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Hard X-ray measurement in the scrape off layer in the
TST-2 spherical tokamak

Yu-Ting Lin, A. Ejiri, N. Tsujii, K. Shinohara, O. Watanabe, S. Jang, Y. Peng, K.
Iwasaki, Y. Ko, Y. Shirasawa, T. Hidano, F. Adachi and Y. Tian

The University of Tokyo, Kashiwa, 277-8561, Japan

Lower hybrid wave (LHW) has been proved to be a reliable wave to drive plasma current in conventional high
aspect ratio tokamaks, and TST-2 spherical tokamak was devoted to study LHW current drive. Two sets of
capacitively-coupled combline antennas have been installed in TST-2 to launch LHW from the outer midplane
and top of the plasma, respectively. In TST-2 it was suggested that there are abundant fast electrons in the
scrape off layer (SOL) according to the proposed RF-induced transport model. The purpose of this research is
the direct measurement of fast electrons via hard X-rays (HXRs) measurement to verify the proposed model.
This measurement is achieved by inserting a metallic target with 10 mm width, 90 mm long in SOL and by
measuring HXRs generated by the fast electrons hitting the target. In this research, HXRs signal was found
predominantly coming from one side of target plate, indicating the uni-directional plasma current in TST-2.
The comparison of HXRs energy spectrum between top-lunch and outboard antenna discharge scenario shows
that electrons with higher energies (~ 100 keV) exist only in top-launch scenario, which is qualitatively
consistent with the prediction of orbit expansion of high energy electrons in the proposed model. By
comparing HXRs energy spectrum at different radial positions in SOL, we found a longer tail in HXR energy
spectrum at larger radial positions (i.e., far from the core plasma). This result indicates that fast electrons were
accelerated in SOL.



Spectroscopic Study of Fast Electrons Induced by Lower Hybrid Wave in TST-2 Spherical Tokamak

Yiming Tian and TST-2 members
The University of Tokyo

Lower hybrid current drive (LHCD) is studied in TST-2 spherical tokamak. LH waves with a
frequency of 200.1 MHz are excited by the top and outboard antennas to accelerate electrons in parallel
to the magnetic field, and the highest Ip achieved so far is 26 kA. According to a previous hard X-ray
study, fast electrons higher than 100 keV exist in Lower Hybrid wave (LHW) sustained plasmas [1].
However, the RF-induced transport model predicts the loss of fast electrons to limiters, so the heating
efficiency can be deteriorated [2]. As fast electrons carry most of the plasma current, the interaction
between fast electrons and limiters is worth studying to improve LHCD efficiency. Considering the
small mass of electrons compared with ions, heating instead of sputtering to limiters may be more
significant. If heating to the molybdenum (Mo) limiters is strong enough, Mo atoms can be released and
travel freely in the vacuum vessel before being ionized. Spectroscopic diagnostic is a suitable method to

identify neutral Mo emissions and to study interactions between fast electrons and limiters.

A visible spectrometer with a wavelength resolution of 0.05 nm and with 16 channels along wavelength
was used to measure the Mo line emissions at 313.3, 379.8, 386.4, and 390.3 nm. The viewing sight can
be changed on a shot-by-shot basis. As a result, neutral Mo emissions were identified, and the spatial
distribution and temporal evolution were determined. The temporal evolution indicates that the Mo
emission has a close relation to LHW power injection, which is responsible for the loss of fast electrons
due to the orbit shift. A time window of 5 ms before turning off the LHW power is selected for
comparing the spatial dependence of averaged intensity. In ohmic heating plasma and in LHW sustained
plasma, different spatial profiles (i.e., Rtan dependence, where Rtan is the tangency radius of the
viewing sight, and the outboard limiter is located at Rtan = 585 mm). In LH plasma, the profile shows a
peak at Rtan = 450 mm. Electrons are expected to move in the counter-direction with respect to the
plasma current because LHW accelerates electrons to drive the plasma current. For ions, there is no
mechanism to show asymmetric movement. A maximum emission at Rtan = 450 mm indicates that fast
electrons significantly heat and vaporize the inner part of the limiter. At Rtan = 490 mm, the intensity
decreases because most of the viewing region is in the shadow of the limiter. Thermal conduction
analysis of the limiter was performed to estimate the heating effect by fast electrons. Heat flux and
heating regions were estimated from typical plasma parameters. Analytical solution of 1D thermal
conduction indicates that limiter temperature can be very high and Mo vapor can be generated. For
future research directions, fast camera or near-infrared camera analysis can be helpful to identify
heating positions or cooling features on limiters. This may contribute to the improvement of operational

conditions or the design of limiters.

