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Abstract—The GOLEM tokamak offers students and other
interested parties the opportunity to gain “hands-on” experience
through online experimentation in the field of plasma physics
and controlled thermonuclear fusion in tokamaks. A typical
online experiment scenario is outlined. The new web applica-
tion facilitating safe, easy and efficient online experimentation,
including a live, real-time view of the experiment is described
in detail. Simple access to the open and extensive database of
experimental results is demonstrated. Finally, the wide range of
possible experimental topics from past -and applicable to future-
online experimentation sessions is reported.

Index Terms—Tokamak technology and control, online exper-
imentation, remote participation, education.

I. INTRODUCTION

Online experimentation [1], [2] is an emerging field allow-
ing to efficiently share expensive experiments with a wide au-
dience around the world and thus provide a unique opportunity
for students to apply their academic knowledge of specific
principles in a real-world situation.

A great example of such an expensive experiment is a
tokamak device [3] used for confining a plasma in order to
achieve thermonuclear fusion for energy production [4]. The
three basic components of such a device are 1) a toroidal
vacuum chamber with vacuum pumps and gas reservoirs and
filling system for achieving low pressures (in the order of
at least 107# Pa) and thereby sufficiently mean-free-paths
of particles, 2) strong magnetic field coils and associated
power supplies (generating magnetic fields of several tesla)
for confining charged particles in the toroidal chamber and
3) a transformer with power supplies inducing a an electric
field and current in the plasma. All these components are very
expensive and typically require dedicated infrastructure, mak-
ing such experiments the domain of dedicated teams within
specialized institutes or departments with tightly controlled
access and experimental time.
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This setup naturally makes it hard for students entering the
field of thermonuclear fusion and plasma physics in tokamaks
to gain hands-on experience in a tokamak environment. The
GOLEM tokamak aims to provide students with such an op-
portunity by offering for general usage an old but simple, real
tokamak device accessible for online experimentation over the
Internet. Its simplicity and old age relative to modern tokamak
devices with more complicated chamber shapes is actually
an advantage for educational purposes, because students can
directly apply basic theory found in most textbooks whereas
complicated numerical simulations must be used for most
modern tokamaks. All the main components and diagnostics
of the device are also directly visible and controllable and data
and results easily accessible as shown in this article.

A. The GOLEM tokamak

The GOLEM tokamak, a.k.a. the grandfather of all toka-
maks [5], has a long and rich history: It was originally built in
the early 60’s at the Kurchatov institute Moscow as the TM-
1 (Russian: Tokamak Malyj - a Small Tokamak ) tokamak,
and later underwent several modifications as the CASTOR
tokamak (Czech Academy of Sciences TORus) at the Institute
of Plasma Physics in Prague. This oldest tokamak still in
operation currently serves as an educational device under
the name GOLEM at the Faculty of Nuclear Sciences and
Physical Engineering of the Czech Technical University in
Prague (FNSPE, CTU) with the aim of training domestic as
well as foreign students and young physicists in the field of
tokamak physics, technology, diagnostics and operation.

The reinstalled tokamak [7] (major and minor radius of
the vessel is Rgp = 0.4 m and rp = 0.1 m, respectively)
with circular limiter geometry operates in a modest range
of parameters: toroidal magnetic field B, < 0.5 T, plasma
current 1, < 8 kA, discharge duration T, < 25 ms, Hydrogen
or Helium as a working gas. It is equipped with a basic set
of diagnostics i) a coil around the transformer core for the
loop voltage (U;) measurement; ii) a Rogowski coil around
the vessel for the plasma current measurement I ,,; iii) a small
coil for the toroidal magnetic field B; measurement; and iv)
a photodiode measuring the visible radiation intensity.

