Progress report on the project
IAEA CRP F1.30.14.17116/R0:  “Use of a Small Tokamak GOLEM as a test bed for application of High Temperature Superconductors in Fusion Devices”

Performed in the frame of the IAEA Coordinated Research Project (CRP) "Utilisation of a Network of Small Magnetic Confinement Fusion Devices for Mainstream Fusion Research".

Responsible investigator: Vojtech Svoboda, Czech Technical University in Prague, Brehova 7, Prague, CZ 115 19 Czech Republic

Executive summary:

The following tasks have been executed in the year November 2012- November 2013:

1. Testing of the High Temperature Superconductors (HTS) in the tokamak environment

Two poloidal field coils made of the HTS the were installed on the GOLEM tokamak. The HTS tape (50 m) was provided by the company "Tokamak Solutions, Culham, UK". For their installation on the GOLEM tokamak, two cryostats, made of polystyrene, were designed and manufactured at the Faculty of Nuclear Physics and Physical Engineering, Czech Technical University (CTU) in Prague. The HTS tapes are cooled by liquid nitrogen to temperature around 70 K with the cooling system developed at the CTU as well. Series of successful tests were performed in a broad international collaboration (Tokamak Solutions, CCFE, Fusion Association, Culham, all UK) and also with participation of the Institute of Plasma Physics, Academy of Sciences of the Czech Republic. The achieved results were published in the journal Fusion Engineering and Design:
M. Gryaznevich, V. Svoboda, J. Stockel, A. Sykes, N. Sykes, D. Kingham, G. Hammond, P. Apte, T.N. Todd, S. Ball, S. Chappell, Z. Melhem, I. Ďuran, K. Kovarik, O. Grover, T. Markovic, M. Odstrcil, T. Odstrcil, A. Sindlery, G. Vondrasek, J. Kocman, M.K. Lilley, P. de Grouchy, H.-T. Kim, Progress in application of high temperature superconductor in tokamak magnets, Fusion Engineering and Design, ISSN 0920-3796, 10.1016/j.fusengdes.2013.01.101. (http://www.sciencedirect.com/science/article/pii/S0920379613001117) 

The experimental results are described in Appendix in more detail. Experiments with the HTS poloidal coils were also a part of the IAEA Joint Experiments organized on September 10 – 14, 2012. Participation of several bachelor and master students of the CTU in these experiments  are acknowledged.
2. Optimization of the plasma performance on the GOLEM tokamak

Experiments with the HTS coils have shown that upgrading of several key elements of the GOLEM tokamak are required to improve tokamak performance. In particular, optimization of plasma breakdown and installation of feedback system for the plasma position control appeared to be necessary.

New systems for pre -ionization of the working gas have been installed and tested on the GOLEM tokamak. The microwave power source has been developed and manufactured in collaboration with Dr. Gennady Vorobev from the St Petersburg State University, Russian Federation. This microwave source provides the electromagnetic wave at 2.45 GHz either DC or in pulse operation. The power is in the range of 1 kW. I has been demonstrated that the breakdown voltage is significantly reduced by 2-3 V with respect to the standard pre-ionization by means of the electron gun. Furthermore, pure microwave plasma was generated at low toroidal magnetic field, when the electron cyclotron resonance is present in the tokamak vessel. Experiments with the microwave pre-ionization were a part of the IAEA Joint Experiments 1n 2012 and 2013. In addition, two new electron guns, located at different poloidal angles were installed into the tokamak vessel to study the impact of stray magnetic field on the plasma breakdown. It is planned that breakdown studies will continue.

Power supplies used for feedback control of the position of the plasma column were tested.

Selected results, related to microwave breakdown and feedback control of the plasma position are shown in the Appendix.

3. Development and testing of novel diagnostics

To improve plasma diagnostic capabilities of GOLEM, several diagnostic tools are designed. In particular,

· The linear array of Langmuir probes for measurements of radial profiles and plasma fluctuations,
· The poloidal ring of 32 Mach probes to measure the poloidal distribution of flows in the edge plasma,
· 2  poloidal rings of  16 Mirnov coil probes to measure poloidal and toroidal  magnetohydrodynamic activity  in the edge plasma.

Experiments with these diagnostics are envisaged in the coming year.

