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Abstract:

The density limit is a mysterious barrier to magnetic confinement nuclear fusion, hitherto,
and is still an unresolved issue. In this letter, we will present the experimental results
of the density limit and core-localized kinetic MHD instabilities on HL-2A. Firstly, the
high density discharges with ne/neg > 1 have been achieved by the conventional gas-puff
fuelling method in Ohmic heating plasmas, and the corresponding duration time is close
to t ~ 500 ms ~ 307g, where 7 is the global energy confinement time. Secondly, it is
found for the first time that there are multiple MHD instabilities in the core plasmas while
ne/neg ~ 1. The analysis suggests that the core localized MHD activities belong to Alfvénic
ion temperature gradient (AITG) modes or kinetic ballooning modes (KBMs), and firstly
it is found on experiment that they trigger the minor or major disruption of bulk plasmas
while the density is peaked. These new findings are of great importance to figure out and
understand the origin of the density limit.

Introduction—High plasma density (ne) is essential for accessing high fusion gain since
the fusion power density (P) scales as P o ne?. However, there is a limit (known as
Greenwald limit) for tokamak high density discharges[l, 2]. The Greenwald limit is an
empirical limit for the achievable line-averaged plasma density on experiments, namely
neg = I,/ma*, where neg is the line-averaged plasma density in units of 10°m =3, I, the
plasma current in MA and @ the minor radius in m. Generally, when the Greenwald
density is reached, the bulk plasma frequently disrupts as well as the discharge halts.
Therefore, the density limit represents an operational limit for tokamaks. Before the
density limit disruption, tearing mode instability often occurs. It is generally believed
that this is caused by an increased current gradient resulting from current quenching
after edge cooling[3, 4]. However, this does not explain the reason for the restriction on
the rise of core density, nor does it account for density limit disruptions that occur in
the absence of tearing modes. The Alfvén ion temperature gradient (AITG) mode was
discovered in the SOC stage of ohmically heated plasmas in the HL-2A tokamak[5]. These
instabilities may be related to the degradation of plasma confinement. Experimentally, the
AITG can also be referred to as the Kinetic Ballooning Mode (KBM). Simulation results
from various codes indicate that the excitation of KBM/AITG has a beta (pressure ratio)
threshold and becomes more unstable under conditions of weak magnetic shear[6), [7), [§].

Core-localized KBM/AITG instabilities occur prior to density limit disruption.—A high-
density operation mode with plasma density exceeding the Greenwald density limit has
been achieved on the HL-2A tokamak through gas puffing fueling. Figure 1 shows the
time series plots of plasma parameters for discharge #38522. During the period from 800



IAEA-CN-316/2831

200 ——————————————— " ————
150

100 Ip (kA) P g (KW)2 ‘

T

50
5_0_:I::|::"

2.5 ne 10"%m3

PR S T s s i e

10 e 1

|| . I. | dBjit@u)
0
2:::.I....I..I.I....I....

1 P (MWD GP (a.u.)

0 L 1 11 PO I T N T T T T T T 1

0 500 1000 1500 2000 2500
time (ms)

FIG. 1: Time-series plots of plasma parameters for discharge #38522. The plasma cur-
rent Ip , total radiation power of plasma P,.q, line-averaged electron density ne, oxy-
gen impurity level Ioyyr, carbon impurity level Ioyrr, core electron temperature Te (red
line),plasma stored energy Wg, soft X-ray (SXR) signal Isx, Time-differential poloidal
magnetic perturbation dBy/dt, gas-puffing signal GP and NBI power Pypg; are labeled in
the figure. The black arrows in the figure indicate the moments when the ratio of plasma
density to the Greenwald density limit, ne/neG, reaches 1 and its mazimum value.

