Best wishes to our colleagues in synthesis

Here in Dubna
38 years ago TOKAMAKS started its long way around the globe
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PROBLEMS AND PERSPECTIVES OF
THERMONUCLEAR SYNTHESIS
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. Introduction

Current status of thermonuclear research (tokamaks)
ITER project
Next step — reactor DEMO

. Thermonuclear plant projects
. Russian research program

. Conclusion

In report we used some viewgraphs from the report
”Review of tokamak research” by R.D. Stambaugh and reports of E. Fredrickson and J. Menard from PPPL



Components of a Tokamak
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JET: Joint European Torus

60 m3

upto4T

up to 5 MA

upto30s

up to 16 MW

R.D. Stambaugh



PLASMA EQUILIBRIUM SHAPE CONTROL
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ITER Geometry

Working geometry




Heating and current drive

Heating Current drive
Ohmic Te~ 1keV +
Electron cyclotron resonance Te,Ti +
(w,,20,)

lon cyclotron resonance Ti. Te +

eH

a)ci -

Mc
Low hybrid resonance o, <w<ao, Te +
Neutral particle injection E <1Mev Te,Ti +

Bootstrap current j ;o ® VP (neoclassics)
. . +
Jas #0.8—0.9/,




0 \({l] Fully non-inductive discharges

210 kA sustained in steady state by 2.7 MW co-ECCD

203 /I:"Esma current (kA) . IRn/P (1020 A-M—2-W-1) =
EC power (MW) 7.3x10°3

2
Or Loop voltage ( —1oo
Current in Ohmic coll (kA) '

1o i 2 3
Time (s)
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THE EFFECTS OF PLASMA INSTABILITIES
RANGE FROM LOSS OF THE
CONFIGURATION TO LOCAL TRANSPORT

Spatial Scale

of the Mode Mode Description Principal Consequence
~a Global kink modes Disruptions
Ideal MHD (low n) B and Iy, limits
~%a Tearing modes Macroscopic Transport
Resistive MHD Profile Modification
Ideal Ballooning (n — <)
~ 110a Edge Localized Modes Periodic bursts at the edge
P; lon Temperature Gradient Modes lon Transport
Drift Waves
Pe Electron Temperature Gradient Modes  Electron Transport
Drift Waves

219-00/RDS/w] R.D. Stambaugh



IDEAL MHD INSTABILITIES LIMIT THE MAXIMUM BETA

Change in potential energy for a small displacement C:

1 Bf B2
oW = Ejdﬁ{'i—' + LL_|V° g, +25) okf + yp[Velf — (5L xb)e 3B — 2(E, # Vp) (ko &J_)}
0 0
EgI:dlii:; "ggg:::’ggg:gw m‘:‘;:'giu parallel current pressure gradient
K, & . . y P
STABILIZING DESTABILIZING
Kink Mode: low n, global Ballooning Mode: High n, localized in bad

curvature region

Pressure-driven Kink (Kink-ballooning) Mode
(J. Freidberg, Ideal MHD; G. Bateman, MHD Instabilities; others)




TEARING MODES

Classical Neoclassical
@® Finite resistivity ® VP=0inisland removes
e Current can diffuse and form equilibrium bootstrap current
clumps — magnetic islands — — Helical current perturbation
on rational q flux surfaces amplifies seed island
® Driven by VJ @ Providing auxiliary current drive

predicted to stabilize NTM

® Growth time 10s of milliseconds
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Resistive wall modes




STABILIZATION OF NTMs BY ECCD

ASDEX-Upgrade
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PLASMA TURBULENCE SIMULATION CODES USE
FULL TOROIDAL GEOMETRY TO CALCULATE TRANSPORT RATES

@ Recent advance: Small scale sheared poloidal flows can shear apart radial eddies,
reducing their radial step size and the transport by an order of magnitude

Gyrokinetic particle simulation of plasma microturbulence

Without
sheared
flows

[£. Lin et al, Science 1998]

With
sheared
flows




Kinetic instabilities
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Energetic-ion-induced mnstabilities. (a) Normalized energetic ion velocity
and beta parameter space for NSTX and projected ITER and ARIES-ST regimes.
(b) Energetic-ion-induced MHD instabilities observed in NSTX.

E. Fredrickson PPPL



Fusion Power (MW)

Progress in fusion power
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Fusion power (MW)

What was really achieved ?
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> 16 MW

In D-T plasma

with input power ~20 MW

Output fusion power ~16 MBT

But it is not breakeven (Q =

0.8)




SCIENTIFIC BASIS — DEEP, EXTENSIVE,
FULL OF PROMISE

Advanced Tokamak
Area Status Challenge Promise
Heating Understood, Pressure profile Burning plasmas
technology control, alpha
developed heating
Current drive Physics High bootstrap Steady-state
understood fraction, local bootstrap
profile control fraction — 100%
Stability Operating space Wall stabilization Double the stable
understood, operating space
predictable
Confinement Closing in on ability Transport barrier Near neoclassical
to calculate control ion confinement
Power and particle Major physics Low density Steady-state with
control elements calculable divertors compatible low surface erosion

with current drive




Internetional Termonuclear

Experlmental Reactor (ITER)

Toroidal Field
Coils

A T Port Plug
| (IC Heating)
Poloidal Field ===t

Coils Divertor
Machine Gravi
Supporttg — — Torus Cryopump

person ===
1.5x 1020 neutrons/sec

13.11.01

Cost of the project ~$5B
" Total cost ~$10B (end 2036)

R (m) 6.2

a (m) 2

Vp (md) 850

lo (MA) 15(17)

B, (T) 5.3

3,k 0.5,1.85
P..x (MW) 40-90

P, (MW) 80+

Q (P /P;) |10

B Bp 2.5%, 0.7

. .JL




ITER and modern
TOKAMAKS

Parameters Modern level ITER
Temperature, keV 50 (TFTR) 15
Density, 1020 M3 15 (Alcator-C Mode) 1
Energy time, s 1 (JET) 3
Minor radius, M 1,1 (JET) 2
Major radius, M 3 (JET) 6
Discharge time, s 360 (Tore Supra) 400
Heating power, MW 50 (TFTR) 100
Fusion power, MW 16 (JET) 500
Burning time, S 10 (JET) 400



