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Abstract. 

We report here on the discovery on NSTX-U of a qualitatively new type of non-thermal 
emission from plasmas in the ion-cyclotron frequency range (ICE). This new type of ICE is 
weakly damped, γdamp/𝜔ICE ≈  0.14%, low order eigenmodes, excited by a fast ion population 
radially located near an internal transport barrier.    The ICE appears as repetitive bursts with 
durations of ≈ 1 ms, and the bursts exhibit frequency chirps upwards and/or downwards with 
maximum δf/f ≈ 1%.  We refer to this chirping ICE as ch-ICE.  The bursts are longer than the 
typical ICE bursts of ≈  100  µs reported previously for NSTX and NSTX-U, for simplicity, 
NSTX(-U).  The chirping resembles that seen in modeling of weakly unstable fast particle driven 
instabilities [cf., Berk, et al., Phys. Lett. A  234, (1997) 213].  These data also provide some 
preliminary indications of non-linear coupling between the ch-ICE harmonics.  Despite 
extensive experimental and theoretical studies of ICE, theoretical understanding of ICE remains 
qualitative at best.  The detailed experimental observations of ICE from NSTX(-U) find a wide 
variation in the ICE characteristics.  The new observations of ch-ICE presented here, combined 
with the characteristics of ICE on NSTX(-U) previously reported [Fredrickson,  et al., Phys. 
Plasmas 26 (2019), 032111], could guide the development of more complete theoretical models 
of ICE.  
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I.  Introduction

Super-thermal electromagnetic emission from laboratory plasmas in the ion-cyclotron frequency 
range, commonly referred to as ion cyclotron emission or ICE, has been extensively studied, 
both to understand the phenomena and as a potential diagnostic of the confined fast ion 
populations in fusion plasmas [1-29].  Present theoretical models of ICE are qualitative at best 
and interpretations of ICE as compressional Alfvén waves or the magneto-acoustic instability 
[28-45], mode-converted ion Bernstein waves [46] or even spin-flip maser emission [47] have 
been proposed.  The ICE frequency is in general close to the cyclotron frequency of a super-
thermal energetic ion population located near the plasma outboard edge, although ICE has been 
seen in ohmic and beam heated plasmas with frequencies corresponding to the ion cyclotron 
frequency near the axis [4,16,17,18,19,26-29].  The ICE is believed to be excited through a 
cyclotron resonance with this super-thermal fast ion population with the resonant frequency 
Doppler-shifted from the cyclotron frequency by k||V|| where k|| and V|| are the components of 
the wave vector and the energetic-ion velocity parallel to the magnetic field, respectively.  This 
poses an additional complication for NSTX(-U) and other spherical tokamaks as the ion 
cyclotron frequency is relatively low compared to the potentially large Doppler-shift expected 
from 70 - 90 keV beam ions.  Thus in spherical tokamaks the ICE frequency could be 
significantly shifted from the cyclotron frequency at the resonance location.  

The possibility that ICE could serve as a diagnostic of the confined fast-ion population in 
ignited plasmas such as are expected for ITER [43-45] has renewed interest in developing a 
comprehensive theoretical model of ICE.  The environment for diagnostics on ITER is 
challenging, but ICE can be measured with a small coil or with the Ion-Cyclotron Range of 
Frequency (ICRF) antennas.  Relating the measured ICE frequency and intensity to parameters 
of the confined fast ion population, however, will require an improved theoretical understanding 
of ICE.  The unique characteristics of ICE on NSTX(-U) could help steer research towards more 
complete theoretical models.

Four qualitatively different types of ICE have been identified on NSTX(-U).  All of the ICE 
types are observed to be coherent, global modes and the width of the frequency peaks of the ICE 
is narrow with δf/f  ≤ 0.1 %.  The first and most commonly seen type of ICE has many 
similarities to the observations of ICE on conventional aspect ratio tokamaks. This ICE appears 
in bursts lasting ≈ 100 µs [5,9,25] and emission has been seen in bands near harmonics of the 
deuterium ion cyclotron frequency (ΩD) up to the seventh.  NSTX(-U) operates with nominally 
deuterium plasmas with deuterium neutral beam heating.  As previously reported, multiple 
discrete frequencies are typically seen at each harmonic [9,19,25].  The second type is very 
similar to the first, except that the ICE appears in a quasi-stationary state with moderate 
amplitude modulation, but no bursting.  The quasi-stationary character of the ICE allowed 
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observation of three-wave coupling between the ICE and lower frequency Global Alfvén 
eigenmodes [25].  The third type is also bursting with bursts lasting ≈ 1 ms, but the frequency 
during the bursts changes (chirps) by up to ≥ 200 kHz (δf/f ≤ 1 %).  This chirping ICE, which 
we refer to here as ch-ICE, has not been seen at ΩD and has not been previously reported.  (A 
different type of “chirping” ICE has been reported from KSTAR where the chirps are the result 
of density changes in filaments during the collapse of ELMs [18,23,24].)  A fourth type, only 
seen in a few shots, is a weaker, bursting ICE that appears to originate from a magnetic well in 
high current, low field and high 𝛽 plasmas.  The bursts of this fourth type of ICE were short 

(≈ 10 µs) and again, narrow band, but scattered over a range of frequencies that encompasses 
the cyclotron frequencies in the magnetic well.  An important unique characteristic of the first 
three types of ICE on NSTX(-U) is that the ICE frequency is higher than the cyclotron 
frequency at the plasma edge suggesting that the ICE originates from deeper in the plasma [25].  

3

Fig. 1. Spectrogram from a 2.6 kG NSTX shot with ≈ 4.5 MW of neutral beam power. The central density was < 2 
x 1013/cm3, Te ≈ 0.8 keV.  The range of deuterium cyclotron frequency between plasma edge and axis is shaded 
magenta. GAE avalanches are seen in green-shaded region. Co-propagating CAE with 10  ≤ n  ≤ 15 are in red-
shaded region.  The 1st through 5th harmonics of ICE and ch-ICE bursts are as indicated.
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As the modes are typically measured to be counter-propagating, present theoretical models 
would predict that the Doppler shifted ICE frequency should be lower than the edge cyclotron 
frequency.  ICE with frequency higher than the edge cyclotron frequency is also predicted to 
damp on the thermal deuterium plasma.  In this paper we will present the new data on the third 
type of ICE, the chirping ICE, which was not discussed in our earlier publication [25]. 

