Magnetic confinement of high temperature plasma at the GOLEM
tokamak

Abstract: This assignment introduces students to the physics, technology, diagnostics and operation of the GOLEM
tokamak. It comprises performing a tokamak experiment and exploring the basic scaling properties of magnetic plasma
confinement.

0.1 Tools

The GOLEM tokamak, Ujoep wire, By coil, Rogowski coil, photodiode with H, filter, oscilloscope RIGOL, coaxial
cables with BNC connectors, device for remote tokamak operation (e.g. laptop).

0.2 Tasks

Note: It is absolutely CRUCIAL that task 1 is completed BEFORE students come to measure experi-
mental data at the class. Assignment 13 is significantly more complex than other assignments in the Basic physics
laboratories, owing to the complexity of the tokamak machine and its operation. It isn’t possible to gain the sufficient
knowledge by skimming this manual once. Therefore, we implore students to designate sufficient time (approx. 3
hours) to prepare for the class by completing task 1 beforehand. If a student comes to the class unprepared, he/she
runs the risk of being sent away. Even if that doesn’t happen, it will still cost him/her excruciating difficulties with
experimental data processing after the class, and losing more than the said amount of time to desperately trying to
understand what is required in tasks 2-5.

1. Homework before the measurements: Learn how to access and manipulate the remote data files from GOLEM
measurements according to [?]. Then use the link at [?] to access the web-based virtual control room and become
familiar with the web interface. Finally, bring at least one laptop per group to the measurement, with the remote
file access already set up and tested.

2. In the tokamak laboratory, have a look at the GOLEM tokamak and identify its basic elements described in this
document (tokamak chamber, toroidal field coils, transformer core and primary winding, vacuum pumps etc.).
With the help of an assistant, test the function of the following individual components of the tokamak facility:

e Turn the vacuum pumping off and on again.
e Fill the tokamak vacuum vessel with the working gas.
e Test the pre-ionisation system (”electron gun” / light bulb wire).

3. In the tokamak laboratory, install 4 basic diagnostic tools on the tokamak: a wire measuring the loop voltage
Uloop, & small coil measuring the toroidal magnetic field By, a Rogowski coil measuring the sum of chamber and
plasma current I.j+p, and a photodiode with an H,, filter measuring the plasma radiation intensity. Connect all
of these diagnostics to the 4-channel oscilloscope RIGOL (or dedicated data acquisition channels). Then execute
a tokamak discharge with preset values of Ug, Ucp and p, pre-ionisation on, and record the time trace of the
individual diagnostic signals.

4. Using the remote control room outside the laboratory, run the following exploratory experiments:

(a) B: coil calibration. Create a discharge with toroidal magnetic field B; only (Ug > 0, Ucp =0, p = 0,
pre-ionisation off), and record the time trace of the B; coil voltage Up, (). Compare the time-integrated
Up, to the signal torodial_field, stored within the GOLEM database, and calibrate your B; measuring
coil according to equation @ (e.g. specify Cp,).

(b) Rogowski coil calibration. Create a discharge with toroidal electric field E; only (Ug = 0, Ucp > 0,
p = 0, pre-ionisation off), and record the time trace of the loop voltage Ujoop and the Rogovski coil voltage
Ugrc(t). Compare the time-integrated Ugrc to the signal rogowski_current, stored within the GOLEM
database, and calibrate your Rogovski coil according to equation (e.g. specify Cre and Rep).

(c) Test discharge. Execute a full plasma discharge (Ug > 0, Ucp > 0, p > 0, pre-ionisation on) and, using
the measured Ujoop(t) and Ugc(t) and the previously estimated Cre and R.p, calculate the time trace of
the plasma current I,,(t) using equation (8). Subsequently, calculate and plot the time trace of the electron
temperature T,(t) according to equation

As you go, cross-check all the signals obtained from your improvised diagnostic system with the standard
diagnostics system of the GOLEM tokamak.

5. Using the remote control room outside the laboratory, execute 10 discharges with 5 different values of Ug, 2
different values of Ucp, arbitrary but constant p and Top and pre-ionisation on. This will facilitate a parameter
scan in the toroidal magnetic field B, and the plasma current I,. Estimate the energy confinement time 75
in the quasi-stationary phase of the discharges using the mean and the standard deviation. Plot the observed
confinement time 7 (with errorbars representing the standard deviation, see section versus the mean
magnetic field B; in this time window. Compare the 7 value with the Neo-Alcator scaling law [?], which
predicts the confinement time based on the tokamak major and minor radius. (More on scaling laws can be read
in [?].)




