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Branduoliy sintezé

Saulé ir zvaigzdes
svieCia dél branduoliy
sintezeés reakcijy,
vykstanciy jose.

Ar mes galime
atkartoti Sj milziniska
energijos saltinj
Zeméje?

Image: NASA
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Branduoliy sintezé kaip energijos saltinis (@)

Susijungusiy atomy suma
yra mazesneé uz jg
sudaranciy atomy mase.
Kur dingo masé?

IS zymiosios Alberto
EinSteino formulés
matome, kad maseée
pavirsta energija:

E=mc?
Kitais zodziais:

Energija = masé x Sviesos
greitis kvadratu

Graphic: EUROfusion, Reinald Fenke, CC BY 4.0, www.euro-fusion.org
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Branduoliy sintezé vs

Branduoliy sintezé

Du mazi branduoliai susijungia
sudarydami didesn,.

’H H

-

n+14.1 MeV

d

“He + 3.5 MeV

. Branduoliy skilimas (@)

Branduoliy skilimas

Vienas didelis branduolys
skyla j mazesnius.

Graphic: EUROfusion, Reinald Fenke, CC BY 4.0, www.euro-fusion.org
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Kokia geriausia branduoliy sintezés reakcija Zeméje? )

Sauléje vandenilio (H)
branduoliai susijungia
sudarydami Helio
branduolj (He).

Zeméje efektyviausia yra
naudoti du vandenilio
izotopus:

e Deuterj (D)

o Tritj (T)

Image: EUROfusion, CC BY 4.0, www.euro-fusion.org
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Kokia geriausia branduoliy sintezés reakcija Zeméje? )
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Plazma yra labiausiai
paplitusi medziagos
blsena visatoje. Ji ' e, |
sudaro 99% visos by AT e -
matomos (/i ¥
medziagos.

Branduoliy atostumio
l jégai nugaléti reikia 150
millijony laipsniy
temperaturos. Deuterio-
tricio sintezes
reaktoriuje medziagos
busena yra plazma.

Image 1: prominence on the Sun, By NASA Goddard spaceflight
center [public domain], via Wikimedia Commons.

Image2: ITER Organization, www.iter.org [g

Image 3: By Carsten (Flickr: Polarlicht-Reise 2013 - Tag09 - 22) [CC
BY 2.0 (http://creativecommons.org/licenses/by/2.0)], via
Wikimedia Commons

3
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Keturios medziagos busenos

Kaitinant kietg medziagg ji lydosi ir tampa skysta. Kaitinant skystj jis
tampa dujomis. Kaitinant dujas jos tampa plazma.
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Link tvarios branduoliy sintezés reakcijos

Siekiant pradéti
branduoliy sinteze
butina vienu metu:

Butina gerai suprasti
plazmos fizika.

EUROfusion, CC BY 4.0, www.euro-fusion.org

E. Urbonavicius | Vilnius, LT | 2020-02-12



Plazmos islaikymas yra esmé )

Images(left to right): NASA, CCFE, green picture replace with
https://en.wikipedia.org/wiki/National_lgnition_Facility#/media/File:Preamplifier_at_the_National_Igni
tion_Facility.jpg,

image: Lawrence Livermore National Laboratory, CC BY-SA 3.0, http://tinyurl.com/hj7qvan

Zvaigzdeés yra Zeméje natiraliomis salygomis
masyvios ir jos branduoliy sintezé nevyksta, todél
priklauso nuo daugiausia remiamasi dviem budais:
Gravitacinio Magnetinis Inercinis
iSlaikymo iSlaikymas iSlaikymas
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Magnetinio islaikymo branduoliy sintezé (©®)

Plazma suspaudziama
ir jos dalelés sukasi

aplink magnetinio \Ll\'?

lauko linijas, o ‘}31’/\ Be magnetinio lauko
elektrinis laukas jas /‘f-\ “17

kaitina /{7

Tankis labai mazas:
250 tukstanciy karty
mazesnis Uz zemes

atmosfera Su magnetiniu lauku

<«—— Elektronai

<«—— Magnetinio lauko linijc
ISlaikymo laikas yra
ilgas: >sekundes

Graphic: EUROfusion, Reinald Fenke, CC BY 4.0, www.euro-fusion.org
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Daug zadanti magnetinio iSlaikymo koncepcija (@)

