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Plasma scenarios for JT60SA

(as part of the EFDA task on the review of version 2.1 of
JT60SA research plan)



The JT-60SA objectives

* Objectives (chap 3)
> Support and contribute to  ITER as a large SC tokamak

> Develop advanced tokamak operation scenario for DEMO:  [3,24.5 for 100s
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JET — class machine . Target for JT-60SA 7 reactors | 3
i ngh 6and K Shaped plasma o 7/ Ideal no wall '|r;’:;'|t VATIA
- 10MW of N-NB off-axis 500keV &3 (@:w, JTER 7
i i = s s

24MW of P-NB balanced 2 & W& Z e
- ECH System 7MW 1 f_| ® JT-60U Exp in JT-60U ? a d1E1H 1; _i
- Stabilisation coils for RWM/ELMs oE N 0000 00 e '55 x5 3
- Water-cool divertor (but not the wall) ~ ° W » e U ea W
- 100s pulse capability. Duration (s)
- DMV, pellet, DEMO Slim-CS design (R=5.5 m, AN=4.3),
-(...) Tobita et al., Nucl. Fusion 49 (2009) 075029

=>» Links with ITER & DEMO research plan is described in Chapter 2
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research issues initial phase | initial phase Il integ. phase | integ. phase Il extended phasel

controllability of plasma position and

shape up to full current operation ) ) ; )

safe shit down at heavy collapse, * machine commissioning
disruption and quench of SC magnets ]

reliable plasma startup * test in-vessel com ponents
volt-second consumption  optimise scenario reliability
wall conditioning in SC device . defl ne operational domai n
real-time function of actuators in open-

ioop * test real-time controls
Validation of diagnostic data

Introduction of real-time diagnostics

H-mode threshold power in hydrogen
plasma

ELM mitigation using magnetic
perturbation

advanced real-time control ' v

demonstration of | [ ER standard

operation scenario ITER scenarios
ITER hybrid operation scenario

ITER steady-state operation scenario

quantification of plasma response to
actuators
experimental simulafion of buri control

for ITER DT expeiment and DEMO DEMO scenarios

radiated divertor study

accomplishment of a main mission goal

demonstration of DEMO scenario
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Chapter 3 present
structure

1. Initial Research Phase |

1-2. Safe shut down at heavy collapse, disruption a

guench of SC magnets

1-3. Reliable plasma start-up
1-4. Volt-second consumption
1-5. Wall conditioning in SC devices
1-6. Real-time functions of actuators in open-loop
1-7. Validation of diagnostic data and introduction

time diagnostics

. EFDA

2. Initial Research Phase I

2-1. Advanced real-time control % J T.6 A

2-2. ITER hybrid operation scenario study

2-3. Steady-state (SS) operation scenario study
2-4. Quantification of plasma response to actuators
2-5. Experimental simulation of burn control for IT ER

nd DT experiments and DEMO
2-6. Radiative divertor study
2-7. Demonstration of ITER standard operation
scenario
3. Integrated Research Phase |
of real-

1-8. H-mode threshold power in hydrogen plasmas and
perturbation

ELM mitigation using magnetic

Scenario plan

boundary limits

4. Integrated Research Phase |l

5. Extended Research Phase

5-1. Accomplishment of the main mission goal

5-2. Demonstration of DEMO scenario (another main
mission goal)

Annual
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13MW hty = 1/30
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Plasma current, |, (MA)

Toroidal field, B, (T)
Qogs

R/a (m/m)

Aspect ratio A
Elongation, «,
Triangularity, 4,
Normalised beta, B,
Electron density (10 °m-3)
Greenwald fraction  fg,,

I:)add (MW)
I:)NNB/PPNB/PEC (MW)

Thermal confin. time (s)
Hyog (v.2) (@Ssumed)
Bootstrap fraction

Duration/z;

Full Current

Inductive

DN, 41MW
55
2.25
~3

2.96/1.18

2.5
1.95
0.53

3.1

6.3

0.5

41
10/24/7

0.54
1.3
0.29
~5-10

regime development

Full Current Full Current
Inductive Slarllldug(t;;/ﬂ?/v
ST 4 High’ density
55 55
2.25 2.25
~3 =53
2.96/1.18 2 96/1.18
2.5 25
1.87 1.86
0.50 0.50
3.1 26
6.3 10.
0.5 0.8
41 30
10/24/7 10/20/-
0.54 0.68
1.3 11
0.28 0.25
~5-10 ~5-10

ITER like
Inductive
SN, 34MW
4.6
2.28
~3

2.93/1.14

2.6
1.81
0.41

2.8

9.1

0.8

34
10/24/-

0.52
11
0.3

~5-10

: scenarios

High By,

full-CD

37MW
2.3
1.71

~5.6
2.97/1.11

2.7
1.92
0.51

4.1

5.0
0.85

37
10/20/7

0.22
1.2
0.68
~5-10

High B
300s
13MW
2.0
1.41

~4
2.97/1.11

2.7
1.91
0.51

3.0

2.0
0.39

13.2
3.2/6/4

0.3
13
0.79
~5-10
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Scenario Scenario