0.3 Theoretical introduction
0.3.1 Tokamak purpose and principle

Tokamaks are machines with a strong magnetic field whose mission is to, one day, become fusion reactors fuelling
clean and safe power plants. The basic task of a tokamak reactor is to heat and confine its fuel, a 50:50 mixture of
deuterium and tritium, allowing thermonuclear fusion reactions to take place. These reactions generate heat (14.1
MeV per reaction) which is subsequently converted into electricity via the standard steam-turbine cycle.

One of the main challenges in current tokamak research is to confine the burning fuel. Although the fuel is very
thin (its density is 5-8 orders of magnitude lower than the density of air), its temperature is extremely high, up to ~100
million K. This is to ensure that when deuterium and tritium nuclei collide, they have sufficient energy to overcome
the repulsive electrostatic barrier and fuse, hence thermonuclear fusion. Such high temperatures mean that the fuel
is in the state of plasma, a collection of ionized nuclei and free electrons, and also that it must never directly touch
the reactor walls. (For one, the plasma would cool down and cease to exist; for two, the reactor walls might melt.)
Tokamaks confine the fuel using the Lorentz force gv x B, which forces charged particles to rotate around magnetic
field lines rather than travel across them freely. Thus the strong magnetic field confines the plasma in the centre of
the tokamak chamber.
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Figure 1: Basic components of the GOLEM tokamak.

The basic structure of a tokamak is shown in figure |1 (more information can be found e.g. in [?]). Tokamaks
comprise three essential parts: a vacuum chamber, toroidal field coils, and a transformer. The vacuum chamber (or
vacuum vessel) has the shape of a torus of the size approximately 1-20 m across; its purpose is to contain the plasma
while allowing limited access through diagnostic ports. Around the vacuum chamber are wrapped dozens of toroidal
magnetic field coils, which generate the confining toroidal magnetic field B; (0.5-5 T). Finally, the transformer creates
and heats the plasma by inducing a loop voltage Ujeep (several V) inside the vacuum chamber and then driving a
plasma current I, (kA to MA).

Because of this structure, the duration of tokamak plasma existence is intrinsically limited. The plasma can only
exist so long as the plasma current I, is driven, because the ohmic heating Por = Ujoop.Ip sustains its high temperature
in spite of continuous heat losses. (It also ensures plasma stability, but that is outside the scope of this manual.) And
since driving a current in the secondary coil (plasma) requires a monotonically changing current in the primary coil
(shown in figure , which cannot be done forever, at some point the primary coil current reaches a maximum and
the transformer stops transforming. Presently the plasma current dies out, the plasma cools down, electrons and ions
recombine into a neutral gas and the plasma ceases to exist. Therefore, tokamak plasmas are created in so called
discharges, or shots for short. Discharge duration strongly depends on the machine — on GOLEM it is < 20 ms, on
the largest machines it is > 1 s.



0.3.2 Parameters of the GOLEM tokamak

The GOLEM tokamak is a rather small machine with a low magnetic field and a (relatively to other tokamaks) low
plasma temperature. Its major radius (distance from the machine centre to the vessel centre) is R = 40 cm and its
minor radius (distance from the plasma vessel centre to the limiter, and therefore the maximum plasma column radius)
is @ = 8.5cm. The resulting plasma volume is approximately V,, = 80 1. Its toroidal magnetic field B; can rise up to
0.5T and its plasma current I, can reach 8kA. The resulting electron density n. is of the order of 1018 m_gﬂ while
the electron temperature T, can reach several tens of electronvolts’}

0.3.3 Theory of plasma energy confinement

Confining the energy stored in the plasma is a tokamak’s prime duty. The fewer losses are allowed (via radiation,
plasma particles escaping the confinement etc.), the better the tokamak. The energy stored in the plasma may be
approximated as

1
Wy = genT.V, (1)

where e is the elementary charge [C], n. is the electron density [m~3], T, is the central electron temperature [eV]
and V), is the plasma volume [m®]. The equation is derived assuming equal shares of energy between ions and
electrons, a parabolic profile in electron temperature and only 2 degrees of freedom (a consequence of the magnetic
geometry). During a tokamak discharge, this energy is continually lost and the losses must be fully replenished by
heating, Pheating = Ploss- If the heating is suddenly turned off, the plasma will start losing energy exponentially,
W, = Wpo.e_t/ 7E  as illustrated by figure |2l The slower the energy decay is, the better the plasma energy is confined.
The confinement quality is therefore characterised by the quantity 7z, which is called the energy confinement time, or
just the confinement timeﬂ The higher the confinement time is, the better the tokamak.