ITER TASKS

¢

¢

Inductive discharge : Q=10, P;, ;=500 MW

=400 sec
Steady state discharge: Q=5, P;,,=200-300 MW
1=3000 sec

Thermonuclear technology testing

Physics of thermonuclear plasma:
»a-particles physics, kinetic instabilities, helium ash removal
»Radial profiles control
»Control of MHD and kinetics instabilities

»Control of plasma flux to the wall and into divertor



@GDDDE-@-DDDDD

M7

_muuul_:l_i?@-::lnunna

1%
i

F rﬂvé'n'tge:—ﬁklpés;-Cﬁte d'Azur,
. L -

. Cadarashe

1
L1

2 - _ ; Cannes(o/ﬂ}
Aix-en-Provence ] ’

i.r

O

Marseille

|Iles d/Hyéres
e

ﬂ‘{__,-—* s
Image © 2007 TerraMetrics & 200K

© 2007 Europa Technologles ; Google”

© 2007 Cnes/Spot Image
Pointer 43°41'17.23" N 5°54'16 87" E elev 538 m Streaming ||| 100% Eye alt 264.07 km




ITER scale:

Number of Parts:

-A car: ~ 0.01 M parts
-A large airplane: ~ 1 M
-A large carrier. ~10M

-|TER: ~10 M

Number of subsystems........... ~100
Number of interfaces ............ ~ 1000




ITER Digital mock up
(diagnostic ports)

=
™

tc‘* al

o %ﬁ




ITER configuration

PF3 |

PF4

[cs3L | cs2L | csiL | cs1u | cs2u [ csau |

o 1 2 3 4 5 6 7 8 9 10 11 12 13
R, m

Begin Pulse End Pulse

Plasma Initiation

Current
Rampup Burn

o [




ITER data flow

ON SITE A

REMOTE PARTICIPATION
4 WORLD FUSION GRID ™
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Forecast 2016

Moore’s Low

(Graph from Scientific American (Jan 2001)
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Network 2016=(Network 2006)x1000
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Thermonuclear Reactor DEMO (2012-2035 rr)

Tasks:

1. Reactor materials test 0,5 MW/m2 -3 MW/m?

2. Thermonuclear reactor technology development

3. Life time of equipment test

4 . Thermonuclear plant economics



Z(m)

EFDA Power Plant Conceptual Study

A
16 TF coils
coolant manifolds (d
(permansn )
8 upper ports (f)
(modules & coolant)
176 blankel
modules (a)
(5-6 yrs. lifetime)
8 central ports (g)
(modules)
uum vessel
70 ¢m (e)
cold shield (permanent)
30¢em (<)
(permanent divertor plates (b) = 8 lower ports (h)

(2 yrs. lifetime) (divertor)

Main parameters of the PPCS models

R(m)

Model A Model B Model C Model D ITER
Parameter
(plasma physics)

Unit Size(GW,) 1.55 1.33 1.45 1.53 -
Fusion Power (GW) 5.00 3.60 3.41 2.53 0,37
Aspect Ratio 3.0 3.0 3.0 3.0 3,43
Major Radius(m) 9.55 8.6 7.5 6.1 6,35
TF on axis(T) 7.0 6.9 6.0 5.6 5,1
Plasma Current (MA) 30.5 28.0 201 14.1 10
BN(thermal, total) 28,35 27,34 34,40 3.7,4.5 3,1
P,aq (MW) 246 270 112 71 7,3
n/ng 1.2 1.2 1.5 1.5 0,85
Parameter

(engineering)
Average neutron wall 2.2 20 2.2 2.4 0,78

load
Divertor Peak load 15 10 10 5 10

(MWm-2)
H&CD Efficiency 0.6 0.6 0.7 0.7 0,6
Plant Efficiency 0.31 0.37 0.42 0.6 -
Coolant blanket Water Helium LiPb/He LiPb Water

T./T, (°C) | 285/325 300/500 480/700 700/1100 140
300/480
Coolant divertor Water Helium Helium LiPb Water
T./Tou (°C) | 140/167 540/720 540/720 600/990 140

Power conversion Rankine Rankine Brayton Brayton -




Fusion Power Plants for Electricity Production

The next generation of electricity production plants can be presented by projects
of ARIES-RS and ARIES-ST in USA, in SSTR Japan, DEMO-S in Russia and SEAFP in Europe

Parameters ARIES-RS SEAFP SSTR DEMO-S ARIES-ST

USA Europe Japan Russia USA

Fusion power, GW 2170 3000 3000 2520 2740

Thermal power, GW 2620 3710 3100 3100

Electrical power 1000 1080 600-700 1000

(netto), MW

Current drive/heating ~100 60 100-110 32

system, MW

Average neutron FW 3,96 2,1 3,8 2,52 4,1

load, MW/m?2

Structural material V—-4Cr—4Ti Eurofer Steel F82H | Steel or V-alloy | Ferritic steel

Breeder Li Li,SiO, or Li,O Li,SiO, or Li LiPb

Li,O

Neutron multiplier - Be Be Be -

Coolant Li He H,0 He or Li LiPb and He

Cost of energy, 8.2 - ~11.5 - -

c/kWh




Comparison of Fusion and Fission
Energy Reactors

Similarity

Nuclear reaction based
operation

Neutronics

Neutron resistant material
Internal power consumption
Material activation
Transmutation

Cost

No CO,

Differences Fusion/ Fission

Power plant absent / exist
Activation decay short / long
Fueling const. / reload
Spent fuel no / complicated
treatment

Power density low / high
First wall lifetime short / long
Reactor control TBD / exist

Peaceful coexistence is possible and needed
Each FPP will have a specific area of usage



ITER is the key element in domestic fusion programs

Research

Decision

Main
experimental
installations

Fusion Technology

.