4. Education and training of students

Experiments related to CRP project triggered bachelor and master thesis at the CTU:

Jakub Veverka – Bachelor thesis on plasma breakdown on the tokamak GOLEM

Jindrich Kocman – Master thesis plasma position control on the tokamak GOLEM
Training of students has also been performed remotely, exploiting a unique feature of the GOLEM tokamak, which can be operated via Internet. Several remote courses were organized in the period 2012 – 2013:

* International workshop and Summer school on plasma physics, Kiten, Bulgaria
* Plasma physics course in Trieste, Italy

* French fusion master course together with Erasmus Mundus at CEA Cadarache, France
* GOMTRAIC – GOLEM Remote training course, Prague, Czech Republic
* SUMTRAIC – Summer training course, Prague, Czech Republic

* SCIWEEK – Science week for high school students from Czech Republic

* Tokamak Operation Demonstration for Bochum students

* Remote practice for Budapest University, Hungary

Appendix

Ad 1 Testing of the High Temperature Superconductors (HTS)
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Experimental setup

 It has long been known that high temperature superconductors (HTS) could have an important role to play in the future of the tokamak fusion research [1,2]. First results of the use of HTS in a tokamak magnet are presented. In the experiment, the two copper poloidal field coils of the small tokamak GOLEM in Prague [3] were replaced by two coils with 6 turns of the 2nd generation HTS (Re)BCO tape SCS12050-AP supplied by “SuperPower Inc.”, US.  The coils were wound in-situ by hand to avoid the need to disassemble the tokamak. The dimensions of the tape are approximately 0.1x12mm, HTS thickness ~1m, with two 20m Cu stabilising layers on the 50m Hastelloy substrate and the maximum claimed current capacity at liquid nitrogen (77K) temperature of ~ 320 Amps. Two simple liquid nitrogen (LN) cryostats made by “Forma Machinery Ltd” in Latvia, were assembled and filled with LN to cool the HTS tape to below the critical temperature at which it becomes superconducting. Plasma pulses were then fired in a normal way with HTS coils providing the vertical field and the tokamak operated exactly as expected. There had been concerns that the plasma pulses might cause a “quench”, i.e. cause a sudden and potentially damaging transition from superconductor to normal conductor. However, many plasma pulses were achieved without any quenches. In addition, experiments without plasma have been performed to study properties of the HTS in a tokamak environment, i.e. critical current and its dependence on magnetic and electrical fields generated in a tokamak both in DC and AC operations, maximum current ramp-up speed, performance of the HTS tape after number of artificially induced quenches etc. Considerable experience has been gained during design and fabrication of the cryostat, coils, isolation and insulation, feeds and cryosystems. The tokamak GOLEM is now routinely operated with HTS coils and design and construction of next step HTS tokamaks have started and are on-going.
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 Fig.1 shows the GOLEM tokamak with two HTS vertical field coils. The plasma is seen through the midplane port. GOLEM is a small tokamak of circular cross-section, and is the oldest operating tokamak in the world. It began operation at the Kurchatov in the early 1960’s, becoming CASTOR at the Institute of Plasma Physics, Czech Academy of Sciences, before undergoing further modifications and a move to FNSPE, the Czech Technical University in Prague, and being renamed GOLEM. It has operated routinely for nearly two years at a modest range of parameters Bt<0.5T, Ip<8kA, pulse length <25ms. Its present mission is as an educational device for training domestic as well as for foreign students, the latter via remote participation. Thus the oldest operating tokamak in the world is now equipped with the most modern and advanced HTS technology.

The cryostat, feeds and coil designs have evolved and the final version of the cryostat has improved insulation, so the ice seen in Fig.1 on the coils has been avoided. The typical time of cooling to superconducting conditions has decreased from the initial value of 90min to 15min. The final design of feeds avoids the local overheating observed in earlier designs. It was also found that circulation of LN in the cryostat resulted in ~15% increase in the critical current.
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Basic HTS experiments in real tokamak operation:
Although it is known that the critical current in HTS strongly depends on magnetic field, for the GOLEM conditions, where magnetic fields at the coil position do not exceed 0.5T, little effect has been observed for perpendicular field up to 0.5T and superconductivity has been achieved at ~90.50K, Fig.2. No quench has been observed at DC currents up to 250A (the limit of the available power supply) during bench tests of the tape. The HTS was kept on the full current for tens of minutes with no observed changes in resistivity. In the AC tests, current up to 1kA through the tape (6kA-turns through the coil) has been achieved with no degradation of the HTS performance afterwards, although in such short pulse the current was probably distributed between the HTS and other components of the tape. Fig.3 shows time evolution of the inductively induced current in the HTS coil demonstrating the current ramp-up speed of up to 90kA/s, however, the highest rate of ~0.6MA/s has been achieved in pulse #6975, Fig.4, where current through the tape has reached 1kA.

In typical plasma pulses such a high level of current in equilibrium field coils is not needed and plasma operations have been performed with moderate IHTS ~ 50-100A current in the tape. This probably explains the absence of quenches during plasma pulses as the current was much below the critical value. However in some cases plasma disruptions occurred with corresponding induced electrical fields, and they also did not cause quenches. In future experiments, increases in both the plasma current and pulse duration are planned. To study quenches in DC operations, the current was increased and quenches have been observed at IHTS ~ 150A when operating together with other tokamak magnets but without plasma. When “up-to-destruction” tests have been performed, a quench caused an arc in the inter-turn isolation in one coil. There was no surprise that the location of the quench was under the limb of the iron transformer, where the highest leakage magnetic field has been measured. The damaged pieces of the tape have been cut out, the ends re-soldered and the coil has shown the same performance as before the accident, i.e. the local quench has not affected the performance of the rest of the coil. Over 25 quenches have been performed and a whole series of further experiments is now planned. The internal structure of the damage caused by the quench that caused arcing is under investigation.