0.3.4 Energy confinement time measurement

Your ultimate task at GOLEM will be to measure its confinement time 7g, and to see whether it depends on the
toroidal field magnitude B;. (Hint: it should.) The trick to the calculation of 75 is that energy is lost from the
plasma regardless of whether it is being heated or not. The loss power is always Pj,ss = W,,/7g. Therefore, in the
(quasi)stationary phase of the GOLEM discharge

Pheating = Pioss = Wp/TE- (2)

There is only one source of heating at GOLEM, and that is the ohmic heating Ppeqting = Uiooplp.- Thus, the energy
confinement time 7 may be calculated by combining equations and as

enI.V,

TR = P, (3)

3Ujo0plp
You will measure Ujpep, I, and B using your own improvised diagnostics. The electron density n., measured by
an interferometer, can be loaded directly from the GOLEM database as electron_density. The central electron
temperature 7T, may be calculated in the following fashion.

0.3.5 Central electron temperature measurement

The central electron temperature of a pure hydrogen plasma is given by Spitzer’s formula [?]:
_2
T.=09-R,°® (4)

where R, [?] is the plasma resistivity. Reverting the equation, one finds that the plasma resistivity falls as T, increases;
in contrast, metal resistivity increases with temperature. This is because in metals, increased temperature means
stronger vibration of the atomic lattice, which hinders the conducting electrons, while in plasmas increased electron
velocity lowers the Coulomb interaction cross-section, decreasing the friction. To calculate the plasma resistivity,
one simply uses Ohm’s law for the plasma circuit: Ujpop = RpI,. (This applies only in the stationary phase of the
discharge, where inductivity effects can be neglected.)

'In the context of tokamaks, density is given in the number of particles per cubic metre (m=3).

2In the context of tokamaks, plasma temperature is typically given in electronvolts (eV), which is a unit of energy, not temperature. 1
eV is the energy gained by an electron by traversing a potential fall of 1 V. That may not seem like much, but when the typical kinetic
energy of gas particles is 1 eV, the gas temperature is 11 600 K. To make matters more confusing, plasma temperature is sometimes given
in eV, sometimes in J, and sometimes in K. The conversion is T' [J] = kpT [K] = kpT/e [eV], where kp is the Boltzmann constant and e
is the elementary charge. Within this manual, plasma temperature is consistently given in eV.

3Note that the confinement time tells you nothing about discharge duration! Of course, machines with better plasma confinement are
generally able to perform longer discharges, but the actual number of seconds can be very unrelated. Typically 75 is orders of magnitude
shorter than the discharge duration.
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Figure 2: Time evolution of total plasma energy W, after heating is turned off, showing the meaning of the energy
confinement time 7g.

0.4 Experimental setup
0.4.1 Technological details of the GOLEM tokamak

The basic tokamak features described in section can be implemented in a number of different ways, depending on
the machine size and budget. The toroidal field coils, for example, can be superconducting (cooled by liquid helium),
cryogenic (cooled by liquid nitrogen to reduce the resistance and losses via ohmic heating), water-cooled, or air-cooled
(meaning not actively cooled). In this section we shall describe two particular properties of tokamak GOLEM: its
capacitor power supply and its vacuum system.

The GOLEM discharge power is supplied by two capacitors banks (one for the toroidal magnetic field circuit and
one for the primary transformer winding circuit), which are stored in a separate room below the tokamak. During a
discharge, significant currents must be driven through the 28 toroidal field coils and the transformer primary circuit
in order to generate sufficient toroidal magnetic fields and plasma current. The necessary power is too large to be
drawn directly from the electric network, and so GOLEM employs capacitors. Prior to the discharge, the capacitors
are charged to the requested voltages Up and Ug DEIv respectively. At the discharge beginning, computer-controlled
thyristors connect them to their two respective circuits (see figure [3)); either simultanously, or with a variable time
delay Top. This results in the typical sine-like time evolution of the toroidal field B, and the plasma current I, (see
figure @, as the capacitors discharge freely into the two respective circuits.

