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Fakulta jaderna a fyzikdIn& inZenyrskd (FJFI)
Ceské vysoké uteni technické v Praze

N

insignie FJFI Betlémska kaple - slavnostni siit CVUT

Hlavni budova FJFI v Praze - B¥ehova

m CVUT zaloZena roku 1707 cisatem Josefem .

m CVUT mé priblizn& 2700 zam&stnanci, 16500 vysokoskolskych
studentd, 1700 doktorandi. (& 2500 zahraninich student).

m FJFI byla zaloZena v roce 1955 s poslanim vyskolit nové odborniky na
vznikajici ¢eskoslovensky jaderny program.

m FJFI je v soucasné dob& centrem vzdélavani a vyzkumu, které se
specializuje na hrani¢ni oblasti mezi moderni védou a jejich aplikacemi
v technologiich, medicing, ekonomii, biologii, ekologii a dalSich
oborech.
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Google: Energy
About 2,950,000,000 results (0.60 seconds)




Zakladni princip tepelné elektrarny

péra
turbina _——
spotiebic

generator

Zakladni otazka zni:

?? Cim topit ??




Uhelna elektrarna

Praha (~ 1 GW): denn& ~ vlak uhli

Emise



Jaderna elektrdrna - $tépnd

Generator

Reaktor

Kondenzator

Cerpadlo

Praha (~ 1 GW): ro&n& ~ vagén jaderného paliva

Dotdhnout technologii: Suroviny, Odpad, Bezpenost
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Topit malym Sluncem /hvé&zdou 77
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Vyzva
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MuzZeme se zmocnit-energies ..
kbera pohani Slunce/hveézdyg j_‘i




1952 " Operation Ivy - Mike" Prvni test vodikové bomby

Operation Ivy - Mike 10.4 Megatons

credit:YouTube:lvy Mike Countdown and detonation

|
Toto neni vhodnd technologie




Inercidlni fize
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Velka vyzva

credit:mext.jp



Vize: Jadernd elektrarna - sluéovaci/fizni

Blanket

Plasma heating
Current drive

Divertor
Turbine
Generator

credit:[?]

Praha (~ 1 GW): ro¢né ~ doddvka D-T smési

Vypiplat technologii



Inspirace:

Slunce - protonovy fetézec

Main Form of Proton-Proton (pp) Chain in Sun
® oet 4

1
Hen
H e 0
‘h\ f \{? -8 D
:g_l_if 9/ 3He K.y
SR O proton
P \3 ¥ © neutron
H v @ positron
O v neutrino
WAV oy photon
credit:CSIRO

4lp=3He+2e" +21e+27+26.73 MeV



Pro¢ tak obrovské teploty?

m Coulomb law:
Fr— -1 Q Q@

T 4meg  r?

ID(10kev) 13 T(10kev) =3 Hez smev) + N(14.1Mev)



Star burning stages

Core Burning Stages in a 25 Solar Mass Star:

Fuel: Products: Temperature Minimum Burning

(K): Mass: | Period:
H He 4x 108 01  7x108
years
He C,0 1.2x108 04  5x10°
years
C Ne, Na, 6x 108 4 600
Mg, O years
Ne O,Mg 1.2 x 10° ~8 1year
O SiLSP  15x10° ~8 ~0.5
years

Si Ni-Fe 2.7 x 109 ~8 ~1day




Uvolnéni vazebné energie atomovych jader

[— >8r P
Cr e R L

-

Binding energy per nucleon (MeV)
Energy released by fusion

0 20 40 60 80 100 120 140 160 180 200 220 240

Mass number (A)

fize lehkych jader X $tépeni tézkych jader

2D+3T =*He+!n + 17.6MeV X B5U 4 nenermal = Kr+**Ba + 3n + 176MeV



Fazni 2H - $H (deuterium - tritium) reakce

(nejvhodng&jsi kandidat do pozemskych podminek)

8 “He + 3.5 MeV

24 Q/ T o n+14.1 MeV

credit:[?]
2H 3H 4H 1
1110 kev + 1710 kev = 3F1€35 Mev+gN14.1 Mev

may = 2.01355m,,, msy = 3.01550m,,, my, = 4.00150m,,, m, = 1.007332m,,
m(2H+3H = 5.02905mu,m(He+n) = 501017”’1”,
pak hmotnostni schodek Am = 0.01888m,,.
E=Am c?* E =Am krit CZ?“:17.6 MeV

leV ~ 11600°C ~ 2H1g0 mcc + $H100 moc = 3Hess goc+ghia1 coc



Palivo: IAEA " Natural water”




Odpad




Bezpetnost

Reactor containment

Lithium
blanket

Deuterium

* Nejde o Fetézovou reakci.