[1] Togashi, H. et al., 2017, Plasma and Fusion Research, 12, 1402030.
[2] Ejiri, A. et al., 2022, Plasma and Fusion Research, 17, 1402037.
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For the development of economical nuclear
fusion reactors with magnetically confined torus
plasmas, we should achieve to confine stably high
beta plasmas. However, there are some obstacles to
achieve it, and MHD instabilities are one of them. In
tokamak and helical plasmas, which are typical torus
plasmas, different types of MHD instabilities are
observed due to the different method to generate the
magnetic bottles. In helical systems including Large
Helical Device (LHD), control of pressure driven
MHD instabilities, such as resistive interchange
instability which can degrade the confinement
performance, is important. So, we experimentally
investigate on a method to suppress resistive
interchange instability by applying the external
resonant magnetic perturbation (RMP) in the LHD.

Our previous experimental study shows that the
static m/n=1/1 external RMP can suppress the
m/n=1/1 resistive interchange instability with the
shielding of the external RMP, as shown in the range
painted blue in FIG.1. The stabilization due to the
external RMP is observed under various discharge
conditions. Moreover, it is also found that a little
improvement of the confinement performance is
observed under a certain condition, as shown in the
range painted blue in FIG.1(b).

On the other hand, it is found that the amplitude
of the external RMP to completely suppress the
instability with the shielding of the external RMP
changes depending on discharge conditions. Here, the
above amplitude of the external RMP is estimated
from the extrapolated value of the dependence of the
magnetic field fluctuation amplitude on the external
RMP amplitude, indicated by a red dashed line in
FIG.1(a). We investigate how the above amplitude of
the external RMP to completely suppress the
instability changes depending on discharge conditions.
As a result, it has a high correlation with the
volume-averaged beta value, as shown in FIG.2. Here,
the blue symbols in FIG.2 indicate the data in an
operational magnetic field strength case, 1.375T, and
the black ones correspond to the other operational
magnetic field strength. FIG.2 suggests a possibility
that even in the same operational beta indicated by the

data of <f>~1.1%, the amplitude of the external RMP
to completely suppress the instability is a little
different depending on another discharge condition
including the operational magnetic field strength
and/or collisionarity. So, we are going to show how
the amplitude of the external RMP to completely
suppress the instability depends on another discharge
condition under the same volume-averaged beta value
in detail.

B, = 1.2 [T], <B> = 0.85 [%]
1 L T ( )
ay d
o | \1,
— N
o 2 [N 7
3 N
L
0 -: ..... :. E= .\: |- pE o
b
_ 4} (b) |
& .+_+_+__i'|'i___
=
3
S 2F ¥ LTI
3
0.0 05 1.0 1.5
Ioyp/ B, [KA/T]
FIG.1
3 1 1
® B,-137/51(T] "
= B Other B, u
<2t .-
X
— L
e .
kN et ]
o0
0 i 1 A L i
0.0 0.5 1.0 1.5
B> [%]

FIG.2



R ZOVEIHEERIZ 81T 2 B RS S T R O s Bl 2m 00 AT

LA —J&

7oA @R THEN T 2 2 2 THFHKRICH T 2 5 2 2 HEEROMIRHREMNEFRIITOh TS, THNETI
AFYRATARZRR—INVRAT AR EFFN L HERPFEBFCTFHTHEMINTED, BZLOFHI v a v %
RS ETWE, —HTIhs OHEERKIE T Z X~ D4 - ik - PANCEMZ#FER L CB b, EMERECL 3
HREE RO FHED —D b e o T\, BMZMHA L RVESEBEMOHEERSTIFIh T, F T 7I X~
DILEEREICHSR , A% FWTHEERDRHTER 2O TWw 5 (1],

WA ANVTIHEERS CII RS E A L. 77 X~ &[T - RS2 2 THRERE TIET 5, /.

Z A< DAERUCIE RE G0 & L @RIEREEZRAT %, W22, 77 X< DR - i - **ﬂ%fnéﬁ*ﬁﬁ’é
15 2N TE, {EROHERTHEL o TOWBHHEFELZ IS 2 Z e BT E 2, WX/ ZVEHEGERIIE
EIEFRLHRFFEIMTONTE D, HA LB ORHZN R Z R T HEERNRIIH 30% 2EEL TV 2],

B ZOVEIHEERE O NIRICHLE § 2 FERIES T, 5 MNC bimodal R B EMIENET 5 Z L0t S h
TW5 [3], bimodal 22 EREIEIC KX o> THEEAELFAE L, MK ZAVEMKT 255 L & b IS KBIEBERD
BT B, SOICEG . KIEMEERIC X o T Lorentz IDEAEL, ZhDXERZHNOREFEH Y 725 2 £
HEINTWS, bimodal 7% EREIXFHFEBELIC X 2 FAMBA L B LB FOMEREEIC K> TERENS
CEHRBINT VS 4], FEERINICETFOMRALEEEHZ 2 Z L IdR#TH D, HENLRIECL Y E-T
Wiz, 2 ZTAETIE, BR ./ ZVEHEGER D 75 X< 2 BRI 21— a Y THEL, BETOMA L6
EHREHL2ICTZ 2 2B Lz,

