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What is required to light a fire in a
~ stove?

E Fuel: D, T
@0 E Amount/density: N
@ P Heat insulation: T

------- ¥ Ignition temperature: T

' Deuterium




Required Advancement

Fusion output power

Energy multiplication factor

Pulse duration

Neutron wall load

Toroidal magnetic field

Plasma current

Normalized beta

Operation density

Heat exhaust and radiative cooling
10. Helium exhaust

11. Self-heating fraction and heating control
12. Current drive efficiency

13. Simultaneous attainment
—

=

OO NGOG R WN




Fusion Output
Power(GW)
Bo = v o »a

Energy
Multiplication
Factor Q
S

=

Pulse
Duration(s)
— @ emh o=k b

Lo © o o

- A-SSTR

Pulse Operation

' SSTR

Steady State Operation

illll

Pulse Operation

SSTR

CRH

A-S55TR

EST

Steady State Operation

N A O @

Steady State
Operation
~1000s

Pulse Operation ~300s

1day
~1month

-~3 months$

~gmonths
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o
IIIIIIIIIIIIIIIIIII

o

Neutron Wall

Toroidal FIG'CI(T) Load(MW,m2)

Bt-max.
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N
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Pulse Operation

(MA)
=

Steady State Operation
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3large Exp.Reactor Demonstration Commercial

tokamaks Reactor Reactor
etc.

Plasma Current
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SITornnance

(Confinement Improvement)

(Improvement of H factor
output Density) 2.7
Normalized
Beta Value 3.7

(Progress in Output)
1.2 Greenwald
"< Density Factor

Commercial

Reactor
BDDtStI‘EIP 0. : : | : l ’ ’ ’ 0.95
Current Fraction Total Radiation Power
(Reduction of Total Heating Power
circulation Power) | (Reduction in Divertor
(A-SSTR) Heat Load)

Non-inductive driven 1.0 13
Current Fraction

Total Heating Power
(steady-state 1 External Heating Power
Sustainment)

Sustainment Time (Improvement of Burn
Current Diffusion Time Control Performance)

(Steady-State Sustainment)




Normalized 3.7
Beta Value

H factor

2.7 Achievement Goals in Experimental

/

19 Reactor Phase

Greenwald
Density Factor

0.95

Bootstrap 0.8
Current Fraction

1.0

Non-inductive driven
Current Fraction

1

Sustainment Time

Total Radiation Power
Total Heating Power

13 Total Heating Power

External Heating Power

Current Diffusion Time




H factor
2 7 Achievement Goals in Demonstration

Normalized Reactor Phase
Beta Value 37 T 1 2
1 Greenwald
\ 1 Density Factor
Bootstrap o
Current 0. 0.95 T_n:lm_talalFI:dlai_:mnPPuwer
Fraction otal Heating Power

Non-inductive
driven 1.0 13 Tota Heating Power

Current Fraction External Heating Power

1

Sustainment Time

Current Diffusion Time




Issues and prospects
for confinement performance




Plasma Equilibrium, Stability and Transport
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Plasma Transport - Confinment




Various Confinement Modes

O
L mode § —
o
) ‘
. 0 r/a 1
(Center) * (Surface)
. Internal
Core-improved |
L transport —
LB 2 barrier
D
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0 r/a 1
Normalized radius

Pressure

Pressure

Internal transport

barrier

»

r/a

1

H mode

Edge transport
barrier

Core-improved
Mode with H-mode

Edge transport
barrier




Energy Confinement

edge transport

AN heating
cU q.) g
S transition /\
o =
edge center edge edge center edge




H-mode Ipp

ASDEX Upgrade

e 1982 IAEA F. Wagner et al. (ASDEX, Germany)

- Transition to H-mode: state with reduced turbulence at the plasma edge
- Formation of an edge transport barrier: steep pressure gradient at the edge

N
o
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—
ol
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Oy M transport -
.
e barrier |

—
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electron pressure [kPa]

ol
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o

00 04 02 o 04 05
minor radius [m]

Hoover dam
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e 1982 IAEA F. Wagner et al. (ASDEX, Germany)

- Transition to H-mode: state with reduced turbulence at the plasma edge
- Formation of an edge transport barrier: steep pressure gradient at the edge
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' Eé ASDEX Upgrade E ASDEX Upgrade 8595 — H-mode——
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0 e e o] =E v |-
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e 1982 IAEA F. Wagner et al. (ASDEX, Germany)

- Transition to H-mode: state with reduced turbulence at the plasma edge
- Formation of an edge transport barrier: steep pressure gradient at the edge

Gyrokinetic Simulations
of Plasma Microinstabilities

simulation by

Zhihong Lin et al.

