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Helicon waves with very high ion cyclotron harmonics have been proposed for active off-axis current drive in tokamak
with high performance operations. Under the application of ion cyclotron resonant heating or the neutral beam injection,
hot ions with very high energy exist. For helicon waves with a wave frequency of 476 MHz and n| = 3.0, as utilized in
DIII-D and KSTAR tokamaks, theoretical analysis based on the fast wave dispersion relation indicates that the ion damping
coefficient can be comparable to electron damping coefficient once the hot ions are injected. The synergistic effects of hot
ions produced by neutral beam injection on helicon wave current drive in the HL-3 tokamak are investigated numerically
using GENRAY/CQL3D simulations. The results indicate that electron damping remains the dominant mechanism owing to
the low concentration of hot ions, and robust off-axis current drive can generally be achieved in the device. Considering the
hot ions with an average energy (Eayg) ~ 80 keV produced by neutral beam injection, positive synergistic effects between
the hot ions and the helicon wave are observed, where super hot ions with energy exceeding 100 keV appear, as evidenced
by the formation of a pronounced plateau in the hot ion velocity distribution function. Finally, the introduction of minority
hot ions is proved to have a limited effect on the total current drive in the device.

Keywords: hot ions, helicon wave, tokamak, HL-3
PACS: 52.55.Fa, 52.55.Wq
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1. Introduction

Helicon wave, i.e., the fast magnetosonic wave at fairly
high ion cyclotron harmonics, has been proposed for active
off-axis current drive in advanced tokamaks with high plasma
beta, especially for the tokamak reactors, such as ITER,
FNAS-AT, CFETR, and so on.[!™ Analysis of the fast wave
dispersion relation indicates that high wave frequency makes
the waves exhibit whistler-like behavior, but with a small per-
pendicular (radial) component that allows the wave rays to
penetrate into the core plasma.®! Consequently, the wave rays
can propagate long distances through off-axis regions, provid-
ing high current drive efficiency. Modeling calculations on
the FNAS-AT and DIII-D tokamak in high performance dis-
charges indicate that robust off-axis current drive with good
efficiency can be generally achieved once electron beta f3. ex-
ceeds 1.8%.!!:?] For DIII-D discharge 122797, GENRAY sim-
ulations predict that a 500-MHz helicon wave can drive up
to 60 kKA/MW, with an efficiency 2 to 4 times higher than
that of neutral beam current drive or electron cyclotron current
drive. Using the same wave parameters, full wave calculations
based on the AORSA code, with the scrape-off layer (SOL) ne-
glected, reproduce both the profile and magnitude of the driven
current predicted by GENRAY code for the envisioned high 3
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scenarios in DIII-D.!-%! For the CFETR device, the off-axis
current drive is proven to be insensitive to the launched value
of the parallel index of refraction n| when wave frequency is
greater than 1 GHz.®! In addition, modeling calculations on
HL-3 and EAST tokamaks have recently demonstrated a posi-
tive synergistic effect of current drive when helicon waves are
combined with lower hybrid wave injection.[’="]

In addition to significant achievements in theoretical anal-
ysis, substantial progress has also been made in the engineer-
ing deployment of helicon waves. In KSTAR device, the he-
licon wave system is currently being upgraded with 1.2-MW

101 and the new an-

klystrons at wave frequency 476 MHz,
tenna design is capable of handling MW-class RF power in
terms of peak electric field.!''! A 1-MW high power helicon
system has been conducted in DIII-D device, where a 30-
module comb-line traveling wave array antenna (TWA) with
wave frequency of 476 MHz has been installed and optimized
in-vessel, and the preliminary measurements show that both
the reflected power and dissipated power of each module can

[12

be maintained below 2%.[121 Moreover, significant electron

heating in the core plasma has been observed during the he-
licon wave launching.!!?!

Among these works, the wave absorption is calculated
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by electron Landau damping combined with transit-time mag-
netic pumping (TTMP), where a single pass absorption of the
wave power is dominant. This treatment is usually feasible
since the ions’ wave damping is very weak under high ion cy-
clotron frequency.*”] However, the fast wave dispersive re-
lation indicates that ion damping can increase dramatically
at high ions temperature,!'*! especially for the fast ions that
conducted by the ion cyclotron resonant heating (ICRH) pro-
cess or neutral beam injection (NBI). Specifically, as the hy-
drogen (H) ions are present, this phenomenon becomes more
pronounced due to their higher velocity and lower harmonic

s.1141 Tt is therefore cru-

number compared to deuterium (D) ion:
cial to quantify the impact of hot ions on helicon wave current
drive in tokamak plasmas for its further application.

