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Background

* The necessary plasma 8 -
current and size of tokamak
fusion reactor depends
strongly on a few key TER —
physics parameters
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N

 As part of the EU DEMO !

study, these key
parameters are being re- 4 -
visited with a view to 6 -
identifying priority work for

the short term and for ITER
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Background

Parameter Model A Model B Model C Model D
Unit Size [GW,] 1.55 1.33 1.45 1.53
Fusion Power [GW] 5.00 3.60 341 2.53
Major Radius [m] 9.55 8.6 7.5 6.1
TF on axis [T] 7.0 6.9 6.0 5.6
Plasma Current [MA] 30.5 28.0 20.1 14.1
Average Temperature [keV] 22 20 16 12
Average Density [m3] 1.1 1.2 1.2 1.4
By (thermal, total) 2.8, 3.5 2.7,3.4 3.4,4.0 3.7,4.5
H,, (IPB98y2) 1.2 1.2 1.3 1.2
Bootstrap Fraction 0.45 0.43 0.63 0.76
P.gq [MW] 246 270 112 71
n/ng 1.2 1.2 15 1.5
Divertor Peak Load [MW/m?] 15 10 10 5

Z s 2.5 2.7 2.2 1.6
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Beta limit W

» Two high 3 regimes being (R. Buttery, 13th EFPW)
tested:
A
- ‘Advanced’ regimes which with wall limit
require strong current Bn

no wall limit

profile control and wall

[
stability of ideal MHD but 21NV

which hold out the hope of g 2
steady-state operation r= 3

- Improved H-mode or o
‘Hybrid’ regimes which are 3
limited by NTMs but allow ¢ Z >
long pulse operation ! ? Armin :

January 24-25, 2006 US/Japan Workshop on Power Plant Studies & 4
Related Advanced Technologies



Beta limit: Advanced regimes W

* In the presence of a
conducting wall, higher P(0)/<P> ~ 3
din and broader
pressure profiles allow
access to high 3

* In DIII-D, BUy of 5.1 is
theoretically possible at

CImin = 2.1

2 1 I 1 1
1 1.5 2 2.5 3 3.5

9min

(A. Garofalo, 2005 APS)
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Beta limit: Advanced regimes

* By of 4 has been
demonstrated in DIII-D

0

* The regime is transient

as no one has the

current drive capability #
to hold the current e
profile constant

o e e T o

— We need (at least) one
divertor tokamak with

ITER steady-stale scenario

strong off-axis CD 0.0 %
capability and a LS
conducting wall

3.0 3.5
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Beta limit: Improved H-mode I

ASDEX Upgrade #18883
f (kH2) Tt

e The improved H-mode is 100
often accompanied by
neoclassical tearing mode
activity

4 (e

* There Is an on-going debate
about whether the NTMs help
to control the current profile,
allowing very long pulse
operation

* The regime is limited at the
highest 3 by (2,1) NTMs
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Beta limit: Improved H-mode

The B limit for the improved
H-mode is usually close to
the ideal no-wall limit

Bn~3 has been achieved,
for durations longer than
the current resistive
diffusion time

High density operation has
been shown to be
compatible with improved
H-modes
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Beta limit: Improved H-mode

« Several machines are working on controlling NTMs using ECCD:
* Replace the missing current in the island formed by the NTM
« Suppress NTM trigger mechanisms (sawteeth)

« Adjust the current profile to reduce the pressure gradient drive at the
critical rational surface

Early ECCD
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Beta limit: Issues W

 We need to demonstrate true steady advanced regimes in a tokamak
with a conducting wall and a large off-axis CD capability

« We need to demonstrate reliable feedback and control of resistive wall
modes so as to allow operation above the no-wall limit

* We need to understand the role of NTMs in redistributing current in
improved H-modes

* We need to study the scaling of the NTM limit with increasing machine
size

 We need to demonstrate reliable tracking and control of NTMs using
ECCD

« We need to quantify the influence of high beta operation on fast
particle transport
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Confinement & Modelling W

» Here, the news is good!