Science 281, 1835 (1998)
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edge transport

. L-mode H-mode barriers
AN heating
g g transition /\
8 2 T
D_ | -
o ya TN i
edge center edge edge center edge
TEITER89P — O.048M0-5Ip0-85Bt0-2R1-2a0-31<0-5n200-1P'0-5 M for DT mixture?
2
a *
?—; — ~ ;(Bohm(p )”F(,B,v*) : nearly "Bohm” scaling (¢ ~ 0)
(4=
cT 1 kT
Why? X Bohm = D, =——

eB ©° 16 eB
TE,thIPB98(y) — O.0365M0-21p0-97Bt0-08R1-7a0-231<a0-67n190-41P'0-63

o ’CBp*_OBSB_O'SOV*_O'1 OMO.97q-2.52€—0.55Ka2.72

a2

y~——- ;(Bohm(p*)u F(B,v") : close to “gyroBohm” scaling (v ~ 1,

T o O*-
(2E) (3) -
L A\ eB L
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Confinement scaling

- ZE2t=0re| A O HX|E pedestal ‘&1t core 22 E Lz scaling law

te Ot = 0.0821 BRaxP-1b-01+0.0431,06n,;40-6R1-3ap-0:4p-0.15

b = BR125
25
ITER
|| 1=15 MA
201 | <n>=0.85ng MM, IFS/PPPL
Pux= 40 MW /2
15 ] aux
o
10 -
5
0 :

1 (C)F {

)
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Confinement scaling

* Scaling law?| SHA|H
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L-H transition threshold power

®* Experiment
- Good wall-condition: low impurity content, low recycling
- Enough heating power

® Theory: ExB shear

- Origin of the radial electric field
(1) Reynolds stress
(2) lon orbit loss
(3) Stringer spin-up

25




'L-H transition threshold power

P, = 2.84M-1B,0-82n,0.58R1.050.81

KSTAR

100 EII:”‘:\SD;EXI FTTITT] LI ||||II|ITEIRI ||||| |p=06MA T . 2010data
- O AUG . B=2T, LSN
” e CMOD i drsep = -0.5 cm ® 2011 data
0 b TG _: Co-1, NBI —Scaling law
E A E §15 = -
— - ¢ ]
s [ | = —o-
E 1 —_E = £
o F ol :
[ i ! @
0.1 E_ _E
:||||||| Ll Ll L |||||; 05 1 1 1
01 1 10 100 1 1.5 _ 219 % 2.5 3
I:,th,scalling (MW) Ne (10 "m™)
F)thr scaling — 0-0488 + Ol0028n2.27017i0.035 B1(_).803io.0328 0.941+0.019

Y. R. Martin et al., J. Phys.: Conf. Ser. 123 012033 (2008)
J-W. Ahn, H.-S. Kim et al., Nucl. Fusion 52 114001 (2012)
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Progress in R&D - H-mode Access
Helium H-modes

* Access to type-1 ELMy H-modes ASDEX Upgrade Results
during the non-active phase would

have a significant impact on the

validity of scaling
28 T T T i

ITER Research Plan: o4 Ft)hr,scaIOE}’ - |
— would allow, e.g., investigation and ' -7
demonstration of ELM control 2 7

deuterium operation = accelerates
progress towards DT plasmas

P
-
-
e Y
— impacts on divertor changeoutand g 1.6 -

=3 %N

£ - -

il L~

* AUG finds: Pthresh (He) ~ Pthresh (D) 0.8 *He plasmas D plasmas i
« JET finds: 04l @ ECNHB| m ECH _
o -
Pthl'f‘?rll (He) ~1.4-1.5 Pthresh (D) 0 I ' ' '

2 3 4 &5 6 7 8 9

* Recent C-Mod results find: _
n, [1019 m=]

1.2 < Pthresh(He)'/Pthresh(D) <18
* More detailed studies are required F Ryter et al. NF (2009) 062003

J A Snipes, 3" I0S ITPA Meeting, Frascati, Italy 20 — 23 October 2009 10




Plasma Current
[MA] 4

Faraday's law

v=—E B-ds

dt ’s

PF Coil Flux
[Wb] 4

» t(S)

Engineering Limit

» t(S)

Inherent drawback of Tokamak!