Most theoretical models assume that the ICE is the fast, or compressional, Alfvén wave and it is 
important to note that the ICE behaves qualitatively differently from the co-propagating CAE 
previously reported on NSTX [48, 49].  Figure 1 shows a spectrogram of magnetic fluctuations 
during a 2.6 kG NSTX shot heated with 4.5 MW of NBI.  The spectrogram is complicated, but 
includes co-propagating CAE, Global Alfvén eigenmodes (GAE), and examples of the first and 
third types of ICE.  The deuterium cyclotron frequency in the region from the plasma edge to 
the magnetic axis is highlighted in magenta.   As indicated by the pink region in the figure, the 
co-CAE appear between roughly 0.14  s and 0.16  s with frequencies between 2.5 MHz and 
3.5 MHz, a frequency higher than even ΩD at the magnetic axis.  The GAE, green high-lighted 
regions, are bursting and chirping with frequency below 1 MHz, and with weak 2nd harmonics 
visible.  The ICE appears between 0.16 s and 0.175 s, with the fundamental frequency between 
2.2 MHz and 2.4 MHz (the third through sixth harmonics are aliased).  Some scattered bursts of 
ch-ICE appear after 0.18 s (where the chirping is not visible on this scale).  In this figure it is 
seen that the ICE is clearly qualitatively different than the co-CAE, nor is ICE the counter-
propagating CAE [50] which typically have frequencies less than half the edge ΩD (and are not 
present in this shot). 

The ch-ICE has a number of characteristics that distinguish it from the typical ICE.  The 
frequency of ch-ICE at each harmonic is slightly lower than the harmonics of the first, or 
“typical”, type of ICE, and ch-ICE has only been seen at the second through sixth harmonics of 
the ΩD (most commonly, but not exclusively, at the even harmonics).  In Sect. II we describe the 
experiment conditions and in Sect. III we present experimental data illustrating some specific 
characteristics of the ch-ICE.  In Sect. IV we will describe in more detail the chirping of ch-ICE, 
a unique feature of this type of ICE, with possible implications regarding the instability drive for 
ch-ICE.  In Sect. V we will discuss measurements of the mode structure, specifically toroidal 
mode numbers, direction of mode propagation and local poloidal wavelength measurements on 
the outboard mid-plane.  Section VI will describe some evidence for non-linear coupling 
between the ICE harmonics.  Section VII will discuss the implications of the experimental 
observations and Section VIII will summarize the results and discuss needs and plans for further 
research.

II. Experimental Setup
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The National Spherical Tokamak eXperiment 
Upgrade (NSTX-U) [51, 52] is a tight aspect ratio 
tokamak with a major radius of ≈ 0.94m and minor 
radius of ≈ 0.55m.  NSTX-U is an upgrade of the 
NSTX with a larger diameter “center stack” which 
allows higher field (up to 1 Tesla), plasma current up 
to 2 MA, and pulse lengths as long as 5 s.  NSTX-U 
also has three additional deuterium neutral beam 
sources with the new sources aimed at the outer edge 
of the plasma (red beam trajectories in Fig. 2).  The 
examples of ch-ICE shown in this paper come from 
both NSTX and NSTX-U plasmas with nominal 
toroidal fields ranging from 2.6 kG up to the highest 
achieved field to date of 5.9 kG.  Thomson scattering 
measurements of the electron temperature and 
density are available for all shots, and for some there 
were also measurements of the toroidal rotation 
velocity and ion temperature profiles.  ICE on 
NSTX(-U) has been observed in plasmas with central 
density up to ≈ 4 x 1013/cm3, but ICE is uncommon at densities greater than ≈ 2 x 1013/cm3.  
With a few exceptions, the plasmas were in L-mode during the ion cyclotron emission period.  

The ICE is probably suppressed at higher densities; higher density also appears to be correlated 
with a broadening of the toroidal rotation profile.  The higher density will tend to shorten the 
fast-ion slowing down time and broaden the fast-ion deposition profile, potentially smoothing 
the phase-space gradients which could be driving the mode.  The higher density could also 
increase the ICE damping on the thermal ion population.  The higher density reduces beam 
shine-through, increasing beam torque to increase the plasma toroidal rotation, particularly in 
the “locked” edge region.  As the ICE frequency can change substantially when the plasma is 
shifted radially, but the calculated eigenfrequencies are not seen to change, it is deemed unlikely 
that an eigenfrequency change due to the density increase is responsible for the ICE 
suppression.

The high frequency Mirnov coil array on NSTX-U was designed for the study of Compressional 
and Global Alfvén eigenmodes with expected frequencies below approximately 3 MHz.  The 
edge deuterium ion cyclotron frequency is approximately 3.3 MHz in the nominal 5.9 kG 
plasmas run in the 2016 campaign.  The coils are terminated to provide a flat response to about 3 

5

Fig. 2. Plan-view of NSTX-U at the mid-plane. 
Outer black circle is approximate radius of 
vacuum vessel on which Mirnov coils are 
mounted.  Small circles show toroidal location of 
coils in high bandwidth array, green measure 
vertical magnetic fluctuations, magenta measure 
toroidal fluctuations.  Red circle shows toroidal 
location of small vertical array of five coils.
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MHz, with an approximate 1/f2 fall-off in amplitude response above that frequency.  However, 
to the extent possible, the sensors, terminations, and cabling were kept as similar as possible, 
thus, it is not unreasonable to attempt mode analysis at frequencies above the nominal 
bandwidth, albeit with greater uncertainty as to the accuracy of the results.  The data acquisition 
rate was 10 MHz for the data presented here meaning that ICE with frequency above the 2nd or 
3rd harmonics is typically aliased.  In NSTX-U there is a toroidal array of eleven coils to 
measure the toroidal mode number and a vertical array of five coils spanning ≈  65  cm to 
measure the vertical wavelength on the outboard mid-plane.  The toroidal array includes coils 
which measure the amplitudes and phases of both the toroidal and poloidal magnetic 
fluctuations (Fig. 2).  The Mirnov arrays on NSTX had fewer sensors and the nominal sensor 
bandwidth was ≈ 1.8 MHz.  The only diagnostic on 
NSTX(-U), so far, that has detected ICE is the 
magnetic sensor array.

III. Characteristics of ch-ICE modes

A spectrogram showing ICE and ch-ICE as measured 
on NSTX-U with Btor  ≈ 5.9 kG is shown in Fig. 3.  
This figure illustrates some of the complexity of 
studying the ICE data from the 2016 NSTX-U 
engineering campaign.  The data acquisition rate was 
10 MHz and emission near the 2nd and higher 
deuterium cyclotron frequency harmonics is therefore 
aliased.  Colored curves (labeled “1st” through “6th”) 
have been added to the spectrogram to identify the 
ICE near the indicated (aliased) ΩD harmonics.  In this figure, the green curve was created by 
tracking the ICE bursts near the third harmonic.  This curve was then used to predict where the 
aliased emission at other harmonics would be expected.    The bursts at other harmonics are 
typically displaced slightly in frequency, although they roughly align in time, suggesting that the 
emission near each harmonic is partially independent.  When the first harmonic frequency 
corresponding to the ch-ICE harmonics is calculated, e.g., by dividing the 2nd harmonic 
frequency by two, the 3rd by three, etc., the resulting frequency is ≈100  kHz lower than the 
fundamental emission (black curve just below the fundamental ICE bursts in Fig. 3).  

