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ABSTRACT

Plasma-wall interaction (PWI1) research is an active field of study in long-pulse operation in current magnetic
confinement fusion devices, such as the Experimental Advanced Superconducting Tokamak (EAST). It is an
urgent requirement to be able to investigate several key PWI issues, such as fuel retention and material deposition,
by in situ diagnostic methods. In this work, an in situ laser-induced breakdown spectroscopy (LIBS) system
combined with an optical emission spectroscopy (OES) system and a flexible timing system is developed. The
system is applied to study PWI during long-pulse plasma operation conditions in EAST. The timing system, as a
core part of the diagnostic system, can control not only laser-related parameters like external triggers of laser flash
lamp and Q-switch but also detection systems like spectrometer and camera sequence as well as time delay. This
allows the system to monitor the edge plasma condition by OES as well as the first wall composition by LIBS in
the long-pulse plasma operation in EAST, and then compare and combine the respective results. The results show
that the spectral emission intensities of deuterium (D) and lithium (Li) from the edge plasma in the H-mode
discharge are much stronger than in the ohmic discharge. Moreover, the emission intensity of the Da. signal is
successfully measured and the signal is used to investigate the local particle flux and fluence. The preliminary
results of fuel retention show that the amount of D retention on the first wall increases as the local edge D particle
fluence increases. Particularly, the D retention is dominated and influenced by the local edge D particle fluence in
long-pulse plasma discharges. Based upon the observation of Li emission in the LIBS in conjunction with D
emission, Li-D codeposition could be the main source of fuel retention in EAST. Additionally, the design of an
upgraded in situ LIBS endoscopic system is proposed which will enable monitoring of the upper divertor area and

the strike zone in upcoming campaigns of EAST.
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I. INTRODUCTION

Plasma-wall interaction (PWI) processes are important in long-pulse plasma operation fusion devices, such as
the International Thermonuclear Experimental Reactor' (ITER), due to the main issues of increased fuel retention,
material erosion and redeposition which are induced by a large increase in particle fluence to the wall compared
to present experiments. In ITER, the in-vessel tritium inventory must be minimized and is limited to < 700 g due
to the safety requirement.”* Additionally, erosion and redeposition directly determine the lifetime of plasma-facing
components (PFCs) as well as the availability of fusion devices and thus are crutial factors for economic operation
of an upcoming fusion reactor. Meanwhile, these PWI processes are strongly linked to edge plasma flux and
fluence.” Therefore, the key challenge for PWI studies in long-pulse operation is to monitor the elemental
composition on the surface of the PFCs as well as the edge plasma condition during experimental processes in
fusion device in situ and real-time. Post-mortem analysis has been largely employed in the past, hindering a direct
comparison of plasma conditions with surface conditions on a time scale of less than many seconds of plasma

exposure if limiter locks are used.®

The Experimental Advanced Superconducting Tokamak® (EAST), which is the world’s first fully
superconducting magnetic confinement facility with ITER-like magnetic field configuration, has achieved a stable
101.2 s steady-state high confinement plasma (H-mode), setting a world record in long-pulse H-mode operation
on July 39, 2017.” Therefore, EAST provides a unique platform to investigate the physical and engineering issues
of PWI research for the next H-mode long-pulse fusion devices such as ITER, the upcoming China Fusion
Engineering Test Reactor (CFETR)? and beyond.

Laser-induced breakdown spectroscopy (LIBS) as a well-established elemental composition analysis method
has been proposed and demonstrated as one of the most promising methods for in situ PWI studies on the first wall
of fusion devices.®° Several post-mortem setups in the labs**~'¢ and in situ proof-of-concept studies'’*® on PFCs
have demonstrated that LIBS technique has the excellent capability for in situ operation in fusion devices.
Therefore, the LIBS technique can provide a unique tool for PWI researches such as fuel retention and material
deposition under long-pulse plasma operation in EAST. For this purpose, it is essential to not only measure the
elemental composition of PFCs by LIBS but also simultaneously monitor the local edge plasma conditions near
PFCs during long-pulse discharges. Thus, a timing system, which can synchronize EAST discharges with the
trigger and delay of laser and spectrometers for both LIBS and optical emission spectroscopy (OES) measurements,
is a key prerequisite for the application of in situ LIBS diagnostic system under long-pulse plasma operation in
EAST. In addition, the timing system must be flexible and adjustable to enable changes of sequences and

measurement schemes for LIBS pulses for the different experimental conditions.



