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Abstract:
The value of normalized toloidal beta (8y) can reach to 3.7, 4.9 and 3.0 in the induced,
hybrid and high-ggs operation scenarios (OSs) in HL-3 low current (~260-300 kA) plasmas,
respectively. Many kinds of magnetohydrodynamic (MHD) instabilities, which are internal
kink mode (sawtooth, fisbone (FB) and Long-live mode (LLM)), neo-classical tearing mode
(NTM), Alfvén eigenmodes (AEs) and so on, are found in the high-Sx plasmas. It can
be found that the core localized m/n=1/1 FB or LLM can co-exist with the strong multi-
branches NTMs, e.g., m/n=2/1, 3/2 and 4/3 NTMs in the induced OSs. The co-existence of
low-frequency internal kink modes and NTMs can even lead to disruptions; The m/n=2/1
NTMs can be induced by fishbone. The strong core FBs, moderate m/n=3/2 NTMs and
weak AEs are presented when Sy reach to its maximum 4.9 in the hybrid OSs; There are
only single FBs are found in high-gg5(~7-9) OSs. The abundant MHD instabilities limit
the achievement of By (BN, maez~3.7) in induced OSs. Because of the FB and moderate
m/n=3/2 NTMs, the value of By can reach to 4.9 in hybrid OSs. Though the low Sy can
only reach to 3.0 in high-ggs OSs, the poloidal beta (5,) can reach to 2.7 in the high-ggs
plasmas.

1.Introduction

The toroidal beta (8;) of the magnetic fusion plasmas, defined as 8; = P/(B?/2u),
is an important parameter to characterize the performance and economic efficiency of a
fusion reactor, where P = %nk(TZ +T.) and B?/2p is the plasma thermal pressure and
magnetic pressure, and By, n, T; and T, represent the toroidal magnetic field, plasma
density, ion and electron temperatures. For comparing the values of §; from different
devices, it can be normalized as the dimensionless parameter Sy = (3,/(I,/aBy), where I,
and a is the plasma current and the minor radius of the device [I]. High fy is favorable
for achieving plasma ignition, for the ”triple product” is proportional to By, i.e., nT;T
(BnIpBi/a)(HTscate), where H and Tyeqe represent the H-factor and confinement time,
respectively; The fusion power (Pj,s) is also proportional to the square of By (Ppyus o
B%12B}); In addition, the bootstrap current fraction (fys) is proportional to Sy (fps o
CBsPBnqes, where Cpg is a coefficient, and qg5 is the safety factor at the rational surface
containing 95% of the magnetic flux) [2]. According to the operation scenarios (OSs) in
International Thermonuclear Experimental Reactor (ITER), there are clear requirements
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for By in the induced, hybrid and steady-state OSs, e.g., the non-inductive current drive
fraction should be 15%, ~ 50% and 100%, and the corresponding Sy need to reach to
~1.8, 2.0-2.5 and >2.6, respectively [3].

Because the high pressure (and its gradient), high fraction of non-inductive current
and high population of energetic particles in the high-5y plasmas. Many kinds of magne-
tohydrodynamic (MHD) instabilities which can degrade the confinement had been found,
e.g., internal kink modes (IKMs) (including, sawtooth (ST), fisbone (FB) or Long-live
mode (LLM)), neo-classical tearing modes (NTMs), Alfvén eigenmodes (AEs), and so
on, especially for the m/n=2/1 NTMs, where m and n are poloidal and toroidal mode
numbers, which can lead to the direct disruption in the high-8y (pressure) plasmas [4, [5].
The Sy can reach to 3.8 by taking the advantages of double transport barriers (DTBs) in
ASDEX-U n./ng ~0.8-0.9 high-density plasmas, where n, and ng is the electron density
and Greenward density. The n=1 FBs and n=2 modes are found in the high Sy plasmas
[6]. There are strong effects of NTMs on confinement, e.g., the Sx decreases from 3.0 to
2.4 obviously during the appearance of m/n=3/2 NTMs combined with 2/2 NTMs [7].
In the B;=1.7 T hybrid plasmas in JET, the value of By is limited as 2.7 by the MHD
instabilities [§]. A comparison in DIII-D proved that the m/n=3/2 NTMs will reduce
B obviously, and the 2/1 NTMs will cause collapses [4]. In the high self-induction (/;)
plasmas in DIII-D, the Sy can be higher than 5.0, and the n=1 NTMs are dominant [9].
The m/n=2/1 and 3/2 NTMs will cause the decrease of Sy, and even degradation from
H-mode to L-mode in HL-2A Sy~2.0-3.0 plasmas [10, II]. The toroidal/beta-induced
Alfvén eigenmodes (TAEs/BAEs) occur regularly in high-5x region and cause large type-
I edge localized modes (ELMs) burst in HL-2A hybrid plasmas [12, [13].

