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Ro¢ni spotfeba 1GW elektrarny (zhruba Praha)

Coal
250 trains

Solar

5000 acres of collectors
plus energy storage for
night and cloudy days

Fission
1.5 rail car load
Uranium Oxide

Oil

11 super tankers

s,

Fusion

1/2 ton pickup truck
Deuterium & Tritium




Zakladni princip tepelné elektrarny
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Spoutani energie hvézd

Core Burning Stages in a 25 Solar Mass Star:

Fuel: Products: Temperature Minimum Burning
(X): Mass: | Period:
H  He 4x 108 01  7x108
years
He C,0 1.2x 108 04  5x10°
years
C NeNa, 6x108 4 600
Mg, O years
Ne O,Mg 12x10° ~8 1year
O Si,S,P 15x10° ~8 ~0.5
years
Si  Ni-Fe 2.7x10° ~8 ~1day

Nejvhodnégjsi kandidat v pozemskych podminkach:

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

— UdrZet & Zapdlit & Zah¥at & Diagnostikovat «—



Uvolnéni vazebné energie |




Uvolnéni vazebné energie |l
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Problém: ¢3stice souhlasného naboje se odpuzuji

m Coulombiv zdkon:
Fg = 1 @G @

dmeg  r2

ID(10kev) 1 T(10kev) =3 He(3 smev) + N(14.1Mev)



Plazma

Plasmas - The 4'" State of Matter
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T¥i zplsoby udrzeni plazmatu

f'r %
reitial Confinenert

Gravitational Corfinerie 1 UsingLaseis

inihe Sun and Stars




Geometrie udrzeni plazmatu




Magnetické udrzeni - Tokamaky

Magnetic Circuit
(iron transformer core)

e
\

Primary Transformer Circuit
(inner poloidal field coils)

Toroidal Field
Coils

Plasma Positioning
and Shaping Coils

Resultant Helical
Magnetic Field
(exaggerated)

Secondary transformer circuit
(plasma with plasma current, I



Budouci reaktor




Konkrétni implementace - Tokamak GOLEM



Tokamak GOLEM - historie

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
2006: new curricula at FNSPE: 2008
Physics and Technology
of Thermonuclear Fusion

Czech Technical University Prague
?virtual or real experiments? Czech republic
GOLEM



Tokamak GOLEM - inZenyrs
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Vsuvka - LC obvod
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Tokamak GOLEM - zdklad

LEVEL 0




Tokamak GOLEM + &erpaci systém (100 kPa — 1 mPa)

LEVEL 0




Tokamak GOLEM + napoustni pracovnim plynem

(H2 ol He)

LEVEL 0




Tokamak GOLEM —+ B (toroidaIni magnetické pole)

Udrzeni plazmatu

LEVEL 1

Toroidal magnetic field

d
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I—N— handling H2
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Tokamak GOLEM + CD (toroidalni elektrické pole)

Ohf¥ev plazmatu
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Tokamak GOLEM + pomoc priirazu neutrdlniho plynu

vytvoreni plazmatu
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Tokamak GOLEM + zakladni stabilizace plazmatu

vertikalnim magnetickym polem
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Diagnostika na tokamaku GOLEM

Tokamak chamber

Photocell
By

&b~

Rogowski
coil (Ien)

B, field coils

& small B, measurement coil

Diagnostika realizovana s pomoci:
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Napojeni systému na internet

Virtual control room

internet sy -
Tokamak room (remote participation)
Control PC
i
WWW control Data presentation
USB & TCP/IP USB & TCP/IP interface
¢ OpenssH server l HTML & CGl scripts| | HTML (www pages)
WWW server —
- plasma DAS opensshserer | | [
-Plasma Uioo =
*Magnetic confinement lpi " a

*Breakdown pulse
*Current drive
*Plasma stabilisation
-Vacuum & H, management Tehamber
-Baking system Py,

SSH control
interface
WINDOWS via putt Data handling

lrad
chamber DAS

*wget
*gnuplot

*idl

'[ | *mathematica
LINUX via ssh *matlab
Spashexiunel | | sec...




Virtualni model tokamaku GOLEM

Rozklad do jednotlivych sou&asti & Pohled do komory



Virtualni velin tokamaku GOLEM

M K]

QG 0 QO B [®uttp://solen. [ifi.cvut cz/CR/V1/events/PROOTION/10111BA0L1 fexp_L1.php
Tokamak Golem **VIRTUALLY** for IBA2011
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Ostatni tokamaky









Vyboj v tokamaku

G

(A




Joint European Torus (diagnostika)

LIDAR Thomson scattering €>- Edge LIDAR Thomson scattering

Divertor LIDAR Thomson scattering { | 28Mev Time-offight neutron spectrometer
Fastion and alpha-particle diagnostic
Fast ion and alpha-particle diagnostic
st High energy neutral particle analyser

VUV and XUV spectroscopy of divertor plasma.
P Py o Reciprocating probe ()

50KV lthium atom beam s
P Claey VR
VUV spatial scan T 151 als, ,:‘\ 3
Multichannel far infrared interferometer o 1

2 Neutron activation

2.5MeV Time-of-fight neutron spectrometer

Laser injected trace elements
. “Active phase 14MeV Neutron

Bragg rotor x-ray Spectroscopy; - S
- 1] B soft X-ray cameras Speﬂ"ﬂmew

VUV broadband spectroscopy
Active phase
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P 4
Grazing incidence XUV "% /
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— spectoscopy ) ™ Gompact, VUV camera
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light monitors Brem Compact,in-vessel
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2 ju— )
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B Felve phase DS Hard Xy maniors
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o e )
crystal speciroscopy 7 Neutron yield profile monitor and FEB

Bivertor gas analysis
using Penning gauge
= L
1 8/1
Endoscope |

;
Neutron activation  CCD Viewing and Recording

The challenge of characterising extreme conditions of nuclear fusion plasmas both spatially and temporally
has inspired JET to produce an impressive array of diagnostic techniques. Drawing from fields as diverse
as neutronics, spectroscopy, lasers and microwaves, JET is a leader in the art of measurement.

Andrea Murari, Task Force Leader - Diagnostics.




Fizni vykon JETu (DT palivo)

TFTR
(1994)

Fusion power (MW)
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Tokamak.cz

14.9.2009; CVUT: PRAHA ...




Zimni 8kola fyziky plazmatu - Marianskd 2011
(Tokamak, zfejmé& COMPASS, s NBI )

http://golem.fjfi.cvut.cz,
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