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Clean Energy:
Humankind’s
Challenge

- 3alITUTA )KUBOTHE CPEAUHE
- Hemocrarak enepruje

- Edekar crakieHe oarire




Pemier-e npo0eMa HeI0CTATKA €eHepruje:

- Temnieparypa cpequne 100-200.000.000 K

Pdy3uoHA IJIa3MAa

- MarsetHo KOH(pUHUpAHE

- MHepuujanHo KOHGUHUPAHHE



1. Ila1a3sma

promopop.ff.bg.ac.rs







EJjiekTpUYHA NpaKmbemha




INIPUMEHE IIJIASME.:

- Opn (py3unoHe miIa3Me A0 U3pajie YUIIOBa M IJIa3Ma €KpaHa
- OuBpiihrBame U 00pajia MOPIIMHA, HAHOIICHE TAHKUX CJI0J€Ba
- Jlerpaganuja XeMHJCKUX JeINECHA, CTEPUIIM3aLIi]ja

HM3paga noaynpoBOAHUYKHUX KOMIIOHEHTH

- 4-OMTHU MUKPOIIPOLIECOPHU:
JEMO3UIN]a Y €ICKTPOJIMTUYKOM PACTBOPY

- 64-OMTHM MUKPOIIPOLIECOPH, TUTAXEPIIHE Op3UHE U TUTa0ajTHE MEMOPH]E:




Boxonuxk JleyTepujym Tpunujym

promopop.ff.bg.ac.rs




D-T peakumnja

N

e

Deuteron

Mucleus

D +T — He (3.5 MeV, plasma) + n (14 MeV)




- I1o3UTHBHU eHepreTcKy OMJIAHC TEPMOHVKJICAPHE PeaKIHuje

- Eneprercku npar 3a D-T peakuuje ~20 kel (D:T=50:50)
- Temnieparypa riazme /00-200 MK

- JJaBconos (Lawson) kpurepujym: n-t >3 - 10°m=s

- FTP (Fusion Triple Product): n-T-t> 6 - 10°! keV-s/m’




3. KoH(puHupame mia3me

Gravitational
Confinement Magnetic Confinement

Magnetic Field

Inertial
Confinement

¥ Fuel Pellet




MarneTHo KOH(PMHHUPAH:E Y TOKAMAKY

VERTICAL FIELD
COLS FIELD COIL

PLASMA CURRENT PLASMA MAGNETIC FIELD LINE

- MarsetHo nosee ~5 T
- Crpyja mna3me 5-10 MA
- 3a TH peakiije HeonxoaHo KoHpuHMpame ~1 s mpu 10°0 m




HexoHnTpoJuaucana ¢gy3uja - eKCILIO3HUja

- Dy3uja je IpBU IMYT OCTBAPEHA
Ha 3emsbu 1952. ronune,
IIPUIMKOM MPOOE MPBE XHUAPOTECHCKE OOMOE

KonTpouaucana ¢gysuja

- TepMOHYyKJI€apHU PEAKTOPU




XeJIUKOUIHO
MoJb¢e




Toxamak T-1 (1957.)

Nucruryr Kypuaros, CCCP




1951. TOKAMAK: CaxapoB u Tam
1957. T-1 (1,25 m)

1968. T-3 (2 m): 10 MK, 20 ms

1969. Tum u3 Kanama y cturyty "Kypuaros
1969. T-3: npBu TEPMOHYKJIEAPHU HEYTPOH

1979. T-7:. npBu TOKaMak ca CynepunpoOBOIHUIIMMA
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1st Generation
Tokamak ~1970
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Developed
1860s
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Fusion Triple Product - density (particles/m?) x confinement time (s) x Temperature ( keV)




1991. JET: npBa D-T nnaszma
100 MK, Q=0.05, ¢y3uona cuara 1.7 MW

1994. TFTR: Q=0.3, dy3uona cuara 10.7 MW
1995. TFTR: 510 MK

1997. JET: 300 MK, Q=0.65, ¢py3uona caara 16.1 MW

2003. JT-60U: Bpeme koHpUHUpaka 65 S




FUSION POWER

PROGRESS IN MAGNETIC FUSION POWER
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Princaton Large Torus ITER
Princeton Diverlor Expariment D0 & D8-0
Joini Europonn Torus ATE i TFTH
Japan ALCATOR A, C

indernational Thermonuclear Exparimenial Faaclor
General Alomics Tokamak Expetiments

Printeton Plasma Physics Laboralory
Massachusells Institute of Technology




JET (Joint European Torus)

HajBeha y3rMoHa MalIMHA HA CBETY, jeIUHA KOja pad ca TPULUJYMOM;
pexopaHa cHara gy3uje
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- [IpBU ekciepuMeHT ca Tpurjymom 1991.
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JAERI, Naka, Japan
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TFTR (Tokamak Fusion Test Reactor)
PPPL, Princeton, USA

R 1982-97.
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- [IpBu excnepuMeHT ca TputijymoMm y CAJ[ 1993-97.




