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Abstract: A multi-function divertor feedback control system has been built on EAST to treat the
divertor heat load issue. With the real-time data of the Langmuir probes and the impurity seeding,
the divertor electron temperature (Te, giv) is well controlled to achieve the partial detachment phase.
The first trial of the CDs4 seeding for the Te, giv reduction has been achieved on EAST long-pulse
discharge. In the seeding phase, the Te, 4iv Was maintained close to 5¢V, and the surface temperature
of the target plate (Tsurface, div) had a reduction of about 150°C. The plasma stored energy had a
reduction in the control phase, so it is necessary to find a way to keep the good plasma confinement
in the next step. The CDy4 injection also mitigated the low hybrid wave (LHW) coupling rate in some
degree. The big volume of the CDys injection lifted the Greenwald density fraction from ~0.4 to ~0.7,
which made the SOL into high recycling state. Most of the injected carbon particles were in the high
ionized state, and with the lower of the T, giv, the tungsten line emission was suppressed obviously.
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1. Introduction

The mitigation of the divertor heat load has been one of the technique challenges for the
magnetic confined fusion research[1]. The excessive power flux striking the divertor targets will
make the facing material erosion to shorten the device lifetime[2]. More undesirable impurity
particles from the erosion progress will contaminate the main plasma seriously[3]. The predicted
ITER divertor power flux is up to about 30MW/m?, higher value will be on DEMO, which is far
beyond than the heat resistance of the plasma facing components (PFCs)[4,5].

The solutions for this issue are many, such as mitigating the divertor geometry structure[6,7],
adding the water cooling system and the radiative divertor. It should be mentioned that some
advanced divertor configurations are aimed to facilitate realizing the radiative divertor[8,9]. The
mechanism of the radiative divertor is rising the SOL power dispersal. By injecting the impurity gas,
an additional radiated power exhaust is generated to adjust the power balance in SOL[10]:
Considering a simplified SOL “two-point” model, the SOL power balance can be written as[11]:
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Piar= Psep-Prag sor(1.1)
Here the Py is the power load on the divertor target, Pgep is the total power into SOL. Thus, the
improvement of the radiated power reduces the divertor heat load level. When the radiated power is
high enough, the divertor electron temperature (T, 4iv) is reduced to lower than 5eV, the plasma will
be into the detachment phase, leading a substantial drop of the divertor heat load[12,13,14].

The SOL recycling theory [15] suggests that the detachment phase can be achieved in two ways:
generating a high radiation fraction of plasma, or lifting the upstream plasma density. In theory, Psep
can be completely converted to the radiated power, which means the Py, is almost approaching zero.
The feedback control can be implemented to replace the manual setting of the impurity seeding,
which is more practical for the long-pulse plasma discharge.

The researches of the radiative divertor and the control system have been developed in a great
step. The worldwide tokamak devices, such as DIII-D[16], ASDEX-Upgrade[17,18], JET[19],
TCV[20,21], JT60U[22], etc., have realized the radiation control, the advanced divertor
configurations and the detached plasma in multiple ways, The capacity of the divertor heat load
dispersal is gradually close to the ITER necessity.

In this article, we present the achievement of the CD4 seeding in the T, 4v feedback control
experiments on EAST. The brief introduction of the EAST radiative divertor control system is in
section 2. The experimental setup and main diagnostics are stated in section 3. The control result
and the data analysis are in section 4&5, and the conclusion is in section 6.