Sections of the spectrogram, indicated by the shaded boxes in Fig. 3 at ≈ 0.25s, are expanded in 
Fig. 4.  Each of these expanded spectrograms corresponding to the 2nd through 6th harmonics 
contains three bursts of ch-ICE.  This example is unusual in that chirping ICE is seen at all of 
the deuterium harmonics from the 2nd to the 6th (Figs. 4a - 4e).  No example of ch-ICE has been 
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Fig. 3. Spectrogram from NSTX-U shot with 
≈0.6 MA plasma current, 5.9 kG toroidal field 
and 2.6 MW of neutral beam power. The central 
density was ≈ 1.4 x 1013/cm3, Te ≈ 1 keV. 
Magenta region is fci between edge and axis.
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found at a frequency corresponding to the 
fundamental ΩD.  While the timing of the bursts of 
ch-ICE at the harmonics is clearly correlated, the 
bursts do not align exactly in time, nor is the spectral 
structure of the bursts the same for all bursts.  This 
suggests that while there is come coupling between 
the ch-ICE near each deuterium harmonic, the 
emission at each harmonic is partially independent.  
The fundamental ICE harmonic is at about 3.9 MHz 
(Fig. 4f), but the ICE at higher harmonics is seen at 
multiples of ≈3.79 MHz (red dashed lines) and 
multiples of ≈3.83 MHz (green dashed lines).  Note 
that both the red-dashed and green-dashed lines lie 
below the fundamental ICE frequency in Fig. 4f.  
These frequencies are also substantially higher than 
the corresponding harmonics of the edge ΩD, and thus 
also map to locations deeper in the plasma.

The spatial origin of the ICE is usually assumed to be 
near where the observed fundamental ICE frequency 
matches the local cyclotron frequency of the energetic 
ions assumed to have excited it.  However, the 
mapping should also account for the Doppler shift 
from the cyclotron frequency which depends on the 

parallel wavelength of the ICE and the parallel 
velocity of the energetic fast ions.  For higher field 
tokamaks such as TFTR, JT-60U and JET where the 
estimates of the Doppler correction are much less than 
the cyclotron frequency, it is not unreasonable to 
neglect this Doppler correction when mapping the 
ICE location, particularly since the parallel 
wavelengths are not typically measured.  On the 
smaller NSTX where the toroidal field is substantially 
lower and the beam energies are comparable, this 
assumption is more problematic.  This will be 
discussed in more detail below where estimates of the 
potential range of the Doppler correction will be 
made.  In Fig. 5 we neglect the potential Doppler 
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Fig. 5. a) Contours of toroidal rotation frequency 
(black) with mapped ICE spectra overlaid (blue - 
fundamental ICE, red is ch-ICE near 2ΩD, green 
is ch-ICE near 3ΩD). The cyan and magenta 
curves show the magnetic axis and plasma edge, 
respectively b) rotation profile and fluctuation 
spectra mapped to major radius at indicated time.
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frequency corrections and time-dependently map the ICE spectra to the radial profiles of the 
relevant harmonics of ΩD.  Figure 5a shows toroidal rotation frequency contours (black) with 
the overlaid, and mapped spectrograms showing the fundamental ICE (blue contours), and the 
2nd and 3rd harmonic ch-ICE (red and green, respectively).  Figure 5b shows the radial profile of 
the plasma toroidal rotation and the ICE/ch-ICE spectra at ≈ 0.255 s. The radial profiles of ΩD 
are calculated using the local mod(B).  As was previously reported [25], the fundamental ICE 
frequency maps to the bottom of a strong radial gradient in the toroidal rotation.  The ch-ICE 
corresponding to higher ΩD harmonics maps locations roughly 2 cm to 3 cm farther out in major 
radius.  The ICE frequencies increase and decrease as the plasma is moved radially into higher 
and lower magnetic field regions (the magenta and cyan curves show the plasma edge and 
magnetic axis, respectively).  The frequency or spatial shift between ICE and ch-ICE could 
represent a different Doppler frequency correction, or a different spatial origin for the ch-ICE.

It was previously shown that the measured ICE frequency on NSTX(-U) did not have an 
Alfvénic dependence on density [25].  A similar lack of density scaling has previously been 
reported on the conventional aspect ratio tokamak TUMAN-3M [19] and in the Large Helical 
Device (LHD) stellarator [15].  This challenges the theory that ICE is through Alfvén waves, 
which form eigenmodes with well defined frequencies in the low field NSTX(-U) device.  In 
NSTX-U the lack of ICE frequency scaling with density was determined by showing that the 
ICE frequency rose during a period when the plasma density roughly doubled.  A similar 
example for ch-ICE is shown in Fig.  6a where the frequency of the ch-ICE emission is 
increasing in response to a small inward shift of the 
plasma.  In Fig. 6b the time-smoothed and mapped 
spectrogram showing ch-ICE (red) is overlaid on 
contours of the electron density (black).  After 
≈  0.215s the density in the outer plasma region 
begins to increase, indicating an H-mode transition.  
This can be seen more clearly in Fig. 6c where 
profiles of the density at the indicated times are 
shown.  The cyan curve in Fig. 6b shows the radius 
of the magnetic-axis, the magenta shows the plasma 
edge.  While the density remains largely unchanged 
in the core region (R  <  1.23m), the edge density 
increases substantially.  Calculations of the time 
evolution of the frequency of compressional Alfvén 
eigenmodes predict that the ch-ICE frequency, if it 
was an Alfvénic eigenmode, should have dropped by 
≈ 7% (≈ 500 kHz) in response to the increase in edge 
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Fig. 6. a) Spectrogram showing ch-ICE bursts 
(de-aliased), b) ch-ICE spectra overlaid on 
density contours as in Fig. 5, c) profiles of 
electron density at indicated times.
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density between 0.215s and 0.248s.  Instead the ch-
ICE frequency increased by ≈ 80 kHz.

In conventional tokamaks, the ICE is generally 
believed to be excited by strong bump-on-tails in the 
fast-ion distribution at the plasma outboard-edge [9].  
The bump-on-tails are formed by barely-trapped fast 
ions whose orbits pass through the plasma outboard-
edge.  As this fast-ion population slows down, the 
orbits contract inwards, away from the plasma edge, 
so these edge bump-on-tails persist, i.e., they don’t 
relax to a classic slowing-down distribution.  The 
measured ICE frequencies on conventional tokamaks, 
with a few exceptions, were in good agreement with 
the cyclotron frequency of super-thermal ion 
populations in the plasma edge, supporting this model. 