In this paper, we perform a model calculation of H and
D hot ions in the performance of helicon wave current drive in
HL-3 tokamak under wave frequency 476 MHz. The synergis-
tic effects of hot ions’ energy together with their concentration

are also investigated using GENRAY/CQL3D simulations.

2. Physical model and wave absorption

In a warm Maxwellian plasma, the helicon wave absorp-

tion of electrons is approximated by!!>!
4 _ g2
K = YEi pge 4, (M)

where &, = vH/v[e = c/n”l)le, V) is the phase velocity of the
wave parallel to the magnetic field, v = \/m is the
electron thermal speed, n| is the parallel refractive index, and
c denotes the speed of light, B, = 87n.xT./B? is defined as
the electron beta and x is the Boltzmann constant. &k, is the
perpendicular wave number, given by

2)2 2
o (§—nj)*=D
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where S and D are cold plasma Stix parameters, £33 = X Wpe JZo)
is an element of the dielectric matrix and @ is the elec-
tron plasma frequency, X = 2E2[1 4 &.Z(&.)], and Z (&) is the
plasma dispersion function.[!®! G is referred to wave damping
factor. [15]

As the wave passes cross ion cyclotron harmonic reso-
nances, ion damping occurs and can be obtained in a way anal-

ogous to electron damping, ! where

m _ 20el) (®)
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Among these equations, the superscript and subscript symbols
e, 1, R, and I represent species of electrons and ions, real parts,
and imaginary parts, respectively. A; and A, can be found in
Ref. [15]. Once the hot ions are taken into account, the calcu-
lation of each element in the dielectric matrix is obtained by
summing over all ions species.

The wave power deposition can be calculated along the

wave rays trajectory, where

P(1) = P(0)exp (2/01k(f§)d1>. @)

Here, P(0) is the initial incident power, and the symbol o de-
notes the electron and each species ions, respectively. Simulta-
neously, the current drive is given by j = nP, with 1 denoting
the current drive efficiency. In the paper, the wave trajectory is
calculated by the GENRAY ray tracing code, and the current
drive efficiency can be evaluated by Ehst-Karney formula.!'”]

On the other hand, by putting the wave information into
the CQL3D quasilinear current drive code, the current drive

can be calculated by!!®!

J(r) =naq(r) /V||f(V)dV||~ ®)

This expression gives the parallel current density carried by
each species, where n, is the density of the particle « and g(r)
is the associated charge. In the equation above, v is the speed

component that is parallel to the magnetic field lines, f(v) is

the phase-space distribution of species, which obeys!!”!
dfa d dfu 10 dfu
e _ 2 pa® i) — -2 (g2}, 6
ot aVH a 8vH + (fa) ror st or ( )

Here, Dy = ﬂgl—zzElzkﬁ(a) —kv|)dk is the quasi-linear diffusion
coefficient in velocity space, r is the normalized minor radius.
On the right-hand side of Eq. (6), the first term represents the
contribution from radio frequency waves, the second term is
the Coulomb collision operator of the plasma species and Dy
denotes its radial diffusion coefficient. In the presence of hot
ions, a significant portion of wave power can be deposited
onto these ions, leading to the generation of super hot ions.
Consequently, both the electrons and hot ions evolve accord-
ing to Eq. (6), while active energy exchange occurs owing to

Coulomb collisions.

3. Results and discussion

Using the FW dispersion relation,!!! the influence of hot
ions on wave absorption mechanism can be quantified through
the wave damping coefficient. Figure 1 plots the wave damp-
ing coefficient k1 as a function of the parallel refractive in-
dex n)| for a launch frequency of 476 MHz. The plasma pa-

rameters are taken at the radial position p = 0.5 according
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to the stable state operation scenario in HL-3,[8:19-211 yhere

ne = 3.47 x 10 m=3, T, = 5.44 keV, and T, = 6.96 keV.
The hot ions hydrogen with averaged energy Eyy, = 80 keV
and concentration X[H] = ny/ne = 5% are illustrated in the
figure.[??! It is clearly shown that electron damping increases
monotonically, peaking at nj ~ 3.8. In contrast, damping on
bulk ions remains negligible (green dashed curve), confirming
earlier predictions that ion power deposition can be neglected

e.[l.7-23] However, with the presence of

for helicon current drivi
hot ions, enormous wave damping on ions occurs, especially
for minority ions hydrogen. For n) ~ 3.0, the ion damping

coefficient is shown to be comparable to that on electrons.

7

k‘u (m‘l)

2.5 3.0 3.5 4.0 4.5 5.0
il

Fig. 1. The wave damping coefficients k| on ions and electrons as a
function of the parallel refractive index n. The wave damping coeffi-

cients of electron and ions are denoted by kiel) and £V respectively.

