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Abstract

Since the first plasma realized in 2020, a series of key systems on HL-3 (known as HL-2M
before) tokamak have been equipped/upgraded, including in-vessel components (the first wall,
lower divertor, and toroidal cryogenic/water-cooling/baking/glow discharge systems, etc.),
auxiliary heating system of 11 MW, and 28 diagnostic systems (to measure the plasma density,
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electron temperature, radiation, magnetic field, etc.). Magnet field systems were commissioned
firstly for divertor plasma discharges. During the 2nd experimental campaign of HL-3 tokamak,
several great progresses have been achieved. Firstly, the successful operation with plasma
current larger than 1 MA was achieved under a divertor configuration. Secondly, the advanced
divertor concept with two distinct snowflake configurations was realized. It is found that the
distribution of ion saturation current and heat flux on bottom plate becomes wide due to
magnetic surface expansion, demonstrating the advantage of such configuration in the heat flux
mitigation. In addition, using the combination of NBI, ECRH and LHCD, the standard
sawtoothing high confinement mode of megampere plasma was firstly accessed on the HL-3.
The successful commissioning of HL-3 is beneficial for the initial operation of ITER.

Keywords: tokamak, HL-3 experiment, | MA plasma, advanced divertor, H-mode

(Some figures may appear in colour only in the online journal)

1. Introduction

Recently, the new tokamak known as HL-2M before has been
officially renamed as HL-3. The design parameters are as
follows: plasma current I, = 2.5 ~ 3 MA, toroidal field
B = 22 ~ 3 T, major radius R = 1.78 m, minor radius
a = 0.65 m, elongation x < 1.8, triangularity § < 0.5. The
HL-3 research programme focuses on key issues in the devel-
opment of advanced divertor concepts and high heat flux com-
ponents, as well as the high-performance operation scenarios
in support of ITER and next fusion reactors [1-8].

Since the first commissioning of HL-3 in 2020, numerous
in-vessel components have been installed/upgraded in order to
achieve the 1 MA discharge during the second experimental
campaign, including the first wall, the lower divertor, the tor-
oidal cryogenic, water-cooling, baking and glow discharge
systems, etc. Up to now, the capability of auxiliary heating
& current drive system has been improved to 11 MW, includ-
ing the NBI of 5 MW, ECRH of 4 MW, and LHCD of 2 MW.
Moreover, a comprehensive set of diagnostic system has been
installed to measure the key parameters of plasma, such as
the plasma density, electron temperature, radiation, magnetic
field, and plasma current. Especially, a heterodyne interfero-
meter was equipped with a phase processor, used to the feed-
back control of electron density in real time. A frequency
modulated continuous wave reflectometer was developed to
measure the density profiles. A 60 channel-electron cyclotron
emission (ECE) radiometer, with quasi-optical system inside
the vessel and ITER-like long-distance corrugated waveguide,
was utilized to measure the electron temperature profiles. Two
sets of Thomson scattering diagnostic systems (core region
with laser 50 Hz/3 J, edge with laser 30 Hz/2 J) were applied
for density and electron temperature profile measurements. As
for fueling, four sets of gas injection systems were used to
the density feedback control. Meanwhile, three sets of super-
sonic molecular beam injection (SMBI) systems were fabric-
ated, including a high-field side system and a divertor heat flux
control one. A new pellet injection system was finished, which
could inject cylindrical pellets with the diameter of 1.0 mm and
the length of 1.0-1.3 mm. This system is able to operate at a
frequency of 60 Hz and an adjustable speed at 100-300 m s~ .
To ensure good wall conditioning, HL-3 vacuum vessel and

all in-vessel components were baked at a temperature of
135 °C sustained for more than 10 d to degas water vapor,
and then the glow-discharge cleaning (GDC) with helium was
employed to remove the impurities such as oxide, carbide,
etc.

