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Investigation of neoclassical tearing mode and its suppression by electron cyclotron current drive (ECCD) has been
carried out in HL-2M tokamak. The current driving capability of the electron cyclotron wave is evaluated. It is found
that the deposition location can be effectively controlled by changing the poloidal angle. The validation of electron cy-
clotron wave heating and current driving has been demonstrated for the upper launcher port. We show that 3.0 MW and
2.5 MW modulated ECCD can completely stabilize (2,1) and (3,2) NTMs, respectively. The non-modulated ECCD, radial
misalignment as well as current profile broadening have deleterious effect on the NTM stabilization. The time required for
suppression of (3,2) mode is shorter than that required for the suppression of (2,1) mode. Moreover, the time needed for
complete stabilization at different initial island width has been quantitatively presented and analyzed.
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1. Introduction

Tearing modes are instabilities caused by magnetic recon-
nection. Neoclassical tearing mode (NTM) is a new tearing
instability in toroidal plasma, which appears and is recognized
as a factor to degrade plasma performance and may even lead
to disruptions when the driven force of bootstrap current is

d.l'=# So far, people have come up with many ways

considere
to inhibit NTM, including the use of electron cyclotron current
drive (ECCD),>%! lower hybrid current drive,!”8! externally
applied resonant magnetic perturbations, ®!°! neutral beam in-
jection, as well as using plasma rotation. Among those, ECCD
is one of the most effective ways since it can deposit current
in plasma region flexibly, and the current drive efficiency can
reach a high level as well.['!l This paper will focus on NTM
stabilization by ECCD in HL-2M tokamak configuration.

many devices such as DII-D, ASDEX
Upgrade,['>13) and JIT-60U!"*! have shown the suppression of
neoclassical tearing modes (NTM) with ECCD. The tearing

mode was successfully suppressed on the HL-2A device.!"”!

Presently,

Investigation on m/n = 1/1 internal mode coupling to pro-
duce NTM is also carried out on EAST.!'0 Since 2012, re-
search on real-time control of NTM has been conducted on
DIII-D. In this case, the gyrotron remains closed until NTM
is detected. The gyrotron is immediately opened to suppress
NTM when NTM is detected. If detection and alignment are

DOI: 10.1088/1674-1056/abfb52

early enough, this technique could quickly suppress NTM. Ex-
periments have found that an increase in the fusion gain factor,
Q, can be observed when NTM plus ECCD is applied.!'”) In
addition, recent experiments show that fueling deuterium pel-
lets can partially stabilize the m/n = 2/1 NTM. Correspond-
ing Modified Rutherford’s equation (MRE) calculations show
that the ECCD current required for complete NTM stabiliza-
tion will be greatly reduced when transportation is enhanced
at O-point.['8] Theoretically, there are three ways to study the
NTM and its suppression by ECCD. One is to use the gener-
alized Rutherford equation (GRE)['*2% to study the evolution
of the island width w, and the effect of ECCD on NTM. The
second to solve the nonlinear MHD equation to describe the is-
land behavior.[?!2?] The third is to use the Vlasov gyro-kinetic
code to study non-linear evolution of a magnetic island.!>’!
The magnetic island is a system with multiple spatial scales
for the third case. In tokamak, the poloidal wavelength of the
island is the order of the minor radius, and its width can be
order of the ion Larmor radius or smaller. For this reason, the
dynamic of tearing mode has been studied in the past using
gyro-kinetic theory. Recent gyrokinetic study also has found
that turbulence can provide seed magnetic islands for NTM
by creating magnetic structures of ion gyroradius scale in ra-
dial direction, and NTM can bypass the linear growth phase.
However, in general, for the suppression of NTM, the fluid
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model is sufficiently accurate.!**! In addition, since the time
scale is quite large when calculating the evolution of NTM
using gyrokinetics, the simulation of kinetics will consume
considerable computing resources. In addition, the calculation
accuracy is also particularly high in order to ensure the con-
vergence of long-term calculations. Surely, the advantage of
kinetic simulation is that it can accurately study the evolution
of the magnetic island in high-temperature plasma, and study
the influence of kinetic effects of ions on the evolution of the
magnetic island.!>!

