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:
.. to the topics, that have been focused at the GOLEM tokamak in the  period November 2013 - September 2014:

Foreword: High Temperature Superconductors Tests  in the real tokamak environment and RF assisted  plasma formation plans have been totally  postponed, since the vitally important reconstruction of the tokamak infrastructure HW and SW from the “kludge” to  the proper experimental instrument have been undertaken in the last year. Tokamak GOLEM validated its first five years of operation, where various basic approaches  and optimizations to the safe and reliable operation  have been tested and carried out. Thus the power supply, the toroidal magnetic field generation circuit, as well as the toroidal electric field generation circuit, the microwave generation circuit and the  main control tokamak panel have been completely upgraded to the new level of “professional” functionality. 

The following tasks have been executed: 
1. Advanced Remote Operation of the GOLEM Tokamak
Tokamak GOLEM at the Czech Technical University, Prague serves as an educational device making tokamak operation accessible to students worldwide via a web application. The web application has two levels: Basic level of remote operation enables students to set up basic discharge parameters, necessary to create plasma:  toroidal magnetic and electric field, working gas pressure and tools for pre-ionization of the working gas. Consequently, measured data from basic diagnostics  are acquired and presented in a hypertext form.  More than 800 remote discharges from foreign sites have been already successfully performed in the frame of FUSENET (Fusenet Education Network). The second level of operation allows to affect the vertical position of plasma using the horizontal magnetic field. It operates in two modes: pre-programmed control of horizontal magnetic field scenario, LabVIEW based real-time system, which controls the horizontal magnetic field in response to the currently measured vertical position of plasma. The system now enables remote participants to study the effect of horizontal magnetic field on the vertical plasma position using their own approach. Relative plasma-life duration prolongation of more than 20% is now possible with respect to the mode without the stabilization. 
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Fig. 1: Pre-defined plasma vertical movement mode test. Upper figure displays the pre-defined function for desired plasma shift, bottom figure displaysa fast camera series of frames visualizing plasma movement in the vertical direction.

For the detailed information see contribution submitted to the Proceedings of the  SOFT 2014 conference “SOFT_AdvanceOperation.pdf”
2. Remote operation of the GOLEM tokamak with hydrogen and helium plasmas
The GOLEM tokamak was operated remotely via Internet connection during the 6th International Workshop and Summer School on Plasma Physics. Performances of hydrogen and helium discharges are compared in this paper. It is found, at similar vacuum conditions, that helium discharges are shorter but the breakdown of the working gas can be quite easily achieved at almost the same loop voltage. The plasma current in helium discharges is slightly lower than in the case of hydrogen. Nevertheless, the radial profiles of the floating potential measured by the array of Langmuir probes (the rake probe) in H and He discharges are almost identical, as it is seen in Fig. 2.

[image: image5.png]Pre-defined waveform for #16690

10 15 20 25 30 35 40

fpa(ti) [a.u.]

—

foa(ti) [a.u.]

19 20 21 22 23 24 25

t[ms]



[image: image1.png]VAl [V]

e of Vfloat from LPs

20

Radial profil

75

80 85

r [mm]

100




Fig.2 Left: Radial profiles of the floating potential in Hydrogen and Helium discharges in GOLEM . Right: Temporal evolution of the turbulent fluctuations in H and He discharges.
Turbulent fluctuations of the floating potential measured by means of an array of Langmuir probes reveal a noticeably different character. It is demonstrated in the righ panel of Fig. 2, where a significantly lower level of Vfl fluctuations in He plasma is evident. Different behaviour is also observed by comariing the frequency spectra, probability distribution functions and cross correlation in the radial direction.
For the detailed information see contribution V Svoboda, et al, Remote operation of the GOLEM tokamak with hydrogen and helium plasmas, submitted to the Journal of Physics: Conference Series, see “Kitten_IzotopisStudies.doc”
3. Tokamak GOLEM for fusion education - chapter 5
Tokamak GOLEM serves as an educational device and all experiments and development are done by students themselves under professional supervision. The contribution covers the major improvements made over the last year:

i) A set of 32 Mach probes covering the whole poloidal angle has been designed and manufactured. Their purpose is to measure the poloidal distribution of flows in the scrape-off layer of the GOLEM tokamak. First measurement results are presented.

ii) The operating software of the device has undergone significant modifications in order to make it more secure, easily extensible and accessible for students, 

iii) Plasma radiation (HXR, SXR, visible, IR) has been measured to study the production of runaway electrons in the tokamak during the start-up phase and disruptions. 

iv) The vast discharge database has been used to investigate the relevance of various operational parameters for longer plasma confinement time. Discovered optimal parameters were tested in real experiments. 

v) A virtual model of tokamak GOLEM with real physical core has been made and is compatible with all dominant web browsers., 

vi) Plasma position estimation by Mirnov coils and the radiation profile measured by fast visible light cameras and bolometers have been correlated to each other in order to investigate possibilities of use of radiation sensors for fast position measurements, 
vii)  Tokamak is now used in a practical course in the basic physics curriculum. Undergraduate students engage in tokamak operation, probe measurements and analysis of measurements with basic tokamak diagnostics.
viii) Breakdown studies: The microwave generator operating at frequency of 2,44 GHz and power PMW ~1.5 kW was used on GOLEM for pre-ionization of the working gas to reduce the loop voltage required for breakdown. Fig. 3 shows a selected result of experiments performed with the microwave pre-ionization 
[image: image2.png]B+ [MI]