Tokamako pagrindai

Jis sudarytas is Coils

Matalinio korpuso plazmai
iSlaikyti

Magnetinio lauko riciy,

kurios

* nukreipia plazmos daleles

* plazmoje generuoja
elektros srove

* |Slaiko plazmos formg

Korpusas .. .
Magnetinio lauko linija

Plazma

Graphic: EUROfusion, Reinald Fenke, CC BY 4.0, www.euro-fusion.org
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Branduoliy sintezés progresas

TFTR e
ALC-Ce JT-60®

FT
(]

Dlll-D®

Reactor—relevant conditions

1980's

Fusion product, nTe. Tj (x102’ m~§.keV)

0.1—
ITER
Galios atgavimas:
IDfusion =10 x Pin .

1970's

® D-D Experiments
O Full D-T Experiments
/.1
Central lon temperature T; (keV)

Parodyti techninius principus

10 100

/ f JET (ir kiti jrenginiai) galios balansas:
s 4 ‘ f '“: Pfusion = Pin
7 Al N\ Pagrindinis tikslas — mokslinis
supratimas
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Preliminarus grafikas ir pagrindiniai jrenginiai

Sintezé yra
praktiska,
patraukli

Sintezé yra
jmanoma

Sintezé yra
tikétina

~

Elektriné

*

Sintezé yra
iSnaudojama
komerciskai

~2020 ~2025 ~2050

Operation

Branduoliy sintezés
jrenginiai pasaulyje
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EUROfusion (@)

FUSION
FOR
ENERGY

(7N -
{(_}) EUROfusion
=7

30 moksliniy tyrimy instituty ir 150
universitety

28 Europos Salys dirba kartu
siekdami bendro Branduoliy
sintezés kelrodzio tikslo:

Elektra, pagaminta branduoliy

sintezes elektrinéje
E. Urbonavicius | Vilnius, LT | 2020-02-12


https://www.youtube.com/watch?v=KikgfzQvNyA&feature=youtu.be
https://www.youtube.com/watch?v=KikgfzQvNyA&feature=youtu.be

Branduoliy sintezés kelrodis @

Pademonstruoti elektros gamybg
branduoliy sintezés elektrinéje prasidéjus
antrai Sio amziaus pusei

European Research Roadmap
e Remiasi techninio jvertinimo to the Realisation of Fusion Energy

ataskaitomis

e Parodo nuoseklig ES programg, turincig
aisky tiksla

* Be neuzbaigty moksliniy tyrimy

e |[Sleista 2018 rugseéjj

« """
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. el ﬂ'.?" 3 £ ©) EUROfusion
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Branduoliy sintezés kelrodis (@)

* Sis kelrodis yra pagrindas programos, kuri
» Prisideda prie ITER sékmés ir jo rezultaty efektyvaus panaudojimo
» Apraso kelig link licencijuotos elektros gamybos DEMO elektrinéje
» Apraso vizijg po DEMO (pramonés pasirengimas)
» |vertina atsargines strategijas
» Gali buti taikoma nustatant moksliniy tyrimy prioritetus
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Branduoliy sintezés kelrodis

Vs
(1t
A\

Short-term Medium-term Long-term

Research on ITER
present and
planned
facilities,
analysis and
modelling

First plasma Full performance

Consistent Commence Electricity
concept construction production

DEMO

Material research facilities IFMIF/DONES

Fusion Power Plants

Stellarator as fusion plant? ‘

Lower cost through concept improvements and innovations
€ Milestone
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. . Ve 0 /If\\\\
ITER rezultaty pritaikymas DEMO - pavyzdziai i)
2020 2027 2038
pre-CDR Gate CDR Gate Decision to Construct
2014 2027 2029-203¢ 8
DEMO Schedule j e EIE P
De Consoli Selection ‘

2014 ~ 2025 2029 20383 203¥. 2037 | 2639' . 2060
s’ / : S D
P : \ ‘N S, N,
. / . . ~ ~.
A B T F
. ~
,° 7 . N, .
. ) S RN
e ! S RS
ITER Schedul 203
cheadule ki 2026-2 2030-2 2035
Plas 2nd Asse 3rd Asse High Powe
2025 2040
Operation with Low Power Operation High Power Operation High Power Operation
Low Heating (Hydrogen & Helium) (Hydrogen & Helium) (Deuterium-Tritium)
Installation of: First Wall, Installation of: ICRH & NB, Tritium Plant Commissioning
Divertor, Neutral Beam Remote ELM control system
Handling, Pellet injector, First TBM modules
DMS hardware commissioning Tritium Plant