Basic
technologies

Plasma Technology




Development strategy of thermonuclear energetic

year 0 5 10 15 20 25 30 35 40 45
[ I N TN TN NN TN TN T TN TN N TR S NN TR N TN NN S TR N S TN SN SN N N TR T SN [ T SN T S N T SN NN T N TR S S T |
2005 2010 2015 2020 2025 2030 2035 2040 2045 2050
Today's
expts
technology issues (e.g. plasma issues (e.g.
plasma-surface disruption avoidance)
H & D operation ety =
o T operation
ITER license

TBM: checkout and TBM perfojmance
characterisation

plasma <
p

IFMIF EVEDA construction operation: steels testing other materials testing

(design)
materials materials
cl optimisation
bl et operation phase 1 phesel
blanket
congtrict &

DEMO conceptual design engineering deJlgn Phase 2 bianket Sonstruct &

test

Europe

nstruction phase 1
operation phase 2

blanket design &

license prototyping ipstall design install
plasma design optimisation
optimisation for high availability
Power plant conceptual design engliesingldesion construction operate
license
year 0 i B g g Mg ap g Wy ¢ gy g g nt @y o g g g B g g e g g iR
2005 2010 2015 2020 2025 2030 2035 2040 2095 2050
s d‘:"s Technology R&D
expls

[Echicbgy ez ves €0
P ma-en race

ITER  ficense TEW cieckoriag

chamck ik ation

R U S S | a BNB00 operation: steek testing ‘other materiaks testing

i phase 1 operation phase 1 ’.::;lz
DEMO conceptual design engineering gn th Zbaniet operation phase 2
license prototyping
tE €134 Opth Eaton
t:m I tnul 3ua 8D ity

endnnt ing design

Power plant conceptual design construction perate



Tokamaks in “Kurchanov Inst.”

Tompson
scattering

Fusion
Products

Photo- X-ray
specrometry

Correlation
reflectometry

SXR cristal
specrometry

Glow Discharge
Electrode

ECE
complex

Interferometry

Pellet
injector

Neutral
particles
analyser

MSE/CHERS
140GHz
/ 2D SXR 140GHz 2D Si(Li)
Gyrotron
counters Gyrotron spectrometrs =

Magnetic system - Cu Magnetic system — Nb,Sn

Neutrons
counters

Start - 1975. Start - 1988 Stop — 1995 .
a=38 cm, R=150 cm, a=78 cMm, R=240 cm
B=3T, I=500 KA, t=1s B=3.5T, IF2MA, =5 s
P (ECRH)=3 MW, 0.4 s P (ECRH)=1.5 MBT, t=0.1s
P (NBI)=1.5 MBT, t=1 s



Main TOKAMAK installations for ITER support

2000
ASDEX-U DIlI-D

T-15

*New generation of TOKAMAK
installations will be
superconductive devises

Tore Supra




Conclusion

Modern experiments show that ITER will have (O >10

In spite of huge scientific basis we need continue our
experimental and theoretical research

Construction materials are the main problem for future
fusion reactor

Controlled thermonuclear fusion has good opportunity
to be an important source of energy.









Main TOKAMAK parameters

X-point Working geometry

v'Plasma geometry:
 Alongation,
* Triangularity,
*X-point,
*Aspect ratio R/a

v'Limiter or divertor position ~ “ T T n s

v' Radial distributions:

— Pressure (temperature, plasma density)
— Plasma current density
— Electrical field

v Conditions near the wall
v Energy time scaling (H;~1)

TE — (HH)OO3 1[]19.0630.32p—0.67MO.41R1.79ng.17g—0.1lk—0.6



OCHOBbI U OBJIACTb MAPAMETPOB TOKAMAKA

1951 r. — npesa A.l. CaxapoBa, UN.E. Tamma
1954 r. — 1-u Tokamak B MUHCcTUTYTe KypuyaTOoBa
1970 r. - Ha4Yano 3pbl TOKAMaKOB 3a pPydexXxom

Safety factor
5a’B,

Magnetic field
1<B;<8 Tn

Plasma density
5.1018<n_<3.1020 m-3

Effective charge
Loti = 1-2

(J o< T3I2)

J(r)

J(r)

Sl

o = Mo (] L o
- T e Mkiauan!

Thermal/magnetic energy ratio

(T, +T)
B =
B7 /8w
ﬂmax ~ 2%
Normalized ratio

-

:B;/STE

max
N 6

Greenwald plasma density limit

_[P




| think we all agree that...

From Horizon Casino

J. Menard PPPL



MICROWAVE ELECTRON CYCLOTRON HEATING
PROVIDES LOCALIZED CURRENT DRIVE
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[Nocne nonyBeKkoBOro pa3sBuMTUA NOKa HET TepMoOsiiepHOro peaKkropa
(doun3mka, TexHonorusa, 3IKOHOMMKa).

Mouyemy ke roBOpMM O TepMosinePHON 3HepreTuke?

1. BHYTpeHHAA 6e30nacHOCTb - 3eNneHble

2. PaBHOMepHOCTb pacnpeneneHust Tonnmea no KOHTUHEHTaM
CHMKeHME BEPOATHOCTU «PECYPCHbIX» BOWH

3. [NpakTnyeckn HeorpaHUYeHHbIE 3anachkl TONNMBa

4. «KopoTkoxunsyLlaa» HaBegeHHasd akTUBHOCTb
[ToBTOpPHOE MCNONbL30BaHME MaTepmnarnon

5. [lepcnekTrBa MarioHENTPOHHbIX UINU BE3HEUTPOHHbBIX peakuni
(B ganekom oyayLuem)



Ctpaternsa Poccuu - atansbl

Ha nepBom atane (2008-2015 roabl) 6yayT co3aaHbl

Ha

Ha

opraHM3aLMOHHO-3KOHOMMUYECKMEe U MHCTUTYLMOHaNbHbIe
yCroBusA AN co3faHus 6asbl TepMOSAEPHON IHEPreTUKU u
BbIX0Za Ha YCKOPEHHbIe TeMMbl Pa3BUTUA TEXHOSIOMMA U UX
BHeApeHus

BTOpoM  23tane  (2016-2030 roabl) OyayT  peleHbl
3KcnepuMeHTaribHble 3agaum UTOIP, caenaH BbIOOp
ONTUMaribHbIX MaTepuarioB MU TEXHOSIOrMAK MUX NOoJlyvYeHusa Ans
ctaHuum JEMO, 3aBepllieHO NpoeKTUpoBaHUe, CTPOUTENLCTBO U
HavaTbl UCNbITaHUA OEMO, 3aBepLumTcs cTagus
KOHUeNnTyanbHOro NpoeKTUpoBaHuA NnTo, NpPoAoIKNUTCSA
BHeApeHue U paclumpeHne pbIHKOB TepMosaAepPHbIX TEXHOSOMUN.