In the present study, it is the first time that an in situ LIBS system combined with OES and flexible timing
system is used to investigate PWI during long-pulse plasma operation in EAST. Preliminary results from EAST
long-pulse plasma operation are shown to illustrate the relation between fuel retention on the first wall and local
deuterium (D) particle fluence by analyzing LIBS combined with edge plasma OES. In addition, the plan of the

upgraded LIBS system for divertor measurement in EAST is also proposed.
Il. EXPERIMENT

EAST has ITER-like magnetic field configurations and heating schemes with dominant electron heating
provided by radiofrequency (RF) wave heating. EAST was built to demonstrate high-power, long-pulse plasma
operation. It has a major radius of 1.85 m, minor radius of 0.45 m, toroidal field < 3.5 T and expected plasma pulse
length up to 1000 s.°*° Molybdenum (Mo), tungsten and graphite were used as plasma-facing materials of the first
wall, upper divertor and lower divertor, respectively. Furthermore, advanced wall conditioning techniques with
lithiation by lithium (Li) evaporation as well as real-time injection of Li powder during discharges have been

developed to reduce impurity radiation, particle recycling and H/(H+D).%°
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Fig. 1. The schematic view of cross section and working sequence of LIBS system, and positions of the last

closed flux surfaces in a long-pulse discharge in EAST

The in situ LIBS system is located at the H-port, which is one of the 16 main horizontal ports along the toroid
in EAST. The schematic of the system is illustrated in Fig. 1. The detail of the optical system can also be found in
our previous works.*?* A nanosecond pulsed Q-switched Nd:YAG laser (Brilliant Eazy, Quantel) at a wavelength
of 1064 nm and a maximum energy of 330 mJ is used to ablate the target and produce the LIBS plasma. The fiber-

coupled detectable area of the LIBS system is located on the high-field side (HFS) near mid-plane. It covers more
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than 12 < 12 cm? and two standard Mo tiles which are named H8I3 and H8I4. Scanning of laser spot and
observation optics is achieved by using motorized mirror holders. The laser focusing lens and the signal collecting
lens are located outside EAST vessel and about 3 m away from the detectable first wall. The signal light is coupled
into fiber bundles which can couple to spectrometers on the other side of the fibers. Two different spectrometers
can be switched flexibly according to the experimental conditions. The first spectrometer is a multi-channel
spectrometer (LIBS2500+, Ocean Optics) in a wide wavelength range from 200 — 980 nm. The second
spectrometer is a high throughput, high sensitivity spectrometer (HoloSpec F/1.8i, Andor) with gated ICCD
camera (iStar 340, Andor) which covers a wavelength range of 634 — 672 nm with a full-width half-maximum
(FWHM) resolution of 0.09 nm. Both spectrometers have enough spectral resolution to distinguish hydrogen (H)
and D in the Balmer-alpha-line.

During the EAST long-pulse plasma discharges, the spectrometer is used for measuring the OES from the edge
plasma to analyze the edge plasma conditions and provide integral photon flux of the Da line emission. As shown
in Fig. 1, the optical collection path for OES is identical to the optical collection path of the LIBS which is
optimized and focused on the LIBS plasma location near the first wall. The f-number for optical collection is about
22. Therefore, the observation path, as depicted in Fig. 1, passes through the last closed flux surface (LCFS) two
times at both the high and low magnetic field side. Most of the D, Li atoms and Li ions in lower charge states emit
light in a volume near the LCFS during the tokamak discharge.?> Although both sides could have contributions to
the OES signal in visible range from D and Li, the emission from the neutral particles is mainly from the HFS.
This is due to three factors: First, more particle collision and charge-exchange reactions occur near the first wall.
Second, there is no PFC near the low magnetic field side from the OES collecting view due to the large flange of
the H-port. Third, the focal point of the optical collecting system is near the HFS. These factors result in an optical

collection mainly occurring near the HFS.