ms to 1250 ms, discharge #38522 has about 0.5 MW of NBI power. The plasma current
Ip ~ 150 kA for shot #38522. And the corresponding Greenwald density limit neg is
about 3.0 x 10”m™3, by assuming minor radius of plasma a = 0.4 m. The maximum line-
averaged electron density reaches about ne = 5.0 x 10'¥m=2. The maximum Greenwald
density limit fraction ne/neg is about 1.3, as labeled in figure 1. The plasma exceeded the
Greenwald density limit for durations exceeding 500 ms, equivalent to approximately 30
times the energy confinement time 7. It can be seen that the Greenwald density limit is
not a strict constraint on plasma density. The possible reasons for shot #38522 achieving
such high Greenwald density limit fraction could be the relatively low impurity levels in
the plasma and comparatively weaker plasma instabilities. As shown in the time-series
plots of impurity levels (Ipy ) and radiation power (P,44) in figure 1, the overall radiation
and impurity levels of the plasma do not exhibit a significant increase prior to the density
limit disruption. Strong MHD modes are found in the magnetic perturbation signal before
1300 ms in discharge #38522, but not before the density disruption at about 2500 ms.

The density profiles of shot #38522 are shown in figure 2(a). As the line-averaged
density increases, the plasma density profile exhibits a peaking trend. Especially in the
core region of plasma, the density gradient increases obviously. The core electron density
prior to density limit disrution is about 8.2 x 10¥m 3. Figure 2(b) is the spectrum of mi-
crowave interferometer signal for shot #38522. The electron density exceeded Greenwald
density after 1900 ms for shot #38522. Multiple instabilities emerge in the spectrum after
2100 ms, with frequency from near zero frequency up to 150 kHz. Two-channel microwave
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FIG. 2: (a) Time evolution diagram of the density profile for shot #38522, where the
density profile is derived from the Abel inversion results of laser interference signals. (b)
The microwave interferometer signal spectrum prior to the density limit disruption in shot
#38522, showing instabilities within the frequency range of 0-130 kHz.

interferometer has been installed on the HL-2A tokamak, positioned at z = 0 cm and z
= 15 cm respectively, for horizontal injection into the plasma, where z represents the
longitudinal coordinate of the plasma. Signals in figure 2(b) come from z = 0 cm channel
of microwave interferometer. But in z = 15 cm channel of microwave interferometer’s
spectrum, these instabilities can also be observed. This suggests that these instabilities
are also distributed in the region where r > 15 cm. Since instabilities similar to those
observed in figure 2(b) cannot be detected in the spectra obtained from other diagnostic
tools such as magnetic probes, it is speculated that these instabilities may be located in
the plasma core region, rendering them undetectable by magnetic probes. The TAE[9]
frequency at q=2 surface is about 96 kHz during the shown time period in figure 2(b).
The instabilities in the spectrum can be roughly categorized into two types based on fre-
quency: one type consists of modes near 100 kHz, and the other type comprises modes
below 30 kHz. The former have a similar frequency to TAE. The latter, with frequen-
cies approximately ranging from 0 to 1/3 frag, is more likely to be a type of instability
known as KBM or alternatively referred to as AITG or beta-induced Alfvén eigenmode
(BAE)[I0, T1]. There is a particle energy threshold for driving TAE, while there is a
lack of energetic particle sources in ohmic heating plasma[l2]. Therefore, the instabilities
whose frequency is close to TAE frequency may not be TAE instabilities.

Figures 3(al-a2) are raw signals of SXR for shot #38522. Figure 3(al) is the time
period without instabilities in microwave interferometer spectrum and Figure 3(a2) is
the time period with instabilities in microwave interferometer spectrum. The presence of
sawtooths in the spectrum indicates that there is a g=1 surface at this time. And the SXR
level Isx increases with time, which comes from increase of plasma density. The SXR level
in figure 3(a2) decreases slowly with time, and the density increases with time as shown in
figure 2(a). Since the amplitude of SXR Isx o< ne?v/Te, and the SXR signal mainly comes
from bremsstrahlung in plasma[l3]. So the decrease in SXR level comes from decrease of
electron temperature. The figure 3(a3) shows that the fast-growing m/n=-2/-1 tearing
mode lead to density limit disruption. These instabilities only exist when there is not any
sawtooth or g=1 surface. Therefore, the safety factor profile or magnetic configuration
of the plasma may have a significant influence on the core-localized MHD instabilities
preceding the density limit.
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FIG. 3: (al) Raw signal of SXR level Isx for shot #38522. The black arrows indicate the
moments of sawtooth crashes. (a2) Raw signal of SXR level Isx for shot #38522. (a3)
Raw signal of time-differential poloidal magnetic perturbation dBg/dt for shot #38522.
The blue arrow indicates the moment that tearing mode (TM) with mode number m/n=-
2/-1 occurs.