250

200
150
100

50

U loop [V]

N W~ 00 O O

T [Ms]




Fig.3 Top: Temporal evolution of the toroidal magnetic field at the High and Low Field Sides of the GOLEM vessel. Bottom: Temporal evolution of the loop voltage at the start up phase in series of discharges (#13493–#13518).
Series of discharges with the same amplitude of the toroidal magnetic field (150 mT) was performed. As it is evident from the top panel of Fig 3, the electron cyclotron resonance layer (BECR – 87.5 mT) occurs inside the vessel at t = 11 – 15 ms as marked by the shadow region in Fig. 2. Than, the time delay between energizing of the primary winding of the tokamak transformed and the trigger of Bt (tBP) was increased on the shot to shot basis from 3 to 30 ms. It has to be emphasized that the breakdown can't be achieved without MW. Evolutions of the loop voltage Uloop are plotted in the bottom panel of Fig.2. It is seen that the maximum of the Uloop, which corresponds to the plasma breakdown, is noticeably reduced to ~5 V, when MW generator is switched on and simultaneously the ECR layer is inside the vessel, as expected. On the other hand, a successful breakdown is also achieved at significantly longer time delays, when MW generator is already switched off at the breakdown voltage around 6 V. This implies that the ECR plasma is confined in the vessel much longer than the characteristic time of drift losses, which should be less than ~1 ms. Better understanding of underlying physics would require more dedicated experiments.
For the detailed information see contribution accepted to the 41st EPS conference in Berlin conference “EPS_Golem4FusEd5.pdf”
4. Development of 3D ferromagnetic model of tokamak core with strong toroidal asymmetry (keep in touch activity)

Effect of presence of ferromagnetic material in assembly of magnetic fusion devices is conventionally investigated as an influence of tokamak iron core on plasma equilibrium, under assumption of full toroidal symmetry. However, such an approach is insufficient to characterize influence of tokamak core or of ferromagnetic inserts on toroidal asymmetries of tokamak magnetic fields (e.g. resonant magnetic perturbations or toroidal field ripple), which are in the center of current interest. In previous work, toroidally symmetric iron core model was introduced for tokamak GOLEM, together with constraints of its applicability. Proposed contribution presents newly-developed 3D model of arbitrary ferromagnetic elements, based on the same physical principles – screening of currents along ferromagnetic boundary. Model is benchmarked using series of new measurements of magnetic fields affected by influence of strongly-asymmetrical tokamak core. Due to presence of magnetic flux leaks from tokamak core, effect of stray fields on measurements and implementation of gaps into model are discussed as well. Moreover, principal results from previous work are re-examined from the viewpoint of 3D geometry.
For the detailed information see contribution submitted to the SOFT conference “SOFT_3DModelTranfCore.pdf”
5. Education and training of students
Experiments related to CRP project triggered bachelor and master thesis at the CTU:

· Richard Duban: Plasma flow velocity measurements on the tokamak GOLEM using Mach probe array diagnostics –bachelor thesis defended 2014.

· Martin Matusu: Virtual model of tokamak GOLEM with a real physical core.

· Borek Leitl: Bolometric diagnostics at the tokamak GOLEM –bachelor thesis defended 2014.

· Jakub Veverka: Breakdown studies at the tokamak GOLEM –bachelor thesis defended 2014.

· Jindra Kocman: Plasma position control at the tokamak GOLEM – master thesis, in progress.

Training of students has also been performed remotely, exploiting a unique feature of the GOLEM tokamak, which can be operated via Internet. Several on-site/remote courses were organized in the period 2013 – 2014:

· 6th International workshop and Summer school on plasma physics, Kiten, Bulgaria – 03.07.2014 – remote operation for ~ 15 participants

· 39th Nathiagalli Summer College on Physics and Contemporary Needs, Islamabad, Pakistan, 04-08.8, 2014 – remote operation for ~ 35 participants
· French fusion master course together with Erasmus Mundus at CEA Cadarache, France, 10-14.2 ,21014 for ~ 15 participants

· SUMTRAIC – 11th Summer training course, Prague, Czech Republic, 27.8.2014 – On-site operation

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

· Remote laboratory practice for Budapest University, Hungary

· Demonstrations, lectures from Garching I, Lemwig, Valaske Mezirici, Kiten, Garching II, Islamabad

Two laboratory practice for regular Bachelor students at the Czech Technical University have been prepared for the year 2013- 2014:

· Svoboda, J. Krbec, O. Grover et al.: High temperature plasma at the tokamak GOLEM.

· T. Markovic, J. Stockel et al.: Temperature measurement at the tokamak GOLEM

Conclusion

Due to the complete HW and SW reconstruction all plans have been postponed to the next period.  New power supply system, toroidal magnetic field, toroidal electric field  and microwave  generation  circuits have been remake  into new level of functionality. Thus the system upgraded its reliability and safety to a new level, which allows more effectively    operate the tokamak and better concentrate on the planned topics. Topics, that have been addressed in the period: i) pre-defined or feedback stabilization issues in the vertical plasma position, ii) development of 3D ferromagnetic model of tokamak core with strong toroidal asymmetry, iii) students have deal with a set of standard tokamak diagnostics and operation  issues and iv) izotopic studies (Hydrogen vs. Helium working gas) have been focused in the frame of Trieste workshop remotely. 
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