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Introduction

Motivation:

To change the point of view. High energy Particle physics ÙHigh
temperature Plasma physics and technology.

Get ready for KF practicum #13.

Link the ”theory” with the real small /but near/ experiment -
tokamak GOLEM.

And:

English slides.



The process



Topit malým Sluncem/hvězdou ??



Vize: Jaderná elektrárna - slučovaćı/fúzńı

Praha (∼ 1 GW): ročně ∼ dodávka D-T směsi

Vypiplat technologii



Inspirace: Slunce - protonový řetězec

˙ credit:CSIRO

4 1
1p⇒4

2 He + 2 e+ + 2 νe + 2 γ + 26.73 MeV

http://www.atnf.csiro.au/outreach/education/senior/astrophysics/stellarevolution_mainsequence.html


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:[Wikipedia contributors, 2018]

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



Palivo: IAEA ”Natural water”



Hledá se vhodná fúzńı technologie

Podḿınky:

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



Oȟrev plazmatu



Lawson criterion ˙ credit:Lawson criterion @ Wiki

The confinement time: τE = W
Ploss

Energy density: W = 3nkBT

Reactions per volume per time of fusion reactions is:
f = ndnt〈σv〉 = 1

4n
2〈σv〉

Fusion heating fEch, where Ech = 3.5MeV should exceeds the losses:
fEch ≥ Ploss

nτE ≥ L ≡ 12

Ech

kBT

〈σv〉
≥ 1.5 · 1020 s

m3

(DT reaction@minimum ≈ 26 keV)

wiki:LawsonCrit


Tři možné cesty jak udržet plazma pro fúzi

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



Inerciálńı fúze

˙ credit:mext.jp

Velká výzva

http://www.mext.go.jp/b_menu/shingi/gijyutu/gijyutu2/056/shiryo/__icsFiles/afieldfile/2012/06/14/1322076_03.pdf


Magnetické udržeńı: magnetická nádoba

Muśıme ji ale svinout do kruhu (zbavit se podstav)

záchranný kruh/duše pneumatiky/kobliha - donut



Towards ... Energy confinement time

House
Tokamak
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The competition

The ITER: 3.6 s

credit:[Tokamak , 2007]

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

credit:[Tokamak GOLEM contributors, 2007]



Možno si odnést, či doporučené otázky ke zkoušce.

Tokamak, jeho mise, základńı princip.

Základy diagnostiky vysokoteplotńıho plazmatu.

Základy real-time ř́ızeńı experimentu.

Princip mě̌reńı doby udržeńı energie v tokamaćıch.
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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 Imax
p < 8

kA

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

Effective ion charge: Zeff ≈ 2.5

Maximum electron temperature
Tmax

e < 100 eV

Maximum ion temperature
Tmax

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

Data presentation

HTML (www pages)

Control PC

WWW server

HTML & PHP scripts

WWW control 
interface 

Virtual control room
(remote participation)

WINDOWS via putty

LINUX via ssh
or ssh+X tunnel 

(advanced mode)

internet

OpenSSH server

SSH control 
interface

Data handling

*wget
*gnuplot
*idl
*mathematica
*matlab
*etc...

Tokamak technology setup
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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

Vacuum
chamber

Toroidal
magnetic field
coils
TO: generate toroidal magnetic field Bt
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Transformer 
core

             Plasma             Toroidal electric field line Et
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TO: generate toroidal electric field Et

to breakdown neutral gas into a plasma
and heating it
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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



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
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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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Infrastructure room (below tokamak) 10/16



Infrastructure room (below tokamak) 10/16



Tokamak room (North) 10/16



Tokamak room (North) 10/16



Tokamak room (South) 10/16



Tokamak room (South) 10/16
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EU funds CZ.02.1.01/0.0/0.0/16 019/0000778 and
CZ.02.2.69/0.0/0.0/16 027/0008465, IAEA F13019, FUSENET and
EUROFUSION.

Students, teachers, technicians (random order):
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