Identifation of KBM/AITG and their influence—The figure 4 is the Hugill plot[14] of
HL-2A high density ohmic-heated plasma. The red scatter points come from discharge
with the core-localized MHD modes and blue scatter points come from discharge without
the core-localized MHD modes. It is obvious that these core-localized MHD modes have
a threshold of Greenwald density limit fraction, which is about 0.8neg on HL-2A ohmic
heating plasma. Figure 4 also shows that these core-localized MHD modes primarily occur
within the range of 0.23 < ¢, < 0.28, corresponding to 3.6 < ¢, < 4.3. As indicated in
figure 3, these core-localized MHD modes frequently appear in the absence of sawtooth
oscillations, suggesting that when these modes occur, the core safety factor qq is greater
than 1. Furthermore, since the final density limit disruption is triggered by m/n=-2/-1
tearing modes, the core safety factor ¢y should be less than 2. Therefore, it can be inferred
that the approximate safety factor profile is as follows: in the core region, 1 < ¢y < 2,
and at the edge, 3.6 < g, < 4.3. Moreover, due to the absence of auxiliary heating, the
safety factor increases slowly and monotonically from the core to the edge. This results in
a relatively small magnetic shear s = (r/q)(dq/dr) in the plasma core. This suggests that
these core-localized MHD modes may be more easily excited under conditions of weak
magnetic shear and high plasma density.

In order to clarify the types of core instabilities in high-density plasmas, simulations
were conducted on the parameters of one of the shots. The figure 5 gives the density ne
and electron temperature T'e and safety factor g profile at 1020 ms of discharge #38524.
The spectrum of microwave interferometer signal for discharge #38524 is also shown in
figure 5(b). Notably, in figure 5(a), the black solid line denotes the safety factor profile.
As can be seen, the safety factor profile for shot #38524 exactly conforms to the case
of the safety factor profile described above. At 1020 ms, there is an instability whose
frequency is about 90 kHz. The parameters obtained from the profiles in figure 5 are
substituted into the GENE[I5] code for solution. The figure 6 is the result of growth rate
~ and real frequency f versus normalized poloidal wavenumber kyps. And the different
color lines in figure 6 indicate different normalized radius p. KBM/AITG is found to be
unstable under parameters of discharge #38524 at 1020 ms. The growth rate calculation
results shown in figure 6(a) also demonstrate that KBM/AITG can exist over a broad
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FIG. 4: Hugill plot of HL-2A high density ohmic heating plasma. q, is the safety factor at
the location r = a. The dashed lines in plot indicates relationship with Greenwald density
limit and the red scatter points come from plasma with core-localized MHD modes and
blue scatter points come from plasma without core-localized MHD modes.

radial range, for instance, within the region of 0.15 < p < 0.4. The maximum growth rate
located at kgps ~ 0.25 at p = 0.25 and the corresponding real frequency is about 32 kHz.
The difference between instabilities in figure 5(b) and figure 6(b) comes from Dopper shift
effect. The simulation results of GENE code exhibit an eigenmode form, meaning that
the frequency varies little across different radial positions, which is also consistent with
the spectral characteristics shown in figure 5(b).
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FIG. 5: a) Density ne profile and safety factor q profile for shot #38524 at 1020 ms. (b)
Electron temperature Te profile provided by ECE and spectrum of microwave interferom-
eter signal. The moment indicated by the black dashed line is the time corresponding to
the profiles shown in the figure. The frequency of instability at 1020 ms is ~90 kHz.