2. The EAST radiative divertor control system

Experimental Advanced Superconducting Tokamak (EAST) is the first full superconducting
tokamak. The toroidal field coil is “D” shape, and the major and minor radius are 1.9m and 0.5m.
EAST holds the world records of the H-mode long-pulse discharge of 100s[23] and L-mode long-
pulse discharge of 400s[24]. Two groups of the divertor system are assembled: the upper divertor is
the ITER-like mono-block tungsten (W) divertor with water cooling system[25,26], and the lower
divertor is the carbon (C) divertor. The quasi-snowflake configuration and the detached plasma have
been achieved on EAST to explore the divertor heat flux mitigation ways[27,28]. EAST has 5 kinds
of auxiliary heating methods (Ohmic, LHW, NBI, ICRF and ECRH), the designed total auxiliary
input power can be up to 20MW[29]. With the higher input power and high-performance plasma
discharge, the EAST divertor faces the damages caused by the excessive heat load. The study of the
radiative divertor on EAST is not only targeted to solve the actual heat load problem, but also
provide the beneficial experiences to the radiative divertor in ITER and CFETR.

A multifunction feedback control system of the radiative divertor has been built on EAST. By
including this control system into plasma discharges, we have realized the radiation feedback
control[30,31], the divertor particle flux ([j,,) feedback control[32], the divertor surface
temperature (Tsurface, div) feedback control[33] and the T, aiv feedback control[34]. The divertor heat
load is effectively reduced by all the above control methods, also realizing the controllable partial
detachment phase. All the control methods are added into the EAST Plasma Control System (PCS)
[35-38].

In this article, we used the Tcgiv control module. The realization of the control method is
specifically described in the reference [34]. Figure 1 shows the flow chart of the CD4 Te iy control
proceeding. When the plasma goes into the Tediv control phase, EAST PCS receives the real-time
data of the Langmuir probes (LPs)[39], and calculates the T giv in a fast way[40], figure 2(b) shows



the geometric positions of the probe head. The PID controller then calculates the commands and
sends to the gas puffing devices, and the feedforward command can be set manually. The CD4 gas
can be injected in the pulse length or the pulse amplitude mode. In the pulse length mode, the gas
puffing valves work under the fixed aperture. The impurity gas is injected as a series of the
independent square pulse. In the pulse amplitude mode, the aperture of the gas puffing valves can
be continuously adjusted, so the impurity gas is continuously injected with different flow speed.

3. Experimental setup and main diagnostics

The CD4 T, aiv feedback control was operated under H-mode plasma with USN shape, the input
power is from 3 sources: the 2.45GHz LHW of about 0.8MW, the 4.6GHz LHW of about 1.6MW
and the ECRH of about 0.8MW. The plasma current [,=0.55MA, the Greenwald density ng=
8.64¢19/m’, The toroidal magnetic field Br=~2.25T, the safety factor qos = 4.8, and the parallel SOL
flow direction is upwards (B X VB l). The control command is calculated by the PI controller in
PCS, and the control parameters can be changed for each discharge.

The UO divertor gas puffing valve executes the impurity seeding in the pulse length modulation
mode: fixing the valve working voltage and adjusting the pulse length. In EAST PCS, the gas
puffing command is executed one time in each working duration. The working duration time is set
to the fixed value, and the pulse length, i.e., the duty cycle in one working duration can be adjusted
by the PID controller automatically. In this experiment, the control duration has two kinds: 0.2s and
0.4s. In such setting mode, if the gas puffing pulse length is too short or even zero, the feedback
control will enter the smaller working duration to reduce the empty time. When the pulse length is
from 0.02 to 0.18s, the control duration is 0.2s, i.e., the off time is from 0.18s to 0.02s. When the
pulse length is from 0.2s to 0.38s, the control duration is 0.4s, i.¢., the off time is from 0.2s to 0.02s,
so in both working durations, the off time is almost same. The injecting position is away from the
UO divertor corner about 12cm as shown in the figure 2(b).

Except the LPs, the following are the other main diagnostics used in the experiments. The 64-
channel AXUYV provides the real-time measurement of the radiated power, and the spatial resolution
is 3-5cm[41]. The edge plasma density profile at the midplane is detected by the EAST
reflectometer[42]. The covering frequency range is 32-110GHz, and the sample frequency is
64MHz. A fast-time-response EUV spectrometer working at 20-500A are used for observation of
line emissions from impurity ions, e.g. CV (C4+) at 40.27A, CVI (C5+) at 33.73A, and the tungsten
unresolved transition array (W-UTA) at W?7*-W*5* in 45-70A[43-45]. Figure 2(a) shows all the
above diagnostics.