Improved confinement suitable for the
steady-state operation

Plasma Current
[MA] 4 /'\
/ \>

/
—

' Steady-State Operation!

29

t(s)

PF Coil Flux
[Wb] 4




electron pressure [kPa]

25 [T ]
i ASDEX Upgrade :
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0 #8505 q%muufﬂhm
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minor radius [m]
ASDEX Upgrade

Pressure

lon temperature (keV)

Reversed shear mode
25

L Internal transport barrier
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,/f%/ :z r/ =
AN \%i%?
10} \“ B
5Le. /normal discharge]
*le
o‘
0.0 0.2 04 06 0810
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ITB

* |ITB plasmas8| ¥ E HAF ¢lct uhH|

- 2o vl2|%e] =HE:
ITB S2t=010] CHSHAM = scaling law 752 M2 QA |,
A H-5O0[Lt threshold power?| scaling law
global(0-D) database”t ITPAOIA] 5 &0 U,
SHA[2HITB= ChAot 22 FXRF 7HA| 2 QUCH= A, 1 Sd2
TASE|E0| A S 2V W20, A =50 Tl Em7t
Ho| ol H2|l= H 220 H|dl, scaling law 7+=0]| 0]2{Z.
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High |3p H mode (Weak Shear) Reversed Shear H mode

‘rent Density
(MA/m?2)

Hollow Shape

T, = 45keV ,_'(""""""""

eqd = 1.25

Ntel; = 1. 5x1021m 3keVs Qor
- - B Transport Transport
=5 Barrier LT Barrier ~ Barrier
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058 5 - e "
ERR- - I -
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- 8 0 M 0 tr 1 byl a1
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. Hrie] 177X108°C « 5« 1012/cc

Transition of JT-60 Program and Progress in Plasma Performances

CY 1985 | 1986 | 1987 | 1988 | 1989 | 1990 1991 1992 | 1993 | 1994 1995 1996 1997 1998 1999
Joule Rlasma Experiment
JT-60 Break Advanced Advanced
Ad d Exp(2 ITER Physics Exp(1 Fusiol
Research \ \ even Exp. Exp(1) vanced Exp(2) R Physics Exp(1) Pltlasi‘r:‘a
Plan \ A Ex
Initial Heating Rl (
Experiment :
i High Current
Hardware ;:ttg\ Ng Lol ’ i ‘ N-NBI W-Shaped ‘
| Diverter
|
|
- Modification
Facility for DD
Discharge

% b

: Achieved Plasma i Achieved i
Main performance in || 80% Bootstrap| | Ti World Rec. BigtuPedonmance Break even || AchievedQ
Research original mission Current 4.4%108° and High Current Condition in]| World Record
Results (World Record) (4. ) Drive Plasma in high Res\;]ersed in Reversed
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ntT World Rec 2 (_:Ohf' : Shce;
(Highest in World) (Q~1.25)
YT (125X109:C + 5+ S chilexted nif
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' Particle Confinement

® Difficulties

- 2 Al=8 T OtL| 2} L F <5 & (convection pinch)E 12{3lOf 2.
- 2|ALO| 2 EOf oot YUXHR S| HEet7t O =

— =59 A0 H|off ACHX| 2 SHA O|F O X[X] 2ot UF.

® Pinch and density peaking

- AMoH O|20 mef E2O0|H HEO| 28 OF7|k[= Ware pinch
gutte 2= FYgHoz AHEX] .

- EZ0|T WU|H0| SUHLE MZ27t &= =U StoME F=5HA S0
o3¢l 2 Fx27F 2=E (Tore Supra, TCV).

- Collisionality dependency?} H74&: Rl =X| A|Z20[|M0] 2|sH
ITGLE TEM 52| =&F7F O|ef Ly HX[Z 2o7|= A2z 20lE.

