adopted for ICE observations from toroidal MCF plasmas
in [11-13, 15, 23, 41-43, 45-47, 58]. This approach assumes
slab geometry, as does the analytical linear theory of the MCI
applied to ICE from MCF plasmas [9, 10, 50, 66, 75, 76],
which of course predates the use of PIC codes exploiting high
performance computation, as here. Slab geometry omits any
physical effects that arise from toroidal magnetic field geo-
metry. Its success in the MCF ICE context, in the sense of
widespread qualitative and quantitative agreement between

simulated and observed ICE power spectra, suggests that tor-
oidal effects play a minor role, if any; and reinforces that ICE
from toroidal MCF plasmas is a strongly spatially localised
effect.

In the cylindrical LAPD facility, the plasma physics giving
rise to the observed ICE spectrum is, by construction, exempt
from toroidal effects. Hence, LAPD ICE is, in principle, better
adapted than toroidal MCF ICE to our slab geometry simula-
tion approach. It transpires, however, that the results presen-
ted here are exactly comparable to those from previous MCF-
oriented simulations, in terms of’:

(i) Congruence between simulated and observed ICE spec-
tra. Counterparts to the combination here of figures 1, 5
and 6 include figure 1 of [45], figure 6 of [41], and figures
6 and 7 of [42].
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(i1) Outputs quantifying the underlying physics. For example,
counterparts to figure 2 include figure 2 of [45] for JET,
figure 4 of [12] for KSTAR, and figure 9 of [42] for LHD.
Counterpart FFTs to figures 3 and 4 include figure 5 of
[12] and figure 8 of [42], and counterpart bispectral plots
to figure 9 include figure 6 of [45] and figures 3 and 4 of
[11].

(iii) Quantitative alignment with linear MCI theory where
appropriate. Counterparts to figure 7 here include the
middle panel of figure 1 of [45], and the combination of
figures 2 and 3 of [46].

There is thus a mapping from the cylindrical LAPD ICE
observations, via the PIC simulations presented here and else-
where, to the toroidal MCF ICE observations. We conclude
that the same underlying physics—namely, the MCI in its lin-
ear and saturated nonlinear phases—generates the observed
signal. The LAPD spectra are instances of beam-driven MCI-
type ICE in its sub-Alfvenic, predominantly electrostatic
manifestation, which has precedents in MCF stretching back

to TFTR [7, 8]. An interesting corollary, supported by the dir-
ect experimental ICE measurement which is interpreted and
confirmed to be beam driven ICE in this paper, is that for
many purposes ICE in toroidal MCF plasmas ‘might as well’
be occurring in a cylinder.
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Figure A1. Magnified section of figure 4 showing the splitting and continuum like feature near the intersection of the dispersion of the fast
Alfven wave and the line corresponding to where the phase velocity matches the initial perpendicular speed of the beam ions: § = uo. The
logarithmic (base ten) colour scale quantifies the relative distribution of energy across frequency-wavenumber space and has been rescaled
compared to figure 4 to make this region clearer. Frequency is normalised to the singly ionised Helium cyclotron frequency w, g+ and
wavenumber to the ratio of w .+ to Alfvén velocity v4.
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