In the 2nd experimental campaign from 2022-2023, a
series of operation milestones of HL-3 were realized. Firstly,
the successful operation with the plasma current larger than
1 MA was achieved under a divertor configuration. Secondly,
advanced divertor concept—snowflake (SF) configuration
was realized. In addition, combined with NBI, ECRH and
LHCD, the standard sawtoothing high confinement mode of
megampere plasma was firstly accessed. These will be shown
in the following sections 2—4. Summary and next research plan
will be drawn in section 5.

(Parallel to HL-3 debugging experiments, HL-2 A tokamak
has made significant progress in exploring plasma physics,
especially on the development of advanced operation scen-
arios, energetic particle physics, turbulence, divertor detach-
ment, etc. Referring to [9-18].)

2. Megampere plasma discharge

For the engineering safety, the toroidal magnetic field
employed during this campaign was maintained at 1.5 T. A
plasma configuration with an elongation of 1.4 was delib-
erately chosen. Remarkably, within just one month of the
campaign’s commencement in 2022, HL-3 team achieved a
megampere plasma with a low g discharge, consistently main-
taining a gos value around 2.5 throughout the experiment.
Figure 1 displays the key parameters and plasma equilibrium
reconstructed with EFIT. Plasma current experienced a rapid
increase, peaking at nearly 1.2 MA with a ramp-up rate of
1 MA s~!. Unfortunately, this limiter plasma had to be termin-
ated due to constraints imposed by the available volt-seconds
in the 2nd experimental campaign (the central solenoid coil
current ranged from 460 kA to —100 kA). However, the
divertor plasma with lower Z.¢ and radiated power at the same
volt-seconds allows to realize a stable plasma current of 1 MA.

As the plasma current has reached the megampere level,
the risk of disruption is the key issue for HL-3. In order to
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Figure 1. The first megampere plasma discharge on HL-3. Shot #1525 (blue curve) and #3125 (red curve) correspond to the limiter and
divertor configuration respectively. (a)—(d) waveforms of the plasma current, electron density, loop-voltage and H,, for shot 1525 and 3125,
(e) and (f) the limiter plasma image and configuration from CCD camera and EFIT for shot 1525, respectively.
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Figure 2. Structure of HL-3 abnormal event handling system: states, events, actions to be taken and the switching logic among states.

guarantee operation safety, an off-normal event handling sys-
tem has been developed. The system utilizes a finite-state-
machine concept to classify different off-normal events into
several states according to their impacts on the discharges,
which are then used to determine what actions should be taken
to handle the events, as shown in figure 2. For instance, dur-
ing the initial stages of diverted plasma commissioning, HL-
3 suffered some vertical displacement events (VDEs), which
typically occur within a few milliseconds and are well known
to generate significant electromagnetic forces probably lead-
ing to the HL-3 damage. However, this challenge was effect-
ively addressed by the off-normal event handling system,
which promptly detected a “VDE error’ signal and transitioned
the plasma into a controlled soft-landing phase. In the exper-
iments in 2023, potential VDEs in hundreds of discharges for
I, = 0.3-1.1 MA have been avoided. As an emergency method
to reduce disruption risks, once the VDE is unavoidable, dis-
ruption mitigation system based on the massive gas injection
(MGI) will be triggered by off-normal event handling system
in real-time.

Meanwhile, HL-3 also explored the application of machine
learning (ML) techniques for disruption prediction [19]. Its
implementation can be divided into two steps.

(1) Building a disruption prediction dataset as reproducible
and comprehensive as possible, which could serve as a
simulated development platform for algorithms. Up to
now, a preliminary dataset consisting of about 1200 shots
has been collected. The content of dataset is not limited
to diagnostic signals and disruption labels. It also contains
the event chain before disruptions, the adjustment of hard-
ware systems and operating strategies, and the key impact
of disruptions.