Tpetbem 23Tane (2031-2050 roabl) 3aBeplalOTCA MUCMNbITaHUA
TEXHOJSIOrMA reHepauuMn I3NeKTpu4yeckom MowHoctn Ha AEMO,
NPOEKTUPYETCH U COOpPYXKaeTCA NPOMbILLSIEHHas 3N1IeKTPOCTaHLMUA.



EBponenckue KoHUenTyanbHbIe
pa3paboTKn TepMosiAepPHbIX PeaKTOPOB
(P.=1,5IBT)

*EU studies of commercial power
plants developed 4 concepts:

» size decreases from (A) to (D) g
with advances in physics and Z(m)
materials 6 1
4 -
ITER

Relatively simple scaling 2 -
developed for Cost of Electricity: .

106 1 1 b

CoE « ()~ 2

05 0430403
Ny Fo ﬁm\;{;w L
Direct influence of Physics -6 -

« CoE varies from 5-9 c/kWhr (A) e
to 3-6 c/kWhr (D) - competitive
with other advanced technologies

“A Conceptual Study of Commercial Fusion Power Plants”
EFDA-RP-RE-5.0 - April 2005



BO3MOXHOCTU TEPMOSAAEPHOWU SHEPIETUKW

TASC — npor3BOACTBO IEKTPOIHEPTUH

[Opyrne npuMeHeHns:
- [lponsBoacTeo Bogopoaa
« (ObecconuBaHue BoAbl

 [mnbpugHble T/9 peakTopbl AOnNd
npounsBoacTBa Tonnmea ana ASC

*  OOBLEMHbIN HENTPOHHbIN
NCTOYHUK ansa obnyyeHuns
MaTepuanos

* [eHepauus Tenna ans
NPOMBILLNIEHHOCTH n
TennocHabXeHuns

*  TpaHCcMyTauuns OONroXuByLLMX
otxogoB OAT

FPP utilization can begin in a middle of this century



UHdopmauua B peanbHOM BpeMeHU AO0JMKHa
ObITb 4OCTYNHA BCEM y4YaCTHMUKaM NPoOeKTa

ON SITE ~1-10 GBite/discharge Pl R A b

o

"TEST CELL

DIAGNOSTICS

CONTROL ROOM

]

Supercomputer

LU et e

&Data acquisition | : ’ AR ST ey -
-
Feedback & Data Bage ? Seen® *

SHARED

System control

MEETINGS
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UcTtopua pa3Butua npoekrta ATOP

ITER — ynukanoHwlit npumep mexrcoyHapooHo20 COmpyoHuuecmea

Management ITER Council Technical
Advisory Committee Advisory Committee
Director Central Team
Europe USA Russia Japan
1988 — 1999 Design bureau Design bureau Design bureau Design bureau

2004 - ...

1999 — 2003 -

PRy
()
Nt




UTOP akBaTopuanbHbIN
AnarHoctn4yeckum nopt Ne 1




Bknaabl y4yacTtHukoB B npoekt UTIOP
(vronb 2001)

IlpoexkTHpoOBaHue HUP

USA
18%

USA
Europe 16%

30% Russia
14%

Europe
36%

Russia
24%

Japan Jana
28% §4%

NonHasa croumocts HUOKP okono 2 munnunapgos USD



IlnTneBsasi ctTeHKa ToKkamMmaka

(S.V.Mirnov et al. 20 IAEA Fusion Energy Conf. 2004 EX/P5-25)

' _‘—‘ Vacuum HE 1 2 3 4 5 PLASMA

/vessel
e | T

TES /
V) ):i(@) (@) :{(®)

7

WATER COOLING

- TES Double bellows wall.

— - I?r};} wall and divertor Iilhit?m heat removal system; 1'Li ﬂOW, 2 'water COOIing, 3-g.ap,4-3tee| or
' :Illn‘ llllf]:lu::iﬁl:{:ga'd[\]“,."'s""tLrll‘l.:LI::lLlI:.I\lmu.tmu systemy; Vanadlum be”OWS, 5-th|n LI-C PS-

LSS - lithium supply system.



PaBHoBecne B ToKamMake NoHATO U
Mcnonb3yeTcs B pacyeTax

* YpaBHeHue ['paga-LLladppaHoBa ana doyHKUMK
nononaansHOro NoToka Ha OCHOBE 3aKOHa
Amniepa

rotB=p,j

N ypaBHeHUa 6anaHca cun
Vp = jxB

« Koabl ncnonb3yTcA B:

> PacueTte aKkcnepnMeHTasrbHbIX PeXnMoB r
KOHTPONS NOMOXeHMeM 1 opMon LWHypa

> AHarnmsa pexmnmos B pearibHOM BPEMEHMU
W), p(t),t,

> PacuyeTa reomeTpun ans aHanmsa
TpaHcnopTa (NepeHoCcoB)




CTPATEInA PACHETA TPAHCIOPTA

» Teopusa 6asunpyetcsa Ha 3D HeNUHENHbIX pacyeTax OCHOBaHHbIX Ha Ba3NCHbBIX TPAHCMOPTHBLIX