In the EAST radiative divertor experiments, the neon (Ne) and argon (Ar) are widely
used[30,46]. The CDy4 is firstly used as the working medium in the control system. CDj4 is one of the
typical low-Z impurity gas, the cooling factor peak of the Carbon (C) is located at electron
temperature T, ~8eV[5]. The C atoms are completely stripped in the SOL, which means the radiated
process are mainly in the SOL. The N, is the another widely used impurity gas and beneficial to
reduce the divertor heat flux[22,47], and its cooling factor is located at Te ~10eV[5]. However, the
Li coating on the first wall [48] limits the N, application on EAST. The N» will erode the Li and
generate the unstable compound LisN, and the secondary product NH3 will also erode the metal
wall. Since the cooling factor peak value of CDj is at the same T. range with that of N3, and their
peak value are similar[5]. In this regard, CD4 is one of the best replacements of the N, on EAST.

4. Experiment results



The CD4 T, giv feedback control experiments yielded the expected result. The set level of the
UO T, aiv is 5eV, the plasma will be in partial detach phase in such level. The chosen LP probe signal
is close to the UO strike point (SP). The control period started from 4s with the feedforward CD4
pulse length of 0.5s. Figure 3 shows the control results in EAST shot #93805 and #93808. The
interval between feedforward and feedback process is about 0.2s. Shot #93808 has a higher CD4
injection amount because during the control phase, the total pulse length of CD4 injection of shot
#93808 (3.573s) is much higher than #93805 (2.727s). With the higher injection volume of CD4, the
waveform of the actual UO T, giv in the shot #93808 is more flat, the absolute error is smaller, which
shows a more stable control effect. The integration gain Gy in #93808 is adjusted much higher than
that in #93805 because the accumulate error in #93805 is big. Lifting the G; extends the single pulse
length to lower the Teqiv to 5eV, and thus in #93808 the feedback duration shows a fixed duty cycle
CDs seeding. During the feedback control, the gas puffing valve always executed the highest pulse
length command (0.38s, shown in figure 3(b)).

In the shot #93808, after the feedforward CD4 seeding, the Te, 4iv has a reduction of about 12eV
with a small oscillation at about 4.4s. At the end of the feedforward process, the Tk, 4iv rebounded to
the peak value of about 27eV at 4.8s. The feedback period started at 4.7s and restarted the CD4
injecting with the feedback control. After 4.8s, the Te, ¢iv Was lowered close to SeV and kept until
the end of the control period.

Comparing to the Ne and Ar experiments[30,31,46], in the pulse width control mode, both the
injecting volume of single CD4 pulse and the total CDj4 injecting volume during the control duration
are far beyond than those of Ne or Ar. The CD4 brought a lot of D atoms into plasma, the main
plasma density n. thus was lifted during the control phase. Figure 4(b) shows the time evolution of

the Greenwald fraction f; = Z—e At the control phase beginning, the fg is about 0.4. At the end of
G

feedback control, it was already up to 0.7, the actual n, is about 6.04¢19/m3. The increment of the
upstream plasma density influences the SOL recycling state, the Te, 4iv and the divertor electron
density ne, ¢iv thus are changed in the control period. Section 5 will analyze it. Considering about the
big injecting amount, the seeding efficiency was may degraded in the second half of the feedback
control duration and lowering the power exhaust effect, that is why at about 6.4s, the actual Tediv
was in the smallest value of about 5.3eV, and gradually lifted in a small step shown in figure 3(b).

