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Objednávka

Ahoj Vojto, napadlo mě, zda bys nechtěl udělat u nás na FEL jeden
Fyzikálńı čtvrtek o Golemovi. Kolega Fabián právě dává dohromady
program. Mysĺım, že by naše studenty, ale i věrejnost, která tam chod́ı,
zaj́ımalo, že tu je malý tokamak s ovládáńım po śıti, ale i to, jak jsi ho
vzǩŕısil z p̌ŕıstrojové márnice a vdechl mu nový život a jak slouž́ı
student̊um i vědě. Pokud bys do toho šel, byl bych moc rád.

D́ıky za jakoukoli zprávu, Petr
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Topit malým Sluncem/hvězdou ??



Výzva



Uvolněńı vazebné energie atomových jader

fúze lehkých jader X štěpeńı těžkých jader

2D+3T ⇒4He+1n + 17.6MeV X 235U + nthermal ⇒89Kr+144Ba + 3n + 176MeV



Fúzńı 2
1H - 3

1H (deuterium - tritium) reakce
(nejvhodněǰśı kandidát do pozemských podḿınek)

credit:[?]

2
1H10 keV + 3

1H10 keV ⇒ 4
2He3.5 MeV+1

0n14.1 MeV

m2H = 2.01355mu, m3H = 3.01550mu, mHe = 4.00150mu, mn = 1.007332mu

m(2H+3H) = 5.02905mu,m(He+n) = 5.01017mu,
pak hmotnostńı schodek ∆m = 0.01888mu.

E = ∆m c2: E = ∆m krát c2mu

e =17.6 MeV

1eV ∼ 11600◦C ≈ 2
1H100 M◦C + 3

1H100 M◦C ⇒ 4
2He35 G◦C+1

0n141 G◦C



1952 ”Operation Ivy - Mike” Prvńı test vod́ıkové bomby

˙ credit:YouTube:Ivy Mike Countdown and detonation

Toto neńı vhodná technologie

https://youtu.be/Q3ezhvCzWCM


Hledá se vhodná fúzńı technologie

Podḿınky:

Zaȟrát na ∼ 100 000 000 ◦C & udržet po dobu ∼ 30 let



Tři možné cesty jak udržet plazma pro fúzi

Lawsonovo kritérium: nτE ≥ 1.5 · 1020 s
m3 (2× 6 > 11 ‖ 6× 2 > 11)



Magnetické udržeńı: magnetická nádoba

Muśıme ji ale svinout do kruhu (zbavit se podstav)

záchranný kruh/duše pneumatiky/kobliha - donut



Milestones to Fusion Power Plant



The challenge

credit:[?]
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µSun on the Earth

... to heat & confine ...



Velké ambice ....



Let’s start with the tokamak GOLEM - the smallest
tokamak in the World with the biggest controll room
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The GOLEM tokamak basic characteristics
The grandfather of all tokamaks (ITER newsline 06/18)

Vessel major radius R0 = 0.4 m

Vessel minor radius r0 = 0.1 m

Plasma minor radius: a ≈ 0.06 m

Maximum toroidal magnetic field
Bmax

t < 0.5 T

Maximum plasma current I max
p < 8

kA

Typical electron density:
< ne >≈ 0.2− 3 × 1019 m−3

Effective ion charge: Zeff ≈ 2.5

Maximum electron temperature
T max

e < 100 eV

Maximum ion temperature
T max

i < 50 eV

Maximum discharge duration
τmax

p < 25 ms

(Electron) energy confinement time:
τe ≈ 50 us



Tokamak GOLEM @ Wikipedia ..



The GOLEM tokamak for education - historical background



GOLEM

... somewhere, in the ancient cellars of Prague,

there is hidden indeed ”infernal” power. Yet it is the very power of celestial
stars themselves. Calmly dormant, awaiting mankind to discover the magic
key, to use this power for their benefit. . .