HL-2M is a new medium-sized tokamak being manufac-
tured by SWIP. It is committed to supporting the key physics
and technology research of ITER and CFETR[?®!. The first
discharge was carried out at the end of 2020. HL-2M is de-
signed to have high B value, and it takes advantage of the
separable toroidal field (TF) coil to improve the plasma per-
formance, thus exploring the technical and engineering poten-
tial of ITER and future fusion reactors.>”?8! Since HL-2M is
expected to have high fraction of bootstrap current, the NTM
on it will be extremely destructive. Currently, the NTM real-
time control system on HL-2M is also under construction. It is
necessary to simulate the evolution and suppression of NTM
before the experiment to provide a certain reference to the up-
coming experiments.

In this paper, we will study the NTM and its stabiliza-
It is
found that the deposition location can be effectively controlled
by changing the poloidal angle. We show that 3.0 MW and
2.5 MW modulated ECCD can completely stabilize (2,1) and
(3,2) NTMs, respectively. The non-modulated ECCD, radial
misalignment as well as current profile broadening have dele-

tion with coupling ray-tracing code and MHD code.

terious effect on the NTM stabilization. The time required for
suppression of (3,2) mode is shorter than that required for the
suppression of (2,1) mode. In addition, the time needed for
complete stabilization at different initial island width has also
been quantitatively presented.

The rest of this paper is organized as follows. The model
of ray-tracing code and NTM fluid equation is introduced in
Section 2. In Section 3, we report the results of numerical
study for electron cyclotron wave heating and current drive,
and the process of NTM stabilization in HL-2M configuration.
Brief conclusions are given in Section 4.

2. Modeling
2.1. TORAY code

We use the TORAY code to calculate the trajectories of
the electron cyclotron wave and the driven current. TORAY
uses the dispersion relation of cold plasma to simulate wave
trajectories. Two models (Cohen and Lin-Liu ef al.**!) could
be used to calculate ECCD in general geometry. TORAY code

mainly solves the wave ray-tracing equation
dx dD/dk

a5~ |oDjok]’ M
dk D)oz
ds ~ |0D/ok|’ @

where s is the arc length along the ray path, k is the wave num-
ber, x is the spatial position, and D is the real part determined
from the dispersion relation given by a cold plasma approxi-
mation, D(k,w,,x) = 0, where w, is the wave frequency. The
ECW power absorbed by the plasma is given by the integral
along the ray path

p(s) = 1 —exp (—Z/Slm(k) : dw) : 3)
0 ds

where the imaginary part of & is obtained from solving the dis-
persion relation. For ECCD, Cohen model includes relativis-
tic, electron—ion collisions, and trapped particle effects. Lin-
Liu has noted that the current drive efficiency, J/Py, which
calculates the ECCD, requires division by (B). This is approx-
imately accurate by dividing J/Py with 1+ &, where € is the
inverse aspect ratio (BmaxBmin )/ (Bmax + Bmin) of device, since
(B) is not currently available to TORAY.

At present, TORAY has been performed a series of bench-
marks against other linear and quasi-linear ray-tracing codes,
such as Gaussian beam codes, and quasi-optical codes.30-3?]
Here in this work, we use thirty rays with different Gaussian
distributions, and adopt the Lin-Liu model to calculate the cur-
rent drive efficiency. The beam width is 2 cm. For TORAY, the
poloidal injection angle ¢ refers to the angle measured from
the vertical direction counter-clock-wisely. The toroidal in-
jection angle B refers to the angle measured counterclockwise
along the major radius on the equatorial plane at the launching
point.

2.2. Model for neoclassical tearing mode

The growth rate of NTM is calculated by the TMS8 code
in this paper, namely, we solve following MHD equations in a

cylindrical configuration: 33!
dy S
=, = E-nl—Jjo—Ja); )
d )
P (aﬁ”'V) V2 =er- (VY x Vj)+u pV'e, (5)
3d
Edif =V-(qVip)+V-(x1Vip)+0, (6)

