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Abstract

This study investigates the ion cyclotron emission (ICE) excited by tritium ions generated
through deuterium—deuterium fusion reactions in the Experimental Advanced Superconducting
Tokamak (EAST). ICE is an electromagnetic instability driven by fast ions, and its excitation
mechanism is primarily explained by magnetoacoustic cyclotron instability (MCI) theory, which
describes energy transfer between fast ions and Alfvénic waves. Since ICE is closely related to
the distribution of fast ions, the MCI growth rate is computed using linear theory based on the
fast ion distribution calculated by TRANSP. Based on experimental parameters from EAST, we
apply MCI theory to analyze the ICE growth rate and investigate the effects of key factors such
as the propagation angle and the ratio of fast tritium ions to bulk deuterium plasma density.
Experimental findings indicate that ICE excitation is at the fundamental frequency, simulations
support that the propagation angle is approximately between 80° and 85°. At the fundamental
frequency, the MCI growth rate increases with the propagation angle but decreases as the fast
tritium ion density decreases. These results provide insights into the physics of ICE excitation
and highlight its potential as the diagnostic tool for fast ions in future fusion reactors, including
CFETR, DEMO, and ITER. Understanding ICE can help optimize fusion plasma performance
and improve fast-ion confinement in next-generation magnetically confined fusion devices.
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1. Introduction

Ion cyclotron emission (ICE) is an electromagnetic or electro-
static radiation with frequencies ranging from a few MHz to
tens of MHz. Itis a collective radiative instability driven by fast
ions, commonly observed in magnetically confined plasma,
and was the first collective radiative instability driven by con-
fined fusion-born ions detected in JET and TFTR [1-3]. To
date, ICE excited by fast ions at both the plasma boundary
and the core has been studied in several magnetically con-
fined fusion devices, including Model C [4], TFR [5], KSTAR
[6], JET [1, 7], PDX [8], LHD [9, 10], JT-60U [11, 12], DIII-
D [13, 14], NSTX [15], NSTX-U [15, 16], TFTR [1], W7-X
[17], ASDEX Upgrade [18, 19], TUMAN-3M [20], HL-2A
[21], J-TEXT [22], Experimental Advanced Superconducting
Tokamak (EAST) [3, 23-26]. Most studies indicate that ICE is
closely related to fast ions, which serve as its driving source,
and that ICE carries substantial information about fast ion.

ICE can be excited by the non-thermal ion velocity distribu-
tion, exhibiting pronounced anisotropy in the pitch angle dir-
ection and a bump-on-tail structure (with a positive gradient)
in the velocity direction [2, 3, 12, 26]. The magnetoacous-
tic cyclotron instability (MCI) is a well-established mech-
anism for ICE excitation, resulting from the resonant inter-
action between fast magnetoacoustic waves and fast ions.
The MCI theory was initially proposed by physicists Belikov
and Kolesnichenko in 1975 [27]. Subsequently, Dendy et al
applied this theory to study ICE excitation in magnetically
confined fusion plasma [28]. Currently, the MCI theory is the
most widely accepted explanation for ICE excitation.

EAST is equipped with high-power ICRF and NBI sys-
tems, delivering a total ICRF power of 12 MW [29] and a
total NBI power of 8 MW [30], which establish high-power
heating conditions that produce numerous fast ions, potentially
inducing ICE. Indeed, we have observed several instances of
fast-ion-excited ICE on EAST, including ICE driven by deu-
terium and tritium ions from deuterium—deuterium fusion [3],
ie.D + D — H+ T. However, these phenomena have not been
comprehensively studied. Consequently, our research primar-
ily utilized the MCI theory to investigate the ICE excited by
tritium from deuterium—deuterium fusion, observed in 2023,
offering a theoretical interpretation of the ICE phenomenon on
EAST.

The structure of this paper is as follows. Section 2 details
the diagnostic system and experimental setup. Section 3
presents the theoretical modeling and instability analysis.
Section 4 provides a summary.