— |TERO|| Q|&fsH, AHM T flat profile 2Lt 30% HE dHget &2 7t

- U Exs dge E80 2 @S F7| W20,
(i) Bk 22X E ZYSI= 22l 7|72 sliFat o=,
(i) 92 HOZMNo| Ux B Nof $+Ho| gl EHe

34




(0.4)/ ne(0.8)

n
e

n (0.4)/n_(0.8)

Hi 74 £|.

= - 3.

C. Angioni et al., Phys. Rev. Letters 90 205003 (2003)

hF ol K| A[= 204 0] 2|5}

ITGLI TEM &2 tt=71 O|A W2 TX|E dod|= A2 =2 =20l

Particle Confinement

® Density peaking
- Collisionality dependency”t

"

L o) . SHO & = =
— |ITERO|| 2| &otH, &E3ME flat profile ELCF 30% He dliget =8 &
1.6 ‘ RPN .
O Pyg=5MW 95 20F *, - j‘é’f
I Xy g
1.4 ;— by AUG ICRH
% _ 18 ’ e JETICRH
1.2+ 3 AE
-
V 16"'
1 e
‘ ' [
10’ 10° Ve 10 ik
1.3+ v 12 % A4
1.2; @ AA ‘v1 ! 1.2
A% ‘,0.4 0.6 0.8
11 g5~ 4 Wy o
£05<n ., <055 1.0
1'vors<f <08 v ¥V 1 l 1 !
o e . 101 100 10'
. \Y%

H. Weisen, IAEA FEC 2006

JGO6,276-1¢
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~ Confinement of energetic particles

® Transport of energetic particles (alpha particles)
- Toroidal Ripple loss

- Alfven eigenmodes (AE)
- MHD instabilities

2.0
=
S 1.5 -
L 0
-
~ + o]
IE-|_0_ ! *|I!4+”|‘II|
= RLSRISR:
=
o
& 0.5 O 38-75 keV D beam (TFTR) B DT alpha (DIII-D)
< ©, ® 75 keV D beam (DIlI-D)
LLJ { * 200-400 keV D beam (JT60U)
#= 30keV D beam (ISX-B) o 1 MeV triton (JET)
0.0 | IIIIIIII | IIIIIIII LILBLLLI
102 10-1 1 10

—

SLOWING-DOWN TIME

® The slowing-down time
of energetic ions agrees

well with Neoclassical estimate.

® The diffusion coefficient of
energetic particles is

consistent with the NC model.

- orbit averaging
- Small TAE due to small B,
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Momentum Transport

® |Intrinsic rotation
- Toroidal rotation2| &H&:

(1) 7 =3 Ao 2ot =& &8 Fd0 7|

(2) RWM 2KX0f et At7 BA HE otAE Z=uret 2™ Y a
- ITERLt |IHZ2O|M = QIF actuator2FE Q| 2F2F UAZL HO{A

S0t EZ0|H 2[ds €5 & Qb dAER/US.
- Intrinsic rotation2| &741} & QI

(1) Residual stress

@) ¥ P P5

@) ADM E20|Y HY £3

4) 0l2 Y= &4

(5) jxB torque
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 Momentum Transport

® |ntrinsic rotation

1000 g g '
ITER Non-Inductive K

ITER Inductive -~ - P

C-Mod ’ :

DII-D

Tore Supra

JT-60U

o
L

O X + & OO KK
IIIIIII|

AV Measured [km/s]
o
o

R T T T TT1TT]
.\‘
A
Lol

v o &‘v‘ — C BD1.1 ﬂ{p}.Tﬂ Ip—'l 9 RE.E

1 10 100 1000
AV Scaling [km/s]

J. E. Rice et al, Nucl. Fusion 47 1618 (2007)
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Momentum Transport

® Inward pinch
- JT-60, JET, DIII-DOJ|A] RO|%l 2T EX|Q 2 A0 Of2 FA
(=N m/s HE)

- O[21 €X|
TEP 2|:balloon
Vconv = —R—}(¢ T.S. Hahm et al., PoP 14, 072302 (2007)
0
V, 1 T 4
e e A.G. Peeters et al., PRL 98 265003 (2007)
X4 L, T.R

5
Vi, 1 2 °) 8a, Es. voonandT.s. Hahm, NF 50 064006 (2010)

z, L LT, 5R
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Plasma Stability