(2) Implementing deep learning-based disruption predictor to
further validate these new techniques. A surrogate model
of EFIT has been developed by using deconvolutional
neural network, the VDE and all types of disruption pre-
dictors based on temporal recurrent neural network (TCN).
As conducted on HL-2A [19], the VDE predictor has been
real-timely implemented into the plasma control system to
trigger an MGI before VDE disruptions on HL-3. Figure 3
shows the structure, input list and an output example of
the VDE predictor. Figure 4 shows the receiver-operator
characteristic (ROC) curve and the area under ROC curve
(AUC) of the two predictors. It seems that the data require-
ment of multi-type disruption predictor is higher than
single-type algorithms.
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Figure 3. (a) Structure of the neural network to predict VDE, which consists of several temporal convolutional networks (TCN), several
dense connected layers and a softmax activation layer. (b) Input signal list of the VDE predictor. (c) The plasma current, elongation, vertical

displacement and output of VDE predictor during shot 3426 of HL-3.
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Figure 4. Receiver-operator characteristic curves of the VDE and
the multi-type disruption predictors. The x-axis and y-axis are false
or true positive rates of the models tested during shots 3200-4100,
352 valid shots in HL-3.

The preliminary results validated the efficiency of ML tech-
niques, but there were still a series of engineering problems
to be solved. The HL-3 team will keep working on the dataset
and algorithm development, to accumulate the experiences for
developing disruption prediction algorithms.

In 2023, reproducible divertor plasma discharges with
I, > 1 MA and elongation of 1.5 were achieved on HL-
3. As shown in figure 5, the line-averaged electron dens-
ity reached 4.4 x 10" m—3, which was about 57% of the

Greenwald limit. The transition from limiter to divertor con-
figuration in the ramp-up phase occurred between 260 and
360 ms. Subsequently, the plasma current was gradually raised
atarate of | MAs™1, resulting in a flat-top current of 1.05 MA,
sustainable for 600 ms. Edge plasma safety factor go5 ranged
from 2.6 to 3.4 during the 1 MA divertor discharges. It demon-
strates that high performance plasma can be robustly achieved
without major disruption; even when gos is a little lower than
3.0.

3. Advanced divertor conception test

Testing advanced divertor concepts for fusion reactors repres-
ents a primary mission of HL-3. During the 2nd campaign,
the team explored two distinct advanced divertor configura-
tions, namely the SF-minus (SF—) and SF-plus (SF+) [20-
23]. Main parameters of the configurations are as follows:
plasma current /, = 500 kA, the major radius R = 1.78 m,
the minor radius ¢ = 0.62 m, the elongation k = 1.5 and the
triangularity § = 0.52. In the SF- configuration, the second-
ary X-point was strategically positioned in scrape-off layer
(SOL), and the distance between the primary and secondary
X-point Dyjp = 30 cm, as shown figure 6(a). The magnetic
field flux surface in the outer divertor leg of the SF— configura-
tion was significantly expanded, so that the magnetic field lines
of the SOL covered bottom region, which would increase wet
area and help to reduce the peak heat load on target plate. By
optimizing the current combination of divertor coils, the sec-
ondary X-point was moved to the private flux region, resulting
in the configuration transformation from the SF— to SF+, as
depicted in figure 6(b). The primary configuration parameters
of SF— and SF+ remained nearly identically, except for the
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Figure 5. Mega-ampere discharge characteristics with divertor configurations. (a) Plasma current, (b) loop voltage, (c) line-averaged
electron density, (d) D« intensity, and (e) the safety factor at 95% flux surface gos in the left panels. Divertor configurations at 360 ms and

1600 ms reconstructed from EFIT code in the middle and right panels.
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Figure 6. Typical advanced divertor configuration of HL-3, (a) snowflake-minus (SF—), (b) snowflake-plus (SF+), and (¢) tripod.

distinct locations of their secondary X-points. This deliberate
variation in the secondary X-point allowed for a comprehens-
ive study of the unique characteristics exhibited by SF— and
SF +. In contrast, the tripod configuration [24] still featured a
substantial flux expansion in the outer divertor leg, with a Dy,
distance up to 50 cm, as shown figure 6(c).