Figure 4(a) shows the time evolution of the divertor surface temperature measured by the IR
camera. It is obvious that the Tsurface, aiv has a reduction of about 150°C during the control period and
the tendency is synchronized to the change of the Te, 4iv, Which is also an evidence for the control
effect of CD4. For the Ne and Ar, the power dispersal effect still exists in a time after the seeding
processes[31,40], while for CDy this is not observed. The time evolution of Te, div and Tsurface, div N
figure 3(b) & 4(a) suggests that the lasting effect of CDj4 is not strong. Once the injection pauses,
the divertor temperature rises soon. The radiated power shown in figure 4(b) has two peaks in the
control phase, but at the flat segment in the feedback period (about 5.5s to 7.5s), the Prq is only
about 0.3MW (lower than 20% of the input power) and has almost no change, the single CD4 effect
on the radiation actually is not strong even with such a higher amount compared to the Ne and Ar.
The big injection volume of CD4 also made a degradation on the plasma confinement. During the
control phase, the plasma stored energy had a reduction of about 30kJ, which is much higher that in
the Ne experiments[30]. It is necessary to find an effective way to keep the good plasma confinement
when implementing the CD4 Te, v feedback control.



The CDj4 injection also optimized the LHCD coupling in a few degree, which was also found
in JET CDj4 seeding experiments[49]. Figure 4(c) shows that the reflected energy of 4.6GHz LHW
was reduced, while the incident energy was kept a constant. The reduction of reflected energy means
more LHW energy were absorbed by the main plasma.

5. The SOL recycling and W-UTA intensity

In theory, the SOL recycling state are decided by the SOL thermal convection and conduction
processes[15].

In the CDj4 T, giv feedback control experiment, the time evolution of the upstream and divertor
plasma density profile are shown in figure 5. Choosing 6 time points: 4s (Feedforward start), 4.5s(in
the feedforward phase), 4.6s(the interval between feedforward and feedback period) and 3 time
points in the feedback phase (5.5s, 5.8s and 6.25s). The feedforward with high injecting volume
lifted the electron density of the upstream plasma (i.e. the main plasma) ne, profile obviously
compared to figure 5(al) & 5(bl), the upstream electron density inside the separatrix has an
appreciable increment after CD4 seeding, so the ne, profile near the separatrix has an obvious change,
but the change of the upstream plasma density at the separatrix neusep can be neglected, which was
around 1e19/m?. In the meantime, the divertor plasma density at the strike point nesp Was increased
in a factor of about 2. At 4.5s, the netsp is about 4.2¢19/m>. This increasing tendency was terminated
with the end of the feedforward impurity pulse.

Comparing to the figure 5(bl), (b2), (c1) & 5(c2), at the interval of the feedforward and
feedback phase (4.6s), without the CDj4 injection, the ne, sp dropped substantially in 0.1s. In the
feedback control phase, the divertor plasma density ne; rose again and the neisp Was almost kept a
constant of about 4.3¢19/m?, as shown in figure 5(d2), (€2)&(f2), which are higher than the neu,sep
at the same time as shown in figure 5(d1),(e1)&(f1). From figure 5(c) to figure 5(d), the feedback
control phase changed the SOL from low recycling state (at 4.6s) to the high recycling state (at 5.5s),
and kept this state until the end of the feedback control phase (figure 5(e) and figure 5(f)).

The symbol of the high recycling SOL is the influence to the ne, ¢iv and Te, giv from ne, getting
stronger[15]:

Nee X N3y (5.1)

1
Tet X n—gu (52)

The evolution in figure 5 indicates that the CDj4 injection change the SOL from low recycling state
at 4.0s into high recycling state during the feedforward injection phase. The SOL rebounded back
to low recycling state after the feedforward phase and the feedback control phase made it into high
recycling again until the end of control period.