MoOeNnAx, KOTopble 3aTeM CpaBHUBAOTCA C SKCNEPUMEHTOM

»[IMHENHbIE TMPOKMHETNYECKNE KOAbI OMUCLIBAIOT JIOKarnbHble 6ansioHHbIe HEYCTONYNBOCTH:
- nnHHOBONHOBLIE — BO30Yy)XAaemble rpag. noHHom temnepatypbl (ITG) u 3anepTbiMm anekTpoHamu |
- KopoTkoBonHoBbIe — BO30YyXgaeMble rpag. anekTpoHHom TemnepaTtypbl (ETG)

»HennHenHaa notokoBas Tpybka v annpokcMmaums
MMPOXNOK. Kogamu

- Tonbko nokarnbHble 6annoHHbIe

»HennHenHble Koabl 0XBaTbIBAOT HECKONbKO
COTEH rMpopagnycoB
-Orpannu. P,/ a
- TpebytoT MHOro BpemMeHu

»Pacuetbl ITG ¢ noMoLLb0 NOTOKOB 3anepTbiX
3MEKTPOHOB OOMKHbI BbITb NCMOMNBb30BaHbI ANs
NpoBeEpPKM Modenen TpaHcnopTa U ousnkn B LENOM

»MexayHapogHasa npodunbHas 6asa AaHHbIX
NO3BONAET NPOBEPATbL MOOENU
TPaHCNOPTHbLIX KOAOB

219-00/fy

GLF Predicted W,;, (MJ)

Xopouwee coenacue
C 3KcrnepuMeHmom

10.00 £ oyg arr - 26,

DIlI-D, JET, TFTR

L&H-modes
1.00 - E
0.10 s

+ Kinsey, General Atomics
| ITER profile database+DIll-D
0.01 0.10 1.00 10.00

Experimental Wy, (MJ)



NOCINEOHVE OOCTUXXEHUA
TPAHCINOPTHbIE BAPBEPBI @OPMNPYIOTCA C NMOMOLWbIO LWNPOBOIO ExB

TEYHEHUWA

JT-60U ITB

H-mode

0'10 02 04 06 0.8

r/a

1.0

219-00f)y

OcHoBHasa nges: Llupoeoe ExB meyeHue nodaesisiem
myp6yneHmHbIe suxpu e paduasibHOM HanpaeJsieHuu
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PEAJINSOBAHO XOPOLLEE YOEPXKAHUE BBIU3U NMPEAENA MO MJIOTHOCTU

TEXTOR RI-MODE
1'20 AETA AT A R TA FRA NIRRT A FEANA NN ATA RN A ARANE ARUTI CURNANNENE SRR NI ANTNE AN NE FUNTY
{TEXTOR # 75679 lp =350kA By =2.25Tf
1.00 4~ o — o —
g !
- ELM-free H-Mode Quality * fHo3
| 160 X Tg
0.60 1 ; Greenwald Density Limit\‘
0.40 ] - g (10 m)
3 PlCRH: 1.3 MW
e / - TONW " NeVill intensity (a.u.) (y=60%)
0.00 ""i‘T[I"'"I"“I""I""I""I"“l""l"”l i RALE) Liin) AL BASE Lt

133-01/RDShwj

JET
Pulse No: 52014 2.5 MA/2.7 T, Pyg = 14 MW

1.0 pamss
¥ l|
0.5 ‘7/’_:,@ ~14 er‘
00k o Dp(1pTs)
17 18 19 20 21 22
Time (s)



FEHEPALINA TOKA HEUTPATBbHbLIM MYYKOM COITIACYETCA C TEOPUEM

[MonHasa reHepauunsa Toka B yctaHoBke JT-60U (1.3 cek
pau y ( ) AP PEKTNBHOCTL
lp=15MNA Br=37T
ncp = NlcpR/P =1(Te)
HH=1.3-14  By=24-25 Moo ol .

1Me
lep E P i .
NNBCD 06MA  360keV, 4MW £
PNBCD 03MA  85keV  10-18 MW g :
BOOTSTRAP 0.8 MA 2
ECH — —  16MW = .
So L (MW o Rwee ||
- ——— 85keV(theory) |3
—— 350keV(theory) |3
1MeV(theory) ]
1 10
Teo (keV)
el Neutralizer
3 1:‘

i lON source

219-00/rs



Pa3mepbl U CKAUNUHI
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ASDEX-U

’

COMPASS-D

Véeé& 1

JE02 8-

0 2 4
Major radius (m)

6 8

- Fa
107 ¢ auG ¢ JET 7 CMOD /
- B ASDEX O JE2M W JTeou ,I'
" AD3D # START ¢ TCV e
o 4. PDX # PBXM \ ¥ TDEV4 "
E - [V COMPASS |
Y B
@ =
£ L
(4]
£
T 01k ITER
o C
O r
- L
) i
S
7 L
o
= 0.01¢ ,
- -~
. ;A-#, World Wide Data Base
- (13 Devices)
.
0.001_"‘ Ll Ll Lol [ B R EE
0.001 0.01 0.1 1 10