Ad 2 Plasma position stabilization with HTS poloidal field coils: 

As can be seen in Fig.5, an appropriate radial magnetic field can prolong the plasma pulse by compensating the tendency of the plasma column to go upwards. With HTS coils in a superconductive state the coils target current can be reached with a much lower capacitor bank charging voltage than with the coils in a non-superconductive state. However, due to the low resistance the characteristic time constant of the circuit changed and the stabilization pulse was much shorter, making it ideal for fast feedback systems. 
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Figure 5: Plasma displacement using the HTS coils. In discharges #9407 and #9408 the HTS coils were in a superconductive state and the capacitor bank charging voltage was only 70 V and 20 V whereas it was 400 V in discharge #9383 where the coils were in a non-superconductive state and the coil current was similar. Discharge #9409 is a reference discharge with no radial stabilizing field. 

Microwave pre-ionization

To reduce the loop voltage required for breakdown of the working gas, a pre-ionization has to be used. The GOLEM  tokamak is equipped by an electron gun. Alternatively, microwaves (MW) are used for this purpose. The apparatus for the microwave pre-ionization, based on a low-cost magnetron with frequency 2.45GHz, provides the MW power at a level of ~1 kW. Picture of the apparatus and the electrical scheme of power supplies are shown in Fig. 6.
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Figure 6: Experimental arrangement of the MW pre-ionization on GOLEM tokamak and the  electrical scheme of power supplies

[image: image5.jpg]lJloop [V]' Btor*100 [T]

ECR

#10797 - w/o MW

0.006

BHFS Bcenter

/

#10798 with MW

0.007

O.OIOB
Time [s]

0.009

0.01 0.011




Figure 7: Loop voltage characteristics of vacuum shot (black) and plasma discharge performed by means of microwave (red) - breakdown occurs when ECR layer is in the center of the vessel

Figure 7 demonstrates that the microwave breakdown is effectively achieved with this apparatus. The RF power was injected in a short (<10ms) pulse during the ramp-up of the toroidal magnetic field Bt and the breakdown occurs at Bt = 0.0875 T, which corresponds to localization of the Electron Cyclotron Resonance layer (for f = 2.45 GHz) inside the tokamak vessel. It has been proven that the MW preionization is more efficient when the EC resonance layer is inside the tokamak vessel, while the electron gun preionization acts better at low magnetic fields. 

HTS switch

Before designing and manufacturing of a HTS switch, several technologies have to be mastered. Among them, problems with soldering of the HTS tapes are crucial to solve. As a ﬁrst step, a table top experiment to select proper soldering technique of HTS tapes was build up. Schematic scheme is shown in Fig. 8.
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Figure 8: Experimental arrangement - test of HTS soldering. 

Several turns of the HTS tape, short-circuited by soldering, represents the secondary winding of a small transformer, in which the current is driven inductively. Several techniques of soldering (based in tin) were tested. The quality of soldering is characterized by measuring the time constant of the current decay in the HTS tape after switching off the primary power supply. The best result is achieved, if the layer of the tin is as thin as possible and if the length of soldering is ~60 mm. In this case the time constant of the current decay in the HTS coil is in the order of 10s.
Ad 4 Education:

The training course GOMTRAIC on remote tokamak operation has been conducted in 2013 and its third edition for 2014 is now under preparation. Group of 3 university students are involved in developing HTS applications and microwave pre-ionization on the GOLEM tokamak. In-situ practice have been organized for SUMTRAIC participants and students of CTU Remote practice on GOLEM operation has been conducted from Cadarache, Kiten, Trieste and Budapest University. 

Conclusion

The HTS coils have been routinely and successfully used at the GOLEM tokamak both for plasma generation and stabilization. Provided the LN cooling is sufficient and sustained, the HTS coils are reliable and can greatly reduce the necessary capacitor bank charging voltage, thus lowering the energy demands for plasma position. The coil currents in fast ramp-up pulse operation exceeded those in the tape specification by almost 50 %.  Other relevant results are presented in the Fusion Engineering and Desigm journal, see [4].
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Fig.1. Plasma pulse in the GOLEM tokamak with HTS poloidal field coils.





Fig.4. Evolution of the inductively induced current in record pulse 6975.





Fig.3. Evolution of the inductively induced current in the HTS coil in different pulses.





Fig.2. Dependence of the critical temperature for achievement of superconductivity in the HTS coil without and with 0.5T on GOLEM.