Toxamax DIII-D

General Atomics, San Diego, California
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ASDEX
(Axially
Symmetric
Divertor
EXperiment)

IPP, Garching,
Germany










EAST

(Experimental Advanced Superconducting Tokamak)
IPP, Hefei, China

——







KSTAR

(Korean Superconducting Tokamak Advanced Research)
Daejeon, Korea




SST-1
(Steady-state Superconducting Tokamak)

Gandhinagar, India




Toxkamak T-15







HUTEP - NaTepHaMOHAIHN TEPMOHYKJICAPHH CKCIICPUMCEHTAIIHN PEaKTOP
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EU:Japan : Russia:China:India:Korea : USA - 4:2:1:1:1:1: 1.5




_JET u JT-60U: Q>1

D +T — He (3.5 MeV, plasma) + n (14 MeV)

n + Li — He + T (in blanket)

- ToponganHO MarHeTHO MOJBE

- @y3uoHe peakiuje ce oap:xkanajy PO 3arpeBameM anda dyectuia

500 MW, 15MA,Q>10: t~5s (t=>1000s)
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Computer Simulation Center
for Fusion Science

IFMIF-EVEDA




INTERNATIONAL THERMONUCLEAR EXPERIMENTAL REACTOR

MANAGEMENT
ADVISORY
COMMITTEE

ITER COUNCIL

Moscow

TECHNICAL
ADVISORY
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DIRECTOR
(Garching
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THE EUROPEAN FUSION DEVELOPMENT AGREEMENT

EURATOM IN ASSOCIATION WITH:

Belgian State (Ecole Royale Militaire/ Koninklijke Militaire School) and on behalf of Universiti Libre de
Bruxelles and Centre d'Etude de I'Energie Nuchaire/ Studiecentrum voor Kernergie (Mol)

Centro de Investigaciones Energeticas Medioambientales y Tecnologicas (CIEMAT) (Spain)
Commissariat I'Energie Atomique (CEA) (France)

Dublin City University (DCU) (Ireland)

Ente per le Nuove Tecnologie, L'Energia e ' Ambiente (ENEA) (Italy)

Forschungszentrum Juelich (Germany)

Grand Duche of Luxembourg represented by its Minister for Energy

Hellenic Republic represented by the National Center for Scientific Research "Demokritos'" (NSCR)
Hungarian Academy of Sciences (Hungary)

Institute of Plasma Physics, Academy of Sciences of the Czech Republic (IPP/AS) (Czech Republic)
Instituto Superior Tecnico (IST) (Portugal)

Forschungszentrum Karlsruhe (Germany)

Max-Planck-Institut for Plasmaphysik (IPP, Garching) (Germany)

National Agency for Science, Technology and Innovation (Romania)

Osterreichische Akademie der Wissenschaften (OAW) (Austria)

Rise National Laboratory (RISQ) (Denmark)

Stichting voor Fundamenteel Onderzoek der Materie (FOM) (The Netherlands)
Swedish Natural Science Research Council (NRF) (Sweden)

Swiss Confederation on behalf of The Centre de Recherches en Physique des Plasmas (CRPP-EPF
Lausanne) and of other Swiss organisations repr. by the Head of the Swiss Mission to the EU

Technology Development Centre Finland (TEKES) (Finland)
United Kingdom Atomic Energy Authority (UKAEA) (UK)
The Slovenian Association — Ministry of High Education, Science and Sport (MHST)




Marseru (cyneprnpoBoOIHHUIIN)
-400 t Nb;Sn; 4 K: 12 T




Accelerator Test Cell

: DT Linac
Injector RFQ




Carbon hlgh heat
flux plates

- Plasma Surface
Interaction (PSI)

- [IpBu 3u:
Be, B, CFC xomno3uru,
am u L1, S1, Mo, W
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Edge Plasma

ﬂ (Impurity transport)

Erosion and Redeposition
L J_L (Surface modification)

Tritium Retention Mixed Materials

TRIAM 77762 B@55
-

Particle balance
Neutral transpor

guarity transport
Re-deposition Radiation damage

Local recycling
Local heat load




IIpoyuyaBame 0cOOMHA MaTepHjajia MmoJi eKCTPEMHUM
ycjaoBumMa (ImjiazMe BeJIMKe TeMIeparype, KOHIeHTpauuje)

- UaTepakuuja miasme ca Marepujajauma

- ®aykce jona 1017 cm2s!