2. Diagnostic system and experimental setup

EAST is a fully superconducting tokamak with a major radius
of R = 1.85 m and a minor radius of a = 0.45 m [26]. Its
objective is to perform experiments under fusion-relevant con-
ditions, emphasizing high-power, long-pulse operations, with
a design capability for pulse lengths of up to 1000 s [31].
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Figure 1. In shot 127 624, from t = 3.20 s to t = 3.28 s, the ICE
frequency spectrum. Reproduced from [3]. The Author(s). © 2025
The Author(s). Published by IOP Publishing Ltd on behalf of the
TIAEA. CC BY 4.0.

Two ICE probes were installed on EAST to measure ICE.
The first type comprises high-frequency B-dot probes (HFBs),
positioned on the right side of the ICRF antenna at the I
port, with their diagnostic system implemented in 2018 [24,
25]. The second type is an ICRF-antenna-based diagnostic
system for ICE detection, installed in 2023 [26]. This probe
was initially employed to detect tritium ion-excited ICE from
deuterium—deuterium fusion on EAST, with findings reported
in 2024 [3]. The correlation spectrum is presented in figure 1.
All other physical parameters are detailed in [3].

3. Theoretical modeling and instability analysis

The excitation mechanism for ICE is identified as the MCI,
with the core of MCI being the energy transfer between fast
ions (in this case, tritium ions) and the fast Alfvénic wave. In
certain instances, Bernstein waves may also play a role [32].
The MCI is triggered when tritium ions interact with the fast
Alfvénic wave propagating obliquely; resonance occurs when
the cyclotron frequency of the ions closely matches that of
the magnetic acoustic waves, resulting in instability [19, 33,
34]. The linear analytical theory of the MCI is fundament-
ally based on Maxwell’s equations, which yield the complete
dispersion relation of the fast Alfvén wave expressed through
dielectric tensor elements. In our study, we employed the fol-
lowing equation to describe the distribution of tritium ions pro-
duced by fusion [19, 35]:

Here v,, v4, and u are constants representing the parallel
velocity spread, the average speed, and the unique perpendic-
ular speed of the fast tritium ions, respectively; v is the paral-
lel velocity component relative to the local magnetic field with
a shifted Gaussian distribution, while v, is the perpendicular
velocity component with a delta distribution function. In this
study, we consider the boundary distribution of tritium ions
generated by deuterium—deuterium fusion in EAST as a ring
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distribution. The values of v,, v4, and u are determined by the
simulation results of TRANSP simulation results, correspond-
ing to the speed at which ft peaks at the plasma edge.

The growth rate  of obliquely propagating MCI (not par-
allel to the local magnetic field) is based on previous studies.
Using the distribution model of equation (1), the y is expressed
as follows [36, 37]:

nr Qf
Y=
i+ (w - Qi)zvﬂ (- (w+)M]
9] 2 2
<]l( LM, — ait 771N1> VI i 2
Hv, 2w

Here, the ratio of fast tritium ions (n) to bulk deuterium
plasma number density {1 = ')’f represents the number dens-
ity ratio, 2 denotes ion cyclotron frequency, w refers to
wave frequency, and the subscripts i and T signify bulk deu-
terium ions and tritium ions produced by deuterium and deu-
terium fusion, respectively. Additionally N = kjjc4/w, where
k) is the parallel wavenumber, cx is the Alfvénic speed, m =
(w — kyva — I97) /ky v+, and L is a positive integer. The expres-
sions for M; and N, in the equation are provided below [36]:

1 w2 — Q~2 J[J/
M =202 (I + = (P —2) 77 ) 25 2
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Here, J; is the Bessel function, J 1/ is its first-order derivative,
zr =k, u/Qr, k) denotes the perpendicular wavenumber, and
N =k ca/w. The frequency of the fast Alfvénic wave is as
follows [37]:

2 1 2

W' = 5Ch kz—l—kﬁ + kg A 7

Il Qz

2 2
\/<k2+k| + Kk QZ> —A4kK | “4)

In this dispersion relation, K=k +kﬁ; using this rela-
tion, the parallel wavenumber is calculated as k| = k X cosf/
and the perpendicular wavenumber as k; = k x sinf, where
0 is the angle between the wave and the local magnetic field
(propagation angle). When the instability growth rate vy is
greater than O (i.e. positive), it indicates instability. According
to McClements et al N, is generally positive and ensures v > 0
only when 7; < 0, implying w — kyvg < IS)r, while M, is gen-
erally negative, depending on the values of the parameters /
and z7.