The high-8yx had been reached in the induced, hybrid and high-qg5 OSs in HL-3 low
current (260-300 kA) plasmas, respectively. Various MHD instabilities, e.g., IKMs (FBs
and LLMs), NTMs, AEs, and even the co-existence among them, can be found in the high-
By induced plasmas, espeically. The [y is limited by the MHD instabilities, especially
for co-existence of LLM and NTMs, and multi-mode NTMs. The [y are limited to 3-4
because of abundant MHD instabilities in induced plasmas. The core FBs, moderate
m/n=3/2 NTMs and weak AEs are found in the hybrid OSs. Taking advantage of these
moderate MHD instabilities, Sy can be in the high level of 4-5. Only the single FBs are
found in high-ggs(~ 7 —9) OSs. The Sy can only reach to 3 in the high-ggs (or high-B;)
plasmas. The effects of the MHD instabilities on limitation of Sy will be introduced in
detail in the different OSs.

2.Experimental Results

HL-3 is a medium size tokamak for magnetically controlled fusion research, with major
and minor radius R=1.78 and a=0.65 m [I4]. The design parameters are [,=2.5-3 MA,
By=2.2-3 T, the elongation and triangularity are in the range of x <1.8 and § <0.5. The
neutral beam injection (NBI) [15], electron cyclotron resonant heating (ECRH) [16] and
low hybrid current deriving (LHCD) [17] systems had been equipped in HL-3. The neutral
beams co-inject into plasma with an injection angle of 38.6°, the designed energy of beam
ions (E,) are ~ 30 — 80 keV. There are two NBI systems equipped on HL-3, and the total
power of NBI (Pypgs) can reach up to 5 MW, recently. Up to now, the capability of radio
frequency heating and current drive system has been improved to 6 MW, including the
ECRH of 4 MW and LHCD of 2 MW.

The high-3y plasmas can be achieved in the induced, hybrid and high-qg95 OSs, and the
corresponding discharge parameters and their spectrogram in typical shots 10315, 12469
and 12369 are shown shown in Fig[l] (left), (middle) and (right) panels, respectively.
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FIG. 1: Typical examples of high-Bn plasmas in induced, hybrid and high-qos OSs for
shots 10315, 12469 and 12369 in the left, middle and right panels. (a) discharge pa-
rameters of I,, , n. and By, (b) heating power: Pyp; and power of LHCD (Prucp), (c)
neutron flux (NT, black-curves), (d) stored energy (Wg, brown-curves) (e) Deuterium
a-light signal(D,, pink-curves), and (f) Bn (red-curves) and poloidal B (5,, blue curves).

TABLE I: COMPARISONS AMONG THE PARAMETERS AND PERFORMANCE IN HIGH-[y
PLASMAS WITH INDUCED, HYBRID AND HIGH-gg5 OSs IN HL-3.