Predicted Confinement Time



BKINAOQ P® B COOPYXEHUE YCTAHOBKWU UTJIP




BKINAO P® B COOPYXEHUE YCTAHOBKWU UTJOP

3aka3bl Ha uz2omoseJsieHue

Bknao P® e
npoueHmax

[Tpo80OHUK Ot Kamywek

20 % Nb,Sn

TF .
MaeHumHasi TIPOGOOHUK Orist KAy IEK MpownssoacTeo kabensa n3 Nb;Sn n NbTi,
mexHornoausi PE 46 % NbTi |usrotoeneHue kaTylek MarHUTHOM CUCTEMBI
PF 1&6 50-100 %
3ks. [Nlampybku
BakyymHasi BepxHue nampy6ku 339 M3roToBneHne KOMNOHEHT BaKyyMHOWN KamMepbl U
Kamepa CUCTEMbI KOHTPOMS CBapHbIX LLBOB
HuxHue nampy6bku
C6opku nepsgoli cmeHKU U
6raHkema 20 (yo
3awumHbIli 6raHkem Mpon3eoacTBO 06GNMLIOBKM, N3rOTOBEHNE NOPT-
GEnaHkem S nMMuTEpPa U CUCTEM MEXaHMYECKOro KpenneHus
[Mopm numumepesl 100 % Mogyren GnaHkeTa
Mex.onopbi 0ns1 3aw. °
modynell bnaHkema 100 %
lNpuemHoe dusepmop. 100 %
lueepmop Yempoiicmeo (dom/naiiHep) ° Mpon3BoacTBO OBNNLOBKM, 3N1IEMEHTOB KOHCTPYKLINK
ToM108. UCITBIMAHLST 100 % MULLEHEN U NPOBeAEHNE UCTIbITaHUN
Cucmema Kommymupyrouias M3roToBneHne KOMMYTUPYOLLMX annapaTtoB Ans
1)
asiekmpornuma annapamypa 100 % CUCTEMbI NMUTAHNA 1 3aLlUNTbl CBEPXMPOBOASLLNX
Husi MarHMTOB
[ononHumeny | TUPOMPOHbI, SneMeHmbI . W3rotoBneHne CBY reHepaTopoB (FTMpPOTPOHOB)
. mpaxkma UHXeKuyuu 30.7 % 6
HbIU Hagpes HEUMpanbHbIX aMOMO8 obopyooBaHusa ons Harpesa nnasmbi.
MN3rotoBneHne 1 noctaBka 6 AMarHOCTUY. CUCTEM Ans
LuazHocmuka 13 % A A

n3mMepeHust hus. napameTpoB peakTopa 1 nnasmbl




ITER Blanket modules

Parameters Unit Value

Total blanket thermal power MW 690
Heat flux on first wall (FW),

Steady state, average / max. MW/m?2 0.25/0.5
Transient up to 10 s, max., MW/m? 0.5-14
Heat flux on limiter, average / max. MW/m? ~3/~8

Neutron wall loading, average / max., MW/m? 0.55/0.78

Number of modules, total / NB injector 440/18
modules

First wall surface area, m? 680

Weight of modules, t 1,530

Weight limit for module, t/mod. 4.5

Typical blanket module dimension | 1415x1005x450

(inboard equator), mm Lua

.

Cross-section of vessel and Blanket modules mounted on the inner
internal components wall of the vacuum vessel




MaTepuanbl nepBOonN CTeHKU U auBepTopa
UTOP

« Be: nepBas creHka (~550 m2), nuMmuTepbI
(~5 m?)
» Xopowun reTtep Kucrnopoaa

» OTcyTCTBME XMMMUYECKOro
pacnbineHus

» Huskun Z
> Huskoe yaepxaHue T

«  W: ropnosuHa (~90 m2), BepxHsas
AUBEPTOpHasi MULLEeHb (~60 m?2),
BHYTPeHHMe obnactu auBepTopa (~85 m?)

> HusKoe pacnbifieHMe nerkumm
MOHaMMU

» OTcyTcTBUE COOCaXaAeHUs C
nsotonamu H

+ padcut (YBK): BepTukanbHas MULLEHb
(~35 m?)
> BblCcOKasa CTOMKOCTb K TepmMmoyaapy
» Hwuskunn Z




OueHka 3po3un (MOHaMun U HeUTpanamm)
MaTepuarioB, KOHTaKTUPYHOLIMNX C Nra3Mmoun

-—

(=]

o
]

22

CkopocTtb 3po3mm, 10 art./c
o

1

e: 30 2 Ha umn. ATOP

1,8 m/200 (1 M3)
Bpems xuzHu cmeHku — 1 200

W: 20 2 Ha umn. UTIOP
1,3 m/200 (0,07 m3)
Mo | Bpemsi xu3Hu cmeHku - 20 nem

v

0 10 20 30 40 50 60 70 80
ATOMHbLIN HOMeEP

Matepuan | T, 3B |CxopocTh dposuu de3 CKOpOCTH 3PO3UH ¢
y1eTa nepenblLIeHus, Y4€TOM nepenblieHus,
HM/C HM/C
MNpadut 8 240 5,7
<3 158 ~16
Bonbdpam ~8 <0,2 <0,003
<3 <0,0005
Bepunnuu ~8 217 10,1
<3 9,5

CpaeHeHue ckopocmeu
3po3uu Mamepuasios 8
3asucumocmu om ux
amoMHO020 HoMepa
(modenupoeaHue
pacnbisieHuUss UOHaMu U
Heumpanamu)

Pacyem ckopocmu
3po3uu (pacnbinieHue)
mamepuasnoe ATIP npu
pa3fniuYyHbIX napamMempax
nna3mbli (J.N. Brooks et
al.)



Paspabotka ruporpoHos UTIP
(1 MBT,170I'Ty, 1000 c)

_
)

KonBepTop TE,;5 49
| B TEM,
Krad 50% n=99,5%

Nutsak A.l'. n gp.
"IMpPOTPOHLI MeraBaTTHOro ypoBHA MowHocTn ana YTC"
Papuocdusuka, 46, N10 (2003)

nno PAH, NTMKOM, PHL KM - ncnbiTauuna

Poccua: 170 My,

0,5 MBT1/300 c; 0,7 MB7/260 c; 0,95 MBT/100 ¢
OzpaHuyeHusi: npoboll Haepy3Ku,e/e numaHue

AnoHua: 170 My,
0,6 MBT1/300 c; 0,82 MBT1/600 c
OepaHuyeHusi: Hem

Espona: 140 'y
1 MB1/1800 c
OepaHu4yeHusi: Hem

CLUA:140 Ty

0,9 MBT1/1800 c
OzpaHu4yeHusi: NPorJsiaesieH KoJisJIeKmop

HauyaTtbl pa3paboTkm rupoTpoHOB
C MOLWHOCTbIO A0 2 MBT
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PASPABOTKA U NMPOU3BOACTBO
CBEPXNMPOBOAHUKOB (BHUUHM, TB3)

Cu Nb,Sn strands for ITER Magnet System
Bronze process
— Nb Strand diameter 0.81 mm
_Ta Number of Nb filaments 7225
. Critical current density Jc > 650 A/mm2 ( 12T, 4.2K )
e —holTy Internal tin process
Cu-Sn Strand diameter 0.81 mm
Number of Nb filaments 5635
Critical current density Jc > 800 A/mm? ( 12T, 4.2K)
750
700 ™ . 14%wt
E 650 LN ——16% wt.

