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ABSTRACT

The EAST plasmas heated with deuterium neutral beam injection and ion cyclotron resonance heating (ICRH) have been simulated by the
TRANSP code. The analysis has been conducted using the full wave solver TORICS, the radio frequency (RF)-kick operator, and NUBEAM
to model the RF heating effects on fast ion velocity distribution. In this work, we present several simulated results compared with experiments
for high power EAST scenarios, indicating that the interactions between ICRH and fast ions can significantly accelerate fast ions, which are
confirmed by the increased neutron yield and broadened neutron emission spectrum measurements.
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I. INTRODUCTION

In sustained fusion plasmas, heating is predominantly pro-
duced by the slowing down of fusion products. Nevertheless, in
present fusion experiments on tokamaks, the main energetic parti-
cles come from auxiliary systems. For discharges heated with neutral
beam injection (NBI) and ion cyclotron resonance heating (ICRH),
fast ions are first generated by NBI and then further accelerated by
ICRH. Self-consistent modeling of the interactions between ICRH
and fast ions from NBI is important for both present-day fusion
experiments and for the future ITER and CFETR reactors.

For DD discharges on EAST, 2.45 MeV neutrons are produced
in D+ D — n(2.45 MeV) + 3He(0.82 MeV) reactions. Therefore,
neutron emission measurements could be applied to evaluate the

effects of auxiliary heating, providing kinetic information related to
burning plasmas such as fast ion velocity distributions. The neutron
diagnostic systems in EAST, including a radial neutron camera,’
a neutron flux monitor,' and two compact and one time-of-flight
enhanced diagnostic (TOFED) neutron emission spectrometers,” °
have been applied to fast ion diagnostics. Significant progress on
high-performance plasma discharges with high power auxiliary
heating has been achieved at EAST over the last several years.”’
The NBI-ICRH synergy leads to NBI-generated fast ion accel-
eration, which can be diagnosed and understood by the neu-
tron emission spectroscopy and numerical simulations. Previously,
the NBI-ICRH synergy has been investigated on JET'"'' and
ASDEX-U."” This is the first successful demonstration of NBI-ICRH
synergy scenario at EAST. In this work, focusing on the EAST
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FIG. 1. Schematics of the EAST, including the 2°U fission chamber, TOFED, CNS
stilbene on the J-port, CNS EJ301 on the F-port, NBI on the A- and D-ports, and
ICRH on the N-port.

NBI-ICRH synergistic heating discharges, we present the calculated
neutron yield benchmarked by a #*°U fission chamber, the fast ion
velocity distributions, and the calculated neutron emission spectrum
(NES).
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FIG. 2. Time traces of EAST pulse No. 102110. From top to bottom are the time
traces of plasma current, /,, central electron density, neo, central ion temperature,
Tio, NBI, and ICRH heating power, Pyg; /P cry-
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Il. NBI-ICRH SYNERGISTIC HEATING ON EAST

EAST is the world’s first fully superconducting non-circular
cross section tokamak aiming at investigating the technology and
physics of high-performance and long pulse operations on next-
step advanced fusion devices.!? Figure 1 presents the top view of
EAST installed with NBI and ICRH auxiliary heating systems, a
standard #**U fission chamber, two compact neutron spectrometers
(CNSs) of stilbene and EJ301, and a TOFED neutron spectrome-
ter. The EAST tokamak is built with a major radius R = 1.85 m,
minor radius a = 0.45 m, toroidal filed B; < 3.5 T, plasma current
I, <1 MA, and expected plasma pulse length up to 1000 s. The EAST
NBI system with a total beam power of up to 8 MW is composed of
two neutral beam (NB) injectors, each of which includes two inde-
pendent beam channels. In the latter half of 2020, some extensive
upgrades were made on EAST. One of the significant upgrades was
to relocate one NB injector from the F-port to the D-port.'* As
a result, all beamline directions are clockwise-injection. An EAST
ICRH antenna is installed on the N-port at a working frequency of
37 MHz for the hydrogen minority ICRH regime with a total power
of around 2 MW. The concentration of hydrogen in deuterium
plasma is usually about 4%.