- Confinement is clearly 1.6 ¢ scan , |
. i B Scan 2 Type | ELMs
scaling more favourably © Seans S L (wybrios) |
with 3 than the normal - L

scaling law predicts 11

o 4 0
o

* This is very positive for g -
ITER (either long pulse or -°

B , Type lll ELMs

JEOEARE

near-ignition is possible) i
and is already close to the
confinement assumed for IPB98
DEMO 0 ' ' '
0 1 2 Bx 3
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Confinement & Modelling

1D modelling using the turbulence- s RO
based codes is not so optimistic r'je(oa(té>)<>==opg(gl5j§g 30 MW) + P(ICRF, 20 MW)
(Q~10 is typical) n(0)/(n) = 1.05
Ip =12.0 MA
. . . off = 2. Oo Do C’ : 00
- The beneficial effect of toroidal et dasrd ek ol B
. . . L = Paux = 53 MW |
rotation shear is lost in ITER (and L e g
a reactor . Hgtl =04 ; |
) Te H98 = 1.6 a3 MW
- fNI = 0.65 1
107 w/o ExB

* The predictions depend very
strongly on the assumed
confinement in the edge transport

—— w EXB (vrranse) .7

F .
. 4
I’ o

BN = 3.15

Q, Fusion Gain
68

barrier !l E(é);” :EZO |
— The role of the ETB needs to be I vk
investigated & a co-ordinated 2| 532705
modelling effort is required (and is RN L o S |
underway) Toea. keV T
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Confinement & Modelling

plasma pressure
- - } !

~
SJ\ H-mode

)

H-mode

® AUG
@ DIII-D
e JT-60U
e JET

The situation with advanced
regimes is much more uncertain

This is due to the lack of long
pulse data to build a confinement
scaling and the relatively wide
variety of possible regimes

It seems likely, however, that
advanced regimes will be more
limited by stability and current
drive requirements than
confinement

2

Pressure peaking: py/<p>

plasma pressure

F

ITB

> ~
H-mode
~

0

a
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Confinement & Modelling: Issues W

« We need to understand the role of the edge transport barrier in the
observed confinement improvement in improved H-modes

* We need to build a database of steady advanced H-mode discharges
which will allow the construction of a confinement scaling

* We need more data in discharges with Ti~Te and with low momentum
input

« We need to co-ordinate our analysis of these regimes, testing codes
against the results from a variety of machines
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Current Drive W

» The PPCS designs assumed a current drive efficiency yqp
which follows the Mikkelsen-Singer formula:
Vep = lepMeRo Ay =1102072 1 0c T,
Fep

* The assumed temperature dependence of the CD
efficiency drives the plant designs to high temperature

* PPCS Model C has 7.4 MA of CD using 112 MW of power
and thus yp ~ 0.6
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Current Drive: ECCD W

- Theory is advanced enough (S. Alberti, 13th EFPW)
to describe accurately the 0.4 .
CD efficiency: L
Te[keV] 0.0 - PBe = 0.3%
= )= (.3
/cD 32.7 ec ﬂl:.u - 175°
1..Bez02% ... il ]
» Taking ,.=0.2, one finds = +____+_,,‘E'.~*'
Yep ~ 0.1 for DEMO (at 00 kg
20 keV) ‘ +
« ECCD is not suitable for -0.4 —

1 1 |
-06 04 -02 00 02 04 06

bulk current drive N

(C. Petty, NF 43 (2003) 700)
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Current Drive: ECCD

« Assuming ~1/3 of the
auxiliary power in DEMO

could be allocated to

ECCD, the local current 3'2:
density can significantly < 25|
altered E_ 2
¢ 1.5¢

« ECCD is a viable option 5 1
for mode control in DEMO _: 0-8'

(given the need for real-
time control, it is presently
the only option)

0 02 04 06 08 1
0
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Current Drive: ICCD W

* lon cyclotron waves could
provide CD in DEMO via pgs.  cwnrENl DRIVE BUETO ELDATME

electron Landau damping
0.04
» For 78 MHz in PPCS 3
Model A, the simulated =, 003
CD efficiency is 0.45 @ o
0.01+
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Current Drive: ICCD

* The resulting CD is on-
axis - it could be used for 0.05
bulk CD but not for control
In advanced regimes

lew(8YP \cRrE ’jlgv(s) PicrE
o
[ ]

=
[ ]
iy
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Current Drive: LHCD

Tore Supra, T, = 5 keV ITER, T, = 30 keV
— caustics ‘ — caustics
—— Landau damping — Landau damping
3.5¢ — accessibility I 3.5¢ — accessibility
—— launched n{/ —— launched n#f
< x Lst pass
225 £251 / damping
o ©
£ = .
8 S X
0.5 ' 0.5 .
0 0.5 1 0 0.5 1
hormalised radius normalised radius
(G. Giruzzi, 13th EFPW) = Yep < 0.4
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Current Drive: LHCD

6 : .