0OSs Induced Hybrid high-qos
I, (kA) 260 260 300
ne (1019m=3) 1.6-2.3 1.1-2.8 1.6-2.1
B, (T) 0.6 0.8 1.6
K 1.45 1.35 1.35
0 0.5 0.45 0.5
q95 3-4 4-5 8-10
Pnpr (MW) 1.7 2.6 2.6
Pracp (MW)) 0.6 0 0
Wg ((kJ)) 103 152 200
BN,max 3.6 4.9 3.0
IKMs STs, FBs or LLMs FBs or LLMs FBs or LLMs
NTMs (m/n) Y (4/3,3/2,2/1) Y (3/2,2/1) N
AEs Y Y N
ELMs Free, Type-1 Small, Type-I Small
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The rough discharge parameters and comparisons of shots are presented in Table.I. The
corresponding By can reach to 3.7, 4.7 and 3.0 in the three shots. There are obvious
difference for the amplitude presented by Mirnov signals and its spectrogram caused by
MHD fluctuations, as shown in Figll] (g) and (h). It can be observed that the amplitude
of the Mirnov signal is strongest, moderate and weakest in the induced, hybrid, and
high-qg5 OSs, respectively. From the spectrogram of Mirnov signal, there are multiple low-
frequency instabilities (STs, FBs/LLMs and many branch NTMs) and high-frequency AEs
in the induced OSs, and low-frequency MHD instabilities (FBs and one branch NTM) and
weak AEs followed in the hybrid OSs. While only FBs in the high-q95 OSs. The difference
of the achieved By are caused by the amplitude and variety of MHD instabilities for the
induced and hybrid OSs. Because of the high B; in the high-qg5 OSs, the value of [y is
small compared with the other two OSs. But, the 3, can reach to 2.7 in the high-gg5 OSs.

2.1 MHD Instabilities in High-y Induced OSs

There is a typical example of high-5y plasmas in shot 10315 in induced OSs, as shown
in left part of Fig.. The I, and n, are in the range of 260+5 kA and(1.6-2.3)x10" m™3,
and B; keeps as ~0.63 T, as shown in Fig[l] (al). The heating power of NBI and LHCD
are in the range of ~1.3-1.7 MW and ~0.3-0.6 MW, and the power and input sequence
NBI and LHCD can refer to Fig[l] (b1). The W rise rapidly form 35 to 90 kJ since the
input of 1.3 MW NBI during t=1500-1600 ms, and the Wy increase continuously from
90 to 102 kJ after the startup of 0.6 MW LHCD and combined with total 1.7 MW NBI
during t=1600-1705 ms, as shown in pannel (d1). The plasmas transit from L-mode to
ELM-free H-mode at t=1555 ms, and then transit into Type-I ELM H-mode after t=1705
ms, presented by D, signal in pannel (el). The n, increases continuously from1.67x10°
m~—? £02.26x10Y m™3 during the period of ELM-free H-mode. The Wp increase to the
top of 104 kJ at t=1660 ms, and then Wg decreases to 100 kJ when ¢t=1705 ms, slightly.
The neutral flux also decreases obviously after t=1660 ms. The Sy can reach to the top of
3.7 at the end of the ELM-free H-mode. There are obvious drops of Wg and Sy just after
the bursts of ELMs when plasmas transit into the Type-I ELM H-mode after t=1705 ms
(panels (d1-f1)).

Abundant MHD instabilities with different kinds, frequencies (wave length), locations
and mode numbers, e.g., STs, FBs, LLMs, NTMs, AEs and ELMs, which can effect the
confinement and limit the achievement of [y, are found in induced OSs, as shown in
Figl2l The slight effects of STs or FBs on confinement are observed. The STs are labeled
by the blue dashed lines. When the strong ST bursts at t=1660 ms (STj), there is a
obvious small drop of Wg and Sy. While the other small-burst STs can only weaken the
growth rate of Sy. The dramatic drops of Sy or Wy caused by ELMs (labeled by the
pink dashed lines) can be found obviously.