Figure 6(a) and 6(b) shows the time evolution of T, ¢iv distribution and the saturated ion flux
Jsat on the UO divertor target at the same time points in figure 5. It should be mentioned that figure
4(d) shows the movement of the outer SP during the control phase, the Te, 4iv signal used in the
feedback control is not at the actual SP, so the T, 4iv at the SP is actually higher than the controlled
value in figure 3(b). It is obvious that the change of Te, giv distribution was synchronized to the
control process, i.e., synchronized to the CD4 pulse injections. At 4.6s, the increment of the Te div
proved that the SOL returned to low recycling state, also demonstrated that the lasting effect of the
CDy injection is limited. Once the injection stops, the Tk qiv rebounds quickly. The js.: shows a general
decline during the feedforward and feedback control phase, which is consistent with the evolutions



of the T¢, ¢iv shown in figure 6(a).

Figure 6(a) also proves that both in feedforward and feedback control phase, the Te, 4¢iv were
kept below 8eV, the plasma was into partial detachment phase. It should be mentioned that the
essential proof of the detachment phase is the momentum loss in the downstream SOL. For now, we
still have no a proper diagnostic system to measure or estimate the momentum loss for EAST SOL.
The primary goal is building a useable feedback control system to enter the detachment phase
actively, so Tk, 4iv is an appropriate controlled variable to judge whether the plasma is detached.

Figure 7 shows the time evolutions of the W-UTA intensity and carbon line emissions (CV,
CVI). The intensity of the CVI (C5+ at 33.73A) is much higher than that of the CV (C4+ at 40.27A)
during the control period. CVI represents the higher ionized state of carbon than CV. The intensity
of CVlI is far beyond than that of CV indicated that more carbon particles are stripped to the high
ionized state. Considering that the carbon radiation mainly happens in the SOL, so most of the C
atoms were in the high ionized state in the SOL. The W-UTA has a different tendency. At the control
beginning, the W-UTA bursts a lot and was up to the peak value at 4.6s. During the feedback control
phase, it has a monotonous reduction and kept a low level until the end of the control period.
Whether the feedforward CDj4 injection caused the increment of the W-UTA starting at about 4.2s
still needs to be proven by more experimental results, but the control phase lowered the Tk, giv, which
is beneficial to reduce the W sputtering.

6. Conclusion

The initial Te, 4iv feedback control by CD4 injection has got an expected result on EAST. The
Te, giv can be controlled close to 5eV by injecting a giant amount of the CD4. The CDj4 injection
caused two physical processes in the SOL: the radiated power exhaust and the lifting of the upstream
plasma ney. The Te, giv and Tsurface, div are both reduced in the feedback control period, which
demonstrated that the CD4 injection is effective to mitigate the power load on the divertor target. It
is the first time to use the low-Z impurity on EAST radiative divertor experiments. The CD4 injection
brings a lot of D atoms and thus changes the SOL recycling state. The PID parameters and set level
of the Tk, 4iv still need to optimize to get a better control result.

Acknowledgement
This work was supported by the National MCF Energy R&D Program of China, Grant No.

2018YFE0302100 and 2019YFE03030000, the U.S. Department of Energy, Office of Science,

Office of Fusion Energy Sciences under Award DE-SC0010685, the National Nature Foundation of

China, grant No. 12075285, U1867222, 11922513, 11875291, U19A20113, and the

CASHIPS Director’s Fund under Grant No. BJPY2019A01.

References

[1] M. Wischmeier, High density operation for reactor-relevant power exhaust. Journal of Nuclear
Materials, 2015, 463:22-29

[2] P. C. Stangeby, G. M. McCracken. Plasma boundary phenomena in tokamaks. Nuclear Fusion,
1990, 30(7): 1225-1379

[3] M. Warrier, R. Scheider, et al. Subroutines for some plasma surface interaction processes:
physical sputtering, chemical erosion, radiation enhanced sublimation, backscattering and
thermal evaporation. Computer Physics Communications, 2004, 160(1): 46-68