where (d/dt) = (9/dt) +v -V, v =V x e, j=V>y—
2nBy/(mR) being the toroidal plasma current density, j, =
—cv(€'/2/By)nedT,/dr being the bootstrap current density
calculated from electron temperature 7. self-consistently,
where ¢y, in the expression of ji, is a constant of the order of
unity, and jq is the radio frequency (RF) driven current density
along the e, direction. E is the equilibrium electric field; u is
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the plasma viscosity; B, is the poloidal magnetic field; p is
the plasma mass density; p is the plasma pressure; € = r/R is
the inverse aspect ratio. x, and x| are the perpendicular and
parallel transport coefficients, and Q is the heating power. For
TMB&, the normalization scheme is as follows: the length to the
minor radius a, the time ¢ to T, the helical flux to aBy, v to
a/ g, and T, and n, to their values at the magnetic axis, where
Tr = a’ o/ 7 is the resistive time.
Meanwhile, we consider the transport of fast electron

Ing
ot

where ¢ and ¢ are the perpendicular and parallel transport

=V-(xeVne) + V- (x0eVing) +ve(ng —ne),  (7)

coefficients of the fast electrons, and 1/vf is the slow down
time of the fast electrons. The effect of electron cyclotron cur-
rent drive on NTM is entered through the fast electron source
term, and the fast electron source density ngs due to the EC
waves is expressed as

(r — T cd)2

nfs = Nfs0EXP <—W2
cd

) I1(ho,Ahgc), (8

where r.q is the central RF deposition point; w.q denotes the
RF characteristic width; I1(hg, Ahgc) is a square box function
for considering the wave deposition profile along the helical
angle h =m0 +n&. We set I1(hg,Ahgc) = 1 for hoy < hg <
hogr, and IT(ho,Ahgc) = 0 elsewhere. hg is the ECW depo-
sition center and is computed in each time step to compare
with that of the magnetic island. Ahgc = m60 +ndé&, is the
instantaneous wave deposition width along the helical angle
h. Besides, we set /o, = —7 and Ay = & for non-modulated
current drive (NMCD), and ko, = —7/2 and hoe = /2 for
modulated current drive (MCD) which means /g only varies
in the half period from —n/2 to 7/2 in MCD cases.

3. Numerical results

Now we use the two modeling to investigate the evolu-
tion of NTM and the effect of ECCD on it. The two models
couples through Egs. (4) and (7).

3.1. ECW power absorption and current drive in HL-2M

Firstly, we use TORAY to evaluate the ECW heating and
current drive performance under HL-2M configuration. The
HL-2M tokamak parameters are as follows: plasma major ra-
dius R = 1.78 m, minor radius a = 0.65 m, the toroidal mag-
netic field B = 2.2 T, plasma current Ip = 1.2 MA, elongation
Kk = 1.87, and triangularity 6 = 0.45. The scenarios of the
single-null diverted HL-2M equilibria are constructed with the
EFIT code.** The plasma density and temperature profiles
are given as

ne = (nec _nea) [1 - (’"/Cl)i]s + nea,

To = (Tee — Tea) [1 = (r/@)']" + Tea, )

where nec (Tec) and ne, (Tza) are the electron density (temper-
ature) in core and at edge, respectively. i =1 and s = 1/3
are the empirical indexes. We set ne. = 6.0 x 10" m—3,
Nea = 1.5x 10" m=3, T,c = 6 keV, T, = 0.05 keV. The ef-
fective charge Z.¢r = 1.8 with a flat profile is assumed.

Shown in Fig. 1 is the HL-2M equilibrium, as well as
the electron cyclotron wave trajectories on a poloidal plane.
The pink lines in Figs. 1(a) and 1(b) are the contours of the
helical flux surfaces of (2,1) and (3,2) magnetic islands. The
electron cyclotron wave is injected from the upper launcher
port. For the 2/1 mode, the rational surface location is at
p = 0.58, where p = (¢/@max)"/? is the square root of nor-
malized toroidal flux, and the required poloidal injection an-
gle is about 120°. For the 3/2 mode, the inner side is closer
to the plasma center, and the poloidal injection angle needs
to be increased (the corresponding poloidal injection angle in
the Fig. 1(b) is 128°), the wave can be deposited near the ra-
tional surface of p = 0.46. Therefore, for NTM suppression,
the issue of radial misalignment could basically be solved by
adjusting the poloidal injection angle in experiments. From
the results of the previous injection angle scanning, to cover
the radial range of p = 0.5-0.9, the required poloidal injection
angle range is about 30° (from 98° to 128°).13%!

