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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, div) is well controlled to achieve the partial detachment phase. 

The first trial of the CD4 seeding for the Te, div reduction has been achieved on EAST long-pulse 

discharge. In the seeding phase, the Te, div was maintained close to 5eV, and the surface temperature 

of the target plate (Tsurface, div) had a reduction of about 150℃. 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 CD4 injection also mitigated the low hybrid wave (LHW) coupling rate in some 

degree. The big volume of the CD4 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 Te, div, 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/m2, 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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Ptar= Psep-Prad SOL(1.1) 

Here the Ptar is the power load on the divertor target, Psep 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 (Te, div) 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 Ptar 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 Te, div 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 ( Γ𝑖𝑜𝑛 ) feedback control[32], the divertor surface 

temperature (Tsurface, div) feedback control[33] and the Te, div 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 Te,div 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,div control 

proceeding. When the plasma goes into the Te,div control phase, EAST PCS receives the real-time 

data of the Langmuir probes (LPs)[39], and calculates the Te,div 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 Te, div 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 Ip=0.55MA, the Greenwald density nG≈

8.64e19/m3, The toroidal magnetic field BT≈2.25T, the safety factor q95≈4.8, and the parallel SOL 

flow direction is upwards (𝐵 × ∇𝐵 ↓). 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.e., 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 AXUV 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 20-500Å 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 W27+-W45+ in 45-70Å[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 CD4 is firstly used as the working medium in the control system. CD4 is one of the 

typical low-Z impurity gas, the cooling factor peak of the Carbon (C) is located at electron 

temperature Te ~8eV[5]. The C atoms are completely stripped in the SOL, which means the radiated 

process are mainly in the SOL. The N2 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 N2 application on EAST. The N2 will erode the Li and 

generate the unstable compound Li3N, and the secondary product NH3 will also erode the metal 

wall. Since the cooling factor peak value of CD4 is at the same Te range with that of N2, and their 

peak value are similar[5]. In this regard, CD4 is one of the best replacements of the N2 on EAST. 

 

4. Experiment results 



The CD4 Te, div feedback control experiments yielded the expected result. The set level of the 

UO Te, div 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 Te, div in the shot #93808 is more flat, the absolute error is smaller, which 

shows a more stable control effect. The integration gain GI in #93808 is adjusted much higher than 

that in #93805 because the accumulate error in #93805 is big. Lifting the GI extends the single pulse 

length to lower the Te,div to 5eV, and thus in #93808 the feedback duration shows a fixed duty cycle 

CD4 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, div has a reduction of about 12eV 

with a small oscillation at about 4.4s. At the end of the feedforward process, the Te, div 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, div was lowered close to 5eV 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 CD4 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 ne thus was lifted during the control phase. Figure 4(b) shows the time evolution of 

the Greenwald fraction 𝑓𝐺 =  
𝑛𝑒

𝑛𝐺
. At the control phase beginning, the fG is about 0.4. At the end of 

feedback control, it was already up to 0.7, the actual ne is about 6.04e19/m3. The increment of the 

upstream plasma density influences the SOL recycling state, the Te, div and the divertor electron 

density ne, div 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 Te,div 

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, div has a reduction of about 150℃ during the control period and 

the tendency is synchronized to the change of the Te, div, 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 CD4 this is not observed. The time evolution of Te, div and Tsurface, div in 

figure 3(b) & 4(a) suggests that the lasting effect of CD4 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 Prad 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, div feedback control. 



The CD4 injection also optimized the LHCD coupling in a few degree, which was also found 

in JET CD4 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 CD4 Te, div 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) neu profile obviously 

compared to figure 5(a1) & 5(b1), the upstream electron density inside the separatrix has an 

appreciable increment after CD4 seeding, so the neu profile near the separatrix has an obvious change, 

but the change of the upstream plasma density at the separatrix neu,sep can be neglected, which was 

around 1e19/m3. In the meantime, the divertor plasma density at the strike point net,sp was increased 

in a factor of about 2. At 4.5s, the net,sp is about 4.2e19/m3. This increasing tendency was terminated 

with the end of the feedforward impurity pulse.  

Comparing to the figure 5(b1), (b2), (c1) & 5(c2), at the interval of the feedforward and 

feedback phase (4.6s), without the CD4 injection, the net, sp dropped substantially in 0.1s. In the 

feedback control phase, the divertor plasma density net rose again and the net,sp was almost kept a 

constant of about 4.3e19/m3, as shown in figure 5(d2), (e2)&(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, div and Te, div from neu getting 

stronger[15]: 

𝑛𝑒𝑡  ∝  𝑛𝑒𝑢
3  (5.1) 

𝑇𝑒𝑡  ∝  
1

𝑛𝑒𝑢
2  (5.2) 

The evolution in figure 5 indicates that the CD4 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 Te, div 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, div signal used in the 

feedback control is not at the actual SP, so the Te, div at the SP is actually higher than the controlled 

value in figure 3(b). It is obvious that the change of Te, div 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 

CD4 injection is limited. Once the injection stops, the Te,div rebounds quickly. The jsat shows a general 

decline during the feedforward and feedback control phase, which is consistent with the evolutions 



of the Te, div shown in figure 6(a). 

Figure 6(a) also proves that both in feedforward and feedback control phase, the Te, div 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 Te, div 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 CVI 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 CD4 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 Te, div, which 

is beneficial to reduce the W sputtering.  

 

6. Conclusion 

The initial Te, div feedback control by CD4 injection has got an expected result on EAST. The 

Te, div can be controlled close to 5eV by injecting a giant amount of the CD4. The CD4 injection 

caused two physical processes in the SOL: the radiated power exhaust and the lifting of the upstream 

plasma neu. The Te, div 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 Te, div still need to optimize to get a better control result. 
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Figure 1. The flow chart of the CD4 Te,div feedback control proceeding. 

 

 



Figure 2. The main diagnostics in CD4 Te, div 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). 



Figure 3. The CD4 Te, div feedback control results in EAST shot#93805 and #93808. The Te, div 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. 

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). 

 

Figure 5. The upstream plasma density ne,u (red triangles) and the divertor plasma density ne,t (black 

triangles) profiles near the separatrix and the upper outer strike point (UO SP) at different time 

points and their fitting curves. (a1)&(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 (e1)&(e2) and 6.25s(f1)&(f2). 

 

 

 

 

 

 

 



 

Figure 6. (a)The divertor electron temperature Te, div 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 jsat 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. 

 



Figure 7. The time evolutions of the W-UTA, CVI and CV line emissions and the UO Te, div during 

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

unit: V. 

 

 

 