In 2023, these advanced divertor configurations were first
realized in experiments. They were confirmed by both the
image of the fast camera and EFIT equilibrium reconstruc-
tion. In contrast, the image of the standard single-null (SN)
configuration possessed two crystal clear bright rings on the
divertor target, as shown in figure 7(a), corresponding to
the inner and outer strike points of the SN configuration,
see figure 7(b). For the advanced configuration, the ring of
the outer strike point became a light band on the bottom
target due to the expansion of magnetic flux surface, see
figure 7(c). This was also an essential feature of advanced
divertor configurations.

Besides, the distinction between SF— and SF+ configura-
tions could be discerned through both an infrared/visible ima-
ging system and divertor flush probes. An imaging system,
capable of operating in both visible and infrared wavelengths,
was developed for in-vessel inspection [25, 26], as depicted
in figure 8. The ion saturation current from the divertor target
probes analogous on HL-2A [27] during shot 4177 is presented
in figure 9. Here, the horizontal axis is time, while the vertical
axis represents the arc length along the target plate probe (L).
Figure 10 provides the distribution of divertor target probes
with small pink circles and numerical labels indicating their
positions corresponding to the vertical coordinates of figure 9.
There are 16 probes on the HFS target from bottom (mark 16)
to top (mark 1), 14 probes on the bottom target from left (mark
17) to right (mark 30), and 13 probes on the LFS target from
bottom (mark 31) to top (mark 43). The displacement of strike
points could be inferred from these probe distributions and the
intensity of their ion saturation currents. The ion saturation



Nucl. Fusion 64 (2024) 112021

X.R. Duan et al

‘o Inner-Sp

Outer Sp

Figure 7. Image of the fast camera for SN discharge (a) and SF one (c¢), SN (b) and SF (d) divertor configuration. The bright rings in (a) and
(c) are the strike points. The encircled areas are the outer divertor leg with great flux surface expansion, see in (c).

Figure 8. The divertor configurations reconstructed by EFIT and
the corresponding visible images.

current on divertor target probe at the high field side (HFS)
with the inner strike point is shown in figure 9(c). It is observed
from the figure that the current becomes stronger when the
L > 25 cm, indicating that the striking point is near the top of
the inner target plate. The ion currents on the bottom and low-
field side (LFS) target plates are shown in figures 9(a) and (b),
respectively.

The outer strike point is scanned between the bottom and
LFStarget plates, with different equilibrium configurations for
phases (I) SF—, (II) SF+, and (IIT) SF—. Within the phase (I)
from 800 ms to 950 ms, the strongest current is located at the
HFS of bottom plate, where the outer strike point presents.
At the same time, there is still a large current in the LFS of
bottom plate. Such current distribution is caused by the joint
action of the expansion of the flux surface and the secondary
X-point. Meanwhile, the current on the LFS target plate is very
weak. Therefore, the SF- configuration can be inferred. For
phase (II) from 950 ms to 1250 ms, there is a notable decrease
in ion current at the bottom plate, while simultaneously, a
stronger current is observed on the LFS plate. This observation
strongly supports an SF+ configuration. For the phase (III)
from 1250 ms to 1600 ms, the current on the LFS target plate
becomes stronger due to the auxiliary heating. However, there
are still large current in the whole bottom, probably implying
the SF- configuration. These inferences can be confirmed by
the EFIT equilibrium reconstructions in figure 10. Three dif-
ferent configurations correspond to the phase (1), (IT) and (III)
in figure 9, as shown in figures 10(a)—(c), respectively. The
positions of the inner and outer strike points in figure 10 are
consistent with those inferred in figure 9. Moreover, the cur-
rent distribution in the phase (III) is relatively stable, indicating
that even during the auxiliary heating, the SF- configuration
stabilizes for more than 300 ms.