There are mainly low-frequency MHD instabilities, e.g., FBs, LLMs and NTMs in the
ELM-free H-mode period, as shown in Fig[2| (left). The core FBs and LLMs can be found
during the NBI heating. The mode numbers for the FBs and LLMs are m/n=1/1. There
are 3 branch NTMs, with frequencies in the range of 5-9 kHz, 14-21 kHz and 25-35 kHz,
and the corresponding mode numbers are m/n=2/1, 3/2 and 4/3, which are labeled on
the spectrogram. The strong m/n=4/3 and weak 3/2 NTMs appear when [y rises to
3.4 after the burst of STy. The strong LLM (or FB), m/n=4/3 and 3/2 NTMs co-exist
during STy and ST3. The strong m/n=2/1 NTM appears when [y reach to 3.6 after
ST5. The 3 NTMs with mode numbers m/n=2/1, 3/2 and 4/3 and LLM (or FB) co-exist
during ST3 and ST,. The coexistence of multi-mode MHD reduces the growth rate of
P, and the By reaches to 3.7 hardly. It can be found that the m/m=1/1 LLM and 4/3
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FIG. 2: MHD instabilities in the (left) ELM-free and (right) Type-1 ELM H-mode plasmas
in induced OSs. (a) Mirnov and D, signals, (b) By and spectrogram of Mirnov signal, on
which the name and mode numbers of the instabilities are labelled.

NTM disappear suddenly after the burst of STy, because the 2 modes locate on the core
and can be effects by the ST. And then, the edge m/n=3/2 and 2/1 NTMs are broken by
strong influence of ELM;, which indicates the two modes located on the edge compared
with 1/1 LLM and 4/3 NTM.

With the increase of n., the plasmas transit from ELM-free H-mode to type-I ELM
H-mode after t = 1705 ms. The obvious effects of ELMs on Sy (and Wg) can be found
during the type-I ELM H-mode period. The ratio of Wg drops (AWg) to Wg, i.e.,
AWg/Wg, caused by the 3 ELMs is in the range of (12.9 — 15.7)%. There are mainly
core LLM and m/n=2/1 NTM, and 80-120 kHz high-frequency AEs in the type-I ELM
H-mode, as shown in the right part of Fig[2] There are obvious decrease of Sy during the
cover of the low-frequency MHD modes and AEs. The nonlinear interactions have not
been found between them. There maybe a strong synergy between the core low-frequency
modes and the edge high-frequency AEs, which reduces the confinement performance.

The effects of MHD instabilities on Sy can be estimated by the fluctuated amplitudes
of Mirnov signals caused by a certain MHD instabilities and the corresponding tendency of
B (rise or drop). The fluctuated amplitude of the MHD instabilities can be obtained by
the method of narrowband filtering method, as shown in Fig[3] There are the evolutions
of By, original Mirnov signals, D, signal and the fluctuated amplitude of the MHD
instabilities in the ELM-free and type-I1 ELM H-mode high-Gx plasmas in left and right
panels. There are m/n=4/3 NTMs, 2/2 modes, 3/2 NTMs, 1/1 FBs/LLMs and 2/1
NTMs in the ELM-free period. The fluctuated amplitudes of them are obtained by the
wave filtering though passband of 30-35, 30-33, 17-21, 14.8-17.5 and 5-9 kHz, as shown in
panels (c1)-(gl). It can be found that the amplitude of m/n=3/2 NTMs, 1/1 FBs/LLMs
and 2/1 NTMs reach to 8, 28 and 15 a.u.. The bursts of 3/2 NTMs and core FBs/LLMs at
t=1685, 1686.5 and 1701.5 ms will cause the slight decrease of Sy. The amplitude of 2/1
NTMs is proportional to 8y, and the NTMs disappear suddenly after the burst of ELMs
at t=1706 ms, in which there is a sharp decline of fy. The amplitudes of m/n=4/3 NTMs
and 2/2 mode are very small, and are close to 1 a.u., as presented in panels (c1)-(d1).
The effects of them on Sy or confinement is very weak.

There are mainly low-frequency strong m/n=1/1 LLMs and 2/1 NTMs, and weak
high-frequency AEs, which are filtered in passband 60-130, 14-20 and 3-8 kHz and pre-
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FIG. 3: Amplitudes of the MHD instabilities filtered by Mirnov signals in high-By ELM-
free (left) and type-I ELM (right) plasmas. (al) and (a2) evolutions of Py, (b1) and
(c2) original Mirnov signals, (b2) D, signal, amplitudes of (c¢1) m/n=4/3 NTMs filtered
by passbands of 30-35 kHz, (d1) m/n=2/2 modes filtered by passbands of 30-33 kHz, (el)
m/n=3/2 NTM:s filtered by passbands of 17-21 kHz, (f1) m/n=1/1 FBs and LLMs filtered
by passbands of 14.8-17.5 kHz, (g1) m/n=2/1 NTMs filtered by passbands of 5-9 kHz, (d2)
AEs filtered by passbands of 60-130 kHz, (f1) m/n=1/1 LLMs filtered by passbands of 14-
20 kHz, (g1) m/n=2/1 NTMs filtered by passbands of 3-8 kHz.