EAST pulse No. 102110, Fig. 2, was carried out in an HD mix-
ture with H/D ~ 4%, plasma current of I, ~ 0.4 MA, magnetic field
of By ~ 2.28 T, central electron density of n, ~ 5.2 x 10'° m'?, and
central ion temperature of Tj ~ 1.2 keV. Around 2.75 MW NBI-D
and 1.42 MW ICRH are applied to the deuterium plasma. The full
energy of NB is 55 keV. The usual half and third energy compo-
nents of NB account for 17.13% and 7.78%, respectively.'> Pulse No.
102111 was carried out without ICRH, and the other conditions were
nearly the same as pulse No. 102110.

I1l. FAST NBI-D ION ACCELERATION BY ICRH

The NBI-ICRH synergistic heating on EAST has been recently
simulated by the TRANSP code,'® including the full wave solver
TORIC code'” and the Monte Carlo NUBEAM code.'® The radio
frequency (RF)-wave field is calculated by TORIC and passed to
NUBEAM inside TRANSP. We used 16 processers on the ShenMa
High Performance Computing Cluster in the Institute of Plasma
Physics, Chinese Academy of Sciences. For TRANSP analysis time
equivalent to 1.0 s, it takes 670 h of central processing unit (CPU)
time for an NBI-ICRH phase and 463 h of CPU time for an NBI-only
phase. Figure 3 shows the contour plots of the amplitude of the RF
electric field [(a) left-handed component |E.| and (b) right-handed
component |[E_|; 2D profiles of power density to (c) NBI-generated
ions and (d) bulk thermal ions for EAST discharge No. 102110
at 5.80 s]. As can be seen in Fig. 3(a), the long wavelength fast
wave (FW) launched from the low-field side midplane is converted
near the Ion-Ion Hybrid (IIH) layer into the short wavelength ion
Bernstein wave (IBW, emanating leftward, toward the high field
side), heating electrons via electron Landau damping (ELD).> In
addition, the left-handed RF electric field amplitude |E4| is max-
imized near the ITH layer, which in hot plasma becomes a Mode
Conversion (MC) layer. In pulse No. 102110, NBI fast ions and bulk
thermal ions are heated at the second harmonic resonance by RF
waves, and the 2D profiles of absorbed RF power density are shown
in Figs. 3(c) and 3(d), respectively.
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FIG. 3. Contour plots of the amplitude of the RF electric field: (a) left-handed com-
ponent |E | and (b) right-handed component |E_ ; 2D profiles of power density to
(c) NBl-generated ions and (d) bulk thermal ions for EAST discharge No. 102110
at 5.80 s. The red vertical line indicates the second harmonic resonance layer, and
the yellow vertical line indicates the lon-lon Hybrid (IIH) layer.

The NUBEAM module calculates the fast NBI-D ion slowing
down distribution function,’ and the left-handed component of the
RF electric field, E+ rotating in the ion Larmor motion direction,
accelerates fast NBI-D ions, satisfying the wave-particle resonance
condition.” Moreover, with the RF-kick operator'? implemented in
TRANSP, we can calculate the effects of ICRH on the NBI-generated
fast ions. This is a quasi-linear diffusion process and the main term
of the diffusion operator,"””’

Dgr o< |E4 [Tz (kepei)s @

where J,,,, n, ki, and p . are the mth order Bessel function, harmonic
number, perpendicular angular wave number, and ion cyclotron
radius, respectively. Hence, harmonic heating is a finite Larmor
radius (FLR) effect if the ion Larmor radius is comparable to the
RF wavelength. In addition, the fast ion velocity diffusion degree
depends on the amplitude of the left-handed RF electric field. As a
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FIG. 4. Volume averaged energy/pitch fast ion velocity distributions of D ions at
5.80 s from TRANSP simulations of (a) shot No. 102111 (NBI-phase) and shot No.
102110 (NBI-ICRH phase) simulation (b) without and (c) with an RF-kick.

result, the maximum power absorbed by NBI-D is near the ITH layer,
which is similar to |E.|, while the maximum of power absorbed by
thermal-D is located at the second harmonic resonance layer. The
calculation model takes no account of the RF interactions with edge
plasma and the plasma wall."” Meanwhile, the right-handed wave
field E- and the parallel wave field E| are neglected in Eq. (1) and in
the implementation.”