[4] C. Giroud, G. Maddison, et al. Integration of a radiative divertor for heat load control into JET



high triangularity ELMy H-mode plasmas. Nuclear Fusion, 2012, 52: 063022
[5] A. Kallenbach, M. Bernert, et al. Impurity seeding for tokamak power exhaust: from present
devices via ITER to DEMO. Plasma Physics and Controlled Fusion, 2013, 55(12): 124041
[6] A Fil, B Lipschultz, et al. Separating the roles of magnetic topology and neutral trapping in
modifying the detachment threshold for TCV, Plasma Physics and Control Fusion, 2020, 62(3):
035008
[7] H. Y. Guo, D. N. Hill, et al. Developing and validating advanced divertor solutions on DIII-D
for next-step fusion devices. Nuclear Fusion, 2016, 56(12): 126010
[8] D. D. Ryutov. Geometrical properties of a “snowflake” divertor. Physics of Plasmas, 2007, 14(6):
064502
[9] P. M. Valanju, M. Kotschenreuther, et al. Super-X divertors and high power density fusion
devices. Physics of Plasmas, 2009, 16(5): 056110
[10] A. Loarte, J. W. Hughes, et al. High confinement/high radiated power H-mode experiments in
Alcator C-Mod and consequences for International Thermonuclear Experimental Reactor
(ITER) QDT = 10 operation. Physics of Plasmas, 2011, 18(5): 056105
[11] A. Kallenbach, M. Bernert, et al. Optimized tokamak power exhaust with double radiative
feedback in ASDEX Upgrade. Nuclear Fusion, 2012, 52(12): 122003
[12] M. Wischmeier, et al. High density operation for reactor-relevant power exhaust, Journal of
Nuclear Materials, 2015, 463: 22-29
[13] P. C. Stangeby. Can detached divertor plasmas be explained as self-sustained gas targets?.
Nuclear Fusion, 1993, 33(11)1695-1705
[14] A. Loarte, R. D. Monk, et al. Plasma detachment in JET Mark I divertor experiments. Nuclear
Fusion, 1998, 38(3): 331-371
[15] C. S. Pitcher, P. C. Stangeby. Experimental divertor physics. Plasma Physics and Control Fusion,
1997, 39(6): 779-930
[16] T. W. Petrie, D. N. Hill, et al. Radiative divertor experiments in DIII-D with D2 injection.
Nuclear Fusion, 1997, 37(3): 321-338
[17] A. Kallenbach, M. Bernert, et al. Partial detachment of high power discharges in ASDEX
Upgrade. Nuclear Fusion, 2015, 55(5): 053026
[18] A. Kallenbach, R. Dux, et al. H mode discharges with feedback controlled radiative boundary
in the ASDEX Upgrade tokamak. Nuclear Fusion, 1995, 35(10): 1231-1246
[19] A. Loarte, R. D. Monk, et al. Plasma detachment in JET Mark I divertor experiments. Nuclear
Fusion, 1998, 38(3): 331-371
[20] H. Reimerdes, G. P. Canal, et al. Experimental investigation of neon seeding in the snowflake
configuration in TCV. Journal of Nuclear Materials, 2015, 463: 1196-1199
[21] K. Verhaegh, B. Lipschultz, et al. An improved understanding of the roles of atomic processes
and power balance in divertor target ion current loss during detachment. Nuclear Fusion, 2019,
59(12): 126038
[22] N. Asakura, T. Nakano, et al. Investigations of impurity seeding and radiation control for long-
pulse and high-density H-mode plasmas in JT-60U. Nuclear Fusion, 2009, 49(11): 115010
[23] L. Wang, H. Y. Guo, et al. Advances in plasma—wall interaction control for H-mode operation
over 100 s with ITER-like tungsten divertor on EAST [J]. Nuclear Fusion, 2019, 59(8): 086036
[24] H. Y. Guo, J. Li, et al. Approaches towards long-pulse divertor operations on EAST by active
control of plasma—wall interactions. Nuclear Fusion, 2014, 54(1): 013002