Advanced diagnostics include a fast camera for imaging
of a poloidal slice of the plasma, interferometer for electron
density N, measurement, a set of 20 aligned AXUV detectors
(bolometers) for measurements of the radiated power profile,
scintillators for hard X-ray radiation measurement, various set
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Fig. 1. The GOLEM tokamak captured at the moment of the discharge
(plasma is seen in the center of the chamber) with the statue of its mascot,
the mythical clay Golem (believed to be hidden near the faculty [6]) on top.

of coils for monitoring magnetohydrodynamic activity in the
plasma, and arrays of various electric probes.

All measurements are stored in a database. A pulse sum-
mary with the main plasma parameters is displayed on the
experiment web page. The data can be also retrieved as files
for further analysis. For an overview of this experimental setup
see [8].

The educational mission of this tokamak is fulfilled in four
modes: i) Bachelor projects and Diploma thesis, ii) Hands-
on experiments, iii) Excursions, and iv) Remote operation.
The last one is typically relevant for various fusion relevant
demonstrations of tokamak operation and training courses,
such as winter or summer plasma physics and technology
events, during which it is extremely refreshing to include such
real online experimentation in the programme of the event.

This contribution describes the online experimentation pro-
cedure in detail: From the discharge request specification,
through the live stream of the current status of the device,
to the discharge results access.

II. THE BASIC STRATEGY OF ONLINE EXPERIMENTATION
AT THE GOLEM TOKAMAK

As a typical example a basic, half-day event (4 to 6 hours)
is described here. Having a repetition rate of 1 discharge per
2 minutes, it is possible to reach nearly 100 discharges per
session and thus it is en excellent tool for systematic studies.

Such an event requires at least two conducting persons: a
researcher or teacher on the remote side and an operator on
the tokamak side. It is clear that the remote person should
be basically acquainted with the operation of the GOLEM
tokamak. If that is not that case, it is possible to send a
trained PhD student or a qualified researcher from the GOLEM
tokamak staff to ensure reasonable remote tokamak operation.
It is also possible to organize a special remote session to train
the remote person in advance.

The communication between the operator and the remote
person and students can be facilitated by any remote com-
munication technologies working for both sides, e.g. via a
video-conference (Skype, Google Hangouts, H.323 video-
conference, etc.) or (preferably) via a text chat (IRC, Skype,
Google Chat, etc.). A reasonable number of participants for
such an event is from 1 to 25 divided into maximum of 6
groups. The whole system is essentially offered free of charge.
The only “fee” is that the remote participants send a postcard
from the venue of the remote operation.

Several months before the event (during a “kick-off* meet-
ing, possibly via video-conference) the GOLEM operators and
the remote teacher should agree on conceptual education level
and aim/topics (see section IV). Typically, the event is split
into 2 stages with the first being dedicated to an introductory
lecture and operation tutorial and the second to the online
experimentation itself. The dates of these stages must be
agreed as well. Based on the agreed information a dedicated
web page is established as the information channel between
the tokamak operator and remote participants with the links
to the virtual control rooms, introductory presentation, useful
materials and manuals and scripts for accessing and analysing
the experimental data.

About 2 weeks before the event students are introduced
to the online experimentation plan and choose a specific task.
Corresponding methodical materials (see an example at [9])
are distributed among them for them to study in advance.
Using these materials students are expected to train data access
and analysis relevant to their task in the meantime.

During the 15 stage of the event an introductory lecture
together with the basic real demonstration how to control the
tokamak GOLEM remotely is delivered on-site or remotely
(e.g. by Skype). The essential 2"¢ stage of the event com-
prises of the actual online experimentation by the remote
participants.

After the event additional data evaluation and analysis takes
place, and reports are prepared. About 2 weeks after the
event the results are typically presented and feedback given
back to the GOLEM tokamak operators.