MHD stability issues

e Edge Localized Modes
- Damage to Plasma Facing Components

e Neoclassical tearing modes Y

- Limiting pressure, risk of disruption with wall limit
e Resistive wall modes dvance

- Limiting pressure P no wal "m"
e Disruptions

[

- Device safety g E
e Fast particle modes %% §
- Limiting a-heating, CD g
:
— Real Time . £ i
feedback control required 1 2 3

A min
R. Buttery, EFPW 05 "




Vacuum Vessel

‘ Plasma Current ; ',.-—.\

Current Quench Ve icé"id'DispIa
L
—_:I\"—

(at Current Quéhch)
Thermal Quench

Runaway Current Tail

Bulk Electron Temperature

Halo Current

® Injection of neon ice pellet: fast conversion of thermal energy to the
radiation energy
® g < 2: runaway electrons not produced due to instabilities
® Possible disruption events in the process of the optimisation of
operation scenarios, fault operation, failures in hardware, or
an emergency interrupt triggered by the safety interlock — 0.5#/year




Issues and prospects
towards steady-state operation




Current drive and current profile control

Current Density Pressure Non-monotonic current profile

L |

Turbulence suppression

|

High pressure gradients

Bootstrap Current 4=

Large bootstrap current
Externally driven .
Current 1

Non-inductive current drive
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Current drive and current profile control

Current Density Pressure Non-monotonic current profile

L |

Turbulence suppression

|

High pressure gradients

! |

Large bootstrap current

Cf. NTM control §NoOn-inductive current drive

45

Bootstrap Current

Externally driven
Current




' Current drive and current profile control

 Bootstrap current

Projection of poloidally Toroidal direction

trapped ion trajectory < —  Fast ion trajectory

Poloidal
direction

Ion gyro-motion

http://tfy.tkk.fi/fusion/research/




' Current drive and current profile control

 Bootstrap current

Currents due tq -

neighbourings# S

bananas -

largely Baqana
cancel Trajectory

lon gyro-motion ° e
\‘\." . . dP
® But more & faster particles on orbits nearer the core Jooot ™ _dr
(green cf blue) lead to a net "banana current”

® this is transferred to a helical bootstrap current via collisions 47
—




- Steady state
operation utilising

Weak magnetic shear
ELMy H mode

Full noninductive current drive

e —

~ Plasma current g

[Noninductive current
Plasma B ot

current 4 .
(MA)

[ Beam driven current|

,V/{/////V//..I

0

Confinement 2 |- [
enhancement [

factor

Y i R BRI B B
3
Normalized [ / \
beta 0 L, L | |

6 6.5
Reversed magnetic shear

the bootstrap current ey rmode

7 7.5 8
Full noninductive current drive

i~ >
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Current drive and current profile control

Radio Frequency Heating

http://iter.rma.ac.be/en/img/Heating.jpg




® Heating and CD system in ITER

= 1 MeV NBI
= 170 GHz ECRF

- 40-

Current drive and current profile control

/0 MHz ICRF

= 5 GHz LHRF

fe]




Current drive and current profile control

LHCD 0.35-0.4
ICCD 0.1xT, [10keV]
ECCD < 0.1xT, [10keV]
NBCD 0.2xT, [10keV]
Theory: 77 _J_ © Ny Yy oo
. th = _
P (nell 'mevlzl/z)'vcou ViV el
« Efficiency
Experiment n [1020m‘3]- R[m]- 1[A]
Figure of merit): == oC
(Fig )y P[VV] Min
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Current profile control

« Current density profile control at ASDEX Upgrade

NBI




Current profile control

« Real-time current and pressure profile control at JET

— Pulze Mo:; 88047
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® Modulation combinations of actuators (NBI, LH, ICRH) to infer
the coefficients of the state space model of the slow loop.
® Two control loops, 4 actuators (NBI, LH, ICRH, PF)
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' Current profile control

® JT60-U: Real time g,,, control with MSE diagnostics and LHCD

= F V
\C/D 10 Vv Y V)W v 9 0.8 By
p 3 E
A ot 0
—~ 8 T
% 6 r/a~0.2 0.4 5
X 4] Wik ;
o 2 :«yewwwb' WMW'MM
= b T 0.6
= 15 ——— 3 * Transport reduction
=10} E att=124s : :
05} Teommand 1 * Time delay in response Jor OF Jgs
0_ (2):‘ ‘H‘\““““\““H‘\““‘ \‘ ‘\“ \‘ Of qmln
o 151 ref.