[25] X. L. Wang, G-N. Luo, et al. R&D of a strain monitoring system for the EAST tungsten divertor.
Nuclear Materials and Energy, 2019, 19: 498-502

[26] L. Li, D. M. Yao, et al. Optimization of the Water-Cooled Structure for the Divertor Plates in
EAST Based on an Orthogonal Theory. Plasma Science and Technology, 2015, 17(5): 435-440

[27] G. Calabro, B. J. Xiao, et al. EAST alternative magnetic configurations: modelling and first
experiments[J]. Nuclear Fusion, 2015, 55(8): 083005

[28] J. B. Liu, L. Wang, et al. Divertor detachment and asymmetry in H-mode operation with an
ITER-like tungsten divertor in EAST. Nuclear Fusion, 2019, 59(12): 126046

[29] B. N. Wan, H. Q. Wang, et al. Dynamics of L—H transition and I-phase in EAST. Nuclear Fusion,
2015, 54(10): 104015

[30] K. Wu, Q. P. Yuan, et al. Achievement of radiative feedback control for long-pulse operation
on EAST. Nuclear Fusion, 2018, 58(5): 056019

[31] G. S. Xu, Q. P. Yuan, et al. Divertor impurity seeding with a new feedback control scheme for
maintaining good core confinement in grassy-ELM H-mode regime with tungsten mono-block
divertor in EAST[J]. Nuclear Fusion, 2020, 60(8): 086001

[32] Q. P. Yuan, K. Wu, et al. The first implementation of active detachment feedback control in
EAST PCS. Fusion Engineering and Design, 2020, 154: 111557

[33] M. W. Chen, X. Z. Gong, et al. Detachment plasma achieved based on active temperature
feedback system in EAST, Nuclear Fusion, 2020, 60(7): 076009

[34] D. Eldon, et al. An analysis of controlled detachment by seeding various impurity species in
high performance scenarios on DIII-D and EAST, Nucl. Mater. Energy, 2021, 27: 100963

[35] Q. P. Yuan, B. J. Xiao, et al. Performance Enhancements in the EAST Digital Plasma Control
System. Plasma Science and Technology, 2009, 11(6): 734-738

[36] Q. P. Yuan, B. J. Xiao, et al. Implementation of Gas Control Algorithm in EAST PCS. Plasma
Science and Technology, 2009, 11(2): 231-235

[37] Q. P. Yuan, B. J. Xiao, et al. Plasma current, position and shape feedback control on EAST.
Nuclear Fusion, 2013, 53(4): 043009

[38] Q. P. Yuan, J. Y. Tang, B. Penaflor, R. Johnson, K. Wu, et al. Upgrade of EAST plasma control
system for steady-state advanced operation. Fusion Engineering and Design, 2018, 129: 109-
114

[39]J. C. Xu, L. Wang, et al. Upgrade of Langmuir probe diagnostic in ITER-like tungsten mono-
block divertor on experimental advanced superconducting tokamak. Review of Scientific
Instruments, 2016, 87(8): 083504

[40] Y. W. Qin. Improved treatment of triple-probe data for determination of electron temperature[J].
Review of Scientific Instruments, 2005, 76(11): 116102

[41] Y. M. Duan, Q. L. Hu, et al. Radiation distribution and energy loss during ELM in EAST.
Journal of Nuclear Materials, 2013, 438: S338-S341

[42] Y. M. Wang, et al. Development of the quasi-optical combiner systems for density profile
reflectometers on the EAST tokamak. Fusion Engineering and Design, 2019, 148: 111286

[43] L. Zhang, S. Morita, et al. A fast-time-response extreme ultraviolet spectrometer for
measurement of impurity line emissions in the Experimental Advanced Superconducting
Tokamak. Review of Scientific Instruments, 2015, 86(12): 123509