The ICE on NSTX is believed to be driven by some part of the fast beam-ion population.  There 
are, of course, non-thermal populations of fusion products in these plasmas (1 MeV Tritons, 0.8 
MeV He3 and 3 MeV protons), however these populations are roughly 2.2 x 106 smaller than the 
beam-ion population [25]. Figure 7 shows the unperturbed deuterium beam ion distribution as 
calculated with TRANSP and NUBEAM for a typical NSTX-U plasma where ch-ICE and ICE 
were seen (this TRANSP run from 2017 pre-dates the current TRANSP version-tracking 
system).  Co-moving fast-ion beamlets are seen in Fig. 7a near the plasma edge at the full and 
half energies of the beam sources (beam injection energies of 90 keV and 83 keV).  The ch-ICE 
and ICE waves are both propagating counter to the beam-ions, thus a direct Landau resonance is 
not possible.  The fast-ion distribution for the normalized minor radius 0.4 < r/a < 0.45, or in the 
vicinity of 1.25 m < R < 1.28 m, is shown in Fig. 7b.  This location is where the local deuterium 
cyclotron frequency matches the (ch-)ICE frequencies for this shot.   The bump-on-tails are 
mostly relaxed, leaving only the gradients normally present in a slowing-down distribution to 
drive the instability.  Waves excited through a Doppler-shifted cyclotron resonance can extract 
energy from other gradients, for example, radial gradients of the population of resonant fast 
ions.

IV. Bursting and chirping of ch-ICE modes

This new type of ch-ICE has strong bursts with durations of order 1 ms and frequency chirps 
spanning up to ≈ 200 kHz.  The burst spacing was typically 1 to 3 ms.  Spectrograms showing 
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Fig. 7.  Deuterium beam ion distribution 
functions for the ICE seen in Fig. 6.  a) narrow 
bumps-on-tail near plasma edge, b) distribution 
function is largely relaxed deeper in plasma.
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details of a burst of ch-ICE at the 2nd and 4th ΩD 
harmonics are shown in Figs. 8a and 8b. For 
comparison the ICE bursts near the 1st harmonic are 
shown in Fig. 8c.  As stated above, the 1st harmonic 
bursts are shorter and uncorrelated with the 2nd and 
4th harmonic bursts.  The 4th harmonic bursts are not 
just a non-linear beating of the 2nd harmonic, which 
would have resulted in a more complex burst 
structure including mixing between the different 
frequency components in the 2nd harmonic burst.  
The bursts are most commonly down-chirping, but 
up-chirping bursts and bursts that chirp in both 
directions have been seen.  As is seen in Fig. 8, the 
bursts often consist of several sequential down-
chirping modes.  In Fig. 8b it can be seen that two or 
three distinct chirping modes can be present at the 
same time.

The ch-ICE chirps are commonly uni-directional, 
either up or down in frequency, as in Figs. 8b and 8c, but chirps have been seen which show the 
classic hole-clump frequency evolution [53,54] with 
chirps in both directions.  The simultaneous up-down 
chirps rule out the possibility that the frequency 
chirps are the result of changes in the toroidal rotation 
or other equilibrium parameters [24, 28, 29] as the 
wave chirps both upwards and downwards, 
simultaneously.  The up-down chirping cases 
resemble the chirping of the (shear) Global Alfvén 
eigenmodes (GAE) seen in NSTX [55].  Figure 9 
compares spectrograms of a GAE burst from NSTX 
(Fig.  9a) and from a ch-ICE burst in NSTX-U 
(Fig. 9b).  The bursts last a similar period of time, but 
the frequency range of the ch-ICE chirp is 
significantly less than that of the GAE.  The linear 
growth rates for the modes have been estimated based 
on the frequency evolution in accordance with Eq. 52 
in Ref. 54, δω(t) = ± 0.441 γL(γd t)1/2.  Here δω(t) is 
the time-dependent change in frequency, γL is the 
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Fig. 9. a) spectrogram of GAE burst on NSTX, b) 
spectrogram of ch-ICE burst seen on NSTX-U.  
The red curve (a) and the black curve (b) show 
the predicted frequency evolution assuming the 
growth and damping rates as indicated.
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linear drive, γd is the damping rate and it has been 
assumed that γd  ≈  0.7γL.  The equation predicts an 
initial mode growth rate in reasonable agreement with 
the amplitude growth of the ch-ICE burst as shown in 
Fig. 10a, where the initial growth rate of the mode is 
estimated from the exponential increase in magnetic 
fluctuation amplitude.  For comparison, the growth 
rate for a burst of ICE at the fundamental ΩD is 
shown in Fig. 10b.  There is a difference of a factor of 
ten in the time range between the figures and a 
corresponding factor of ten larger growth rate for the 
fundamental ICE.  The ch-ICE growth and damping 
rates are relatively small, γdamp/𝜔ICE ≈  0.14% (using 

the estimate for the linear damping) and so the waves 
should form eigenmodes with well defined 
frequencies.

Chirping of the fundamental ICE bursts has not been 
seen.  The expected range of the frequency chirp can 

be estimated by using the same formula, but now to predict the chirp rate from the growth rate.  
The ICE near ΩD shown in Fig. 10b has an estimated growth rate of ≈ 3.1 x 105/s, which is 
approximately ten times the estimated growth rate of the 2nd harmonic ch-ICE burst growth rate 
of ≈ 2.8 x 104/s.  With the same assumption that γdamp 
≈ 0.7 γdrive, the formula then predicts that the 
frequency should chirp by ≈ 500 kHz over the 62 µs 
between the red and blue regions in Fig. 11a, that is 
from the beginning to the end of the burst shown in 
Fig. 10b.  Figure 11b overlays the magnetic 
fluctuation traces from the beginning (red) and end 
(blue) of the ICE burst.  As can be seen, the relative 
phase shift between the two signals is less than 90º 
over the 45 periods shown in Fig. 11b.  This 
corresponds to a change in frequency between the 
beginning and end of < 0.5%, or <  20  kHz.  The 
model in Ref. 53 predicts that the range of the 
frequency chirp will decrease as the ratio of the 
damping to linear drive decreases, although the 
relation is very non-linear.  It is necessary to set γdamp/
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Fig. 11. a) Digitally filtered burst of ICE near the 
1st harmonic of  ΩD (same burst as was shown in 
Fig. 9b), b) magnetic fluctuations from beginning 
(red) and end (blue) of the ICE burst in a).
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γdrive ≈  0.04 (the formula is probably not valid 
for such a low damping rate) to get a frequency 
chirp as small as 20 kHz.  The lack of visible 
chirping for the normal ICE suggests that there 
is a major difference between the instability 
physics of the ch-ICE and regular ICE.

Toroidal and Global Alfvén eigenmode 
avalanches [56, 57] often temporarily suppress 
ICE and ch-ICE.   This contrasts with previous 
observations where it was concluded that TAE 
bursts transported fast ions to the plasma edge 
which triggered ICE [9, 15] and provides further 
evidence that the ICE on NSTX is resonantly 
driven by the fast ion population located deeper 
in the plasma, where the TAE and GAE are 
localized. Figure 12a is a spectrogram showing 
ch-ICE bursts near 2 ΩD, Fig. 12b shows ICE 
bursts near ΩD and Fig. 12c is a spectrogram 
showing TAE avalanches.  The vertical dashed 
lines overlaid on each spectrogram indicate the 
time of peak TAE amplitude (TAE amplitude is 
indicated by the black curve in Fig 12c).  The 
correlation isn’t strong, but following the peak in TAE amplitude the ICE bursts are weaker and 
there is a short period where the ch-ICE bursts are absent.