. * Tritium: slaby (8 za¥i¢

Pr:‘rgasry vessel [\ Helium .. 7 Ve

e  Hole e Tijp = 12.5 roku. Minimlni

s nebezpedi.

" e ¥ Minimalizovany potencidl aktudlng
pfitomného D-T paliva.

Vacuum

Steam
generator



Hleda se vhodnd flzni technologie

Podminky:

Zah¥at na ~ 100 000 000 °C & udrzet po dobu ~ 30 let +
konkurenceschopnost




Badatelska skupina / studijni specializace
Fyzika plazmatu a termojaderné fize
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99.999 % Vesmiru je v plazmatickém stavu




Ohf¥ev plazmatu

Radio Frequency Heating

credit:[?]



Fundamental forces (to confine?)

lustration: Typoform

Gluons (8)
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Electronics




T¥i moZné cesty jak udrzet plazma pro fuzi

Lawsonovo kritérium: n7g > 1.5-10025 (2x 6> 11 || 6 x 2> 11)

Long-lived low-density
Confinement

Continuous - 4
onfinement
Inertial Confinement

Gravitational Confinement
inthe Sun and Stars

Using Lasers



Ohf¥ev plazmatu

Radio Frequency Heating

credit:[?]



The global schematic overview of the GOLEM experimen

Tokamak technology setup

Preionization (electron gun)
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Vision: Nuclear power plant — a fusion one

Blanket

Plasma heating
Current drive

Divertor
Turbine
Generator

credit:[?]

Prague (~ 1 GW): yearly ~ a van of D-T mixture

Master the Technology



Milestones to Fusion Power Plant




Education importance

Education is the
key to success

o fE N




Let's start with the tokamak GOLEM - the smallest
tokamak in the World with the biggest controll room

START




Tokamak magnetic confinement concept

credit: Tokamak concept@Wiki



Tokamak (GOLEM) basic concept
to confine and heat the plasma

Transformer
core

Plasma
"’ al electric field 1in
Plasmg current I, LN

Toroidal ‘1 ]

magnetic field X bt 4
coils u % ..’ /
TO: generate toroidal mag‘netlc field B;
to confine the plasma

Vacuum
chamber




The GOLEM tokamak basic characteristics

The grandfather of all tokamaks (ITER newsline 06/18)

m Vessel major radius: Ry = 0.4 m

m Vessel minor radius: ry = 0.1 m

m Maximum plasma current:
[ < 8 kA

m Maximum toroidal magnetic
field: B"™* <05 T

m Typical electron density:
< ne >€(0.2,3) -10° m—3

m Maximum electron temperature:
TN < 80 eV

m Maximum discharge duration:
Tp % < 25 ms




Tokamak GOLEM @ Wikipedia ..

Hle Eit Vew Go Sookmads Toos Setngs Window Hep
FY 31 A E~21 W hups:fen wikipedia.org/wikirTokamak aev|
Shome , @ lendit S Produkee | @ Forecsst © Somk S Rano

& Notlogged in Talk Contributions Create account Login (]

Article Talk Read Edit View history

WikipepiA  Tokamak

[iheEse Eacycopecis From Wikipedia, the free encyclopedia

’ga'" page This article is about the fusion reaction device. For other uses, see Tokamak (disambiguation).

ontents

Featured content A tokamak (Russian: Tokamak) is a device that uses a powerful magnetic field to confine plasma in the shape of a torus. Achieving a stable plasma o
rraat auact —— 5 Sinld linac that Ao - hatical cho b o holical 6 - = tncoidal fiold &

f )< >

it decays into a proton and electron with the emission of energy. When the time comes to actually try to make electricity from a tokamak-based reactor, some of the 2
neutrons produced in the fusion process would be absorbed by a liquid metal blanket and their kinetic energy would be used in heat-transfer processes to ultimately
turn a generator.