< 600 o

—_ \
< 550
< 500 s:
450
400

12 13 14
B, T




Jlutun - oxnaxapaembin

OraHKeT AeMOHCTPaLMOHHOIO

TepmosaepHoro peaktopa AEMO-C

33.

—

MaTepuansil;
V-Cr-Ti,
MHOrocrnomHas

MeTalrlJiokepaMunka
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1 - nepBas cCTeHKa;
2 — BXOAHOM KONNEKTOP NepBOWN CTEHKU;

3 - BbIXOAHOW KONNEKTOP NepBON CTEHKMU;

4 - 3aQHASA CTEHKa;
7 - BHYTPEHHAA TpyOKa KonbLeBOoro kaHana

TensioHocUTens 6pPMANHIOBOM 30HbI;

8 - BHelIHssI TPYOKA KOJIBLIEBOr0 KAHAJIA TeNJI0- HOCHTEJIsI

OpHUAVHIOBOM 30HbI;
13 - muTa KOPOOKM 3a/THEH CTEHKH;
14 - noaBoasMiA TPYOONIPOBO/ TENJIOHOCHTEJIS;

15 - oTBOASIIIIMIE TPYOONIPOBO/ TENMJIOHOCUTEIS.



AKTMBaUMOHHbLIN pacnag BaHagueBbIX
cnnasoB V-4Ti-4Cr (RF)

after “irradiation” in BN-600 (122 dpa, irradiation time 560 days)
and DEMO-RF (23 dpa, irradiation time 560 days)

10°
——— VATi4Cr:BN-600
= - - - - VATi4Cr:-DEMO-RF
< 10° —A— \\W1-BN-600
U>) —A— \W1:DEMO-RF
— —%— \\WC2:BN-600
Q —#— \/WC2:DEMO-RF
= 1
@ 10
O
(2]
a
10"
Remote level
; Refabricated materials
107 L
‘ Hands-on level
10-5 : i vl

11 Lol L1
10° 107 10"

Cooling time (year)
Non activated materials

-

The period of the “remote level”
- 3,0 years for BN-600,
- 5.0 years for DEMO-RF.

The period of the “remote level”

attainment in the recommended
(VV1) and manufactured (VVC2)
compositions is (in years):

-VV1: 35 (DEMO-RF),
40 (BN-600);

-VVC2: 25 (DEMO-RF)
20 (BN-600).



CnekTpbl HEUTPOHOB B DflaHKeTe

lllll T llllllll T llllllll T llllllll T llllllll T llllllll I T llllllll

% BN-60

ror iy
ih — = |VV-2M, col 7-8
‘--1:___‘-_ —e— IFMIF
o ey DEMO-RF
=
=1 BOR-60
s GDT-NS

1016

1014

10"?

Neutron spectrum [ n/(cm2 *s*MeV)]

1010 1 1 lllllll 1 11 llllll 1 11 llllll 1 1 lllllll 1 11 llllll 1 11 llllll 1 11 llllll 1 1 lllllll
10~ 10° 10’ 10? 10° 10* 10° 10° 10’
Neutron energy [eV]

NEUTRON FLUX (n/cm?/s, E > 0):

ITER: 1.5(3.88)*10'4, DEMO-RF: 9.00* 104, GDT: 5.18* 104, IFMIF:6.71*
104,  BN-600: 6.50* 105, BOR-60: 3.00* 10'5, IVV-2M : 5.29* 104



be3onacHoOCTbL TepMmosagepHbIX
peakTopoB

TepmosaepHble peaktopbl (TAP) oTHOCATCA K KaTeropum
pagvauMoOHHbIX MCTOYHUKOB. (3aKoH Poccunckon depepauunmn
No 28 ®3 ot 10.02.1997 r)

He BO3MOXeH HEKOHTPONMpyeMbi pa3roH mowHocTu. Mpwm
yBennM4YeHnn MOLLHOCTU U TeMnepaTypbl TepMmosiaepHas
peakuusi npeKpaLlaeTcs.

Het yrpo3bl notTepu TenJioHocuTesns

MHTEeHCMBHOCTbL A03bl Ha rpaHuLIe CTaHLMKX NP MaKCUMarbHO
BO3MOXXHOW aBapuu B 3-5 pa3 HMXKe pa3pelleHHOW Ans
HaceneHus

KonnyecTtBO TONSIMBHOU CMeCU B BaKyyMHON Kamepe MmeHee 1 r
U Npu NpeKpaweHn nogaym Tonnmea TepmMmosigepHas peakums
npekpawaetcs B TevyeHue 10 c.



be3onacHoOCTbL TepMmosagepHbIX
peakTopoB

KonnyecTtBO BbICOKOAKTUBHbIX OTXOO0B MEeHblle, YeM B
AAePHbLIX peaKTopax AelleHUs.

NMpun aBapun TAP B BbIOpoOCe HeT akTUHMAOB, NoAa, CTPOHLUA,
Le3us.

OnacTHOCTU: TPUTUN, OKUCHIbI BoNbdpama, oepunnun, nbifib,
BO3MOXHOCTb 00pa3oBaHuA BogopoAaa npu npopbiBe BOAbLI B
Kamepy, 3Hepruss MarHUTHbIX nosrien

NMpoekt UTIOPa He pa3pelwwaeT umeTb B Kamepe o6ornee 330 r
MOOUNN3yeMoro Tputus, Yepes Kaxable 60-160 nmnynbcoB
HY>XHO NPOBOAUTbL OMNepauuio yaaneHusa TpuTusa - paspadoTka
TEXHONOIMMM.



OKOHOMUKA TEPMOALOEPHOI'O CUHTES3A

1) JOCTYynHOCTbL SHEPropecypcos.
2) MHuMmanbHoe BO3ENUCTBME Ha OKPYXKatoLLYyo cpeay.