The timing system is a key device to synchronize and control the trigger and delay time for each LIBS and
OES measurement with a resolution of 1s, using a base clock of 40 MHz. In the long-pulse operation of EAST,
the timing system must have the ability to allow experiments for the different discharge duration times and enable
flexible measurements with various laser and spectrometer triggers. The hardware of the timing system is made
up by a multi-function RIO module with field programmable gate array chip (PXI1-7833R, National Instruments),
a shielded 1/0 connector block (SCB-68, National Instruments) and a compact computer (PX1-8106, National
Instruments) which is mounted in a compact rack (PXI1-1031, National Instruments). A LabVIEW program is
developed and used to control the programmable RIO module, allowing for all time critical tasks triggered via the

standard transistor-transistor logic (TTL) signal and thus ensuring synchronization to EAST operation.
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Fig. 2. The time sequence of the LIBS experiment under long-pulse operation in EAST

A schematic of the LIBS and OES timing sequences is shown in Fig. 2. The laser flash lamp and Q-switch as
well as the spectrometer are set to external trigger mode and triggered by the timing system. The EAST discharge
pre-trigger TTL signal which is 20 s ahead of each discharge is used to start the timing system. Then, an initial
TTL signal with 10 Hz repetition rate is generated at to to trigger the operation of flash lamp to make sure that the
flash lamp and the laser system are in stable operating conditions. After a delay time of 20 s, a TTL signal with 5
Hz is generated at t; which is the start time of EAST discharge to trigger the spectrometer and measure the OES
spectra from edge plasma until the end of the EAST discharge, denoted by t,. The delay time between t; and t; is
set by the program and depends on the time duration of discharge which is set in the range from 10 — 100 s in the
long-pulse H-mode operation of EAST in 2017 experimental campaign. After the EAST discharge, a TTL signal
at 5 Hz is generated at tg to trigger the Q-switch of laser and fire the laser to ablate the target on the first wall. The
delay time between t; and tq is set about 30 s to keep the EAST chamber background pressure stable between LIBS
measurements. The Q-switch of laser can also be triggered during the EAST discharge to achieve the laser-induced
ablation spectroscopy measurement. > Laser output energy can be adjusted by the delay between flash lamp and
Q-switch. It is set to 175 us for the maximum energy output. The number of the Q-switch triggers which decide
the successive number of laser pulses is dependent on the required ablation depth in the depth analysis of LIBS.
When only the surface of the first wall is measured, the number of the Q-switch trigger is set to 1 and only a single
laser shot is fired on the first wall. In order to obtain the LIBS plasma emission, a TTL with 5 Hz is generated at
ts to trigger the spectrometer with a fixed delay with respect to tq. The delay time between to and t;, LIBS delay
time, can be set as 0 — 1 ms by the program to optimize the integral gate of exposure time and reduce the continuous

radiation of LIBS plasma.

In addition, recorded spectra are analyzed by a MATLAB data processing program automatically after the

spectra acquisition. The spectral integral areas of Do, and Li peaks in OES and analyzed elemental peaks in the



LIBS are processed by peak fitting. Then, the intensities with discharge time, integral intensity for each discharge,

as well as elemental depth profile of LIBS are obtained.