A C D E F

Validated Assembly, Integrated diagnostics H-mode transition threshold, Burn scenarios, TBM Validation, Long pulse) burning
Integrated Design, validation, Validation of ELM control & Bootstrap fraction, Operational scenario plasma
Testing & Commissioning, ECRH performance, disruption mitigation, Full plasma control incl. refinement,
SC magnets, Disruption characterisation, NB & ICRH performance, helium and impurities , Q=10 (short pulse)
VV fabrication validation Divertor remote Diagnostics validation, First wall heat loads,,
maintenance validation Validation of TBM fabrication Exhaust at high power

Tritium plant validation,
Full H&CD and fuelling
validation
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Kelrodzio misijos
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Tokamak jrenginiai

ASDEX Upgrade,
Cryostat MuniCh, DE

wHEpbapatees
T PR

JT-60SA, JA
(Start in 2020)

N
p/

MAST Upgrade, UK %

—
(Our target device)

(Start in 2020)
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Misijos 1 ir 2: Plazmos scenarijai C

\=¥
15 =
I @JET-C O2.0MA @25MA 2019-20 P
- s
- @3.0MA ©35MA goal ', JET Short-term Medium-term Long-term
12 _: ILW-colour circles
: %I) Research on
present and
L planned
- - facilities,
9 i analysis and
%\ O modelling
s O
= 5 - ®
4 N I B e
Integrated Core Stellarator as fusion plant? L | [H|I|ll|I|l””||II””""”””""”""’
- 7
 Lower cost through concept improvements and innovations
[ performance pye—
37 P HAPPEL, T. et.al. PSI 2018 AUG #34410
f L TR
‘:__ 2 Juetm T i T — - 5 }
&9 1@ NBI power ) ‘-‘\lh ]
~ 06 D =098) T (p. ) -, o
E 04~(b) ‘,ﬂ“p ),.,.,.ww*-\v}-\'y\\\\ YR Al
oty 0.2F Imode—»-H-lmode-
~ 04 " Y
No- 3 ] : -
ELMS? 2 0.2 r PlasrpaEnerg‘y ‘ . '
: 06 (d) 1 » B, feedback switched on ' — 4
BT/ s iy (-mode) & o f—f——’u"—“
Y aneesrnniiRe.% O3kt P roaues L
- : ‘ : : T : o 7 - M
0FT : o g N et LS ~E 6F"|
| Ee 5
1.0 (b)l- Irccn M Inpcp M Tonm Tos _1“"| W g a }
. - - - o N 120
) : 3 : : “; AUG oy
: ; SN E c —~ 80
< T Happel et al., PSI, IAEA 2018 § = 40

A. Bock et al., Nucl. Fusion 2017

E. Urbonavicius | Vilnius, LT | 2020-02-12

Fusion Power Plants



JET ®

J‘)’ - PR ’ ’ﬁ.' \\ ‘\

fa |l
aﬂ‘ ~3 ;/‘ ALV ‘? ‘

B e

ET—worId’s Iargest okal et 0 YW=
i | == Projection for 2020

DTE2 ILW target

4
|

Unlqu,e ITER- Relevance., ] N -
2 Be-wall W wer,tor : "
Only devnce*c ntIy able to Hrmade(1997)
use tritium |

3 Remote Handlmg ! D Sk

plasma 92398 (2016)

¢ Closest mperformance L | ap
Programme= "= “. 519?7) .
To 2020::high performance DT,
disruption management,
isotope effects, etc '

After 2020 thc
AR \

v
N

E. Urbonavicius | Vilnius, LT | 2020-02-12



Kelrodzio misijos @i

Plasma

Regimes of
Operation

Heat-

Exhaust
Systems

European Research Roadmap
IEZET to the Realisation of Fusion Energy

©) Eurofusion
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Kartsruhe Institute of Technology ? =
- | N
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Plazmos veikiamy komponenty bandymai &y

O DIFFER

Devices to study
the behaviour of
plasma facing
components
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T. Morgan, PFMC 2019
M. Balden, PFMC 2019

ITER relevant conditions (~1 Full Power Year):