sented in panel (d2), (e2) and (f2) during type-I ELM H-mode periods. The fluctuated
amplitudes of LLMs (e2) and AEs (d2) are weaker than that (f1) and very weak. While,
the original Mirnov signals (c2) are stronger than that (bl) in left panels, which are
contributed by the stronger fluctuated amplitudes caused by m/n=2/1 NTMs. The Sy
decreases obviously during the increase of NTMs before ELM bursts. It is indicated that
strong m/n=2/1 NTMs play a key role on limitation of fy.

2.2 MHD Instabilities in High-5y Hybrid and High-qy; OSs
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FIG. 4: MHD instabilities observed in hybrid OSs in shot 12469 and 12504. (a) Mirnov
signals, (b) D, signals, (¢) Bn and (d) spectrogram of Mirnov signals in which the name
and mode numbers of MHD instabilities are labeled.

The Sy can reach to 4-5 in hybrid OSs. There are the typical examples in shot 12469
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and 12504, as shown in Fig[l] (middle) and Figl] (left) and (right). In shot 12469, the
I, and n, are in the range of 250 — 280 kA and (1.1 — 2.8) x 10" m™3, and B, keeps
as ~ 0.83 T, as shown in Fig[ll The NBI inject into plasmas at t=1005 ms with the
Pypr = 2.6 MW . The plasma transit into small ELM H-mode during t=1135-1174 ms,
and then transit into Type-I ELM H-mode after t = 1174 ms, presented by D, signal in
pannel (e2). The Wg rise continuously form 28 to 145 kJ during ¢ = 1005 — 1108 ms, and
then Wg keeps in a high level of 110-152 kJ during t=1080-1260 ms (e2). The Sy keeps
higher than 4 during during t=1086-1200 ms, and the Sy can reach its maximum of 4.7
at t=1126.7 ms (f2).

There are core FBs, m/n=3/2 NTMs and weak AEs in hybrid OSs shot 12469, as
shown in Figl] (d1). The FBs appear just after the injection of NBI, and the m/n=3/2
NTMs emerge when the value of Sy close/higher to/than 4. The strong FBs and m/n=3/2
NTMs appear together when Sy is close to its maximum (4.7), and the co-existence of the
MHD instabilities cause obvious decrease of Sy during t=1120-1140 ms. The outbreaks
of type-I ELMs lead to the rapid drops of Sy. The FBs, m/n=2/1, 3/2 NTMs and high-
frequency AEs are found in an other hybrid OSs shot 12504, and the 3 can reach to 4.9,
as shown in Fig (right). The m/n=2/1 NTMs are triggered by the 3" FB-burst after
the injection of NBI. There are core FBs and weak 3/2 NTMs near t=1120 ms, during
which the maximum [y achieved in hybrid OSs. Then, the 2/1 NTMs are triggered by
ELM, and the Sy decreases obviously (from 4.9 to 3.4) after the emerging of 2/1 NTMs.
The amplitude of MHD instabilities, e.g., FBs and NTMs, are in the range 10-40 (a.u.)
presented by Mirnov signal (Fig[l] (¢2) and Figl] (a)).

Compared with the amplitude of MHD instabilities in induced OSs, the size of MHD
instabilities in hybrid OSs is small. The maximum of Sy (4.9) can be achieved in hybrid
OSs, because of the few kinds and small size MHD instabilities.
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FIG. 5: MHD instabilities observed in high-qos OSs in shot 12369. (a) Mirnov signals,
(b) D, signals, (c) By and (d) spectrogram of Mirnov signals.