Additionally, the superiority of the SF configuration in mit-
igating heat flux was vividly demonstrated by an infrared
thermography [28] with spatial and temporal resolutions of
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Figure 10. The equilibrium configurations (a) SF—, (b) SF+, and (c) SF—, correspond to the (I) SF—, (II) SF+, and (III) SF— phases in
figure 9. The pink circles are the probes in divertor target with the number sequences. There are 16 probes on the high field side target from
bottom (mark 16) to top (mark 1), 14 probes on the bottom plate from left (mark 17) to right (mark 30), and 13 probes on the lower field side
target from bottom (mark 31) to top (mark 43).
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Figure 11. Contrast of divertor heat fluxes between SN (red line,
#1737) and SF (blue line, #1797). The heat flux profiles are
averaged using the data in 50 ms. The circles and the triangles are
experimental data of the heat fluxes of SN and SF, respectively,
measured by infrared thermography. The solid lines are their fitted
results.

about 7 mm and 5 ms, respectively. It clearly showed that the
peak heat flux in the SF was much lower than that in the SN,
see figure 11.

As evidenced by observations from the HL-3 experiment,
the SF divertor configuration exhibits superior control ability
on target heat loading to the SN configuration. To delve deeper
into the underlying physical mechanisms, a preliminary sim-
ulation study was conducted. This simulation harnessed the
capabilities of the edge plasma code SOLPS-ITER [29-31],
which was coupled with the fluid code B2.5 and the neutral
transport code EIRENE.

The modeling main parameters based on the HL-3 stand-
ard and SF- experimental discharge parameters are presented
below. The power entering into SOL heat flux is 840 kW,
based on the experimental heat power and energy balance.
The interface between inner core and SOL plasma density
is fixed as 0.8 x 10" m~3. The presence of carbon impur-
ity was considered, attributed to the HL-3 carbon target plate
[32]. The chemical sputtering factor is set as 0.03 at target
surface. The pumping hole particle recycling coefficients is
set as 0.95 to ensure the particle balance. The meshes for
the standard divertor (SD) and SF- divertor configurations
were generated using the HL-3 given discharge magnetic field
information. The computational meshes comprise 96 poloidal
and 36 radial cells in all modeling cases. The particle spe-
cies considered in the code consist of D, D,, C neutrals, D,
D?*, and C*! to C*% ions, along with electrons. The prelim-
inary SOLPS-ITER modeling results have demonstrated that
the HL-3 SF- can effectively reduce the perpendicular heat
flux on the target. The detail comparison of target heat flux
control between the snowflake SF- and SD is currently under-
way through a combination of experimental measurements

and SOLPS-ITER numerical by considering the all drifts and
currents [33].
The analysis yielded the following insights:

(1) Notably, the pitch angle of the magnetic field lines in the
SF configuration is smaller than that in the SN config-
uration, as depicted in figure 13. Consequently, the per-
pendicular heat flux experienced by the target plate can
be further reduced in the case of the SF divertor gpep, =
q/,.sin(0), here 6 is pitch angle between the magnetic
field line and target surface.

(i1) The SF configuration serves to disperse the target plate
particles, leading to a significant increase in the con-
tact area between the plasma and the target plate. The
particle flux dispersed and contact area increased effect-
ively diminishes the heat flux, as evidenced in figure 9(b).

(iii)) The SF divertor effectively acts as a shield against the
physical and chemical sputtering of the target plate by
radiation carbon impurity particles. Thus, we can note that
the core region carbon impurity density for SF is much
less than conventional divertor (figures 12(b) and (d)).
However, we can note that the total radiation power for
the SF divertor (154 kW) is less than that for conventional
close divertor (271 kW). Due to the weak particle flux on
SF divertor target (see figure 9), the carbon impurity sput-
tering yield is lower than that of the conventional close
divertor. Thus, this can further confirm that the SF with
larger magnetic expansion and smaller pitch angle plays
a more important role on the heat flux control.

These findings collectively shed light on the advantageous
characteristics of the SF divertor in mitigating target heat load-
ing and provide valuable insights into the underlying physics
governing this phenomenon.