Z (m)

—1.50) ) ~1.5}
1.0 1.5 2.0 2.5 1.0 1. 2.0 2.5

Fig. 1. The HL-2M equilibrium, and the electron cyclotron wave trajectories
on a poloidal plane. The pink line in (a) and (b) are the contours of the helical
flux surfaces of (2,1) and (3,2) magnetic islands.

Figure 2 shows a radial profiles of ECW power depo-
sition and driven current density with different poloidal in-
jection angles of 120° and 128°. The power absorption and
driven current in Fig. 2 corresponds to the wave trajectories
in Fig. 1. It can be seen that the increment of the poloidal
angle also increases the current drive efficiency to some ex-
tent. In both cases, the absorption of wave power is 100%.
The ECCD efficiency (n(20)R(m)I(A)/P(W)) in the two cases
with poloidal angles of 120° and 128° is about 0.011 and
0.014 x 10%° A/W/m?, respectively. Since our focus here is
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on the suppression of NTM by ECCD, we will not give more
calculation results of ECCD in the HL-2M configuration. One
can refer to Ref. [35] for more detailed calculations. However,
we could still make a summary: (i) Increasing the poloidal
angle moves the wave deposition position to the plasma core;
(ii) Both adjusting the toroidal angle (within a certain range)
and increasing the plasma core temperature increase the cur-
rent drive efficiency of the wave; (iii) Wave injected from the
upper launcher port drives larger plasma current than mid-
plane injection. Therefore, an upper launcher port has been
designed for the ECW system in HL-2M.

__ 05 (a) —~ 0.5 (c)
= . z
= 0 S 04
o -
g 03 £ 0.3
< L
z 02 = 0.2
Q7 01 0.1
0 0
0.31r(b) (d)
& 1=19.6 kKA 020794 1A
£ 0.2 g
2 for 2/1 mode 2 for 3/2 mode
<
2 o1 2 01
9 &
~ ~
0

% 0.2 04 06 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
P P

Fig. 2. Radial profile of ECW power deposition and driven current density
with different poloidal injection angles 120° (a), (b) and 128° (c), (d).

3.2. Neoclassical tearing mode stabilization

Now we substitute the driven current calculated in the
previous section into Egs. (6) and (7) to simulate the process of
NTM suppression. Table 1 shows the input parameters of the
TMB&8 codes. It should be noted that the poloidal angles have
been adjusted in order to guarantee that the current density is
deposited on the rational surface, and the w.q in Table 1 is the
half-width of current density profile.

Table 1. Simulation parameters.

modes 2/1 mode 3/2 mode
rs (a) 0.58 0.46
T. (KeV) 24 3.4
ne (m~3) 3.06 x 1017 3.23x 10"
S 7.8 x 107 1.3x108
Tr () 26.3 30.5
fs 0.31 0.19
x1 (a%/tR) 25.8 353
%) (@*/R) 6.9 x 10° 3.8x10°
Ned (KA/MW) 19.6 26
Wea (@) 0.078 0.086

In order to study the stabilization of NTM, we first ex-
plore the influence of ECCD on NTM by changing the am-
plitudes of driven current. Figure 3 presents the evolution of

the NTM magnetic island in different cases. The black line
corresponds to the modulated ECCD cases with input wave
power P =3 MW, the red dotted line to the non-modulated
ECCD case with input wave power P = 3.0 MW. In the mod-
ulated case, it indicates that 3MW ECW fully stabilizes the
(2,1) NTM mode. Increasing the ECW power reduces the time
needed for the complete suppress of NTM, while reducing the
ECW power leads to the incomplete stabilization of NTM, and
makes the magnetic island width saturated at a moderate value.
On the other hand, the ECW power (3 MW) that is enough to
control (2,1) NTM in modulated case cannot fully stabilize
the NTM in the non-modulated case. Higher ECW power is
needed for NTM suppression with NMCD. It is also worth
pointing out that the saturation magnetic island width of the
NTM in the simulation is 0.34a when there is no ECCD. Com-
pared with the magnetic island width in HL-2A (~ 0.14a), this
value is larger, but it is reasonable because HL.-2M is set to be
high B plasma, and has a larger fraction of bootstrap current,
and, therefore, the saturation width of magnetic island is rela-
tively large.

