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** SUNIST Laboratory, Institute of Physics, Chinese Academy of Sciences, Beijing 100080, P.R.China] 

By adding a turn-off circuit to the switch of the ohmic field main circuit, three Silicon Controlled Rectifiers (SCR) connected in parallel, will be turned off. Then the current in coil is discharge to fly-wheel diode branch with a 0.1Ohm, connected in series. The ohmic field decays at a smaller L/R time constant of 6ms than 30ms before modification. The test discharge of modified power supply is assisted by a 2.45GHz/1kW microwave pre-ionization for lower breakdown loop voltage. Results of the test showed the further modification is necessary for suitable ramp up rate of plasma current.
In the preliminary experiments, 2.45GHz/60kW ECW on SUNIST can only startup a spike current with very short time duration (500A/0.3ms). The lack of density control was one of the reasons supposed to be responsible for the spike current driven. This year, we have taken most efforts to reduce background gas pressure and improve wall condition. First, a CRYO-PLEX 8LP high vacuum cryogenic pump was installed in SUNIST, lowering the background pressure from greater than 1×10-4 Pa to 5-8×10-5 Pa when operating with discharges. Second, the gas puffing valve was moved to the top of the device, direct to the vacuum chamber without long-slim-pipe, results in a notable shortening of puffing pulse from 8ms to 2ms and gas-filling latency from 30ms to 3ms. Third, the chamber wall was siliconized through a 30 minutes SiH4+He dc glow discharge. The duration of ECCS current has been promoted to 2ms. 
There’re possibilities for improving ECCS results still. The microwave was badly coupled to the plasmas until now. Large ratio of microwave power was reflected after production of plasma current and the ECCS current is decreasing from the start peak rapidly. This situation made us difficult to analyze the effect of electrode assistant discharge to ECCS current. So, reform of the microwave launch system will be the next step of SUNIST ECCD program.


I Introduction to SUNIST

SUNIST spherical tokamak
The mission of this program is to explore the spherical torus plasma on the SUNIST spherical tokamak [Fig.1], including discharge character exploration, edge plasma characteristic research, turbulence research, and plasma current startup and sustain without solenoid. 

The parameters of SUNIST device are as following:
major radius			R		0.3  	m
minor radius			a		~ 0.23 	m
aspect ratio			A 		~ 1.3
Elongation					~ 1.6
toroidal field at R0		BT0		~ 0.15	T
Plasma current			IP 		0.05		MA
flux swing					0.06		Vs


[image: 真空室-分解图BW]
Fig. 1. SUNIST spherical tokamak device						Fig, 2. SUNIST vacuum vessel

The machine assembling has been completed in November 2002. The leak rate of cross seal was less than 210 -7 Pa·m3/s. Test discharge of SUNIST was completed at the end of 2002 and the plasma with ~ 50 kA of current was gotten. A series of experiments has been taken for edge plasma parameters, fluctuation and turbulence before and after power supply modification. Improvement of equilibrium quality decreased fluctuation level of edge plasma.

The SUNIST vacuum vessel consists of outer shells with 6 mm of thickness and 0.5 mm thickness of central column. A viton cross seal ring, between two half outer shells, and central post, provides vacuum sealing and the electrical break along toroidal and poloidal directions (Fig. 2) for interrupting one of the eddy current during breakdown. 
Main parameters of SUNIST magnets and power supplies are listed in table I. 

	system
	IMAX kA
	VMAX V
	L /R 
H /m
	C bank

	toroidal
	10
	200
	521/5.3
	2.56F/400V

	ohmic
	13
	4700
	532/18.3
	3.4mF/5kV

	equilibrium
	2
	2000/200
	697/15.5
	1mF/2kV, 0.1F/250V

	microwave
	23A
	25000
	
	125F/25kV


Table 1. Main parameters of SUNIST magnets and power supplies

Power supplies, diagnostics and other systems in SUNIST, limited by budget, were considered as simply as possible. Following the successful test operation, upgrades of the peripheral system and the improvement of operation become more important.