Target 1200 C° VA M
Heat load 20 MWm-2 : ( ’

Particle load 1.5 10%° particles m=s-t S " el
Duration: 18,5 hours

# = MAGNUM beam spot centre

225°C) H (615°C) D/He (1205°C) He (840°C) D (1215°C)
5x10%m2  25X108m2  4x]0¥m?
_@nu-ﬂm.ﬂ“
|
3
e
: 2 | 7 6 5 4 3 2 |
<15X100D/m?  <2X10°D/m? <4x10¥D/m2  <5x10'8D/m2  <5x102°D/m2  <2.5X02D/m?
DIFFER

putch st E. Urbonavicius | Vilnius, LT | 2020-02-12
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NBI and Divertor diagnostics for
MAST-Upgrade

JULE-PSIand JUDITH-3 Baffles and cryopump in TCV

Actively-cooled divertor in WEST

E. Urbonavicius | Vilnius, LT | 2020-02-12



Roadmap Missions

Karisruhe Institute of Technology

Plasma

Regimes of
Operation

Heat-
Exhaust
Systems

European Research Roadmap
IEZET to the Realisation of Fusion Energy

Neutron
Resistant
Materials

©) Eurofusion
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High Heat Flux Materials
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Ductile tungsten

/
(/

Refractory Materials for DEMO Divertors
In close cooperation with Plansee company

Hot-rolled, coarse-grained W Severely cold-rolled, ultrafine-grained
Test temperature: RT W; Test temperature: RT

I Kartsruhe Institute of Technology

Kartwruhe Institute of Technology

- Severe cold-rolling makes W ductile

J. Reiser et al., Int. J. Refract. Met. Hard Mater. 64 (2017) 261-278
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Roadmap Missions

=0
Wr ITER operations — Tresource with no fusion devices
30 — Tresource with ITER
+ Tresource with delayed ITER
§25 — Tresource with ITER and CFETR
E:zo
S >
‘E’IS
3 Maximum start-up inventory |
1082 eonseransoencasesenssos COUITMRPRERAATIITN. 1 ouooINessnesssosasensrnsassesesssarassossessasasnsernsnsosbasssnsasenssl

Minimum start-up inventory
20

51‘5 — T production
210 — T consumption
505 [

X

(| —
2010 2020 2030 2040 2050 2060 2070 2080 2090}
Date

AF: with vsg inter SOmm ribs ( chamfer) on FW(80 bar)

I 0.00070081 Max

1.2783¢-6 Min

Karisruhe Institute of Technology

0.000 0.500 1000 (mi

Plasma

Regimes of
Operation

Heat-
Exhaust
Systems

European Research Roadmap
IEZET to the Realisation of Fusion Energy

Neutron

Resistant
Materials

©) Eurofusion

Tritium
Self-
Sufficiency
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Roadmap Missions

3
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bt Technology

Integrated
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European Research Roadmap
IEZET to the Realisation of Fusion Energy
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©) Eurofusion
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Self-
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Features
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European DEMO concept is not decided!

* Close enough to ITER
(science & technology) —
reduce risk, use ITER
experience*

* Close enough to a power
plant to enable industry —
reduce risk

» Pick a starting point

» Seek integrated evidence-
based concept

» Adapt as needed

» Include test zones in DEMO
to increase technology
output

* examples in back-up slides
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Missions 4-6: DEMO — plasma to grid (©®)

Full set of interconnected
activities

Short-term Medium-term Long-term

Consistent plasma (pulsed
has advantages)

Breeding blanket (options)

Divertor and main chamber
plasma facing components

Containment: vessel,
cryostat, buildings

Balance of plant: heat
exchangers, turbines, storage

Reliable control

Heating and current drive
Tritium, fuelling, pumping
Remote maintenance: design
driver

Safety, environment, waste,
recycling

Materials: structural,
functional

Fusion Power Plants

T

i

[

& /\\ ‘\:\&/\/\/“ \,/

framatome
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Missions 4-6: DEMO — plasma to grid (@)

\=?
35 = 8 . . ‘
ITER operations — Tresource with no fusion devices .. Shoret Wedluma it
L — Tresource with ITER - Tritium ortierm edium-term ong-term
= Tresource with delayed ITER . o
g” — Tresource vith ITER and CFETR | avallablllty' Research on
[} .
R - Inventory sl
—é facilities,
; analysis and
515 modelling
H Maximum start-up inventory
£10