Given that the experimental conditions for shot #38522 and shot #38524 closely
resemble each other, and considering that the instabilities observed in these two shots
display analogous characteristics and exhibit closely spaced frequencies on the microwave

interferometer spectrum, it can be concluded that the instability depicted in Figure 2(b)
is also attributable to KBM/AITG. Although KBM/AITG has been frequently observed
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FIG. 6: (a) Growth rate v of instability versus normalized poloidal wavenumber kgps
calculated by GENE code, here ps is the ion larmor radius. (b) Real frequency f of
instability versus normalized poloidal wavenumber kgps. The input parameters of GENE
code come from profiles of discharge #38524 at 1020 ms. The different colors indicate
different normalized radius p = r/a.

to occur prior to density limit disruptions in the HL-2A tokamak, its precise role in the
process of density limit disruptions remains unknown.
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FIG. 7: Spectrum of microwave interferometer signal and corresponding density time-
series plot (blue line) for discharge #38638. The blue dashed lines indicate the time range
during which core localized modes appear, while the red arrows show the trend of changes
in the line-averaged plasma density following the emergence of these core localized modes.

Evidence of the influence of KBM/AITG on electron transport has also been observed
on HL-2A. The figure 7 shows the spectrum of microwave interferometer signal and cor-
responding density time-series plot for discharge #38638. KBM/AITGs are found in
the spectrum which are marked with blue dashed lines. When these KBM/AITGs ap-
pear, the line-average density of plasma decreases. The possible reason for decrease of
plasma density is that KBM/AITGs lead to enhancement of particle transport in plasma
core. This indicates that KBM/AITGs play a role in limiting the further increase of the
plasma density. This also explains why, in figure 1, despite the continuous gas puffing
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FIG. 8: Spectrum of microwave interferometer signal for shot #38638. The black lines in
figure are 20 times of density 20 x ne and the unit is 101°m=3. The black arrows indicates

the moments that 'christmas lights’ modes occur.

(GP), the plasma line-averaged density ne ceases to increase further and instead maintains
equilibrium after approximately 2100 ms. Coincidentally, in the microwave interferome-
ter spectrum of figure 2(b), various instabilities including KBM/AITG begin to emerge
around the same time, at approximately 2100 ms.

A density-limit-related minor disruption also occurred in shot #38638, as shown in
figure 8. At approximately 1257 ms, a minor disruption takes place, characterized by
a sudden drop in the plasma line-averaged density and the emergence of numerous low-
frequency modes in the microwave interferometer spectrum. There are also some ’christ-
mas lights’ modes (KBM/AITG) occur when the density limit fraction ne/neG ~ 0.78,
as indicated by black arrow in figure 816, [I7]. This indicates that there is a certain
connection between KBM/AITGs and density-limit-related minor disruptions.

Summary.—In the ohmic heating plasma within the HL-2A tokamak, exceeding the
Greenwald density limit was achieved through gas-puffing. The maximum Greenwald
density limit fraction ne/neg ~ 1.3, and the corresponding duration time is ¢ ~ 500
ms ~ 307g. As gas injection leads to an increase in the average density, the density
profile exhibits a self-organized peaking phenomenon. Instabilities emerge prior to major
disruptions or minor disruptions and may serve as one of the contributing factors to
these disruptions. By comparing the changes in SXR signals, magnetic probe signals, and
density profiles, it was found that these instabilities are driven in the core region of plasma
and they are more prone to being excited under conditions of weak magnetic shear.

The instability modes have been identified as the KBM/AITG by GENE code. Fur-
thermore, a statistical analysis of experimental data revealed that the excitation of these
modes is associated with a specific threshold fraction of the Greenwald density limit, which
is ne/neg ~ 0.8 on HL-2A ohmic heating plasma. Experimentally, evidence has also been
uncovered indicating that the KBM/AITGs directly lead to a reduction in the average
plasma density. Consequently, the KBM/AITGs play a pivotal role in constraining the
increase of plasma density in high-density ohmic heating plasmas. These new findings are
of great importance to figure out and understand the origin of the density limit.
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