IIT. ONLINE EXPERIMENTATION APPLICATION

The GOLEM tokamak has for long been known to have
remote operation capabilities [8], [10], [11]. Over the many
years of remotes experiments experience gained have led
to the evolution of the remote control interface described
in [8]. Specifically, the new virtual control room interface
aimed to a) move towards a wizard-like experience in order
to better explain the necessary steps to students and prevent
the omission of an important setup step, b) improve cross-
browser and cross-platform compatibility in order to enable
a operation by a wider audience (including mobile-phone
or tablet users) and c) limit the remote access to prevent
users with a memory of the remote control room address to
disrupt other experiments. The new live real-time overview of
the experiment aimed to add up-to date information on the
machine status to the existing IP camera views.
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Fig. 3. Web page displaying the live real-time view of the experiment during
the preparatory phase of the discharge. The gauges over the engineering
scheme (top left) show the gradual charging of capacitors and filling of the
chamber with the selected working gas. The room camera (bottom left) shows
the general surroundings of the device, while the chamber camera (top right)
shows the pre-ionization filament activation. The queue of discharge requests
with the most important basic parameters is shown in the bottom right.

D. Remote data access

While the database of GOLEM discharge results remains
the same as was described in [8] remains the same, what has
evolved since then are high-level libraries which make reading,
manipulating and plotting data accessible over HTTP much
easier then before. Therefore, the GOLEM team has greatly
benefited from having a clear HTTP API for accessing all the
data. For example, the Pandas Python library [12] for high-
level table data structures makes plotting the basic discharge
evolution overview much simpler: Whereas previously one
had to use several libraries and their low-level functions to
separately download, read, parse, slice and plot the data, this
library hides all this in a well-designed API which enables
students to focus on data analysis and less on programming.

The following Python code example using only a few high-
level functions, downloads, parses and displays (see Figure 4)
the discharge evolution as measured by basic diagnostics.

import pandas as pd
import matplotlib.pyplot as plt
URL = 'http://golem.fjfi.cvut.cz/utils/data/{}/{}"
# function for reading 1D y(t) signals
def read_signalld(shot_number, signal_id):
url = URL.format (shot_number, signal_id)
return pd.read_table (url,names=['time',signal_id],
index_col="time")
# read the specified signals

shot_no = 29395

U_1l = read_signalld(shot_no, 'loop_voltage')

I_p = read_signalld(shot_no, 'plasma_current')

P_OH = U_1l+xI_p # vectorized, time-aligned operation
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Fig. 4. Figure created by the simple example Python code which displays an
overview of the discharge evolution as measured by basic diagnostics.

t = read_signalld(shot_no, 'toroidal_field")
a

B

H_a = read_signalld(shot_no, 'photodiode_alpha')

# combine into a data frame table

df = pd.concat ([U_l, I_p, B_t, H_al, axis='columns')
# plot the data table in subplots from 4 to 25 ms
df.loc[4e-3:25e-3] .plot (subplots=True, ylim=(0,None))
plt.show() # display the figure in a window

IV. ONLINE EXPERIMENTATION TOPICS “MENU"

A set of methodical manuals and corresponding presen-
tations have been developed in order to offer a “menu” of
available experimental topics that reflect possible needs and
inclination of the remote teacher with respect to his or her
students. Here we present several tested examples of available
topics.

A. Level 0 “a game/playground”

The aim is to provide students with a reasonable under-
standing of the relationship between the plasma quantities and
the adjustable technological parameters of such a complex
device. This could be accompanied by a competition among
students to achieve the longest discharge duration T, or the
highest plasma current I, (and the lowest edge safety factor)
or the highest electron temperature T, calculated from plasma
resistivity. Students must learn how to control the tokamak,
how to get data from the GOLEM database and process them
by any available software (Matlab, Python, Origin, Gnuplot or
even Excel), and to print a picture similar to Figure 4 with the
achieved results.

B. Level 1 “basic”

Breakdown studies: Investigate probability of the plasma
breakdown (creation of plasma), mainly the role of the work-
ing gas (Hydrogen or Helium) and its pressure py g, break-
down electric field controlled by the Ug, and its orientation. A
dependency similar to the Paschen Curve [4] can be obtained.
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