Minimum start-up inventory

Lol

20 , ,
HE — Tproduction |
210 — T consumption |
i . |
X

0.0, -
2010 2020 2030 2040 2050 2060 2070 2080 2090
Date

Integration ™

-100—

0 1100 1300 1500

Activation;

Breed, power, shield lvatl
(now with ITER TBMs) shielding
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Preliminary DEMO Plant Layout )

Turbine BLDG Tokamak Complex B

Assembly Hall attached RF BLDG
& Cleaning facility

usion

Magnet Power BLDG
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Mission 7: Cost of electricity (@)

Cha”enges & OppO rtun|t|es for Short-term Medium-term Long-term
DEMO, FPPs

» plant and organisation complexity
and interactions:

modelling

» shorter design cycle (computers!)

: RT : I S
> Increased avallablllty (radlcal - Lower cost through concept improvements and ini 9
remote maintenance?)

Fusion Power Plants

» advanced plasmas, magnets,
blankets/thermal cycles, materials

» advanced manufacturing and o | =
“design for manufacture” HTS cable
Approach

» |dentify cost drivers for DEMO and
possible power plants

» Holistic approach to whole plant,
whole lifetime, supply chain
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Mission 7: Cost of electricity )
Challenges & opportunities for Shortterm  Mediumterm  Longterm *2
DEMO, FPPs ©
» plant and organisation o D;
complexity and interactions: anairsie ana Sommence. ety q;’
. DEMO * @)
» shorter design cycle o
(computers!) Materil reaassch faciltis IEMIF/DONES =
» increased availability (radical - =, ‘D
. Lower cost through t imp| ts and i tions - 3
remote maintenance?) e L

» advanced plasmas, magnets,
blankets/thermal cycles,
materials

» advanced manufacturing and
“design for manufacture”
Approach

» ldentify cost drivers for DEMO
and possible power plants

» Holistic approach to whole
plant, whole lifetime, supply
chain

Advanced
manufacturing
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Roadmap Missions

Stellarator

Competi-
tive cost of
Electricity

Integrated
p]\ (@]
design

IEZET to the Realisation of Fusion Energy

Plasma

Regimes of
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European Research Roadmap
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Mission 8 - Stellarators

Wendelstein 7-
X: 5.5m helias
stellarator

2018: Record
triple product
for stellarators
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Experimental demonstration
of closea flux surfaces
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Branduoliy sintezés spinofai (©®)

Nors pramoné pradés statyti branduoliy sintezeés elektrines tik uz
desimtmeciy, taCiau jau dabar gali turéti tiesioginés naudos:

Bruker Health || Materials sciences

A technique pressing metal \ ,
sheets into the desired shapes. 7 a—SS=E=====

Today, the company ‘3D
Metal Forming’ delivers
sophisticated cockpit shapes to
the aeronautics industry.

Superconducting cables employed for Medical
Resonance Imaging. Yearly turnover ~1 billion

Environment Remote

Wikimedia Handling
Palladium alloy membranes
de\{eloped for cIear.nng up used in
fusion waste effectlv.ely treat EUROfusion’s
effluents from chemical and JET Tokamak:

automobile industries ) i ) i
Applied to high-energy physics, space science, nuclear

decommissioning, and modern surgical methods
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« Branduoliy sintezés kelrodis pristato iSsamy
jrodymais grjstg moksliniy tyrimy plang

 Programa siekia padéti ITER sékmei ir nukreipti e R R e,
DEMO projekto pasirinkimus |

« Pateikia bazinj DEMO projekto variantg, kuris
reikalingas identifikuoti ir iSspresti projekto
Integravimo klausimus.

« Sukurtas karkasas leidzia ateityje nagrinéti ir
alternatyvias koncepcijas

- Pagrindinis tikslas — pradéti gaminti elektrg
branduoliy sintezés elektrinéje kaip galima
greicCiau (B35 ]

« Kuriamos technologijos leidzia kartu atsirasti ir Eﬂ;'{%ﬁ'ﬂfi
spinofams, kurie gali rasti pritaikyma visiskai "‘g?:*:*;-uﬁf
kitose gyvenimo srityse. ElEns

https://www.euro-
fusion.org/eurofusion/roadmap/
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