[44] L. Zhang, S. Morita, Z.W. Wu et al., A space-resolved ultraviolet spectrometer for radial profile
measurement of tungsten ions in the EAST, Nuclear Inst. and Methods in Physics Research, A



916 (2019) 169-178

[45] L. Zhang, S. Morita, X.D. Yang et al., Suppression of tungsten accumulation during ELMy H-
mode by lower hybrid wave heating in the EAST tokamak, Nucl. Mater. Energy 12(2017) 774-
778

[46] J. B. Chen, Y. M. Duan, et al. Radiative divertor behavior and physics in Ar seeded plasma on
EAST. Chinese Physics B, 2017, 26(9): 095205

[47] A. Kallenbach, M. Balden, et al. Plasma surface interactions in impurity seeded plasmas.
Journal of Nuclear Materials, 2011, 415(1): S19-S26

[48] G. Z. Zuo, J. S. Hu, et al. Primary Results of Lithium Coating for the Improvement of Plasma
Performance in EAST. Plasma Science and Technology, 2010, 12(6): 646-650

[49] G. F. Matthews, S. K. Erents, et al. The effect of CD4 puffing on the peripheral scrape-off layer
in JET. Plasma Physics and Controlled Fusion, 2002, 44(6): 689-699

Langmiur probe
measurement

PCS 1

Plasma discharge Open the Control A
start mode o

T v real time
cal culation

] St = T g Te g et | PID operation

eedForward
command

Feedba

Current time >control
duration end time?

Command output
command

|
|
I
=

N S —

Gas puffing
valves
CD: Injection

Figure 1. The flow chart of the CD4 Te4iv feedback control proceeding.
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Figure 2. The main diagnostics in CD4 T¢, giv feedback control experiments. (a) Including the AXUV
array (blue lines, total 64 channels, not shown completely), the view line of the reflectometry (purple
line), the EUV viewing range (between red lines); (b) The positions of the UO divertor Langmuir
Probes (red spots) and Gas puffing position (green line).
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Figure 3. The CD4 T¢, 4iv feedback control results in EAST shot#93805 and #93808. The T., gy target
value is 5eV (red line). The control period started at 4.0s with the feedforward (FF) injection. After
the feedforward injection, the CD4 injections were operated by feedback (FB) control. The y-axis
of the CD4 waveform is the working voltage of the gas puffing valve, unit: V.
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Figure 4. The control period in shot#93808. (a) The UO divertor target plate surface temperature
measured by the IR camera; (b) The time evolution of the Greenwald fraction (red line) and the total



radiated power(black line); (c) The incident power of the 4.6GHz LHW (black line) and the reflex
power of the 4.6GHz LHW (red line); (d) The time evolution of the UO strike point position (line
with spots) and the gas puffing position (orange line).
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Figure 5. The upstream plasma density n., (red triangles) and the divertor plasma density n. (black
triangles) profiles near the separatrix and the upper outer strike point (UO SP) at different time
points and their fitting curves. (al)&(a2): 4s (Feedforward start), (b1)&(b2): 4.5s(in the feedforward
phase), (c1)&(c2): 4.6s(the interval between feedforward and feedback period) and 3 time points in
the feedback phase: 5.5s (d1)&(d2), 5.8s (el1)&(e2) and 6.25s(f1)&(f2).
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Figure 6. (a)The divertor electron temperature Te, 4iv profile outside the strike point on the UO

divertor measured by the Langmuir Probes and the relative fitting curves at the different time points.
(b)The divertor saturated ion flow jsi profile outside the strike point on the UO divertor measured
by the Langmuir Probes and the relative fitting curves at the different time points. The time points
in figure 6(a)&6(b) are consistent with the time points in figure 5.
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Figure 7. The time evolutions of the W-UTA, CVI and CV line emissions and the UO Tk, 4iv during

the control period. The y-axis of the CD4 waveform is the working voltage of the gas puffing valve,
unit: V.