7 8 9 10 11 12 13 14 15

mllmnhn‘ A I

Time (s)




— - W ; - - s uf = - - — - — - —~ - —~ — S 2 N

-y - - - —_— - TORE SUPRA

-_— W e Y W N W W e 4 B A 4 B A & B B A 4 B L _

e O-mode in Tore Supra

- Oscillations of core electron temperature at V,,, ~ 0

- Complex coupling between g-profile, MHD (double tearing,
e-fishbones), transport and heat sources
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Long-pulse operation

| | Sec.
10-3 102 101 100 101 102 103 104 109 106
- - ; M .......I — ....._.I M .......I
’IVIHD iEnergy conflnemenlsj iCurrent dlffuswni
ELM’s - Disruption |C-b|oom| |Coo|ing of P.F.C. Total thermalization
Particle confinement Wall inventory | Erosion |

« "“Steady-state” refers to a given physics timescale.

- On present devices, it refers to the Energy confinement time,
sometimes to the current diffusion time with fully non-inductive
current drive

« “Long Pulse Operation” refers to the integration of physics and
technology timescales.

— Long Pulse Operation of Fusion Reactors is motivated by
a multi-timescale physics problem
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Long-pulse operation

Energetic lon Confinement

® Time scale 10 ps (100 GHz)~1000 s, spatial scale 10 pm~10 m
that includes multi-scale, multi-physics phenomena

A. Fukuyama and M. Yagi, "Burning plasma simulation initiative and its
recent progress”, J. Plasma Fusion Res. 81 747 (2005)
58
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Long-pulse operation

| | Sec.
10-3 102 101 100 101 102 103 104 109 106
- - ; M .......I — ....._.I M .......I
’IVIHD iEnergy conflnemenlsj iCurrent dlffuswni
ELM’s - Disruption |C-b|oom| |Coo|ing of P.F.C. Total thermalization
Particle confinement Wall inventory | Erosion |

« Long Pulse Operation of Fusion Reactors simultaneously requires

- the long term operation of the magnetic configuration
(current profile)

- the long term operation of the kinetic configuration
(temperature, confinement, particle content, rotation profiles)

- the long term safe operation of the Coils, Plasma Facing
Components, Structure Materials, H&CD systems, Diagnostics, ...

- a long term solution for fuel cycle (T)
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® The world’s longest discharge obtained in TRIAM-1M
by means of LH full-CD




(1 019 m-3)

(1 018 m-3)

* Global alpha ptl.
Tl 72 <5

. confinement time
4 e 7100 _ ITER: 7 <18
3 : -r T — '!!...’ eff — =
y/z_Averaged electron den éﬁy\: 3 ~02 _
) = Gas prf rate% =50 & He = Y. He enrichment factor
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® Simulated He exhaust experiment in JT-60U Time (s)

= He beam injected into the plasma
= Simulating He ash production by the fusion reaction
- Achievement: 7, /r. =4 1, ~1.0




Divertor heat flux control

* Requirements in ITER

= High main plasma density of 80-110% of ng,,

= Radiative divertor plasma of 80-95% of the input power
= Improved energy confinement of Hgg ~ 2

- Low Z_+< 1.8
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The wall power flux carried
onto the wall of ITER
by alpha particles

http://www.csc.fi/english/csc/news/news/ferritic_inserts 62
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® CDH-mode in ASDEX Upgrade O. Gruber et al, Phy. Rev. Lett. 74 4217 (1995)

= Total radiation fraction of nearly 0.95
- Decreased Hgq slightly from 1.7 to 1.6 due to the increased density
= Maximum Z_; of about 2.5
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momentum
input

RF flow
shear

Current Drive Heating

external

selfq

heating

impurity

exhaust

SOL/ divertor

Current pressure neutrals
Profile profile impurities
 J
flow /
shear
t profile main plasma/
High Confinement Radiative Cooling

High Stability at High beta He-ash & Impurity Exhaust

All profiles have to be optimized as a set.
Y. Kamada, PPCF 42 A65 (2000)




parameter linkage and external controllers
for the steady-state tokamak reactor plasma
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