1r
k(ﬂ) and k(ﬁ) are the ion damping coefficient of X[D] = 100% and
X[D] = 95% with X [H] = 5%, respectively. The plasma parameters are
taken at p = 0.5 of the stable state operation scenario on HL-3, where
ne =347x10° m3, T, =544 keV, T, = 6.96 keV, and B=2.0 T.
The energy of hot ions is set as Eayg = 80 keV.

Figure 2 depicts the poloidal trajectories of helicon wave
rays. The equilibrium is derived from an integrated METIS
simulation of the HL-3 steady-state scenario of S3 with deu-
terium plasma.>*23 This code has been benchmarked against
previous HL-2A discharges. The major radius and minor ra-
dius are R = 1.78 m and a = 0.65 m, respectively. For a launch
frequency of 476 MHz and n) ~ 3.0, it is straightforward to get
AL < 2.0 cm < a, warranting the use of the GENRAY ray-
tracing code. The wave rays are emitted from three poloidal
launch points, each comprising 20 rays to represent the an-
tenna power spectrum. The power injected is set at 1| MW
with nj~ 3.010.5, while 10% of the power is launched in the
counter direction with nj~ —9.0, consistent with measure-
ments on the KSTAR helicon antenna.!'!l Rays originate just
inside the last closed flux surface (p = 0.99) and are tracked
until 99% of the power has been absorbed. The calculations
show that the rays penetrate directly into the core plasma, and
single-pass absorption appears. However, when minority hot
ions are considered, only a very slight change in the ray tra-

jectories is observed.

1.5 e

2.0 2.5

R (m)
Fig. 2. Poloidal projection of the helicon wave rays trajectory in HL-3.
The wave rays are launched from 3 points along the poloidal direction,
each ray starting at the mid-plane inside the last closed flux surface
p = 0.99. The helicon wave parameters are set as f = 476 MHz and
n|| = 3.0. The red thick line represents the last closed flux surface.

However, significant power deposition on ions is found
as hot ions are present, as plotted in Fig. 3. In the figure, mi-
nority hot ions hydrogen with (E) = 80 keV are taken into ac-
count. For X[H] = 10%, about 8% of the injected power is ab-
sorbed by ions. The fraction rises further as the hot ion energy
increases. Replacing the hydrogen minority with deuterium
markedly reduces ion absorption, which is in good agreement

with Ono’s prediction.[!4!

— P =092 MW
0.12+ —-—-p{Y —0.08 MW

0.08

0.06

Pops (W/cm?)

0.04

0.02

0 0.2 0.4 0.6 0.8
Fig. 3. Power absorption profile calculated by GENRAY code. The
solid line indicates power absorbed by electrons, while the dashed line
represents absorption by ions. The total power injected P = 1 MW. The
hot ion H concentration X [H] = 10%.

The helicon wave current drive with the presence of hot
ions is plotted in Fig. 4. Here, the calculation is performed
by the CQL3D method, where both the electrons and hot ions
are treated as general particles and evolve according to Eq. (6).
The radial current drive profile is essentially unchanged. How-
ever, the share of power absorption by the ions slightly reduces
electron absorption and thus produces a small drop in the net

driven current.
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25 " ——'X[H] = 0%, 87.6 kKA/MW

—-— X[H] =5%, 86.7 kA/MW
— == X[H] = 10%, 85.5 kA/MW -

j (A/cm?/MW)

0 02 04 06 08 1.0
p

Fig. 4. The current drive profiles calculated by the CQL3D code un-
der various hot ion H concentrations X [H]. Both the electrons and the
hot ions evolve according to Eq. (6). The average energy of hot ions
hydrogen is (E) = 80 keV.

Table 1 gives the current drive for various hot ions con-
centrations, only a few percent of the current drive occurs on
ions. However, it is worth mentioning that this phenomenon
may become serious if higher energy hot ions exists.

Table 1. Scans of hot ion hydrogen concentrations X [H] on the current

drive that pushed by electron and ion. The calculations are performed
by the CQL3D code.

X[H] I (kA) L (A)
0.00 87.6 3.1
0.02 87.4 12.1
0.04 86.9 24.2
0.06 86.5 36.3
0.08 86.0 48.2
0.10 85.6 60.2
140 T T T T 140 . . . .
-step=0 -step =0
(a) n-step = 10 (b) n-step — 10
120+ - --n-step=30 | 120t - --n-step =30 |
————— n-step = 50 —-—--n-step = 50 |
100} e 100f -
L - - \\
2 0| S
= == <) \\“\ AN
g o0r T =
40} ~ ] 40t ‘
N, N 1]
20} oA 20t
0 \

0 0.2 0.4 0.6 0.8 1.0 00 0.2 0.4 0.6 0.8 1.0
p p

Fig. 5. Evolution of radial temperature profiles of different hot particles
at various time steps. Panel (a) shows hot hydrogen (H) and panel (b)
shows hot deuterium (D). The time steps are 0, 10, 20, and 40, with a
time interval of 0.01 s.