V. Measurement of mode numbers, wavelengths.

The toroidal mode number of the ICE is measured with a toroidal array of eight Mirnov coils 
oriented to measure the poloidal component of the magnetic fluctuations on the outboard mid-
plane and three oriented to measure toroidal magnetic fluctuations. The approximate toroidal 
locations of the coils are shown in Fig. 2 with the green circles indicating the location of coils 
oriented to measure poloidal magnetic fluctuations and the magenta circles indicating the 
location of coils oriented to measure toroidal magnetic fluctuations.  The analysis of mode 
numbers is done by using Fourier transforms to determine the relative phase between local 
measurements of the magnetic fluctuations of a given frequency.  The relative phase variations 
are then automatically fit with toroidal mode numbers from n = -14 to n = +14, and the best fits 
are identified.  The range -14 ≤ n ≤ 14 covers the typical range of toroidal mode numbers found 
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Fig. 12. a) Spectrogram showing TAE avalanches, the 
black curve is the rms amplitude (a.u.).  The vertical 
dashed lines indicate the times of peak TAE amplitude.  
b) spectrogram of bursting ICE near ΩD. Following the 
TAE amplitude peaks, the amplitude of the ICE bursts is 
reduced, c) spectrogram showing ch-ICE bursts (“de-
aliased”) near 2ΩD.  Again, there are quiet periods 
following the peaks in TAE amplitude.

Fr
eq

. (
M

H
z)

2.5

2.8

2.7

2.6

c)

7.2

7.5

7.3

7.4

ch-ICE
Fr

eq
. (

kH
z)

a)

0

100

200

TAE

NSTX 205052

Fr
eq

. (
M

H
z) b)

3.7

4.0

3.8

3.9

ICE

Time (s)
0.220 0.2300.224 0.2280.222 0.226



on NSTX(-U), but fits to higher n’s can also be done.  
The edge polarization of the magnetic fluctuations 
(from compressional to shear) is calculated from the 
relative amplitudes and phases of the toroidal 
magnetic fluctuations relative to the poloidal 
(vertical) magnetic fluctuations.   

Examples illustrating the fitting algorithm for 
individual points are shown in Figs. 13 and 14. The 
measured relative phases of the poloidal magnetic 
fluctuations are shown vs. toroidal position in Fig. 
13a. As noted above, the coils are in three groups 
roughly 90º apart. The solid green line shows the best 
fit with a standard deviation of 20º to the phase 
variation for n =  -3 (ctr-propagating).  However, as 
the groups of sensors are separated toroidally by 
roughly 90º, the fit to a co-propagating n = 1 mode 
(black dashed line) is nearly as good with a standard 
deviation of 33º.  In effect, the discrete toroidal array 
is susceptible to spatial aliasing in mode number 

identification between n and n ± 4.  The best fit in this example is determined largely by the 
group of coils between 150º and 180º.  The standard deviation calculation, used to identify the 
best fit, is weighted by the uncertainty in the phase determination (error bars on each phase 
point).  As a result, for weak or noisy signals with large phase uncertainties, this array can have 
difficulty resolving the best fit between n and n ± 4.  The error bars reflect the signal-to-noise 
level and don’t account for systematic phase errors.  In Fig. 13b is shown the amplitude data in a 
similar format.  The solid red curve shows the 
average amplitude of the poloidal (vertical) magnetic 
fluctuations and the solid blue curve shows the 
average amplitude of the toroidal magnetic 
fluctuations (with large scatter).  The small inset in 
Fig. 13b shows a composite Lissajous using the 
average vertical and toroidal fluctuation amplitudes 
and the average phase difference between the toroidal 
and poloidal magnetic fluctuations. The Lissajous 
trace demonstrates that the polarization of the 
magnetic fluctuations is roughly compressional 
(parallel to the equilibrium field) in the plasma edge.
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Fig. 14. a) Relative phases of the poloidal 
magnetic fluctuations vs. vertical position on 
outboard mid-plane, b) fluctuation amplitudes.
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Measurement of the poloidal mode number in a strongly shaped, diverted and low aspect ratio 
plasma is much more difficult than measuring the toroidal mode number, both in terms of the 
required diagnostic access as well as interpretation of the measurements due to the poloidal 
distortion and/or coupling of eigenmodes.  In that context, there is some very limited data on the 
poloidal mode structure of the ICE on NSTX-U as shown in Fig. 14.  There is an array of five 
coils spanning a vertical range of ≈  64  cm, centered on the outboard midplane.  While this 
limited array can’t measure the poloidal mode number, it can measure the direction of 
propagation and a local poloidal wavelength on the outboard midplane.

Figure 14a shows the relative phase, now vs. height relative to the outboard midplane.  The best 
fit to the relative phases corresponds to a vertical (or poloidal) wavelength of ≈ 145 cm on the 
outboard midplane at the radius of the vacuum vessel wall.  Curiously, the inferred poloidal 
propagation direction  is co-parallel to the beam ions, that is, the mode structure has the opposite 
helicity of the equilibrium magnetic field.  In the cylindrical approximation a wavelength of 
145 cm would be equivalent to an effective cylindrical poloidal mode number of meff ≈ 2.7.  (It 
should be noted that the poloidal array is evenly spaced, and thus subject to spatial aliasing, 
albeit to very high m’s.)  Reasonable fits are found for both meff = +30 and meff = -24, however, 
in either case the resulting k|| would be quite large and the expected Doppler resonant frequency 
correction would be O(𝜔ci).  A short wavelength would also imply significant attenuation 

between the plasma edge and the location of the sensor coils.  While this may not be a sufficient 
argument to exclude the possibility of very short 
poloidal wavelengths, it does mean that there would 
be no reason to expect that ICE frequency harmonics 
would be separated by 𝜔ci, nor that the ICE frequency 

would be near the deuterium cyclotron frequency.  
Thus, we consider the short wavelength, high m, fits 
an unlikely possibility.  

Analysis of the ICE bursts from many NSTX-U shots 
have found that the 1st harmonic ICE is typically best 
fit with a toroidal mode number of n =  -1 (negative 
meaning counter-propagating) and in cases where the 
1st harmonic ICE frequency has a split peak, the 
higher frequency band typically has n = 0.  The ch-
ICE 2nd harmonic bursts, as seen in previous figures, 
are also typically counter-propagating, with n  =  -3.  
However, in a couple of shots the best fit was to a co-
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Fig. 15. a) Spectrogram shows best fit toroidal 
mode numbers for ch-ICE, b) best fit toroidal 
mode numbers for the fundamental ICE bursts.
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propagating n = +1 mode, and good fits to n = -4 were found in some shots.  