Near the plasma boundary R = 2.29 m on EAST,
the velocity of the fast tritium ion produced by the
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Figure 2. Distribution of fast tritium ions from TRANSP
simulations at the plasma edge near R = 2.29 m.
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Figure 3. TRANSP calculated fast tritium ions energy distribution
with a specific pitch value p = 0.65. fnax represents the most
prominent distribution function of fast tritium ions.

deuterium—deuterium fusion reaction is smaller than the
Alfvénic speed cs. To investigate the instability of MCI,
we first treat these quantities as constants. The distribution
function in pitch-energy space for shot 127 624 at 3.2 s, rep-
resenting tritium ions generated by the deuterium—deuterium
fusion reaction at the plasma boundary on the low-field side
of EAST, is depicted in figure 2. This distribution, derived
from TRANSP simulations using the NUBEAM and FUSION
modules [38—40], is considered a steady-state distribution
during the onset of ICE. The pitch angle is predominantly
centered around 0.65, as indicated by the solid red line. The
energies of the fast tritium ions corresponding to half the max-
imum value of the distribution function, defined as 1/2 fux,
are denoted as E.,x and E.;,. We extracted the fast tritium
ion distribution function near the angle of 0.65 from the dis-
tribution function shown in figure 2 to calculate the constant
vy, as shown in figure 3. Then, we determine the individual
constants based on figures 2 and 3 and assigned numerical
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values of other physical quantities. From figure 3, the energy x107° %107
of Egominant at fmax 18 999.302 keV, the energy of En.x at 1/2 (a) (b)
Jfimax 15 1012.17 keV, and E\yiy at 1/2 fiax 1s 869.355 keV. Using C:H 2 C:H 1
the following equations, = =
0 0
2Enax 2Emin 2E jominant « pitch anele 0.98 1 1.02 1.92 1.94 1.96
V= —— = ——, Vg = ——
' mr mr ¢ mr P £ (k) v ), (0K, *v )y
-7 -7
U= 2Edominant _ vlzi (5) x10 1 x10
mT (©) (d)
= ~
g g
we obtained the values for the parallel velocity spread v,, the & <
average speed v4 and the unique perpendicular speed u of the 0 0
fast tritium ions in the formula mr is the mass of the fusion 2.88 29 292 3.82 384 3.86 3.88

product tritium ion in this study.

According to the simulation results of TRANSP, other para-
meters can also be calculated. Here the ratio of fast tritium ions
(nt) to bulk deuterium plasma number density & 1 is approx-
imately 2.0 x 107>, Additionally, as the paralle]l wavenum-
ber and fast Alfvénic wave were not measured in this experi-
ment, we selected a nearly perpendicular propagation angle,
0 = 80°, based on prior studies. With all required paramet-
ers provided—derived from assumptions, experimental data,
and simulated calculations—we chose [ = 1,2,3,4, represent-
ing the fundamental frequency, second harmonic, third har-
monic, and fourth harmonic of the ICE, respectively. We then
calculated the MCI growth rate y using equation (2), treating
v as a function of w — kjv,. Figure 4 illustrates how y var-
ies with w — k|jvy4; the MCI growth rate y at the fundamental
frequency is about 2.1 x 103, the largest within the scope of
our study, and the y value at the higher harmonic is smaller.
To examine the dependence of v of MCI on the propagation
angle 6 and number density £ ., we evaluated these factors sep-
arately. For the fundamental frequency (near (2, the cyclotron
frequency of the fusion-product tritium ion), second harmonic,
third harmonic, and fourth harmonic of the ICE, while keep-
ing other parameters constant, we selected wave propagation
angles 6 = 70°, 75°, 85° and compared them with § = 80°.
The results are presented in figure 5. Within our study’s range,
the MCI growth rate y increases as the propagation angle
approaches perpendicularity; at § = 85°, ~ is approximately
4.6 x 10°. Figure 5 also shows that the growth rate near a
propagation angle of 80° aligns with the power maximum of
the ICE fundamental frequency, suggesting that ICE propag-
ates at an angle close to 80°. Finally, we investigated the
effect of number density £ on v for MCI in the context of
ICE. We selected three values—& 1 = 7.0x107¢, 2.0x107°,
7.0x10~7 —and compared them with the experimental and
TRANSP-simulated case of {1 = 2.0x107>. The y value
of MCI decreases with lower £ 7 and the relevant results are
shown in figure 6, yet even a minimal presence of fast ions
can excite sufficiently strong ICE.