- Enepruja jona 10-300 eV
- Temneparypa 1-100 eV
- I'ycTuHe eHepruje, cHare

- Bpeme Tpajama




aﬂgrg{?HneA:_. Plasma Gun Simulations

WAL L&

MK-200UG - TRINITI -




PanoBu cy nmouenu ¢ nposiecha 2007...

Kanapam,
anpua 2007.




Kanapam,
maj 2008.




Kanapam,
HosemoOap 2008.




pataractis
JDINTWVOTK'S

xR? 1'-:"‘%{5:?*?'131 Byt
- ?”." 'f_"'...*._' ; ey '!'1' h‘i#l a PULETS : " 3
| b -..-'f..*-*»i..::f‘*;m M S
= AT -k -‘f "Illi.. { Lo, 8 g oAbyl A !
Kanapam, A A i -

deodpyap 2006.

Kanmapam,
deodpyap 2008.




. Republicaf (M

_hi'- : _|'.'-I_[rg-4_ﬁ'rli :
|EIIF '-.. I_ﬂf#ﬂ“' ..”

rdeAuﬂFiH ;ﬁjl--._rH.u g#:’ 'It'quﬁl . ""-IHIT

ﬁ,,:ht:-wm F‘“’*’&"‘

"-Im ehia 1_'

= lﬁﬂp km. _.H

J-I-:lr ARy,

”.uﬂ fries

e o TTT
q-.-.ln L] (' Xe d'Azier s i

EF -: ooty Loisin Abfyz
L o i

Tore Supra

FiEs i

"’uhr_hm-- & #Mr-"ﬂfj-"'} 'h'r-"""" €

,T"-r"- e
H.rmhﬁ-::u'{f' it
e Nerbia

"i-'lil'l-l""_ it _;I | Kerbia

.-__:-: Fli &ﬁgﬁﬂ?m

[ 'l.l'rrnld-' N

. "-] |. i'l!l'll'il :

JJr.Er' :li'l W, ! I'_ e
e N L




Tore Supra,
Cadarache, France

Plasma pulse record of
with 500 kA plasma current (2003.)
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‘a npod. KaHame Ukenom, aupektopom UTEP-a




jecen 2011.




Jlpyze konguzypauuje




Chepuunu Tokamanu

(National Spherical Torus Experiment)
PPPL, Princeton, USA
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Crenaparopu

LHD (Large Helical Device)
Greifswald, Germany NIFS, Toki, Japan




NIFS, janyap 2010.




NIFS, konTpoJsHa coda




Hnepuujanno kongpunuparse







- [TosutuBHM eHepreTcku omianc TH peakiyje
- JlaBconos kpurepujym: nt > 10°'ms

- Eneprercku npar 3a D-D peakuuje /00 kel (npar Ha ~10 keV; 35 keV
J1a C€ MPEMAIIIM 3aKOYHO 3PavYE€HE, 4 OCTAJIO JOIII Ha 3pavyeH-€ MMPUMECa)

NMHEPHMJAJTHO KOHOUHNPABE

- KoHLeHTpanuje ~I 0°° m~: HeonxomHo BpeMe ~1 ns
- OCTBapeHe TEMIIEPATYPE MaJe

- NOTPEOHO: Tpajame jacepa ns, enepruja MJ, ogpehenn oonuk umimyica




Hcmpaafcuearba 6é3dHAa 3d
HTEP y Cpouju
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MATHETOIUIASMEHH KOMIIPECOP (MIIK)

€JIeKTPOMATHETHH

OTBOPHM 32
yHoylmTame
paJHoOr raca

Hoceha

nar0la NpupyoHHUIIa




KomMmrnipecuonu
IJjiazMa mJjias

3oHa joHu3zanuje

7
wivA

J. Puri¢, I.P. Doj¢inovi¢ V.M. Astashynski, M.M. Kuraica and B.M. Obradovic,

Electric and Thermodynamic Properties of Plasma Flows Created by Magnetoplasma Compressor,

Plasma Sources Sci. Tech., 13 (2004) 74-84.




BpeMeHCKH pa3B0oj KOMIPECHOHOT IJIa3Ma MJia3a

Komnpecuonu
mIasMa mJa3s Ipeamn
(ppoHT
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KBasucranuonapHa ¢gasa
pa3Boja mjiasmMa mJiasa

B L T L

22 us 26 us 30 us 34us 38us 42 us

S

20us  24ps  28ps  32us  36ps 40 ps




KSPU-P50 T = (500-2000) ps
I, =(200-450) kA
v,= (70-200) km/s
n,=(10'-10"%) cm’
T = (10-15) eV

prese

www.center.bg.ac.yu/fusionlab.htm










297 46 nm

5 pm

0 pm
0 pm

HMHaTepakiuja mia3me

ca MoBpIIMHAMA




XBaJjia Ha NaXxmpu!