The algorithm described above can be adapted for use in a code which automatically finds 
amplitude peaks in the frequency spectra and finds the best fit to each peak.    A threshold for the 
goodness of fit is used to exclude fits to noise and the resulting list of times, frequencies and 
mode numbers is used to color-code the contours of a spectrogram. In Fig. 15a is shown an 
example of such an analysis as applied a sequence of strong 2nd harmonic ch-ICE bursts.  The 
best fits are predominantly n = -3, indicating propagation counter to the plasma current or beam 
injection direction, that is in the electron diamagnetic drift direction.  The measured mode 
frequency is shown on the right of the figure, and the de-aliased frequency scale on the left.  Fig. 
15b shows a similar spectrogram for the fundamental ICE harmonic. (Where necessary, the 
mode numbers have been corrected to account for aliasing.)  The modes are again counter-
propagating but with a dominant toroidal mode 
number of n = -1.  The scattering of points depicting 
mode numbers that are not n = -3 in Fig. 15a, and not 
n = -1 in Fig. 15b could be spurious fits, or possibly a 
scattering of ICE bursts with different mode numbers, 
e.g., in a number of cases, 2nd harmonic ch-ICE was 
found with best fits of n = -4.

While the best fits for the 1st and 2nd harmonic ICE 
toroidal mode numbers are typically n = -1 and n = -3, 
respectively, other mode numbers 1  ≤ |n|  ≤  4  have 
also been seen.  A spectrogram of the ch-ICE bursts 
for the same shot as used in Figs. 13 and 14 is shown 
in Fig. 16a, the toroidal mode number fits are shown 
in Fig. 16b.  The inferred cylindrical poloidal mode 
numbers, meff, from this limited range of data are 
shown in Fig. 16c. The n  =  -4 ch-ICE bursts have 
longer poloidal wavelengths (smaller meff) and shorter 
toroidal wavelengths than the n = -3 bursts.  It is also 
of interest that the inferred poloidal wavelength for 
the n = 3 bursts increases (meff decreases) as the ch-
ICE frequency increases.  The n  =  -4 bursts are 
roughly 220  kHz lower in frequency than the n  =  -3 bursts.  For reference, the expected 
magnitude of the change in resonant frequency should be ≈ δn Vb||/R,  or 200 kHz to 250 kHz 
for δn = 1 assuming other parameters remain constant.   Over this time period, the density rise 
and other parameter changes should have resulted in an approximate 3% drop in the CAE 

15

Fig. 16. a) Spectrogram shows two types of ch-
ICE, b) best fit toroidal mode numbers for the ch-
ICE bursts, c) best fit poloidal mode numbers for 
the ch-ICE bursts.
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eigenfrequency as opposed to the measured increase of ≈ 5.5%.  Again, the relative signs of the 
n and meff indicate the ICE mode has opposite helicity to the equilibrium magnetic field.

VI.   Non-linear coupling of harmonics

The leading theoretical model for the interpretation of ICE predicts that non-linear three-wave 
coupling between harmonics of ICE emission can transfer energy between harmonics, 
destabilizing otherwise stable harmonics [41-44].  Experimental evidence for non-linear coupling 
has been found on KSTAR [23].  Non-linear coupling between ICE and lower frequency shear-
Alfvén waves has been previously reported 
on NSTX [25].  The data from NSTX(-U) 
presents an opportunity to search for 
evidence of non-linear coupling between 
ICE harmonics.  However, the frequencies 
of the 2nd, 3rd and 4th ICE harmonics are 
well beyond the nominal bandwidth of the 
sensors, which raises questions concerning 
the val idi ty of the re la t ive phase 
measurements between sensors.  Further, the 
short duration of the bursts and the 
relatively strong frequency chirping make 
FFT bi-coherence analysis problematic.  
With these reservations we find that mode 
analysis gives reasonable and reproducible 
results for the 2nd, 3rd and 4th ICE 
harmonics.  

The gain response of the sensors has not 
been directly calibrated, but has been 
modeled using a lumped-parameters for the 
sensors, cabling and terminations.  To 
determine the relative amplitudes of the ICE 
harmonics, the lumped-parameter model has 
b e e n u s e d t o c o n v e r t t h e s e n s o r 
measurements to absolute magnetic field 
fluctuation amplitudes for modes with 
frequencies above the nominal sensor 
bandwidth.  
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Fig. 17. a) Spectrogram showing the 2nd harmonic chirping 
bursts, the two dominant modes are indicated by the lines 
labeled f1 and f2, b) spectrogram showing the 4th harmonic 
burst with multiple chirping modes,  c) a spectrogram 
computed from the square of the fluctuations in the 2nd 

harmonic chirping bursts covering the same frequency range 
as that for the 4th harmonic bursts in b).
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The spectrograms shown in Fig. 17 show evidence of non-linear coupling between the 2nd 
harmonic bursts and the 4th harmonic bursts.  Figure 17a shows a 2nd harmonic chirping ICE 
burst with two dominant modes, indicated by the solid lines labeled “f1” and “f2”.  Figure 17b 
shows the 4th harmonic chirping ICE burst with three 
clear chirping modes, overlaid by the two solid lines 
labeled “2f1” and “2f2” and the dashed line labeled 
“f1+f2”.  The curves labeled  “2f1” and “2f2” are at 
twice the frequencies of the corresponding curves 
labeled “f1” and “f2” in Fig. 17a. Thus, the three 
individual modes in the 4th harmonic burst have 
frequencies that are sums of the frequencies of the 
two dominant modes in the second harmonic bursts.  
It is important to note that this evidence of non-linear 
coupling is not seen for all examples with 2nd and 4th 
harmonic bursts, for example in Fig. 8. 

Figure 17c was produced by using the complex 
Fourier transform of the aliased data to create a 
spectrum extending to four times the original Nyquist 
frequency, with the ch-ICE harmonics now at their 
un-aliased frequencies.  This spectrum was filtered to 
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Fig. 18.  a) and b) examples of mode analysis of the two dominant modes in Fig. 17a, c) mode analysis of the mode 
at twice the frequency of the mode in a), d) mode analysis of the mode at the sum of the frequencies of the modes in 
a) and b), and e) mode analysis of the mode at twice the frequency of the mode in b).  The two modes in a) and b) 
are best fit with toroidal mode numbers of n = -3 (ctr-propagating).  The three modes at the sums of the frequencies 
in a) and b) are best fit with toroidal mode numbers n = -6, that is, the sums of the mode numbers in a) and b).  All 
mode analysis was done at 0.25585s over a 102.4 µs window.
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retain only the 1st and 2nd harmonic ICE and inverted to create a time-trace of fluctuations with 
an effective acquisition rate of 40 MHz, four times the original acquisition rate. The time-trace 
was squared to simulate non-linearity and Fig. 1c) is a spectrogram of the resulting simulated 
signal covering the frequency range of the 4th harmonic burst.  As can be seen, the resulting 
spectrogram appears reasonably similar to the actual measured 4th harmonic burst shown in Fig. 
17b.