1 4
15 9.0
5.3 5.2
= 5

6.2/2.0 68'25’ 1
3.1 3.42
1.85 1.85
0.48 0.48
2.0 2.95
11 6.7
0.94 0.82
51 59
3.4 3.1
1.0 1.6
0.15 0.46
=I5 ~10
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DEMO scenario derlved from PPCS study
Parameter ]TEH ‘v’lm] =:I a’t "v1m]::| E "dndcl C Model D
Unit Size [GW ] 1.55 1.33 145 1.53
Fusion Power [GW] 0.4 5.00 3.60 341 2.53
Major Radms [m] 6.2 055 8.6 15 6.1
TF on axis [T] 5.3 7.0 6.9 b0 5.6
Plasma Current [MA] 13 0.5 28.0 20.1 14.1
Average Tmn[mrﬂmﬁ: [kc“v’] 8-4 22 20 16 12
Average Density [1{]' m ] 1.0 1.1 1.2 12 1.4
fx (thermal, total) 1.8 28,35 27,34 34.40 37,45
Hy (IPBY8y2) 1.0 1.2 1.2 13 1.2
Bootstrap Fraction ~0.15 045 0.43 0.63 .76
Pyga IMW] 40 246 270 112 71
n/ng 0.85 1.2 1.2 15 1.5
Divertor Peak Load [ MW /m’] <10 15 10 10 5
P/R | MW /m] 19 130 115 106 95
L.D. Horton TRANSACTIONS OF FUSION SCIENCE AND TECHNOLOGY ~— VOL. 53 FEB. 2008
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DEMO physics issues éé:]T60$A

Main physics
Issues for DEMO

What can JT60SA do

Confinement
Improvement relative
to the existing H factor

Yes: developing high (3 regimes should help in solving this question
albeit at only slightly lower p* than JET. The ETB confinement is as
much important as the core confinement.

The MHD limit at high
B

Yes: JT60SA is equipped with the right systems to study the
operation above the no-wall limit and the dependence of the limit
with the g and pressure profiles

The density limit above
Ip/TLa2

No: it is unlikely that the density limit will change significantly from
existing device with a carbon wall. For making progress, would
mean changing the wall material _ to minimise recycling.

Divertor and first wall
power load/exhaust

Partially: Disruption and ELM heat load can be addressed in
relevant DEMO regime. Peak heat load scaling to DEMO may on
the other hand be difficult. JT60SA must address the steady state
power load control in a metallic wall

Non-inductive current
drive efficiency

Yes: JT60SA can definitely address the current drive efficiency by
developing high Te scenario. The question is whether the amount of
ECCD or NBCD is really sufficient.

Steady state operation

Yes: This is the main objective of JT60SA. But here one should
concentrate on viable controllable scenario away from the known
limits where operation becomes miserable.
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List of proposed elements which could be
introduced in chapter 3
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" Task no:

“Task description

gram

Persons mvolved

1 1. Although it is envisaged in the text, a scenario should be added to table 3-1 Challis, Mailloux,
to represent ITER-baseline operation (e.g. H=1, BN~1.8) Nunes, Joffrin ...
2. A hybrid scenario should be added at g95~4 assumi  ng B=2.25T, H~1.3, full
power and whatever [N can be achieved in those conditions
3. A DEMO scenario should be added with modest confi  nement (H~1.1-1.2)
high BN (~4) and high Greenwald fraction (n/nG~1.3), just  to see what may
be possible. Again the operation at high Greenwald fraction is envisaged in
the text
2 1. Define the control requirements consistently with the physics objectives. De Baar, Joffrin,
Give clear indication for each control which direct sensors and actuator Orsitto...
latency is required. Establish a list of diagnostic for direct control.
2. Make control oriented modelling an integrated par  t of the scientific
programme to assess the controllability and optimis e the sensor-actuator
park.
3 The access conditions and limits (L-H, q profiles) to the target scenario should be Litaudon, E. Joffrin, JF
added, described and documented Artaud
4 ECRH + NBCD capabilities for off-axis current need  to be documented during the Litaudon, Sozzi, G.
main heating phase for scenario #4 and #5 Garcia, JF Artaud
5 A JET scenario should be added and compared with a real pulse since JET is the Joffrin, Challis
closest in terms of shape and geometry. More genera Ily, from the set of target
scenario the extrapolation method to ITER and DEMO  should be made clearer. And
JT60U/JET check point. Similarity experiment?
6 The objectives (scientific and operational) of the hydrogen phase need to be Sips, Nunes, Sartori.
strengthened: system commissioning, disruption forc e/mitigation, scenario
termination, diagnostic commissioning =» compile physics elements present in the
document.
7 Requirements for disruption prevention and mitigati on in JT60SA scenario at high De Vries, Bolzonella
Bp possibly with ITB
8 JT60SA work Programme should include scenario makin g the transition to a Joffrin, Giruzzi, Neu ?