4. High confinement mode operation

In the year 2023, the HL-3 experiment achieved notable suc-
cess by attaining H-mode discharges across three distinct
configurations of primary parameters. The major radius is
R = 1.72 m, the minor radius is in the range from a = 0.55—
0.60 m. The toroidal magnetic field strength ranged approx-
imately from B; = 1.6—1.7 T, and the plasma current Ip exhib-
ited variability between 500 kA and 1 MA. Despite the des-
ignated total rated auxiliary heating power in this phase being
11 MW, the recently installed auxiliary heating systems neces-
sitate a commissioning period to achieve optimal power out-
put. Notably, in the course of this experimental campaign, both
NBI heating power and ECRH power have demonstrated cap-
abilities exceeding 1 MW. Additionally, the contribution of
LHW systems to the overall heating power is limited to a mag-
nitude in the order of a few hundred kilowatts. Contemplating
the absorption efficiency within the plasma, there arises a con-
cern regarding the adequacy of heating power for facilitating
the L-H transition. A predictive approach utilizing scaling laws
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Figure 12. The electron density and carbon impurity density, and carbon impurity radiation loss distribution of conventional divertor
(a), (b) and snowflake minus divertor (c), (d) from SOLPS-ITER modeling with the same upstream electron density and temperature.
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snowflake minus divertors from SOLPS-ITER output. Here, Rosp is
the outer striking point position.

was adopted to ascertain the L-H transition power, thereby
identifying a minimal power threshold. The ITPA threshold
database are deduced for each device from a data subset in
which the high density branch is considered, and characterized
by the Martin scaling law [34]:

Pgca = 0.049{13-72130.8050.94.

Here 7, is the line averaged density in the units of 102 m—3,

B is the toroidal magnetic field in 7 and S is the plasma sur-
face area in m”. Conversely, the Ryter scaling law [35] posits
the existence of a minimum transition density by introducing
the low-density branch, reflecting diminished energy transfer

from electrons to ions during dominant electron heating. The
minimum density is described as:

e, min = 0.713-3430.62a—0.95 (R/a)0'4,

In this formula, 7, is the plasma current in MA, R and a are
major and minor radius in m. Substituting the expression for
nemin 1nto the ITPA threshold scaling provides a relation for
the minimum power threshold:

p?i_nH — 0.3618.2731.25R1.23 (R/a>0.08.

According to the experimental parameters on HL-3, min-
imum power threshold relation suggests that only 1 MW
power is required for the L-H transition in HL-3 experi-
ments. The auxiliary heating power predominantly comprises
NBI and ECRH power, with a nominal contribution of 100—
200 kW from LHW power. Rigorous efforts are undertaken
to maximize auxiliary heating power during all H-mode dis-
charges, with the maximum value reaching approximately
2.5 MW. Throughout the experiments, variation of the line-
averaged density is undertaken to pinpoint the minimum
power threshold required for sustaining the desired operational
mode. It cannot be definitively concluded that the density
observed during the transition, corresponding to a minimum
power threshold, is accurate, primarily due to the limitations
of the existing database. Additionally, other influential factors
during this transition, such as the presence of impurities and
the divertor configuration may also play a significant role. The
presented results indicate that the transition density appears to
fall within a comparable range during the density scanning for
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Figure 14. Comparison of the densities of HL-3 H-mode experiments with Ryter model [2]. The blue dash line is the fitting result of the

HL-3 experiment data.

specific plasma currents, as depicted in figure 14. This sug-
gests that a favorable density condition in HL-3 might exceed
the predictions based on Ryter scaling. However, drawing a
conclusive inference necessitates further data acquisition and
a thorough investigation of potential underlying mechanisms.
A common knowledge proposes that the sheared flow induced
by the Er profile plays a crucial role in this phenomenon, a
hypothesis substantiated by experimental validations [36-39].
The identification of an Er gradient threshold during the L-H
transition reveals that the ion pressure gradient typically exerts
dominance, accompanied by variations in ion heat flux and
edge density profiles [40—42]. It should be emphasized that
the influence of electron heat flux manifests subtly. Therefore,
the collision rates between electrons and ions, as well as the
associated energy transfer processes, assume significance, par-
ticularly in scenarios involving electron heating.