3) KoHKypeHTOCnocobHOoCTL (Hanbonee npobriemaTUyHo) N0 ceb6ecToMMOCTH
SNEKTPOIHEPTNN

4) BoaMOXXHOCTb obecrnedyeHnsa KpyrnHoMacluTabHoro u ctabunbHOro
9HeprocHabXeHus.

5) CebecTOMMOCTb NPON3BOANMON ANEKTPOIHEPINN MOXKET COCTaBUTb ~ 3 — 6
eBpoLeHTOB/KBT-yac 1 npu kpanHux oueHkax 5 — 9 espoueHToB/KBT-Hac [1].

[1]. EUROPEAN FUSION POWER PLANT STUDIES, I. Cook, D. Maisonnier, N. P.
Taylor, D. J. Ward, P. Sardain, L. Di Pace, L. Giancarli, S. Hermsmeyer, P. Norajitra, R.
Forrest, for the PPCS Team.



COUUNAJIbHO-OKOHOMMUWYECKUE ACIIEKTbI
TEPMOSAOEPHOW SHEPIETUKWU

(no maTtepunanam EFDA)

Pacxoowvl na 61600 u3z sxcnyamayuu u oopaujenue c

100% - «—  omxodamu
90% - \QKcnﬂyamaquHHbze Pacxoowl
80% A <« Kanumanvnvle 3ampamol Ha 3aMeHseMble V3bl
70% ~
60% -
50% A E Kanumanvnvle 3ampamel na cmandapmuoe
obopyoosanue TOC
40% -
30% ~
20% - < Kanumanvnvle 3ampamol Ha mepmosoepHblil peakmop
10% -
0%

CocTaBnsrowme CTOMMOCTU 3NEKTPOIHEPrum TepmosiaepHon anektpoctaHumm (TIC)
Cmoumocms monaiuea KIHYeHd 8 IKCHIYAMAYUOHHbLE PACXOO0bL



CTOMMOCTb 3NIeKTPO3HEeprun OoMmKHa ObITb
KOHKYPEeHTOCNOCOOHOMU

OueHku ctommocTun anekTpoaHeprm B 2020 r. (ueHT/KBT-4ac)

L7 I e RS ]
1

[ 9} o
] 1

] | |

— (]
1 1

Peaktop AT 1 Bt
Peaktop AT 1,5 BT

[[a3 Yronb ATOMHag

OugeHkn komnTeTa
MwunHuctepctBa aHepretukm CLUA, 1999 r.
I npOM3BOACTBeHHbIe 3aTpaTtbl
YrnepoaHbin Hanor

100 gonnapoB/TOHHa

Betep

YTC

OueHkn AreHTcTBa
3HEepPreTn4ecKom
NHopMaLmK.

bBes yrnepogHoro Hanora

[oknag FESAC, 1999r.



CUEHAPUN MPOUN3BOACTBA 3JIEKTPO3HEPIT U
B EBPOIE K KOHLY 2100 NOOA IPU YYETE
OrPAHUYEHWN HA BbIEPOC CO,

25
u%j 20 B solar
::; O wind
B 15 - B biomass
-§ i O fusion
a B fission
2 107 O gas
§ O coal
é 5 B hydro

0 |

base 750 650 550 450
CO2 target (ppm)




depepanbHan uenesas nporpamma «OBnageHue aHeprmeun
TepMmosiaepHOro cuHrtesa. CosgaHue Hay4YHO-TEXHONOrM4eckon G6asbil
TepmosinepHoun 3HepreTnkn B Poccun» Ha 2008-2015 roabl

Heab

HA YCTAHOBKAX TOKAMAK BBINTH HA PEAKTOPHbIA YPOBEHb MapaMeTPOB
IUIA3MbI U TEXHUYECKUX XaPAKTEPUCTHK TEXHOJOTMYECKHUX CUCTEM, BbIOpaTh
KOHIENTYAJbHbIC PELICHUA 10 TEPMOSACPHBIM TEXHOJOTUAM M MaTepuaiaMm,
BeAylME K CO3JaHUI0 OCHOB TepMosi/IepHOoil JHepreTuku B Poccum.

PocarTom,

'roc3aka3zuuku —Pocuayka, Pocoopa3osanue, PAH.
*@unancuposanue [Iporpammer 3a 2008-2015 roas! (B eHaX COOTBETCTBYIOIIUX JIET)
BCEI'O: 30,154 mupa. pyoJieit
B Tom uncie: 27,784 mapa. pyosien —0romxeT

4,47 mapa. pyosier —BHeOIOIKeT

7,029 mupa. pyoJier KanuTaJbHbIE BJIOKEHMA-,

19,416 mapa. pyouaein HUOKP,

3,709 mapa. pyoJieit mpouyue HYKIbI.



Tekywee coctosiHme pbiHKoB YTC u Bknag Poccun B
MeXAyHapoOaHY TePMOSAEPHYIO nNporpamMmmy

UuTOP HanunonajabHbIe noJst ppiaka YTC %

MJIPA.PYO, 1051%  mporpaMmbl, MJIPA.py0

EBpona 6,4 40% 15,7 37
SInonusn 1,6 10% 10,5 20
CIIA 1,6 10% 6,5 13,6
Jpyrue crpansl 4,8 30% 6,5 22,1
Poccusi ¢ ®DIIII 1,6 10% 2,7 7,3
Poccusi 0e3 OIIII 0,3 3,2

O0beM 1100aJIbHOT0 PhIHKA TepMosiiepHon dHepreTuku 2007 roga - 59,4 mapa. pyosei.

SAnonus u EBpona akTUBHO 3arpyKar0T CBOI0 NPOMbINLIEHHOCTH 32 cueT UTIP, TIEMO u IFMIF!!

TepmosiiepHbI CHHTE3 — CAMBIH BbIIAIONIMIACH OM3HEC-TIPOEKT cToJIeTHs!!



EFDA Power Plant Conceptual Study
Variant C
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