- In DEMO, where the = e
temperatures are predicted 5| — nched
to be very high, the Landau
damping restricts LHCD to x4
the outermost 20% of the =
plasma 23

— Advanced regimes with such
far off-axis CD must be
developed

0 0.2 0.4 0.6 0.8 1
normalised radius
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Current Drive: NBI

(MA) 1.5 Y2000 *
* The current driven by neutral ; Iii,‘l’i?f’é‘é‘mw
beam injection is found to
experimentally to be
consistent with (numerical)
theory predictions

.
.
’
. .

lne (€XP.)
@
17

0.5 -;_-Y1998 ’

@
@  Te(0)<5keV ,
0 & 1cp<0.6x10"® A/m2/W]
0 0.5 1 1.5
MA
e (calc)  (MA)
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Current Drive: NBI

* The current drive efficiency

Increases with electron a R
(@) JT-60U N-NB 1/“/@
temperature and beam = o
Ig , fgf 350keV
energy - £ :
— High beam energies and .;E( ) FR 85keV
. . o)
negative ion-based plasma % H__bw
sources will be required for = (| 4. | 5 SRR, |
ITER and DEMO O o | T 3a0eevitneon)
1MeV(theory) |]
ap » 3 s aaaal . »
1 10
Te(0) in keV
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Current Drive: NBI W

(S. Giinter, 13th EFPW)
Current profile control has been observed in JT-60U

This was done at low input power (2 MW). Similar results
more recently in AUG

1.6 —_—— 0.6 S
= On-axis NB
e 0.4
< < Off-axis NB
= 0.2 r |
o
Co-On-axis NB W -,
| | Co-Off-axis NB 0 ,
13 : 1 | 1
4 6 8 10 12 0 Di-]5 1
Time (s)

(S. Ide, IAEA (1994))
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Current Drive: NBI W

* In AUG, at higher input 18703
powers, the observed e
current profile 6f -
modification is not = .f ;
consistent with standard <, |

theory

- Additional fast particle

: : . : - p =056  TRANSP with NBCD

dlfoSIOn IS reqUIred -2 C no diffusion of fast particles ]

T with D= 0.5 m?/s i

— Priority to determine e ——
how generally this time [5

applies (and why)
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Current Drive: Issues W

 We need to prove that we can dynamically detect and control NTMs (and then
increase the beta)

 We need to demonstrate that the assumed figure of merit is applicable to ITER
and DEMO

« We need to demonstrate the compatibility of advanced regimes with strongly
off-axis current drive as would be available from LHCD in a reactor

» We need to determine the conditions which lead to anomalous spreading of
the current drive by NBI

 We need to prove the temperature scaling of NBI at high temperature and
beam energy (ITER)
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Density & Radiation Limits I

* One might expect the density limit in a
tokamak to be set by the maximum
density at which the plasma can support d LI'(.H).Agm;gXija;s) |
its radiative losses

* This would lead to a power-dependent _
limit g
« Experimentally, one sees evidence of at |
least two other effects:

- Poloidally-localised recycling leading
MARFE formation

T 4 6 § 0 12 14 16 18 2

- A density-dependent increase in Elektronentemperatur T (cV)
transport
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Density & Radiation Limits W

« The empirical (J. Schweinzer, 13th EFPW)

Greenwald density limit 10.0
describes experimental

results to +/- 20% -’E“
Br >~
ng =1 /(72'61 )=159¢—"— = 1.0 :
ngR = @ Alcator C
 Very weak power & ® Dl :
dependence has been @ FBX
verified experimentally ‘3':] '1' E—
- No firm physics basis n, experimental (10%°/m?)

(thus poor confidence
in extrapolations)
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Density & Radiation Limits

16 - :
» Data from AUG & JET H v
are consistent with a T 123 ’
scaling based on SOL 2 1o} _af
detachment: g 8 ‘I,
009 5, 053 < 6]
P BT 1 o
nprs =4.06 058 dqe
(QQSR) . 5 10 15 -
Np aLs (10" l
* This applies to H-mode 2 10] i -
discharges with heavy g 8 ;:’ o
gas fuelling and thus "8 >
flat density profiles B -
5 10 15
Npy_aw [107°m9)
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Density & Radiation Limits

» A Borrass-like scaling is

significantly more
pessimistic than

Greenwald for reactors:

0.8

0.6

0.4

Typical for present DL
database

Shape model A, B

Shape model C, D

o
02| g5
° 0.f/a
Model N, Peaking N, (0)/ngyw | N(0.8)/ngyy | N(0.8)/Ng g
A 11 0.3 1.34 0.99 1.77
B 12 0.3 1.29 0.95 1.78
C 12 0.5 1.49 0.89 1.45
D 14 0.5 1.64 0.98 1.42
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Density & Radiation Limits