The non-linear interaction would also put constraints on the wave-vectors of the modes.  In this 
case, we only have good measurements of the toroidal component of the wave-vectors (not the 
poloidal wave vectors).  Figure 18 shows how the wave vectors, i.e., toroidal mode numbers, are 
related. In these figures the red squares show the phase measurements of the poloidal component 
of the magnetic field fluctuations and the red lines show the toroidal phase structure with the best 
fit to the measured phase shifts.  The error bars for each point indicate the uncertainty in the 
phase measurement and the “std” on the top-right of 
each figure indicates the root-mean-square, or 
standard deviation, of the points from the fit lines.  
The first two figures, Fig. 18a and 18b, show the 
results of the mode fitting for the two modes seen in 
Fig. 17a. Both of the modes shown in Fig. 17a are 
best-fit with an n =  -3 mode (here the convention is 
that negative mode numbers indicate wave 
propagation counter to the plasma current and beam 
injection directions).  All three of the dominant modes 
in the 4th harmonic burst are best-fit with n = -6 and 
are shown in Figs. 18c - 18e.  The frequencies for 
which the fits were done are shown at the top of the 
figures.  The frequency analyzed in Fig. 18c is twice 
the frequency as that used in Fig. 18a, the frequency 
in Fig. 18d is the sum of the frequencies from Figs. 
18a and 18b and the frequency used in Fig. 18e is 
twice the frequency from Fig. 18c. (The frequencies 
are from discrete FFTs with a frequency resolution of 
≈ 10kHz.)  Thus, the dominant modes in Fig. 17a and 
17b satisfy the constraints on wave-vectors and 
frequencies for 3-wave coupling.

The evidence for three-wave coupling between the 
1st, 2nd and 3rd harmonics is less clear, but the 
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Fig. 20. Spectrograms showing a) fundamental 
ICE, b) 2nd harmonic ch-ICE, c) 3rd harmonic ch-
ICE and d) simulated non-linear 1st and 2nd 
harmonic interactions at the 3rd harmonic 
frequency.
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frequency and mode number analysis suggest that the data may be consistent with a non-linear 
coupling model.  The fundamental ICE harmonic is weaker  than the higher harmonic bursts and 
the bursts are shorter than are seen for the 2nd and 3rd harmonics.  Figure 19 shows the root-
mean-square (rms) fluctuation levels for the ICE harmonics.  Figure 19a shows the amplitude of 
the 1st harmonic ICE, filtered over the frequency range from 3.7 MHz to 4.0 MHz.  The 1st 
harmonic ICE has shorter, weaker, bursts that than the higher harmonics.  The 2nd and 4th 
harmonic bursts, Figs. 19b and 19d, show similar shapes in time and the amplitudes of the three 
2nd and 4th harmonic bursts are roughly proportional, not what would be expected for a simple 
non-linear coupling.  The 3rd harmonic bursts, Fig. 19c, begin roughly near the peak of the 2nd 
harmonic bursts, possibly consistent with the model that the 3rd harmonic burst is excited non-
linearly by energy transfer from the 2nd harmonic burst.

The non-linear coupling can be modeled for the 1st, 2nd and 3rd harmonics in the same manner as 
for the 2nd and 4th harmonics.  The spectrograms shown in Fig. 20 don’t show as obvious a non-
linear coupling as for the 2nd and 4th harmonics.  Figure 20a shows a spectrogram of the 1st 
harmonic bursts, which mostly overlap in time with the 2nd harmonic burst (Fig. 20b) after 
≈ 0.2558s.  The third harmonic fluctuations also first 
appear at about this time, and persist after the end of 
the 2nd harmonic burst.  The frequency chirps for the 
third harmonic modes are in a downward direction, 
not upwards like the 2nd harmonic bursts.  

Figure 20d shows a simulated non-linear interaction 
between the 1st and 2nd harmonic bursts, producing 
fluctuations in the frequency range of the 
experimental 3rd harmonic burst.  The dominant non-
linear 3rd harmonic mode (indicated by the dashed 
line in Figs. 20c and d) doesn’t seem to correspond to 
an experimentally observed mode.  However, a 
weaker non-linear mode (solid black line) does align 
reasonably well with the onset frequency of the 
experimental 3rd harmonic burst.  Arguably, the 
downward frequency chirping observed in the 
experimental data begins after the end of the 2nd 
harmonic burst.

The mode analysis of the 1st, 2nd and 3rd harmonic 
modes is also consistent with 3-wave coupling.  The 
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Fig. 21. Toroidal mode number analysis of the 1st, 
2nd, and 3rd harmonic ICE bursts.  a) best fit of 
n = -1 to the 1st  harmonic burst, b) best fit of the  
2nd harmonic burst to n = -3, c) best fit of n = -4 
to the 3rd harmonic burst.
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fits to the 1st, 2nd and 3rd harmonic modes are shown in Fig. 21.  The frequency of the 3rd 
harmonic mode is the sum of the 1st and 2nd harmonic mode frequencies, and the toroidal mode 
number of the 3rd harmonic mode is also the sum of the toroidal mode numbers of 1st and 2nd 
modes.  These results are also consistent with the type of 3-wave coupling suggested 
theoretically where the 3-wave interaction acts to trigger a marginally stable mode, which then 
decays as the energy transfer from the coupled 1st and 2nd harmonic modes drops as the 2nd 
harmonic chirp amplitude drops.

VII.   Discussion of experimental observations

We have presented such characteristics as were possible to measure of the newly discovered 
chirping ICE, or ch-ICE.  The ch-ICE shares some of the characteristics of the non-chirping ICE 
as were previously reported for NSTX(-U).  The ch-ICE is a coherent global mode with a 
narrow frequency peak, multiple harmonics and the ch-ICE comes in bursts.  The burst duration 
is ≈ 1 ms vs. the shorter ≈100 µs bursts for ICE.  The frequency is higher than the edge ΩD and 
matches harmonics of ΩD near an internal transport barrier, as was previously reported for ICE 
on NSTX(-U).  Some features of ch-ICE, and generally for ICE on NSTX(-U), are difficult to 
reconcile with the standard theoretical interpretation [21-31].  For example, most theoretical 
interpretations of ICE assume that the frequency is the eigenfrequency of an Alfvénic 
eigenmode and that the mode is excited through a Doppler-shifted cyclotron resonant drive with 
a population of non-thermal, barely trapped fast ions near the outboard plasma edge.  The ICE is 
propagating counter to the beam ions and the resonant frequency (ICE frequency) is expected to 
be Doppler-shifted lower than the edge cyclotron frequency, whereas it is typically significantly 
higher. The spatial location of the ICE resonant drive remains uncertain.  The resonant drive and 
the eigenmode frequency will be discussed below.