4. Consistency between simulation and
experimental results

We systematically compared simulation results based on the
theory of MCI with experimentally observed ICE signals

(0K, *v )/Q (K, *v )IQ

Figure 4. MCI growth rate y as a function of w — kv, at different
frequencies, (a) [ = 1, the fundamental frequency, (b) [ = 2, second
harmonic frequency, (c¢) / = 3, third harmonic frequency, (d) [ = 4,
fourth harmonic frequency.
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Figure 5. MCI growth rate 'y as a function of w — k| v, at different
propagation angles 6 at [ = 1,2,3,4, including (a) is 0 = 70°, (b) is
0 =75° (c)is @ = 80°, and (d) is 6 = 85°.

from the EAST tokamak. Regarding instability growth rates,
numerical simulations demonstrate maximum growth occur-
ring at the fundamental cyclotron frequency under typical
experimental parameters, which explains the highest intensity
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Figure 6. MCI growth rate 'y as a function of w — k vy at different
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observed in this frequency band. Conversely, slower growth at
higher harmonics corresponds to weaker radiation intensity—
a trend likewise reflected in experimental measurements.

The simulations further reveal spatial distribution charac-
teristics of ICE. Due to the coupling between wave propaga-
tion properties and nonuniform ion distribution, theoret-
ical analysis predicts stronger ICE excitation at the plasma
edge. This prediction is supported by signal intensity profiles
obtained from external magnetic probes in EAST. Future stud-
ies will incorporate refined velocity distribution functions and
nonlinear evolution effects to further improve model accuracy.

Our observed ICE characteristics are similar with the ICE
reported by Cauffman et al in the TFTR device [41]. The sim-
ulation results are similar with the findings of Ochoukov and
Liuetal [19, 33], demonstrating consistently higher instability
growth rates -y at spectral peaks—at the fundamental cyclotron
frequency or its harmonics (where ICE intensities are maxim-
ized). This correlation further support the MCI mechanism as
the dominant driver.

In summary, the simulations exhibit strong consistency
with experimental data in both harmonic features and intens-
ity distribution, confirming the validity of the MCI mechanism
for interpreting ICE phenomena in EAST experiments.

5. Summary

This study presents the investigation of the MCI growth rate +,
the excitation mechanism for ICE driven by tritium ions pro-
duced from deuterium—deuterium fusion reactions on EAST.
Using experimental parameters, we show that ICE is most
effectively excited at the fundamental frequency of ICE. The
distribution of fast tritium ions was obtained through TRANSP
simulations, based on the distribution, the growth rate of the
MCI was calculated using the theory of MCI. We examine the
influence of the propagation angle € and the ratio of fast tritium

ions to bulk deuterium plasma number density ({1 = ’:TT) on
MCT excitation. Our findings indicate that, for the studied
range, larger propagation angles enhance ICE excitation at
the fundamental frequency. Higher harmonic emission weak-
ens as propagation angle increases. These results match well
with experimental observations. It is also noted that whereas
lower fast ions densities reduce its likelihood. Investigating
MCT advances our understanding of ICE physics.
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