0.4

0.3
P=2 MW

w/a

0.2

0.1

0 0.2 0.4 0.6 0.8 1.0

Fig. 3. The evolution of the NTM magnetic island width in different cases:
the black lines correspond to the modulated ECCD cases with different wave
input power, the red dotted line to the non-modulated ECCD case with wave
input power P = 3.0 MW.

Figure 4 depicts the evolution of the (2,1) NTM magnetic
island of lager characteristic width weq and during radial mis-
alignment ECCD. It can be seen that when the radial deviation
reaches a quarter of half-width of the current profile, the ECW
power, that can completely stabilize the NTM in absence of
deviation, no longer fully suppress the (2,1) NTM, but only
reduces the saturation width of the magnetic island to a lower
level. The value of this lower level is 0.05a in our calculations.
In addition, increasing the half-width of the current profile also
reduces the effect of NTM suppression. The 3 MW ECCD de-
creases the island width to 0.25a only when w4 is increased
by 0.5 times. The NTM suppression effect is sensitive to the
width of driven current profile. Our previous simulation with

scanning of the poloidal injection angle indicates that a smaller
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poloidal injection angle corresponds to a larger ECCD charac-
teristic width when the ECW wave is launched in the upper
launch port. Therefore, ECW emission with a large poloidal
injection angle is beneficial to NTM suppression.

0.35

0.30

0.25

0.20 |

w/a

/)L’(l_/)h - 1/4/11)(,(1
0.05

0
0.15 0.30 0.45 0.60
t(s)
Fig. 4. The evolution of the (2,1) NTM magnetic island width with radial
misalignment ECCD and lager characteristic width, wgg.

Figure 5 shows the evolution of the (3,2) NTM magnetic
island in different ECW power level with both modulated and
non-modulated ECCD. It is shown that after linear growth of
(3, 2) NTM mode, the magnetic island width at saturation is
0.115a without ECCD. 2.5 MW ECCD completely suppresses
NTM, and 1 MW ECW power only reduces the island width to
its 1/4 in the MCD cases; 3 MW ECW power quickly reduces
the island width to zero. 2.5 MW of non-modulated current
does not completely stabilize NTM, and only reduces the size
of the magnetic island to its 3/4. More EC wave power input
is needed in this case in order to fully suppress the magnetic

island.
0.12F
0.09+
P=1.0 MW
< 0.06
3 .
P=25 MW
0.03 11011111()(1711717‘(71};7&-,(1
0 IP_ 2.5 MW
0 0.2 04 06 08 10 12 14 1.6

Fig. 5. The same as in Fig. 3, but for (3,2) NTM stabilization.

Figure 6 gives the same plot as in Fig. 4, but for (3,2)
NTM, for which the influence of radial mismatch and current
profile width on NTM suppression effect is similar to that of
(2,1) mode. Increasing of the current profile width and radial
deviation increase power threshold for complete suppression

of NTM. However, the current profile width and radial de-
viation has weaker influence on the (3,2) mode suppression
than they do on (2,1) mode. The 2.5 MW ECCD could still
suppress the island width to 0.03a when w¢q is increased by
0.5 times, meaning that the ECCD reduces the magnetic is-
land width by 3/4 in such a case. Figure 6 also indicates that
(2,1) mode is more difficult to be suppressed than (3,2) mode,
and has a greater deleterious impact on plasma performance
improvement, which is consistent with the results from La

¢.136] Tt is also should be noted that our simulation consid-

Hay
ers the NTM with neoclassical effect, because if the bootstrap
current is not considered, the magnetic island saturation will
be lower than the magnetic island saturation level presently
here. Especially for the (3,2) mode, if the neoclassical effect
of the bootstrap current is not incorporated, the tearing mode

will not be excited.

0.09

0.06

w/a

0.03

0

0 02 04 06 08 1.0 1.2 1.4 1.6
t(s)

Fig. 6. The same as in Fig. 4, but for (3,2) NTM control.