TR particle-in-cell / Monte Carlo collisions (PIC-MCC) #E# M L7, 4 4> - BTk ZFhzh Xet
e & L. #EHFERIE Boris IETHIEANC RNz, BEIRD A A - EFOREED S PIC HECEMEEZEN
L. Maxwell 120 & EGEFE Lz, B FRIEZE e Lo - ik - EHEE 38 L. MCC A THERINC
o Tzo WK/ XV EMERL T 2 B35 E & O RF I X 288U Maxwell XX D EH LUz, BITHICE
WT, bimodal 722 EREEIXHIGRE ICRIFT 2 Z 2RI T W20, FBEEE2 YL/ 4 RER LT
0.1kA. 0.4kA., 2.0kA @ 3 &HEEFREL /=,

AHEOR, 0.1kA ¥ 0.4KA @ 2 &ACILEADEl EASRARM L 72 2 BEMIEIC R > - —77, 2.0kA O&AT
FHUDEL ETEEAME N L. BJT1ANC bimodal 7R MG & ko 7, WHBE % 11T % Z & T bimodal 72 EE
Brih, EBRTELNATOWLEEMEOMGRE 2 EHMICHEHT 2 I ICRILZEER %, £k &
REZEIHTER L, EBRTRBINTOEAMA L XN -EToMEsHHINA TV

FTEIDBONLEE G, S, BHETLLR5 12.1eV U EOZ I VF—%F0E ?@&%TEEM Lo ZOD
fER, @I F —B AL SN RO Z < LT D, 2 OIS AL ¥ —EF 05
HRETHATEZ Z D hoTe, Thbb, BGMEL B2 2 & THIEHEZRIC X 2 WEERENFE R D, H
DB THEE X AU {725 2 & T bimodal REEMESER SN EZ NS, UKD, WK AE
HEERR OIS I 2 L —> a VI Ko THEMERRZEH T2 L LI, AT —ETOMEHEZIC K
WA FRE B RGBT 2 e RO I LT,

[1] K. Takahashi, Rev. Mod. Plasma Phys. 3, 3 (2019).
2] K. Takahashi, Sci. Rep. 12, 18618 (2022).
]
]

— —

3] C. Charles, Appl. Phys. Lett. 96, 051502 (2010).
[4] A. Bennet, C. Charles, and R. Boswell, Phys. Plasmas 26, 072107 (2019).


https://doi.org/10.1007/s41614-019-0024-2
https://doi.org/10.1038/s41598-022-22789-7
https://doi.org/10.1063/1.3309668
https://doi.org/10.1063/1.5098484

Prediction of the VDEs in QUEST

Sejung Jang, Hiroaki Tsutsui
Abstract

Nuclear fusion, the process of combining atomic nuclei to form heavier elements, is a
promising source of energy that has the potential to provide a sustainable and clean alternative
to fossil fuels. However, achieving and maintaining the conditions necessary for nuclear fusion
is a complex and challenging task. One of the key challenges in the tokamak is the occurrence
of plasma disruptions, which are sudden and large-scale events that can cause significant
damage to the device and interrupt the fusion process. There have been a few changes to process
of predicting the plasma instabilities in effort to avoid plasma disruptions. However, it may prove
challenging to establish the relationship between one parameter and others. Regarding the issues of
Vertical displacement events (VDEs) related to plasma disruptions, we adopt a method based
on Natural Language Processing (NLP) models to correlate parameters and predict the plasma
instabilities. D-shaped plasmas are vertically unstable and cause VDEs. The tokamak will be
damaged by high temperature plasma. Machine learning algorithms can be used to analyze data
from a fusion experiment in real-time, allowing for the development of control strategies that
can respond to changing conditions like plasma disruption and VDEs within the system. The
relationships between parameters related to VDEs and plasma control data were analyzed using
Bidirectional Encoder Representations from Transformers (BERT) [1]. BERT is a powerful
deep learning model that has been widely applied in the field of natural language processing
for tasks such as text classification and answering. A key aspect of BERT can process input
sequence data in both forward and backward directions. It is distinct from traditional
unidirectional language models from BERT, which only consider the context to the left of a
token when making predictions. The aim of this study is to predict the behavior of VEDs in the
near future, specifically 0.1 seconds ahead. To achieve this goal, a three-time step data analysis
method is employed, which involves the collection and examination of data from Kyushu
University Experiment with Steady-state Spherical Tokamak (QUEST) at three different points
in time. This data, collected at a time interval of 0.02 seconds, serves as the basis for developing
a predictive model that is capable of forecasting the behavior of the VDEs with high accuracy,
up to 0.1 seconds into the future. We can also interpret the precursors and correlations of
parameters using BERT.

[1] Jacob Devlin, Ming-Wei Chang, Kenton Lee, and Kristina Toutanova. 2019. BER
T: Pre-training of deep bidirectional transformers for language understanding.
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