Tokamak operation always requires a realible vacuum system. Fusion reactors will use a deuterium-tritium mixture,
but most current tokamaks use the cheaper hydrogen, deuterium or helium as a similar-acting substitute. Plasma
properties significantly depend on the plasma composition; even a small percentage of impurities (such as carbon, ni-
trogen, oxygen or water) can drastically change the tokamak performance. For instance, a pure hydrogen plasma glows
pink, but GOLEM ”hydrogen” plasma glows blue. The basic way to control the impurity content is to continuously
evacuate the vacuum chamber to =~ 0.2 mPa and only fill it up with working gas shortly before the discharge. The
GOLEM tokamak has two working gases: hydrogen and helium (deuterium is more expensive and we don’t really need
it). In this laboratory assignment, only hydrogen is used. Its initial pressure py is one of the discharge parameters
which must be set for every discharge.

0.4.2 GOLEM discharge parameters

To set up a GOLEM discharge, the user must specify the following parameters:

e Voltage Up on the capacitor bank powering the toroidal field coils. The bank capacity is Cz = 81 mF.
The recommended values of Ug are 800-1000 V. The higher the voltage, the higher the toroidal magnetic field.

e Voltage Ucp on the capacitor bank powering the transformer primary coils. The bank capacity is
Ccp = 11.3 mF. The recommended values of Ugop are 400-600 V. Typically the higher the voltage, the higher
the plasma current. However, plasma current depends strongly on other factors (plasma purity, current toroidal
magnetic field, initial pressure etc.), so this rule isn’t very reliable.

e Time delay Top between discharging the two capacitor banks. Typically B; takes a longer time to
reach its maximum value than Ij,. Therefore, it may be desirable to switch the transformer circuit on after the

40D = Current Drive.
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Figure 3: Experimental set-up: schematic of the GOLEM tokamak with its various sub-systems.

toroidal field coil circuit. Top gives the time delay in microseconds. The recommended value is 0-10000 ps.

e Use/not use pre-ionisation. Plasma is created in the vacuum chamber thanks to the loop voltage induced by
the transformer. This voltage accelerates the existing charged particles in the chamber until they gain sufficient
energy to ionise a neutral gas particle. The resulting ion-electron pair are also accelerated by the loop voltage,
causing an avalanche ionisation which eventually turns the neutral gas into a plasma. Turning pre-ionisation on
helps this process by providing a larger number of initial charged particles, namely electrons which are emitted
from a heated tungsten filament inside the chamber. In effect, if you want a ”vacuum discharge” (a discharge
where plasma was not created despite the existing loop voltage and magnetic field), turn pre-ionisation off.
Otherwise leave it on.

e Working gas type. Use hydrogen.

e Initial neutral gas pressure py. The recommended values are 15-40 mPa. The influence of initial gas pressure
on plasma quality is complicated. Too low a pressure will result in a vacuum discharge (there is too little gas to
make plasma from). Too high a pressure will also result in a vacuum discharge (the mean free path is too short
for charged particles to gain sufficient energy in the accelerating loop voltage to ionise another particle, so the
avalanche breakdown into a plasma fails; see Paschen’s law). You can experiment with it a little.

Finally, note that we recommend some values because they maximise the chance of getting a nice plasma discharge,

not because values outside these intervals aren’t safe for the machine. The only downside of a failed discharge is that
it takes 2-3 minutes to repeat it, which might be a lot during the laboratory.

0.4.3 The GOLEM control room

The GOLEM tokamak has one feature which makes it unique among the dozens of today’s tokamaks — it can be
controlled remotely, via internet, from any place on the Earth. In a typical research tokamak such as COMPASS (Czech
Academy of Sciences, Prague) or ASDEX-Upgrade (Max-Planck Institute for Plasma Physics, Garching, Germany),
the discharges are set up, reviewed and controlled by a group of schooled workers in a so-called control room, located
next to the tokamak. On GOLEM, a literal child can make a plasma discharge using their smartphone. In this lab
assignment, you will operate GOLEM using the "remote control room” as well.