3.3. Time needed to suppress the neoclassical tearing mode

Now we come to study the time needed to suppress both
the (3,2) and (2,1) mode systematically. Figure 7 shows the
time necessary to reduce the island to 1/3 of its initial size
(solid line) and for complete stabilization (dashed line) versus
ECW power, for both the (3,2) mode (a) and the (2,1) mode
(b). It demonstrates that the time required for suppression of
(3,2) mode is shorter than that for (2,1) mode. The time re-
quired to completely suppress (2,1) mode is about 0.2 s, while
it is 0.128 s that required to suppress (3,2) mode when the
power is 3.0 MW. Overall, the time for suppress of (3,2) mode
shorter. This is reasonable since the bootstrap current is signif-
icantly larger at the ¢ = 2/1 than that at the g = 3/2 surface,
and thus the current to be replaced is larger and the power
needed is larger as well. In other words, the time needed for
(3,2) mode suppress should be shorter when input wave power
are the same. On the other hand, when one reduces the mag-
netic island to 1/3 of the saturation value, similarly, the sup-

pression time could also be shortened.
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Fig. 7. Time necessary to reduce the island to 1/3 of saturation island width
value (solid line) and for complete stabilization (dashed line) versus ECW
power, for both the (3,2) mode (a) and the (2,1) mode (b).

Time needed for complete stabilization versus initial is-
land width (normalized to the saturation width) is shown in
Fig. 8 for both the (2,1) and the (3,2) modes. It can be seen
that the earlier the ECCD is placed, the shorter the time needed
to fully suppress NTM. The relationship between the required
time and wj,; is linear for (3,2) mode, while there is also a
weak linear relationship for (2,1) mode. What should be noted
is that the input power in Fig. 8 is 5 MW. One can still see that
the time for suppression of (3,2) mode is shorter than the that
for (2,1) mode. The time required for suppression of the two
is very close when the initial magnetic island is small. This
result seems similar to the simulation result in ITER.[37]

0.10F —m— 3/2 mode
—m—2/1 mode
"
./
0.08
O
- "
0.06} _/
./
0.04

0.4 0.5 0.6 0.7 0.8 0.9 1.0
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Fig. 8. Time needed for complete stabilization versus ECW initial island

width (the island width when ECW power is added, normalized to the satu-
ration width), for both the (2,1) and the (3,2) modes.

4. Conclusion

Investigation of neoclassical tearing mode and its sup-
pression by electron cyclotron current drive (ECCD) have
been performed for HL-2M tokamak. The electron cyclotron
wave driven current capability is evaluated. It is found that
the deposition location can be effectively controlled by chang-
ing poloidal injection angle. The validation of electron cy-
clotron wave heating and current drive has been demonstrated
for the upper launcher port. The required poloidal injection

angle range is about 30° (from 98° to 128°) in order to cover
the radial range of p = 0.5-0.9. The absorption of the wave
power reaches 100%, while current drive efficiencies reach the
order of 0.014 x 102° A/W/m? with the upper launcher emis-
sion.

For the NTM suppression, we show that 3.0 MW and
2.5 MW modulated ECCD can completely stabilize (2,1) and
(3,2) NTMs, respectively. The non-modulated ECCD, radial
misalignment as well as current profile broadening have dele-
terious effect on the NTM stabilization. The time required for
suppression of (3,2) mode is shorter than that required for the
suppression of (2,1) mode. We find that the earlier the ECCD
is placed, the shorter the time needed to fully suppress NTM.
And the relationship between the required time and wjy; is ba-
sically linear.

In general, the total electron cyclotron wave current of
5 MW is sufficient to have a full stabilization of both (2,1)
and (3,2) modes. In addition, the plasma temperature we set is
lower than the expected when calculating the ECCD. From the
current expected parameters, the plasma center temperature of
HL-2M will be higher than 6 keV. Increasing the temperature
will significant increase the current drive efficiency. There-
fore, our simulation here gives a conservative EC wave power
input for full suppression of (2,1) and (3,2) modes. Up to 30%
higher CD efficiencies are predicted if the plasma has a core
temperature of 10 keV, at the cost of higher ohmic heating and
other auxiliary heating.
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