Despite these limitations, TRANSP has been successfully
applied to simulate NBI-ICRH synergistic heating on JET'' and
ASDEX-U."” Through this approach, focusing on the EAST dis-
charge Nos. 102110 and 102111, the volume averaged fast ion
distribution functions at 5.80 s modeled by TRANSP are shown in
Fig. 4. Figure 4(a) shows the fast ion distribution function of shot
No. 102111 (only NBI phase) and the case of shot No. 102110 (NBI-
ICRH phase) (b) without the RF-kick operator and (c) with the
RF-kick operator. The fast ion distribution functions for cases (a)
and (b) are nearly the same, while those for (b) and (c) are quite
different, indicating the RF-kick operator is crucial to include in
modeling the effect of RF waves on accelerating fast ions. In pulse
No. 102110, fast NBI-D ions are accelerated far exceeding the NBI
energy of 55 keV, and the maximal energy reaches 350 keV. Such
energetic tails will strongly intensify the fusion reactions in burning
plasmas.

IV. OBSERVATIONAL EFFECTS OF FAST ION
ENERGETIC TAILS

A. Increase in the neutron emission rates

The neutral beam deuterons accelerated by second harmonic
RF heating in EAST leads to a substantial increase in fusion neu-
tron production, which can be detected by an in situ calibrated 2*U
fission chamber. Figure 5(a) presents the time traces of the neu-
tron yield calculated by TRANSP and compared those with the *°U
fission chamber experimental data with error bars. As shown in
Fig. 5(a), the neutron yield of pulse No. 102110 is approximately
twice that of pulse No. 102111. This is due to the supra-thermal
ions from ICRH and the positive energy-dependence of the fusion
reaction cross-sections.

B. Broadening of the neutron emission spectra

On EAST tokamak, two scintillator-based CNSs, EJ301 and stil-
bene, are available with parallel views through the plasma equatorial
plane, allowing us to infer the fast ion distribution functions, in
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FIG. 5. (a) Time traces of the neutron yield calculated by TRANSP in lines and
compared with the 235U fission chamber experiments in dots with error bars; the
neutron energy spectrum calculated by TRANSP and GENESIS in the line-of-sight
of the compact neutron spectrometer (b) stilbene and (c) EJ301; (d) calculated and
measured pulse height spectra of discharge Nos. 102110 (NBI-ICRH phase) and
102111 (NBl-only phase).

particular the supra-thermal components. The NES could be numer-
ically computed by the Monte Carlo code GENESIS,”! which is
capable of calculating an NES from a given non-Maxwellian fast ion
velocity distribution function and given bulk thermal ion temper-
ature and density profiles in a given line-of-sight. In the TRANSP
simulation, the ion density #n; was calculated by electron density n.
and line-averaged effective charge Z.. Electron temperature and
density measured data were obtained from the collective Thomson
scattering diagnostic*’ at the EAST. The ion temperature is mon-
itored by using the tangential x-ray imaging crystal spectrometer
(TXCS).” Using these experimental parameters and the simulated
fast ion velocity distribution functions by the TRANSP code, the
calculated neutron spectra in the line-of-sight of the stilbene and
EJ301 spectrometers are shown in Figs. 5(b) and 5(c), respectively.
The neutron spectra for the NBI-ICRH phase are obviously wider
than those of the NBI-only phase, verifying the energetic tails in fast
ion distributions due to RF heating. Figure 5(d) presents the pulse
height spectra (PHSs) measured by the stilbene neutron spectrom-
eter for discharge Nos. 102110 and 102111, which are calculated
after modeling the neutron scattering with the MCNP code*’ and
folding the NESs with the CNS response matrix. The agreement
between the calculated results and experimental data validates the
NBI-generated fast ion acceleration on EAST NBI-ICRH synergistic
heating scenarios.
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V. CONCLUSIONS

We focused on the observational enhancements of neutron
measurements in the NBI-ICRH synergy scenario and chose two dis-
charges to analyze in this paper, proving that this scenario could be
successfully executed on EAST. The RF-kick operator implemented
in TRANSP realizes a quantitative calculation of the fast ion velocity
diffusion process in the kinetic level due to RF heating. The accept-
able agreement between calculations and experiments validates that
the NBI-generated fast ion satisfying the wave-particle resonance
condition could be accelerated by ICRH to a much higher energy
than the injection beam energy, which can be detected by neutron
flux monitors and CNSs. The CNS EJ301 and TOFED experimen-
tal results are still under processing and will be compared with
simulations in the near future.
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