Estimates of the damping and drive for the ch-ICE find that it is weakly damped so the ICE 
would tend to form eigenmodes.  The measured poloidal and toroidal wavelengths of the ICE 
are smaller than, but comparable in magnitude to, the dimensions of NSTX(-U) plasmas 
suggesting that the eigenfrequencies would be widely separated and that the eigenmode 
structures are affected by boundary conditions set by the plasma, plasma facing components, 
and the vacuum vessel.  The relatively long measured wavelengths are roughly consistent with 
estimates of Compressional Alfvén eigenmode spatial structures for the relatively low field and 
small physical dimensions of NSTX(-U) plasmas.  While the ICE frequency increases linearly 
with the magnetic field strength, the ICE frequency does not have an Alfvénic scaling with 
density, an observation that is consistent with recent experiments on TUMAN-3M [18]. The 
wide spacing of eigenfrequencies means that the non-Alfvénic frequency evolution can not be 
explained by the ICE evolving through multiple eigenmodes.  The chirping of the ch-ICE is a 
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further difficulty for the eigenmode model, and strongly suggests that ICE has some 
characteristics of an energetic particle mode  (EPM), that is where the frequency is determined 
by a strong resonant drive from a gradient in the fast-ion distribution.  

The correlation of ICE frequency with cyclotron frequency suggests that the ICE is excited 
through a cyclotron resonance, which, for energetic ions would be Doppler shifted by k||V||, 
where V|| is the parallel component of the energetic ion velocity.  The ICE and ch-ICE 
frequencies without beam-ion velocity Doppler corrections match ΩD, or its harmonics, near a 
steep radial gradient in the toroidal rotation profile, and/or strong local gradients in the ion 
temperature profile and electron density profile. This location also often marks the edge of a 
core region inside of which the electron temperature profile is flat.  The strong correlation of the 
ICE frequency with ΩD at the transport barrier provides strong evidence that this is the location 
of the resonant drive for the (ch-)ICE and that there is only a negligible Doppler correction.  A 
small Doppler correction appears inconsistent with the measured ICE wavelengths and the ICE 
eigenmodes having opposite helicity to the equilibrium magnetic field.  In this situation the k||  

can not approach zero near a resonant rational surface. Conversely, using the Doppler-corrected 
frequency leaves the spatial origin of the ICE even deeper in the plasma and uncorrelated with 
any localized plasma feature.

For NSTX(-U) fast ion velocity, V|| is positive and for NSTX(-U) ICE k|| < 0 which results in a 
downshift of the ICE frequency from the cyclotron frequency.  We can estimate the order of 
magnitude of this Doppler shift by using some typical parameters.  For a deuterium beam with 
maximum beam-ion energy of 90 keV, the beam-ion speed is ≈ 2.9 x 106 m/s.  The approximate 
local expression for the parallel wavenumber is k||  ≈  (n  - mq)/(qR).  The measurements find 
n = -3 for the fundamental ch-ICE near the 2nd cyclotron harmonic of deuterium. The poloidal 
mode number is not measured, but the direction of poloidal propagation indicates that the ch-
ICE has opposite helicity to the equilibrium field. From this we can estimate the order of 
magnitude for k|| as ≈ (|n|q + m)/qRedge > 3/Redge (n =  -3).  For NSTX(-U) these assumptions 
would predict a Doppler-shift frequency correction of ≈ 0.65 MHz (neglecting the contribution 
from m and using Redge = 1.5 m).  The Doppler correction to the resonance frequency would shift 
the resonance location inwards by more than 13 cm, even farther from the plasma edge.   For the 
Doppler frequency correction to be negligible, the parallel beam velocity and/or k|| would need 
to be much smaller.  To make k|| smaller would require the helicity of the mode to reverse 
deeper in the plasma (to match the equilibrium field helicity) which seems unlikely.  An 
alternative explanation would be a population of beam ions with small pitch, that is small V||/V.  
Figure 7b does show that there is such a population, albeit at energies below about 50 keV.
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The leading theoretical model for the interpretation of ICE has predicted that non-linear three-
wave coupling could be responsible for destabilizing modes at harmonics that are linearly stable.  
The evidence presented here suggests that non-linear effects are present that result in the non-
linear coupling of ICE harmonics and possibly three wave coupling that transiently excites a 
possibly linearly stable 3rd harmonic.  These observations are tempered by the observation that 
the higher ICE harmonics can be more than three times the data acquisition Nyquist frequency 
and more than five times the nominal bandwidth of the diagnostic used to make the ICE 
measurements.  These experiments should be revisited with a higher bandwidth system to 
confirm these preliminary observations.

The suppression of the toroidal rotation in the outer region of the plasma could indicate the 
presence of error-field induced locked modes, a common problem during the current ramp phase 
on NSTX(-U).  The presence of the error fields, and potentially locked tearing modes, could 
cause stochastic diffusion of fast ions, particularly the trapped fast ions, that is, those with small 
V||.  The low field of NSTX(-U) means that the threshold for stochastic fast ion loss is also 
relatively low.  An approximate analytic expression for the threshold displacement for stochastic 
diffusion of trapped ions is given by [58]: 

ξr > R/[2𝜌fastq’(πnq/ε)3/2]

where ξr is the displacement, R is the local major radius, ρfast is the fast-ion Larmor radius and ε 
is the local inverse aspect ratio.  For a typical ch-ICE case, these equations predict that the 
stochastic threshold is ≈ 0.5 cm displacement at R ≈ 1.25m for the 45 keV trapped fast ions.  It 
is then possible that there is significant loss of the trapped fast ions in the region with low 
toroidal velocity, and possibly a strong radial gradient in these resonant trapped fast ions.  This 
amplitude of radial displacement could be consistent with islands created by error fields.

An alternative explanation is that mode conversion physics might act as a filter on waves 
excited in the core region by the beam ions, with only waves near harmonics of the thermal ion 
cyclotron frequency at the mode conversion layer allowed to propagate out [46].  In this case the 
range of ICE frequencies could be constrained by the width of the mode-conversion layer as the 
thermal Larmor radius is < 1cm and Doppler corrections would be negligible.   In the region 
outside the mode-conversion layer, the ICE would be ion cyclotron waves (ICW), which 
propagate perpendicular to the magnetic field, have a short radial wavelength and wouldn’t have 
a narrowly defined frequency.  This explanation would have difficulties explaining the chirping 
ICE, however. 

VIII.  Summary
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We describe a new type of frequency chirping ICE,  which we refer to as ch-ICE.  This ch-ICE 
appears as repetitive bursts with duration of ≈1 ms, longer than for the typical ICE bursts of 
≈50 µs reported previously for NSTX(-U).  The chirping resembles that expected for weakly 
unstable fast particle driven instabilities [45], and the growth rate inferred from the frequency 
evolution in the chirps is in reasonable agreement with that inferred from direct measurements 
of the amplitude growth.  The lowest observed harmonic of ch-ICE is typically slightly lower 
than the frequency of the 2nd harmonic of the fundamental ICE.   The experimental observations 
on ICE from NSTX(-U) reported here are more detailed than is generally available from higher 
field conventional tokamaks, and there is greater variation in the ICE characteristics.  The 
observations presented here, and previously, of ICE in the parameter regime of low-aspect ratio 
tokamak plasmas challenge the leading theoretical models for non-thermal ion cyclotron 
emission.  Hopefully these measurements, and new measurements with some diagnostic 
improvements, will help to guide an advance in theory, potentially making ICE diagnostics and 
approach to measure parameters of the confined fast ion population in future devices.
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