The URL address of the web interface is http://golem.fjfi.cvut.cz/remote/control_room. To log in, one
must specify their identification and a so-called access token. Identify yourself as "PRAxx” where ”xx” is your group
number. The access token is a strong of characters which provides access to a specific level of tokamak control, and it
will be provided to you by the lab assistant. Alternatively, the access token can be specified directly in the URL (see
[?] for more information).

The control room is shown in figure [l The left part of the top navigation bar contains links to 4 pages of the
remote control interface. These are in order:
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Figure 4: Remote control interface of the GOLEM tokamak.

e Introduction: a video and other materials introducing the user to the GOLEM tokamak and its handling.

e Control room: set up discharge requests and submit them to the discharge queue.

e Live: a live, real-time view of the vacuum chamber, the tokamak room, the current machine state (capacitor

voltages, working gas pressure, discharge procedure progress) and the discharge queue.

e Results: a table of executed discharges for the currently logged-in user, including links to discharge results.

To submit a discharge, go to the Control Room tab and follow the instructions. An eloquent, information-filled
discharge comment is mandatory! One day in the near future, you will be forced to search through thousands
of GOLEM discharges and figure out which ones you made and what they were intended for. Proper comments are
invaluable to this end. Examples:

bad comment | good comment
(empty) PRA2 group6 test discharge
test PRA2 group6 UB=800, UCD=1000, TCD=0, p=20

UB=800, UCD=1000, TCD=0, p=20 | PRA2 group6 vacuum discharge

0.5 GOLEM tokamak diagnostics
0.5.1 Diagnostics overview

In tokamak research, the plasma is closely watched and controlled by a set of diagnostics. Figure [f] shows four very
basic tokamak diagnostics, which you will install onto GOLEM yourselves:

e A wire loop laid toroidally along the plasma ring: measures the loop voltage Ujqop.

e A small coil attached to the vessel, its axis in the toroidal direction: measures the time derivative of the toroidal
magnetic field dB;/dt.

e A Rogovski coil tied around the vessel: measures the time derivative of the total poloidal magnetic field dB,,/dt.
The poloidal field consists of two contributions: (i) the field generated by the plasma current I, and (ii) the
field generated by the current running through the tokamak chamber, induced by the loop voltage along with
the plasma current.
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Figure 5: Tokamak diagnostics used in this assignment.

e A photodiode with an H, filter: measures the radiation intensity of the H, spectral line (a dominant line in the

hydrogen spectrum).

An example of the time evolution of these quantities is shown in figure [} with the addition of the line-averaged
electron density measured by an interferometer. The quantities marked in the bold face are the ones you will process
for each discharge to calculate the plasma parameters. Each of the three diagnostics, the wire loop, the measuring
coil, and the Rogowski coil, has its own particular signal processing. This is explained in the following sections.

0.5.2 Wire loop

The wire loop signal requires no post-processing. The loop voltage Ujoop is its direct output.

0.5.3 B; measuring coil

According to Faraday’s law of induction, if the magnetic flux passing through a conductive loop changes, a voltage U
is induced on it. Assuming that the loop is small so the magnetic field inside it is uniform, the voltage magnitude is

dB,
= N —
U=NS— (5)

where N is the number of the coil threads (N = 1 for a single loop), S is the loop area and B, is the magnetic field
component perpendicular to the loop area.

Electromagnetic induction is also the principle of the B; loop measurement: the coil is simply placed into the
magnetic field, its axis pointing along the toroidal direction, and its signal (the voltage Up,) is integrated in time
and calibrated. The calibration constant is theoretically equal to NS; however, in this assignment you will calibrate
the signal by comparing the toroidal magnetic field B; measured by the standard GOLEM diagnostic set (signal

toroidal field) to your own measurements of fot Ug,(7)dr.