The power threshold for the L-H transition Ppy is char-
acterized either by Ploss = Pohm + Paux + Papha-dWgia/dt or
by Pgep = Ploss-Prag. Here, Py is the total auxiliary heating
power provided by the NBI, ECRH and LHW, P, is determ-
ined from the loop voltage and plasma current, Pyjpp, is the o
power assuming to be 0 in these discharges. W, signifies the
plasma diamagnetic energy, P;,q is the radiation power, which
is obtained from the 48 channels AXUV detectors covering
the entire plasma profile.

Figures 15(a) and () present the data for HL-3 L-H trans-
ition power versus the center line-averaged electron density,
analyzed separately using Pjoss and Pgep. The Ryter scaling
model is included in both figures for comparative purposes.
Notably, the transition power observed in HL-3 appears to sur-
pass the predictions based on the scaling law. This discrepancy

could be attributed to an increase in radiation power dur-
ing higher plasma current discharges in HL-3, aligning Piep
more closely with the expected scaling law trends. Several
factors may contribute to the observed deviation of L-H trans-
ition power from the scaling model. Chief among them is the
unidentified heating efficiency, which requires further explor-
ation. Additionally, a higher fraction of electron heating may
necessitate increased heating power, a hypothesis that could
be tested through H-mode operation with NBI heating in
the upcoming experimental campaign featuring elevated NBI
power. In addition, the plasma radiation is underestimated
with AXUYV detector, typically 2—3 times comparing thermal
bolometers, because the AXUV spectral response is not con-
stant at energies ~7-100 eV, and the AXUV suffers from a
deterioration over time [43-45].

The temporal evolution of plasma parameters during a rep-
resentative 1 MA H-mode discharge, specifically shot #4077,
is shown in figure 16. The total auxiliary heating power is
about 2.4 MW, provided by neutral beam injection (NBI),
electron cyclotron resonance heating (ECRH), and the lower
hybrid current drive (LHCD) as shown in figure 16(b). The
line-averaged electron density depicted in figure 16(c) exhib-
its a gradual increase as a result of controlled density scan-
ning through fueling prior to the L-H transition, alongside
a consistent heating power after 1300 ms. The L-H trans-
ition is characterized by the sudden drop in D, intensity
in the divertor, as shown in figure 16(d). The transit time
is marked by the vertical dashed line. After the L-H trans-
ition, noteworthy increments are observed in both the central
line-averaged electron density (depicted in figure 16(c)) and
plasma stored energy (depicted in figure 16(e)). Additionally,
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Figure 16. Time evolution of plasma parameters for H-mode discharge #4077: (a) plasma current, (b) power of NBI, ECRH, and LHCD,
(c) central line-averaged electron density, (d) D, intensity in the divertor, () plasma stored energy, (f) density fluctuation measured by

Doppler reflectometry.

figure 16(f) showcases the decrement in edge density fluc-
tuation, measured via Doppler reflectometry, during the H-
mode phase, indicative of an enhanced plasma confinement.
Figure 17 presents electron density profiles during L-mode
(depicted in blue) and H-mode (depicted in red), wherein the
pronounced density gradient during H-mode underscores the
establishment of a particle transport barrier.

Notably, the 1| MA H-mode discharge was executed with a
q95 value below 3, aligning with the ITER baseline scenario.
It is anticipated that investigations into such discharges will

1

augment the comprehensive dataset of ITER. The MHD activ-
ities are studied. Figure 18 elucidates the typical discharge
waveforms with a gos value of 2.75, with (a) spectrogram
of the poloidal Mirnov signal, (b) divertor D, and core T,
(R = 165.9 cm) signals, and (c) g profiles before (blue line)
and after (red line) L-H transition which occurs at r = 1442 ms
obtained from the EFIT reconstruction. It is observed that
both the sawtooth crash and strong MHD activities manifest
themselves both before and after the L-H transition, primarily
attributable to the low central safety factor (go < 1), as visually
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transition.

represented in figures 18(b) and (c). Of particular interest, a
notable sawtooth event (at = 1439 ms) materializes just prior
to the L-H transition, as shown in figure 18(b), potentially
triggered by the release of energy from the core to the plasma
edge through the sawtooth mechanism.

