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Fakulta jaderná a fyzikálně inženýrská (FJFI)
České vysoké učeńı technické v Praze

Hlavńı budova FJFI v Praze - Břehová insignie FJFI Betlémská kaple - slavnostńı śıň ČVUT

ČVUT založena roku 1707 ćısǎrem Josefem I.
ČVUT má p̌ribližně 2700 zaměstnanc̊u, 16500 vysokoškolských
student̊u, 1700 doktorandů. (≈ 2500 zahraničńıch student̊u).
FJFI byla založena v roce 1955 s posláńım vyškolit nové odborńıky na
vznikaj́ıćı československý jaderný program.
FJFI je v současné době centrem vzděláváńı a výzkumu, které se
specializuje na hraničńı oblasti mezi moderńı vědou a jejich aplikacemi
v technologíıch, medićıně, ekonomii, biologii, ekologii a daľśıch
oborech.



Badatelská skupina / studijńı specializace
Fyzika plazmatu a termojaderné fúze

99.999 % Vesḿıru je v plazmatickém stavu



Tokamak GOLEM & Vojtěch Svoboda



Google: Energy
About 2,950,000,000 results (0.60 seconds)



Základńı princip tepelné elektrárny

Základńı otázka zńı:

?? Č́ım topit ??



Uhelná elektrárna

Praha (∼ 1 GW): denně ∼ vlak uhĺı

Emise



Jaderná elektrárna - štěpná

Praha (∼ 1 GW): ročně ∼ vagón jaderného paliva

Dotáhnout technologii: Suroviny, Odpad, Bezpečnost



Google: Energy Crisis
About 501,000,000 results (0.51 seconds)



Topit malým Sluncem/hvězdou ??



Výzva



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:[?]

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”



Odpad



Bezpečnost

* Nejde o řetězovou reakci.
* Tritium: slabý β zá̌rič
T1/2 = 12.5 roku. Minimálńı
nebezpeč́ı.
* Minimalizovaný potenciál aktuálně
p̌ŕıtomného D-T paliva.



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



Oȟrev plazmatu



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



Náš ćıl: vytvǒrit µSlunce v pozemských podḿınkách



Magnetické udržeńı vyžaduje toroidálńı geometrii
Svinutá magnetická nádoba



Muśıme to celé uḿıstit do reaktorové nádoby - komory



Toroidálńı magnetické pole udržuje plazma



Transformátorová akce vytvǒŕı a zaȟreje plazma



Vše dohromady - voilà tokamak



1997: Světový fúzńı rekord @ JET (EU)

P ≈ 15 MW, Q ≈ 0.65, ∆T ≈ 3 s



ITER (jižńı Francie) ≈ 18 miliard EUR

Mise:

P ≈ 500 MW, Q ≈ 10, ∆T ≈ 10 minut, konkurenceschopná cena elekťriny



Př́ıspěvek České republiky: tokamak
COMPASS@IPP.CAS.CZ



Velké ambice ....



Tokamak GOLEM



Tokamak GOLEM @ Wikipedia ..



Tokamak GOLEM - experimentálńı schéma

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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Basic plasma diagnostics OpenSSH server



Hands on tokamak



Tokamak GOLEM - vzdálené ř́ızeńı: 2009-2019 inventura

Studenti z TU Eindhoven, operuj́ıćı tokamak, 650 km vzdušnou čarou

Demonstrace: Ghent University 09; Bochum University 13; Garching 13; Lemvig
High School 14; Instituto Tecnologico Costa Rica 10; Armidale University 17.
Zimńı a letńı školy: 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
Pracovńı seminá̌re Kiten: 14,16,18; Observatorium Valasske Mezirici 14; Islamabad
14.
Ostatńı: Global Tokamak Experiment 10.



Poplatek: pohlednice z ḿısta vzdáleného ř́ızeńı



GOLEM



Děkuji za pozornost

Tokamak TM1
@Kurchatov Institute near Moscow

~1960-1977

Tokamak GOLEM
@Czech Technical University, Prague

2007-

SCIENCE                                SCIENCE                           EDUCATION
                                                                         & education                                              & science

Tokamak CASTOR
@Institue of Plasma Physics, Prague

1977-2007

... with the biggest
          control room 
                 in the world ..
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