In the presence of hot ions, a significant portion of the
wave power is absorbed by the ions. We therefore employed
the CQL3D code to track their temporal evolution, as shown in
Fig. 5. Figures 5(a) and 5(b) correspond to minority hydrogen
and deuterium, respectively. The hot ions are assumed to origi-
nate from NBI with an initial average energy of E,y, = 80 keV,
their radial energy distribution at # = O s is indicated by the or-
ange dotted curve. Here, these hot ions are treated as the addi-
tional ions in the simulations. Energy spectra at 10, 30, and 50

time steps are also plotted. It is clearly shown that super-hot
ions with energy up to E ~ 100 keV are produced, followed
by a gradual decay of their energies owing to Coulomb col-
lisions. Since hydrogen has a smaller mass, the energy of its
super-hot ions decreases more rapidly than that of deuterium,
and by the 40th time step, it has fallen below the initial en-
ergy profile. Moreover, energy in the plasma edge decays most
rapidly, consistent with the lower temperature and higher col-
lision frequency in that region.

In addition, figure 6 presents the velocity distribution
function of the fast ions. Wave energy deposition produces
a pronounced plateau, visible in all representative pitch angle

traces, and thus confirms the formation of super-hot ions.

1018 T T T 1018 T v
—— Trapped-passing — Trapped-passing
(a) Perpendicular (b) — Perpendicular
1016 a —— Parallel { 1016 Parallel
—— Anti-parallel Anti-parallel
1014 1014
1012 10 12
= >
= =
= 1010 1010
108 108
106 106
0 0 L L
0 0.04 0.08 0 0.02 0.04 0.06

v /Clight v /Clight

Fig. 6. Illustration of hot ion distribution function, shown at the midplane for
p =0.58 (R =103 cm) and t = 0.5 s. Panel (a) shows hot hydrogen (H) and
panel (b) shows hot deuterium (D). cligh = 3 X 108 m/s. Four sets of curves
are plotted, corresponding to the selected values of pitch angles (at parallel,
trapped-passing, perpendicular, and anti-parallel).

4. Summary and discussion

The HL-3 device is a newly constructed medium-sized
tokamak in China. Equipped with an NBI system, HL-3
has achieved a ‘dual-billion-degree’ regime with both ion and
electron temperatures reach the 10 keV range. Its engineering
parameters are closely comparable to those of the DIII-D toka-
mak. In recent years, DIII-D and KSTAR devices have con-
ducted pioneering experiments on helicon wave current drive,
leading to significant advancements in plasma discharge sus-
tainability. Consequently, investigating helicon wave related
physical mechanisms on HL-3 could provide novel approaches
to enhance high-performance operation on the device.

In this work, we include the hot ions as general species.
The evolution of the hot ions distribution is obtained using
the bounce-averaged quasilinear Fokker—Planck equation. Un-
der the steady-state scenario on HL-3, our calculations show
that minority hydrogen or deuterium ions with energies around
80 keV possess wave damping coefficients comparable to
those of electrons, so a non-negligible fraction of the injected
power is absorbed by the ions. This additional absorption has
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little effect on the radial profile of the driven current, yet it ac-
celerates a subset of the minority ions to super-hot energies of
~ 100 keV. In the core plasma, these super-hot deuterons per-
sist longer than the hydrogen counterparts due to their larger
mass and lower collisional energy loss. Compared with the
case in ICREF, the energy of these super hot ions is significantly
lower. This is due to the rapid decrease in the ion damping
coefficient with increasing harmonic number of the wave fre-
quency. Consequently, in the helicon wave process, the con-
version of hot ions into super hot ions is markedly weaker than
in the ICREF case.

Fast wave dispersion analysis further indicates that elevat-
ing the minority ion temperature, whether by increasing NBI
energy or generating higher energy ions via ICRH, enhances
the contribution of hot ions, particularly for high-energy o
particles produced in fusion reactions. Under such condi-
tions, the ion damping coefficient can exceed that of elec-
tron damping, introducing additional physical phenomena as-
sociated with the large gyro-radius of these ions. A rigorous
theoretical framework must therefore incorporate finite-orbit-
width (FOW) effects, for instance, the FOW-CQL3D method-
ology will be systematically investigated in our subsequent

work.
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