
Operational domain of the GOLEM tokamak 

Vojtech Svoboda1, Maya Zhekova2, Sergey Kireev, Miglena Dimitrova3,6 , Plamena Marinova6,  ,Ales Podolník3, Jan Stockel3, 
1Faculty of Nuclear Physics and Physical Engineering CTU, Prague, Czech Republic

Acad. E. Djakov Institute of Electronics, Bulgarian Academy of Sciences, Sofia, Bulgaria
3Institute of Plasma Physics, AS CR, Za Slovankou 3, 182 00 Prague, Czech Republic

Scientific and Production Enterprise "Melitta", Ltd
stockel@ipp.cas.cz
Abstract. The GOLEM tokamak was operated remotely via Internet connection during the 8th International Workshop and Summer School on Plasma Physics, Kiten, (Bulgaria) from which of about 40 discharges in Hydrogen was executed with the aim to specify the operational domain of the GOLEM tokamak. Additional experimental data were achieved by remote operation 2 week later, when better conditioning of the vacuum vessel of the GOLEM tokamak was performed. Results of both experimental sessions are compared, and optimum operational conditions for majority of key plasma parameters were determined. 
1.   Introduction

Remote operation of the GOLEM tokamak, located at the Czech Technical University in Prague, was performed on-line by participants of the 8th International Workshop and Summer School on Plasma Physics in Kiten, Bulgaria. Of about 40 discharges were executed with the aim to determine operational domain of the GOLEM tokamak. However, after preliminary data processing, it was found that status of the tokamak vessel was not ideal. Therefore, it was decided to organize the second remote session 2 week later with the same aim. Before the second session, the tokamak vessel was carefully conditioned by inductive heating up to 200o, and by cleaning glow discharge in Helium to remove impurities adsorbed on first wall elements. In the following text, the first experimental session is referred as “dirty”, while the second session as “clean”. Plasma performance on the GOLEM tokamak in the both vessel condition is compared and presented in this paper. 
The GOLEM tokamak together with its state-of-the-art remote handling system are briefly described in Section 2. Experimental results are presented in Section 3.

2.   The GOLEM tokamak

2.1 Description and characteristics

The GOLEM tokamak is operational at the Faculty of Nuclear Physics and Physical Engineering (FNPPE), Czech Technical University in Prague [1]. GOLEM is a small tokamak which was constructed at the end of 1950's at the Kurchatov Institute, Moscow as TM-1. The tokamak was moved to the Institute of Plasma Physics in Prague in 1977 and re-named CASTOR [2]. After 30 years of operation, the tokamak was given to the FNPPE for education of students and re-baptized as GOLEM. 

The GOLEM tokamak has a circular cross section. The major/minor radii of the tokamak vessel are R0 = 0.4 m, b= 0.1 m. The stainless steel vessel is equipped with a poloidal limiter (made of Molybdenum) of radius a = 0.085 m. The power supplies of individual windings are based on several condenser banks. In this contribution, we perform GOLEM operation in the very basic mode, and only two condenser banks are exploited to supply the toroidal field coils and primary winding of the iron core transformer. 

The tokamak is equipped by a set of basic diagnostics, which measure the loop voltage, plasma current, toroidal magnetic field, and visible emission. GOLEM is also equipped with Mirnov coils, a visible spectrometer, the microwave interferometer, HXR sensor, an array of bolometers, a fast camera for time resolved pictures of the visible emission, etc....

Engineering and plasma parameters, which can be achieved on GOLEM are quite modest. The tokamak operates at maximum toroidal magnetic field of up to 0.5 T, the plasma current less than 8 kA. The central electron temperature is less than 100 eV, the maximum line average density ~ 1019 m-3, and the maximum pulse length is around 20 ms.

2.2 Remote handling of the GOLEM tokamak

A unique capability of the GOLEM tokamak is that it can be operated remotely via Internet [3]. Once agreed with the chief operator, the users connect to the web page displaying the remote control room of GOLEM, which is displayed as print screen in Figure 1.
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Figure 1. Virtual control room of the Golem tokamak used for remote operation.

It is seen in the figure that just six "knobs" used to operate the tokamak in a basic mode. Participants pre-select charging voltage of the condenser banks for powering the toroidal field coils (UB) and the primary winding of the transformer (UCD). Then, the time delay between trigger pulses of UB and UCD is also pre-selected (tCD). Furthermore, the working gas (Hydrogen or Helium) and its filling pressure (pWG) are chosen. One can also select the type of pre-ionization (microwave or electron gun). The selected discharge is commented and placed into the queue. Once the discharge is executed, the experimental results in form of temporal evolutions of basic plasma parameters, as well as resulting data files are available, when the option "Results" is selected on the yellow banner of the screen. Other most important options seen on the yellow banner in figure 1: Queue – position of the discharge to be executed, Live – views by web cameras of the torus hall and through a glass window into the tokamak vessel.

3.   Experimental results

This remote operation of GOLEM is focused on defining the operation domain of the GOLEM tokamak. We have fixed the charging voltage toroidal magnetic field at UB = 1100 V, which generates sinusoidal waveform of the toroidal magnetic field with the maximum Bt = 0,5 T at t = 25 ms. Furthermore, the time delay between triggering the condenser banks UB and UCD is also fixed to t = 0 ms. This means that both the main power supplies are switched on at the same time. The working has is Hydrogen, and its pre-ionization by an electron gun is kept ON. The temporal evolution of a typical discharge is plotted in figure 2.
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Figure 2. Temporal evolution of the discharge #27640, p = ?? mPa, UCD = ?? V – “clean”vessel.
The left panel displays evolutions of three basic quantities measured during every discharge, The loop voltage, plasma current, and the toroidal magnetic field. From these data, the duration of the discharge Tdischcharge, the breakdown voltage of the working gas Ubreakdown, and the value of the toroidal magnetic field at the breakdown are automatically determined. Plots in the right panel of figure 2 show quantities derived automatically from the basic diagnostics: the electron temperature Te (derived from plasma conductivity according Spitzer formula), the ohmic heating power POH = Uloop*Ip, and the edge safety factor q(a). All that data are stored in the GOLEM database and are free available for any GOLEM discharge at http://golem.fjfi.cvut.cz/shots/# shot number/.
Subsequently, of about 80 discharges were executed during the both remote sessions by scanning the pressure of the working gas in the range of 10 – 30 mPa, and the charging voltage of the condenser bank of the primary winging of the tokamak transformer in the range of 250 – 550 V. 

We search the optimum values of above mentioned quantities, such as the voltage required for breakdown of the working gas, duration of the discharge, maximum of the electron temperature, …. To characterize plasma performance and determine the operational domain of the GOLEM tokamak
3.1 Breakdown voltage
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Figure 2. 2D plot of the breakdown loop voltage at different pressures and charging voltages U_CD. Left – clean vessel, Right – “dirty” vessel Ales – please use the same scales
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Figure 3. 2D plot of the toroidal magnetic field at breakdown at different pressures and charging voltages U_CD. Left – clean vessel, Right – “dirty” vessel Ales – please use the same scales
3.2  Electron temperature
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Figure 4. 2D plot of the electron temperature at different pressures and charging voltages U_CD. Ales – please use the same scales
3.2  Discharge duration

4.   Conclusions
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Figure ??. Comparison of plasma performance with “dirty vessel” (#27461) and “clean vessel” (#276019). Plamena, please remove density
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