Fig. 3 experiment arrangement on SUNIST

SUNIST Laboratory
	SUNIST program was originated by Institute of Physics, Chinese Academy Sciences in 1999, implemented and supported by Department of Engineering Physics, Tsinghua University together. The SUNIST Laboratory has been established in 2004. Laboratory consists of Department of Engineering Physics, Tsinghua University and Institute of Physics, Chinese Academy of Sciences and clasps with two professional institutes for fusion research, Institute of Plasma Physics, Chinese Academy of Sciences and Southwestern Institute of Physics.

II Recent experiments

Double swing ohmic discharge
	A simple circuit (Fig. 4.) contains the minimum components was used in the original power supply of the ohmic field magnet of SUNIST. Obviously, the discharge waveform of the coil current is uncontrollable in this circuit, then the plasma current. The duration of the plasma current can not be maintained (Fig. 5.), also.
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Fig. 4. The original circuit of the ohmic field magnet of SUNIST
  
Fig. 5. Typical discharge waveform with initial ohmic field circuit
	In order to obtain longer duration of ohmic discharge plasma current, a feasible way is double swing discharge which inducing plasma current in the ramp down edge of the ohmic field. Then decrease of the time constant (L/R) of the fly-wheel loop of the ohmic field coil to get appropriate ramp down rate is needed.
In year 2006, we have made some modifications (Fig. 6.) for decreasing the time constant. First, a special circuit was parallel connected to the switch (SCR), to turn off the switch when ohmic field achieved its maximum value. Second, a resistor with 0.2 Ohm was connected in series into the fly-wheel loop of the ohmic field coil, to decrease the time constant, and increase the ramp down rate.
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Fig. 6. Modified circuit of the power supply of ohmic field magnet of SUNIST
	The values of the turn off circuit and the resistor were determined as follows. 
The capacitance of the capacitor (C’) in the turn off circuit must be large enough to provide the electric charge needed to turn off the SCR. But it was not the larger, the better, because that the current might flow through it heavily creating an unwanted channel for the current if its capacitance was too large. In SUNIST, the ohmic field worked at 10kA, the time needed to completely turn off the SCR was about 50us, and the maximum charged voltage of the capacitor in the turn off circuit was 2kV. The capacitance was then

.
The value was multiplied by a factor of 2 to make reliable turning off.
	The inductor (L’) in the turn off circuit limited the current ramp up rate, preventing damage to the SCRs. It was calculated by

.
	The resistor (R) in the fly-wheel circuit was to increase the ramp down rate after the switch turned off. Its resistance was selected to generate an appropriate loop voltage in ramping down. According to previous experiments results, loop voltage ensuring breakdown in SUNIST was about 8V. From the mutual inductance (M) of the ohmic field coil to plasma current loop and the self inductance of the ohmic field coil (L), one obtained the value

.
	The modified circuit was tested many times. A typical discharge waveform is shown in Fig. 7. With less than 10kA ohmic field current, a plasma current of about 20kA was obtained with a short but obvious flat top. 

Fig. 7. A typical discharge waveform using modified ohmic field circuit
The results showed that the efficiency was rather good compared to results of discharges before modification. And, more attractively, the flat top in the plasma current waveform suggested a good prospect that if the loop voltage could be kept at such a low level, the plasma current might be maintained even longer. In fact, this will be the next step of the double swing ohmic discharge experiment. The modification yet made a ramp down edge discharge, not a real double swing discharge. On top of the previous modification, an additional capacitors bank will be added to reverse the current of ohmic field coil when it is going to be zero. The reversed current will continue ramping down for certain time duration, keeping the loop voltage and then the plasma current (Fig. 8.)
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)Fig. 8. Future improvement of the power supply circuit for double swing ohmic discharges and its expected waveform