« Density peaking at low collisionality is observed in both JET and AUG

« BUT, the correlation between collisionality and Greenwald density is
strong as are the correlations between p*, v* and the fuelling profile

ultimately, ITER

Verr = Ve (pe

I I|l'
1.8 @ l‘m [ ] 2.2<q, <27
L7} ’ﬁ ¢ & 27{:] 4::%‘-'.
K ; 4 35-:::] {45
g 16 X b K 45<q,<55 | @
Eu ¢ "'55«:q {15"1 har'
£° 15 $ o 95 <
b —
S, 14} | Jg A g;m
13} : ﬁ'“’ﬁ" =
E ] ‘ ’“
1.2} F-: *,
|
1.1 . : :
107 10

VAl pp=[115

More cross-machine comparisons, high power wave heating and,

16

15}

14 ¢

]

ha

-
-
T

=k
T

P

A Pooi/Pra

o0&+

AUG, Angioni 2003

m g,~4 NBI |
¢ 0Q,~5 MBI |

10"

10"

|
Vg 8 P,=0.5 10

(Angioni, PRL 90 (2003) 205003; Weisen, NF 45 (2005) L1)
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Density & Radiation Limits I

- DEMO will have to operate with high : NETEEE
Z PFCs and thus the tolerable = 4 o SR
. . . . > w'«'mfwhf‘ﬂf*v"'m At ity M;"\
density peaking is likely to be setby = 5| “«M»MHE;S( h.2) |1
impurity accumulation 5 . S
|
- This is already observed in some (1)' a) 'ECRH———,
circumstances in AUG 10-4:' e 0
* Impurity control can be re- (3 KoV
established by applying central g | Cw center (3 keV)
heating 2 1070 i | _
— A high Z wall should be tested in 5 o) » edge (1 kev)
ITER 10 "L ETTT
2.0 3.0 4.0 5.0
time [s]
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Density & Radiation Limits

Y Y R =
¢ One can only really address the 4 __,_\\4% e = |
complex interactions between E 5l Y\ '
confinement, density limits and O :
divertor power loading in the frame o 7|
of an integrated model T g
«  Such modelling has highlighted an ° / | t\:
important link in the density limit N
model: -
210
- In present-day machines, edge ; y E
thermal neutral fuelling is % /
sufficient to strongly couple the B D: #17151
separatrix and pedestal-top . T ———
densities B
0.03 -o.!oz 0.01 0
R-R_ [m]
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Density & Radiation Limits I

« In DEMO (and in ITER), the increased machine size screens neutrals
and the pedestal-top and separatrix densities are decoupled.

* Itis then possible to separately optimise the core density for fusion
performance and the separatrix density for divertor power load

— Can we test this idea with pellets in JET at the highest currents?

Ny pag p [10°7 1T (K] 0, MW (h)
1.4 Ik ki A AL L LELLE LR 12 ey
12k Eﬁ;ﬁuﬂ_: 10 g oy I:?:?EI n-

L ! ] aE ]
AP~ dINE of —f
I:I.EI_— ?«5‘ . 115— —E
':'-'E‘f— —f 2 b E
0.4 :.. N T A T T ..: |:|:|| N T A T A
60 1080 140 180 60 1080 140 180
F o, [MW] P [MW]
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Density & Radiation Limits: Issues W

 We need to test the density limit and the separability of pedestal and
separatrix densities in conditions of low thermal neutral penetration (high field
in JET?)

« We need to systematically test the density limit in steady, pellet-fuelled
conditions

* We need to determine the proper scaling of observed density peaking and
thus its applicability to large machines

* We need to test the viability of high radiating power fractions in the regimes we
propose to use in DEMO (hybrid & ITB) (confinement and confinement scaling)

* We need to perform an engineering assessment of the feasibility of
exchanging the ITER first wall material

* We need to benchmark our integrated models more against existing machines,
in particular against the new, higher resolution profile data which is now
becoming available
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Summary W

» A main goal of the recently-launched EU DEMO studies is
to identify and address the critical physics issues (today |
have had time to discuss only four: beta limits,
confinement, current drive efficiency and density limits.

* Priority research areas have been identified, with
implications not only for the programmes of the present
day machines but also for ITER.

* The results from this physics analysis, as well as from the
newly launched tasks, are being fed back into the
conceptual engineering design of DEMO. The goal is to
establish a working dialogue between physicists and
engineers.
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