The maximum value of Sy can only reach to ~ 3 in the high-qg5 OSs. There is a
typical example in shot 12369, as shown in right pare of Fig.. The I, and n, are in the
range of 260 —320 kA and (1.6 —2.1) x 101 m™3, B, keeps as ~ 1.6 T, and Pyp;=2.6 MW,
as shown in right parts of Fig[l] (a3)-(b3). The plasma transit into small ELM H-mode at
t=1034 ms, presented by D, signal in panel (e3). The W can rise to 200 kJ, but the Sy
can reach only reach to 3.0 for the reasons of high B; (1.6 T). On the other hands, the j,
can reach to 2.7. Only the core LLMs/FBs can be found in the high-go5 OSs, as shown
in Figfj| (d2). The amplitude of FBs are only 1-4 a.u. presented by Mirnov signal (Fig[5|

7
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(¢2)), which is obvious smaller then that in induced (30 a.u.) and hybrid (29 a.u.) OSs.
The ¢ value plays an important role on determining the kinds and amplitude of MHD
instabilities.

3.Summary

The high-Sy had been reached in the induced, hybrid and high-g¢5 OSs in HL-3 low-
current (260-300 kA) plasmas, and the corresponding top of Sy ma. can reach to 3.7, 4.9
and 3.0. Various MHD instabilities, e.g., core IKMs (STs, FBs and LLMs), m/n=>5/3,
3/2 and 2/1 NTMs, edge AEs, and even the co-existence of them, can be found in the
high-Sy induced plasmas. The (y is limited by these MHD instabilities, especially for co-
existence of m/n=5/3, 3/2 and 2/1 NTMs, and even between low-frequency instabilities
(core LLMs and m/n=2/1 NTMs) and AEs. The fy can reach to 3-4 by the effects of
MHD instabilities in induced plasmas. The core FBs, moderate m/n=3/2 NTMs and
weak AEs are found in the hybrid OSs. The Sy can be in the range of 4-5 because of the
weak MHD instabilities. Ounly the single FBs are found in high-ggs(~ 7 — 9) OSs. The
B can only reach to 3 in the high go5 (or B, plasmas), but the /3, can reach to 2.7. The
comparisons among the parameters and performance in high-Sy plasmas with induced,
hybrid and high-gg5 OSs are shown in Table.I.

One of the author (L.M. Yu) is very grateful to the HL-3 Group. This work is supported
in part by the National Key R&D Program of China under Grant Nos. 2024YFE03170002
and 2019YFE0302001, by NNSF of China under Grant Nos. 12475220 and 121255021,
and by Sichuan Science and Technology Program No. 2024NSFSC0457.

References

-

. Wesson, Tokamaks (3.rd), Oxford: Oxford University Press (2004).
. Gormezano, et al. Nucl. Fusion 47, S285-S336 (2007).

. Shimada, et al. Nucl. Fusion 47, S1-S17 (2007).

.C. Hender, et al. Nucl. Fusion 47,) S128-S202 (2007).

. Chen and F. Zonca, Rev. Mod. Phys. 88, 015008 (2016).

.C.C. Sips, et al. Nucl. Fusion 44, B69CB83 (2002).

. Sensnic, et al. Phys. Plasma 7, 935 (2000).

. Joffrin, et al. Nucl. Fusion 45, 626C634 (2005).

R. Ferron, et al. Nucl. Fusion 55, 073030 (2015).

. Chen, et al. Fundamental Research 2, 667-673 (2022).

. Jiang, et al. Nucl. Fusion 62, 076025 (2022).

. Chen, et al. Phys. Lett. A 527, 120983 (2024).

. Chen, et al. Phys. Lett. A 440, 128141 (2022).

.R. Duan, et al. Nucl. Fusion 62, 042020 (2022).

L. Wei, et al. Nuclear Fusion and Plasma Physics 41, 489-494 (2021).
. X

wEEaZ0

=

mHEEE S

Huang, et al. EPJ Web Conf. 147, 04006 (2017).
ue, et al. Nucl. Fusion 61, 016016 (2020).

S OV, W = O O 00 N D O s, WD
= -

=