Experimental tokamaks [edit]

Currently in operation [edit]
(in chronological order of startof operations)
. 1960s: TM1-MH (since 1977 Castor; since 2007 Golem(12) in Prague, Czech Republic. In operation in Kurchatov Institute since
early 1960s but renamed to Castor in 1977 and moved to IPP CAS,!*3! Prague; in 2007 moved to FNSPE, Czech Technical University
in Prague and renamed to Golem (141
1975: T-10, in Kurchatov Institute, Moscow, Russia (formerly Soviet Union); 2 MW
1983: Joint European Torus (JET), in Culham, United Kingdom
- 1985: JT-60, in Naka, Ibaraki Prefecture, Japan; (Currently undergoing upgrade to Super, Advanced model)
1987: STOR-M, University of Saskatchewan; Canada; first demonstration of alternating current in a tokamak.
. 1988: Tore Supra,(33) at the CEA, Cadarache, France
- 1989: Aditya, at Institute for Plasma Research (IPR) in Gujarat, India
1980s: DD, %! in San Diego, USA; operated by General Atomics since the late 1980s %
. 1989: COMPASS,*3]in Prague, Czech Republic; in operation since 2008, previously operated from 1989 to 1999 in Culham, United  aicator C.Mod G
Kingdom
. 1990: FTU, in Frascati, Italy

. 1991: Tokamak ISTTOK,(37) at the Instituto de Plasmas e Fusao Nuclear, Lisbon, Portugal; = S
1991: ASDEX Upgrade, in Garching, Germany @m i
e .
\,;

er
i, thefree encyc | W Tokamak - Wikiped, the ree encyc- | B8 (svoboda) buon {f vtz - Konso




The GOLEM tokamak for education - historical background

Kurchatov Institute near Moscow, Culham Centre for Fusion Energy
Soviet Union Great Britain

1960: TM1-MH 1989: COMPASS-D

1974 2006

Institute of Plasma Physics
Czech republic
CASTOR COMPASS

@8

Czech Technical University Pra
Czech republic
GOLEM




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 Il, 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. [?].




The global schematic overview of the GOLEM experimen

Tokamak technology setup
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The GOLEM tokamak mission

ii) Runaway electron,




Nas c

|: vytvorit uSlunce v pozemskych podminkach




Magnetické udrzeni vyZaduje toroidaIni geometrii
Svinuta magnetickd nadoba




Musime to celé umistit do reaktorové nadoby - komory




Toroidalni magnetické pole udrZuje plazma




Transformdatorovd akce vytvori a zahteje plazma
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Vse dohromady - voila tokamak

N E
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Plasma in Tokamak (GOLEM) - the least to do

m session start phase:
m Evacuate the chamber
Preionization (electron gun)

m pre-discharge phase
m Charge the capacitors

| C — M — o) 2 .
o |G m Fill in the working gas
ol ( F m Preionization
Toroidal magnetic field L dISCharge phase
m Toroidal magnetic field
Current drive to confine plasma
o — m Toroidal electric field to
y S : breakdown neutral gas
‘acuum stand GAS smr : L .
@ nandiing (121 mT v into plasma
O m Toroidal electric field to

heat the plasma
m Plasma positioning
m Diagnostics

m post-discharge phase



1997: Svétovy fuzni rekord @ JET (EU)

output comparison 1997 and
2021.png

DTE2 59 MJ

Fusion Power (MW)

00 10 20 30 40 50 60 70
time (s)

1997:P ~ 22 MW, @ ~ 0.65, AT ~5 s,
2¢MN9-P ~FKO0O MW O ~?2 AT ~A c



1997: Svétovy fuzni rekord @ JET (EU)

output comparison 1997 and
2021.png

DTE2 59 MJ

Fusion Power (MW)

00 10 20 30 40 50 60 70
time (s)

1997:P ~ 22 MW, @ ~ 0.65, AT ~5 s,
2¢MN9-P ~FKO0O MW O ~?2 AT ~A c



Ptispévek Ceské republiky: tokamak
COMPASSQIPP.CAS.CZ




Hands on tokamak




Tokamak GOLEM - vzdalené ¥izeni: 2009-2019 inventura

Studenti z TU Eindhoven, operujici tokamak, 650 km vzdugnou &arou

m Demonstrace: Ghent University 09; Bochum University 13; Garching 13; Lemvig
High School 14; Instituto Tecnologico Costa Rica 10; Armidale University 17.

m Zimni a letni 3koly: 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
Torlno 16 18 St. Peterburg University 18 19 Kharkov University 19

T VI VA Y Y Y. Y A T T Y L Y I I T



Poplatek: pohlednice z mista vzddleného Fizeni

somny
o







Paper model ABC




Dékuji za pozornost

Tokamak TM1 Tokamak CASTOR Tokamak GOLEM
@Kurchatov Institute near Moscow  @Institue of Plasma Physics, Prague @Czech Technical University, Prague
_~1960-1977 1977-2007 2007-

sCIENCE v SCIENCE EDUCATION

& education & science

Tokamak Golem **REMOTE™* for MASTER (Level I)

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