At the end of the 16th century, in the times when
the Czech lands were ruled by Emperor Rudolf II, in
Prague, there were Rabbi Judah Loew, well known
alchemist, thinker, scholar, writer and inventor of
the legendary GOLEM - a clay creature inspired with
the Universe power that pursued his master’s
command after being brought to life with a shem, .
Golem is not perceived as a symbol of evil, but
rather as a symbol of power which might be useful
but is very challenging to handle. To learn more of
the Golem legend, see e.g. Wikipedia/Golem.

https://en.wikipedia.org/wiki/Golem


The global schematic overview of the GOLEM experiment
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The GOLEM tokamak mission
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Our goal: the technology to create a µSun on the Earth



Magnetic confinement requires toroidal geometry



A chamber contains the thermonuclear reaction



Toroidal magnetic field coils confine the plasma



A transformer action creates and heats the plasma



The final technology altogether
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Plasma in Tokamak (GOLEM) - the least to do
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Plasma in Tokamak (GOLEM) - the least to do
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Plasma in Tokamak (GOLEM) - the least to do
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Plasma in Tokamak (GOLEM) - the least to do
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Plasma in Tokamak (GOLEM) - the least to do
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Plasma in Tokamak (GOLEM) - the least to do
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Plasma in Tokamak (GOLEM) - the least to do

2kV

Current drive

CCD

13.5 mF

To do:

session start phase:

Evacuate the chamber

pre-discharge phase

Charge the capacitors
Fill in the working gas
Preionization

discharge phase

Toroidal magnetic field
to confine plasma
Toroidal electric field
to breakdown neutral
gas into plasma
Toroidal electric field
to heat the plasma
Plasma positioning
Diagnostics

post-discharge phase



Tokamak GOLEM - schematic experimental setup
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Introduce the working gas (Hydrogen x Helium)



Switch on the preionization



Introduce the magnetic field



Introduce the electric field



Plasma ..
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Towards ... Energy confinement time

House
Tokamak
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The competition

The ITER: 3.6 s

credit:[?]

The GOLEM: ??? s or ms or us ??

credit:[?]



Towards Electron energy confinement time τE

ID:loop_voltageID:irog

Vacuum discharge Plasma discharge

Loop Voltage
Chamber current 

ID:loop_voltageID:irog ID:electron_density

Chamber resistance

Loop Voltage
Chamber+plasma current 

Plasma current

Statistical treatment: quasistationary phase specification from t1 to t 2

Plasma resistivity

Central Electron temperature (in eV)
Spitzer formula)GOLEM case 

Plasma heating power

The loss power                       : Total electron energy content

Tokamak GOLEM plasma volume:
Boltzman constant:
Energy associated with 1 ev:

The electron energy confinement time 
Note: All physical quantities requested 
in the form of estimated value 
and associated degree of uncertainty 



Hands on the GOLEM tokamak



Hands on the GOLEM tokamak

Laboratory Practice for Basic course of Physics 2015-19 (CT University Bachelor
level).
Advanced plasma training course 2014-19 (CT University Master level).
Week of scientists 2013-19 (Czech republic High school level).
International Golem Training Course 2013,2019 (Master and PhD level).



Bachelor & Master thesis made @ tokamak GOLEM

Bachelor thesis: Magnetic field configurations and their measurement, Interactive
model, Plasma flow velocity measurements using Mach probe arrays, Virtual
model, Bolometric measurements, Breakdown studies, Vertical plasma stabilization.
Master thesis: Microwave interferometry, Remote operation of the vertical plasma
stabilization, Measurements of magnetic fields.
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Remote control interface of the GOLEM tokamak

top navigation bar

3D model rendering

rendering settings

sliders and checkboxes

engineering scheme

workflow buttons



Live real-time view of the experiment



Shot homepage



Remote data access
(using a few high level functions)