ECR wave current startup
	In preliminary experiments, the background pressure of vacuum vessel increased from less than 110-4 Pascal up to a balanced value, ~ 310-4 Pascal. Driven plasma current decreased with the increase of background pressure just like to scan fuelling gas to higher pressure. It is necessary to control wall condition for further experiments.
More attention was taken to the wall conditioning this year. First, a cryogenic pump was installed on SUNIST, lowering the operational background gas pressure from 110-4 Pa to 510-5 Pa; second, the piezoelectricity valve was move on to the top of the vacuum vessel, shortening both the needed width of gas puffing pulse and the gas filling latency (Fig. 9.); third, the vacuum vessel wall was siliconized by SiH4 + He dc glow discharge for about 30 minutes. Through these three steps, we supposed that the wall condition, which might cause difficulties of microwave coupling in preliminary experiments, could be largely improved.
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Fig. 9. The time scale of gas puffing pulse and RF power pulse before (left) and after (right) movement of the piezoelectricity valve
The toroidal field, from 200 to 1000 Gauss, has been selected to locate resonant layers in the appointed position inside plasma. A small vertical field applies during microwave power pulse for driving toroidal plasma current by electron drift effect. A piezoelectricity valve supplies working gas pulse into vacuum vessel with the < 110-5 Pascal of background pressure to keep above 510-3 Pascal of hydrogen pressure during microwave power applied on. Microwave output power has kept around 20 kW because we could not improve plasma current quality any more from higher power injected. One typical discharge is shown in figure 10. Plasma light signal extends as long as microwave power applied on usually, but plasma current is just a peak with ~ hundred microsecond of bottom width. As long as the vertical field goes to be lower than a certain value, usually a group of plasma current peaks could be observed during microwave injected, showing in last half of time scale of figure 10, accompanying with a group of plasma lighting signals. 

Fig. 10. Typical discharge of ECR current startup
	We have also tested the inductive current startup by vertical field only, without of central solenoid (Fig. 11). The result didn’t show good prospects of this discharge mode.

Fig. 11. Inductive current startup by vertical field with microwave assistance
Figure 12 shows driven plasma current changed as vertical field, which is an evidence to drive net toroidal plasma current by vertical field drift effect in ECR plasma. The scattering higher IP data relate to the wall condition.
[image: BvIp模拟5-反向]
Fig. 12. Plasma current vs vertical field

ECR wave startup with electrode discharge assistance
	We have tried to apply a voltage between a pair of electrodes located on top and bottom respectively and scanning the electrode voltage, and changing the voltage direction. Preliminary results have shown plasma current could increase above 10% (Fig. 13) in common direction of two kinds of driven mechanism; contrarily, plasma current would be counteracted more obviously (Fig. 14). But just in counter-direction electrode discharge we can observe the electrode current.
[image: 电极辅助正作用（不加电极）放大2]
（A）
[image: 电极辅助正作用（加电极）放大2]
（B）
Fig. 13 ECR current startup with electrode discharge assistant in common direction, A and B without/with electrode discharge

	Usually, the electrode current is limited by ion saturation current and exists in same pulse duration with ECR plasma current. We obtained one special discharge that the current of plasma and electrode is cutoff with the same time scale of injected wave (Fig. 15).
[image: 电极辅助反作用（不加电极）放大2]
（A）
[image: 电极辅助反作用（加电极）放大2]
（B）
Fig. 14 ECR current startup with electrode discharge assistant in counter direction, A and B without/with electrode discharge
[image: 唯一的一次大电极电流放大]
Fig. 15 special discharge of ECR current startup with electrode assistance

III	Remained questions
	For future design of double swing ohmic discharge experiments, two or three new SCRs will be added into the circuit of power supply to provide a continuous ramp down current. All of them are needed to be turned off during the discharge process. Then two or three turn off circuit must be included too. They must increase the complexity but lower the reliability of the experiments.
	For electron cyclotron wave current startup experiments, besides the wave coupling efficiency, there may be a more important role taken by the magnetic field geometry. For example, in CDX-U, if an appropriate field geometry exists, even with only an unterminated waveguide, a good current drive efficiency of 1kA/8kW could be obtained. In contrary, in LATE device, it seems that more efforts in transmission of microwave were taken to overcome the insufficiency of positive curvature of the field lines.
The discharge shown in Fig. 15 suggests that there is a discharge regime with no density cut off problem in ECR current startup with electrode discharge assistance. The question is how to find it and to develop it from occasional event to reproducible. There were few special discharges in ECR current startup with electrode assist on CT-6B tokamak. The currents of both electrode and plasma extend over injected wave. Their comment is that would be the arc phenomena, which should be avoided. But from the ratio between plasma and electrode current, it is consistent with plasma current driven mechanism by electrode discharge.
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