I11. RESULTS AND DISCUSSION
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Fig. 3. Typical LIBS spectrum obtained from the first wall and OES spectrum observed from edge plasma in
EAST

The typical spectra of LIBS on the Mo first wall and OES from edge plasma by using the in situ LIBS system
with the timing system in EAST 2017 campaign are shown in Fig. 3. The exposure times for both spectra are 1
ms. The LIBS delay time is set to O to collect all the LIBS plasma emissions. The LIBS spectrum (shown in black)
is measured after Li wall conditioning and D discharge by using single pulse LIBS on the surface of mid-plane
Mo first wall. It clearly shows Li emission, Do emission from fuel retention as well as Mo atomic line emission
from the first wall substrate. The H content in the core discharge plasma is very low due to the Li wall
conditioning?, thus the fuel retention on the wall is dominated by D implantation and codeposition. The H
emission is lower than the limitation of detection of spectrometer in these experimental conditions. The
bremsstrahlung with continuous background radiation due to high laser plasma temperature and density is
subtracted in the LIBS spectrum. Li atom and ion as well as Do peaks are observed in the edge plasma OES
spectrum. Some emission lines of Mo impurity from first wall erosion may be observed in some cases of edge
localized modes burst or fast plasma shutdown. The emission intensity ratio of Li Il and Li I in edge plasma OES

is much higher than it in the LIBS due to a higher ionization and excitation rates in the edge plasma.
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Fig. 4. Typical data of OES intensities from edge plasma in an H-mode discharge and an ohmic discharge

The plasma currents, core plasma densities, intensities of Do (656.1 nm), Li | (670.8 nm) and Li Il (548.4 nm)
and intensity ratios of Li I/ Da in the discharges of #73837 and #73816 are shown in Fig. 4. The OES spectra are
obtained with an exposure time of 1 ms and an acquisition frequency of 5 Hz during the 10 s EAST discharges.
#73816 is a 10 s duration discharge with H-mode from 1.8 s to 8.4 s. The RF heating includes lower hybrid wave
(LHW) of 1.8 MW and electron cyclotron resonance heating (ECRH) of 0.35 MW. #73837 is a 10 s duration
ohmic discharge without RF heating. Its averaged ohmic power is about 0.15 MW which is much lower than the
total input power in #73816. Before the discharges of #73816 and #73837, the wall has exposed to about 200 s
and 500 s plasma after a routine Li wall conditioning with Li evaporator, respectively. During the first second of
the discharge, part of the first wall at the HFS acts as a limiter during the limiter startup phase of EAST. The edge

plasma can directly interact with the first wall and result in Li sputtering into the edge plasma and significant Li
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radiation in both ohmic and H-mode discharges. Due to the much higher input power, the edge particle flux in
#73816 H-mode discharge is much higher than that in #73837 ohmic discharge. Therefore, the emission intensities
of Li I, Li Il and Da in edge plasma of #73816 H-mode discharge are also much higher. The intensity ratio of Li
I/Da which is proportional to the flux ratio in the discharges of #73816 is more stable than it in #73837 during

discharge.
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Fig. 5. Comparison of LIBS intensity on the first wall and edge plasma OES in different long-pulse discharges

One of the most important purposes of this work is to illustrate the relation between D retention on the first
wall and edge particle fluence and investigate the PWI process during long-pulse discharges in EAST. The input
energies of RF heating, time integral OES intensities, LIBS D and Li intensities of three long-pulse discharges
with upper single-null of #73341, #73679 and #73978 are shown in Fig. 5. The discharge duration times for the
three discharges are 20 s, 65 s and 50 s, respectively. The total input powers of RF heating are about 3.45 MW,
3.45 MW and 3 MW, respectively. The total input energies of RF heating are shown in Fig. 5 (in black). The core
plasma densities are 2.8<10%° m=3, 3.1x10%* m= and 3.0x<10%° m®, respectively. The plasma currents are 450 KA,
450 KA and 400 KA, respectively. The distances between HFS and LCFS at mid-plane of the three discharges are

about 5 cm.