Furthermore, an examination of the mode structure of
MHD instabilities occurring between the sawtooth crashes
has been undertaken. As illustrated in figure 19, radial pro-
files detailing the amplitude (Is7,/7,) and phase (¢ 57, /7,) of
the relative electron temperature perturbation (67, /T.) con-
cerning a reference channel positioned at R = 162.5 cm are
presented. The specific mode of interest is highlighted within
a designated box in figure 18(a), corresponding to the time
interval t = 1412-1419 ms, featuring a central frequency

of approximately 5 kHz—situating it between two consec-
utive sawtooth crashes. Further analysis reveals the preval-
ence of the m = 1 kink mode in the core plasma, as depic-
ted in figure 19(a). This mode exhibits kink behavior, evid-
enced by nearly constant phases (in phase) within the regions
of strong mode intensity—namely, R = 149-163 cm on the
HFS and R = 180-194 cm on the LFS (refer to figure 19(b)).
The observation aligns with the conventional sawtooth pre-
cursor mode observed previously in other tokamaks [46, 47].
It should be also noted that an additional m = 2 mode per-
turbation (m/n = 2/1) is identified, as corroborated by Mirnov
coil signals, in the outer region. This is exemplified by a sig-
nificant variation of /57, /7, in the vicinity of R = 197 cm and
a corresponding phase flip at R = 197 cm. A more compre-
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to a reference location at R = 162.5 cm. The MHD mode concerned is illustrated by the box in figure 18(a).

hensive exploration of the intricate MHD activities during low
q H-mode operation and their impact on plasma confinement
will be expounded upon in a subsequent, independent paper.

5. Summary

In the 2nd HL-3 experimental campaign (2022-2023), signi-
ficant operation milestones of the machine were achieved. The
divertor plasma was realized with plasma current /, ~ 1.2 MA.
For the first time, a 1 MA plasma H-mode was achieved
through the combination of NBI, ECRH, and LHCD. The
experiment demonstrated the advantages of the SF- diverted
plasma discharge in heat flux control. The commissioning
experiments of the 2nd campaign confirmed excellent cap-
ability for high-performance operation and advanced divertor
study on HL-3. To enhance plasma performance and diver-
tor heat flux mitigation, a double-null plasma configuration
is being considered, along with the design and installation of
an upper closed divertor in 2025. Over the next few years,
experiments will focus on stably achieving triple production
to 10? m—3keVs and ion temperatures exceeding 10 keV
with deuterium-deuterium plasma. The plasma current will be
further increased to 2 MA, and high-performance operation
regimes, such as the ITER baseline and hybrid scenarios, will
be prioritized. Main MHD instabilities, such as edge localized
mode, neoclassical tearing mode, resistive wall mode, VDEs,
as well as disruption alerting and mitigation, will be studied
and controlled. Additionally, the physics of advanced divertor
concepts will be explored, including configuration, structure,
plasma-wall interaction, and innovative divertor heat flux act-
ive control technologies using SMBI impurity injection and
the fish-tail divertor. In order to better support key physics and
technologies towards ITER burning plasma, HL-3 is planned
to prepare deuterium-tritium experiment in the near future.

Towards this target, the capability of auxiliary heating sys-
tem for ions is being increased from 15 MW (the beam with
energy of 80 keV, planned before) to 26 MW (the beam of
20 MW with energy of 120 keV and ICRH of 6 MW). From
July 2024, the HL-3 site will be upgraded, towards D-T exper-
imental target, focusing on the site renovation and the building
modification, such as the heating, the vacuum, the diagnostic
systems, the tritium system and the radiation protection sys-
tems. Currently, efforts are underway for the design and devel-
opment of tritium circulation and confinement systems. HL-3
is expected to handle gram-level tritium inventory while ensur-
ing efficient recycling of the fuel. In the first step of 2027, the
trace-tritium experiments with the transient puffed injection
will be considered. Then, 50-50 DT mixtures will be tried after
a sufficiently preparation in future.
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