t
Bt(t) == CBt / UBt (T)dT (6)
0
This is the content of task [al

0.5.4 Rogowski coil

The Rogowski coil is the most complicated of the three self-implemented diagnostics whose signal you will post-process.
It is a ”coil loop” — a one-metre long thin coil which is wrapped around the tokamak chamber poloidally. As seen
in figure [7} one of the Rogowski coil ends is directly accessible, while the other leads through the coil to negate the
toroidal magnetic field contribution in its signal. As a result, the coil only picks up the poloidal magnetic field via

electromagnetic induction,
U aB,
X —-—.
RC 0
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The poloidal magnetic field has two components: the field B, ;, generated by the plasma current and the field By ¢
generated by the toroidal currents induced by the loop voltage in the tokamak chamber. The respective currents
are then proportional to their magnetic field according to the Biot-Savart law. The chamber current contribution is
unwanted and has to be removed in order to find the plasma current I,,. Luckily, I, can be easily predicted using the
loop voltage and the chamber resistivity, Ics,(t) = Ujoop(t)/Ren- A single measurement of Ry, is sufficient to calculate
I}, for any subsequent discharge. This is done in task where a vacuum discharge is created (I, = 0), allowing the
calibration of the Rogowski coil according to

Uoon(t ¢
Iro = lRi"“ = Cro / Urc(7)dr. (7)
ch 0

With Cre and R, known, the plasma current can be calculated as

Ip(t) = 030\/0 URc(T)dT - U’loRoiph(t). (8)

0.6 Technical details of signal processing
0.6.1 Access to data

All the data collected during the experiment are stored in the GOLEM database in so-called signals. A signal typically
contains a time axis and the measured values. The sampling rate of all measurements is 1 MHz (time step At = 1 us).
The time delay between starting the diagnostics (t = 0 of the time axis) and switching on the toroidal magnetic field
drive is 5 ms. A list of all collected signals may be viewed at http://golem.fjfi.cvut.cz/shots/0/Data.php#all_
data for each respective discharge.


http://golem.fjfi.cvut.cz/shots/0/Data.php#all_data
http://golem.fjfi.cvut.cz/shots/0/Data.php#all_data

To access the data, one may manually download the text files from GOLEM webpage. However, when processing
the data automatically, it is far more convenient to download them using scripts. An example Python script for data
access is available in [?].

0.6.2 Offset removal
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Figure 8: Time traces of dB/dt and integrated B in GOLEM discharge #31150, demonstrating the offset impact on
the integrated data quality.

Magnetic measurements via electromagnetic induction are quite simple to set up, but their disadvantage lies in the
need to integrate the signal. This involves many problems, the most basic of which is handling the offset. An offset
is a non-physical addition to a signal, created by noise in the electronics, parasitic voltages, cross-talk between the
diagnostics and many other influences. Figure [§] demonstrates the impact an offset can have on data integration. In
blue, the real, physical dB/dt and B are plotted. In red, a small constant offset was added to the entire raw signal.
In green, a normal-distributed noise with a zero mean was added to the raw signal. One observes the effect that this
has on the integrated signal, in particular the drift in the red case.

In this assignment, offsets are more than likely to appear on the Ujep, Up, and Ugc signals. The simplest method
to remove them is to average the first few hundred/thousands of samples (before the 5 ms mark) and subtract this
average from the signal prior to its integration. This method will fail if the offset is time-dependent, but in that case
removing it is a whole new problem which cannot be addressed within the time frame of this assignment. If persistent
offset problems appear, ask the assistant for help.

0.6.3 Averaging and error propagation

The general workflow of data processing in this assignment is shown in figure [J] In the upper part of the figure,
entire time-dependent signals are processed sample by sample. In the middle, averaging takes place, replacing the
time vectors with a single number (and its standard deviation as the uncertainty). In the lower part of the figure, all
calculations are performed with these representative numbers only.

The time span (¢1,t2) over which I,, Ujsep, ne and B, are averaged can be chosen arbitrarily. It should, however,
cover a substantial part of the quasi-stationary discharge phase, shown in figure [0}

Experimental uncertainties come from three main sources: turbulent plasma fluctuations during the discharge,
changing plasma properties over the averaging period, and differences between the individual 10 discharges performed
in task [5| The first two can be captured using 7 and B; errorbars in the scatterplot produced in task [bl The third
uncertainty creates scatter within the 7g-B; plot. To calculate the errorbars of 75 from the uncertainties in Ujoop, Ip,
R, and n., use the standard error propagation tools. Do not consider errors contained in the calibration factors, the
chamber current I, and the offset removal (that is, the operations performed in the upper half of figure E[)
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Figure 9: Flow chart of the 75 evaluation procedure.
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