The OES Da intensity from the edge plasma is proportional to the local photon flux which can be converted
to a particle flux via an inverse photon-efficiency S/XB coefficient.> Although the edge plasma perpendicularly
transports to the mid-plane first wall due to the magnetic field constraint, the local flux of neutral particles which
are induced by particle collision and charge-exchange is proportional to the edge plasma flux.?® So in this work,

the Da intensity is as a proxy for qualitative analysis of the impinging particle flux on the first wall. The time
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integral intensities of Do and Li | (670.8 nm) from OES which are proportional to particle fluences are obtained
by integrating intensity of OES over time in Fig. 5 (in red). The time integral intensity corresponds to the particle
fluence in the discharge. Unlike total input energies of RF heating, time integral intensities of Da clearly show
that Ip, (#73341) < Ip, (#73679) < Ip, (#73978). The LIBS intensities of Do and Li | (610.4 nm) which are obtained
on the first wall after the end of the discharges are shown in Fig. 5 (in blue). Each LIBS measurement area on the
first wall is cleaned by the laser ablation to avoid the D accumulation from previous discharges. So the Da intensity
of LIBS only relates to the last discharge. The LIBS depth analysis shows that the D signal only exists in the first
laser pulse in the experimental conditions. So single pulse LIBS on the surface is utilized to measure the fuel
retention amount on the wall. The LIBS Da intensities in the three discharges show that In, (#73341) < Ip, (#73679)
< Ipy (#73978) which shows the same trend as the time integral intensities. Thus, the correlation between LIBS
intensities of Da from LIBS on first wall material and time integral intensities of Da from edge OES is clearly
demonstrated, indicating that the retention in the PFCs increases as particle fluence to the wall increases. We
conclude that the fuel retention on the first wall is dominantly influenced by the local D particle fluence in the
present experimental conditions. The presence of Li emission in the LIBS indicates that codeposition of Li-D is a

likely candidate for the retention mechanism on the HFS first wall.
IV. CONCLUSIONS AND FUTURE WORK

An in situ LIBS diagnostic system combined with an edge plasma OES system and a flexible timing system
has been developed for in situ PWI studies during long-pulse plasma operation in EAST. The timing system
controls not only the external triggers of laser flash lamp, Q-switch and spectrometer but also the sequence and
time delay to successfully control the edge plasma OES and first wall LIBS measurements. The OES spectra show
D and Li emissions from the edge plasma transport. The spectral intensities in the H-mode discharge are much
stronger than in ohmic discharges without RF heating. The OES Da, signal intensity and its time integral intensity
allow to investigate the relative behavior of local particle flux and fluence during discharges. The LIBS spectra
from the first wall show a significant potential to identify the elements of fuel and Li coming from wall
conditioning. Relative quantitative analysis of the signal intensities has been demonstrated in this work. The
preliminary results of fuel retention on the first wall show that the D retention amount increases as the local edge
D particle fluence increases in the long-pulse plasma discharges. Based upon the Li emission observed in the LIBS

in conjunction with Da emission, it is likely that Li-D codeposition is the main source of retention.

In the future, the local edge particle fluence will be quantified by considering S/XB coefficient and measuring
the plasma temperature and density in the edge region. Quantitative analysis by LIBS with radiometrically
calibrated spectrometry will be compared to the edge plasma conditions and provide more information to in situ
study PWI1 physical processes under the long-pulse operation in EAST. The retention as a function of the distance
between HFS and LCFS will be studied to search for a transition for the retention behavior in the transition from

net erosion to net deposition zone at the HFS first wall. In addition, it is planned to use an endoscope system to

9



upgrade and extend the LIBS and OES detectable area to the upper divertor region which is a strong interaction
zone for PWI study. The wall Langmuir probe and infrared camera observation systems will be used to achieve a
characterization of edge plasma conditions and wall surface temperature. Deposition and erosion in divertor zones

will be in situ investigated by using the upgrade LIBS system in EAST for PWI research in long-pulse operation.
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