import pandas as pd
import ma t p l o t l i b . p yp l o t as p l t
URL = ’ h t tp : // golem . f j f i . c vut . cz / u t i l s / data/{}/{} ’
# f u n c t i o n f o r r e a d i n g 1D y ( t ) s i g n a l s
def r e a d s i g n a l 1 d ( shot number , s i g n a l i d ) :

u r l = URL . format ( shot number , s i g n a l i d )
r e t u r n pd . r e a d t a b l e ( u r l , names=[ ’ t ime ’ , s i g n a l i d ] ,

i n d e x c o l=’ t ime ’ )
# r e a d t h e s p e c i f i e d s i g n a l s
sho t no = 29395
U l = r e a d s i g n a l 1 d ( shot no , ’ l o o p v o l t a g e ’ )
I p = r e a d s i g n a l 1 d ( shot no , ’ p l a sma cu r r e n t ’ )
P OH = U l∗ I p
# v e c t o r i z e d , t ime−a l i g n e d o p e r a t i o n
B t = r e a d s i g n a l 1 d ( shot no , ’ t o r o i d a l f i e l d ’ )
H a = r e a d s i g n a l 1 d ( shot no , ’ p ho t od i od e a l pha ’ )
# combine i n t o a data frame t a b l e
d f = pd . concat ( [ U l , I p , B t , H a ] , a x i s=’ columns ’ )

# p l o t t h e data t a b l e i n s u b p l o t s from 4 to 25 ms
d f . l o c [ 4 e−3:25e−3]. p l o t ( s u b p l o t s=True , y l im =(0 ,None ) )
p l t . show ( )

# d i s p l a y t h e f i g u r e i n a window



Remote control 2009-2019 inventory

Demonstrations: Ghent University 09; Bochum University 13; Garching 13; Lemvig
High School 14; Instituto Tecnologico Costa Rica 10; Armidale University 17.
Training courses: French Training Course & EM 12-14,16-19; Bangkok 16-19; TU
Eindhoven 11,15-19;TU Kobehaven 14,15,18;Grenoble TU 15, University of
Belgrade 15-18; BUTE Budapest 10,12-18; University of Padova 14,16,18; TU
Torino 16-18, St. Peterburg University 18-19. Kharkov University 19
Workshops Kiten: 14,16,18; Observatorium Valasske Mezirici 14; Islamabad 14.
Miscellaneous: Global Tokamak Experiment 10.



Remote discharges over the Czech borders (up to 2017)



Fee: postcard from the venue of remote measurements



Tokamak GOLEM - Toilet discharge



05/16: The youngest tokamak (GOLEM) operator, Adam
(7 years).
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Radan Salomonovič, Vladiḿır Linhart, Katěrina Jiráková, Onďrej Ficker,
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Thank you for your attention



XX/YY: TM-1



XX/YY: CASTOR



12/07: Last minutes at the IPP Prague



12/07: First minutes at the CTU Prague



07/09: First plasma in the tokamak GOLEM



09/09: Tokamak and tokamak



11/11: NP laureat at tokamak GOLEM



05/16: The youngest tokamak (GOLEM) operator, Adam
(7 years).



0916: ITER DG, Mr. Bernard Bigot (Shot #22185)

Quotation from Czech Television Hydepark

I am very pleased with the GOLEM ...



Paper model ABC



2010: Tokamak GOLEM



2011: The tokamak COMPASS with NBI



2016: ITER segment



2017: First Spitzer Stellarator



10/15: Trojan horse - #20000



11/17: GOLEM tokamak ”mapping”

Tokamak GOLEM



Základńı (̌rádová) statistika k 30.11.2012

Počet dńı od instalace: 1815.

Počet operačńıch dńı: ≈ 438.

Počet hodin: ≈ 1954

Počet shot̊u: 10417.

Počet shot̊u − > plazma: ≈ 7600.

Pr̊uměrná délka výboje: ≈ 7 ms.

Celková delka trváńı plazmatu: < 60 s.



0916: Noc vědc̊u - řeholnice mezi návštěvńıky
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