metallic wall or preparing this transition.
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Possible additional JT60SA scenarios

Scenario ITER baseline Hybrid Highn _ DEMO
I5,B (MA,T) 4.6, 2.28 3,1.72 4.6, 2.28
Oos 3.1 ~4.4 ~3

R,a (m) 2.93,1.14 2.97,1.11 2.93,1.14
K, O, 1.81, 0.41 1.9, 0.47 1.81, 0.41
B in/Bn total 1.56, 1.62 3.3,7? 2.81, 2.96
<n,>,<n > (101°m-3) 9.6, 8.5 5.0,4.2 13.6,12.1
Ng,(10¥m=3),f, 11.3, 0.85 7.8, 0.65 11.3,1.2
Wi, P oss(MI,MW) 10.8, 10 11.3, 41 19.9, 25
Pung/Peng/Pec(MW) 0,15.8,0 10, 24,7 23,10, 0
T,(S)/Hgg 1.08, 1 0.28, 1.3 0.8,1.2
Comment Based on #4 Based on #5.1 Based on #4




o - arameter 77933 JT60SA target
rdf pétse® H=1.25 identity of H
t(sy 49s
beta-ratio 1

ene guBnl'ratiO energies alfernatives 0.75
a ratio 1.213
a/R ratio 1.196
Ip (A) 2.00E+06 2.18E+06
B (T) 2.296 1.724
ne (m-3) 5.56E+19 3.78E+19
PTOT [MW] from YTO 1.88E+07
PTOT [MW] predicted 1.19E+06
Wth (J) 5.02E+06 4,23E+06
TauE-th 2.67E-01 3.56E-01
betaN,th 2.294 _~~T.007 —~_
Te[rho=0.5] (eV) 3.33E+03 l/ 2.77E+03
Ti[rho=0.5] (eV) 3.70E+03 3.07E+03
ne[rho=0.5] (m-3) 5.93E+19 “\ 4.03E+19
omega-tor[rho=0.5] (rads/s) 6.25E+04 5.61E+04
a (m) 0.915 N110
R (m) 2.927 2.970
a/R 0.313 0.374
kappa-X 1.690 1.690
delta-upper-X 0.355 0.355
delta-lower-X 0.372 0.372
g95 3.610 3.610
kappa-vol 1.520 1.520
ng=Ip/pi/a’2 0.760 0.563
Gfrac 0.731 0.671
I/aB (1/q) 0.952 1.138
Shape factor (995 Ip/a/BT) 3.437 4,110
g-cyl=5*BT*a’2/R/Ip*kappa 2.496 2.496
vol (m3) 73.540 109.815
Ti"1/2/aB (rho* rho=0.5) 0.916 0.916
nT/B"2 (beta rho=0.5) 7.911 7.911
nR/Ti"2 (nu* rho=0.5) 1.268 1.268
omegaR/Te”1/2 (Mth rho=0.5) 10.025 10.025

=» Ne peaking, heat transport, impurity level adjusted
and radiation (bremsstrahlung, line radiation, etc.
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Identity discharge between
JET (77933) and JT60SA

Identity methodology to strengthen
the confidence in the prediction:

B.T conserved

Values of Te, Ti, ne and w; taken at r/a=0.5

Step to JT60SA aspect ratio
Ipaal;naa?

Baa®; Taal?

W aa’; Taad

Dimensionless parameters conserved

to match kinetic profiles
.) level using C and O.
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Case of hybrid Scenario with
identity to JET with METIS
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Ti (METIS & HRTS)
Te (METIS & HRTS)

5000 l
L ] +
time = 48.9491 s

T T T T T T ] 4500 l

I,= 218 MA = 3.54 keV

| = 0.585 MA 3.95 keV 4000§

| Z 0.735 MA 0= 4781e19m

| I 1.32 MA ar 3.8 1e19m 3| 3500]

V. =00824V 0675

loop

3000}
|

- ! 1 2500

Pyg = 132MW '

Por = OMW 2000

P, = 2.22€-022 MW beta, = 0.785
Peory= 1MW L= 0.637 1 1500

P, = 0.00407 MW q,= 4.31

P..= 296MW q.= 1.15

ine . 0

Pprom = 0-227 MW N~ q. = 1.06 1000

rem min

P =0.00123 MW xX. .= 0 |

sync 1 1 1 1 min 1

0 1 2 3 4 5 500r

R (m)
0 |
0 02

0.6

0.8 1
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19 5
x 10
5 x10 . . . . 26

24r

2.2f *

2r *

181

251 Ne (m-3) METIS + ] 8¢
' " Ne (m-3) HRTS ' l
15} B 1.2

-
T
-

VTOR (m/s) METIS
VTOR (m/s) HRTS .
0 ' : : — 0.6 : : : : .

0 0.2 0.4 0.6 0.8 1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

o) P

0.5f . 0.8

Main kinetic profiles gradients at r/a~0.5 are all ve  ry similar, thus giving
confidence in the results of the simulation in parti cular on the bootstrap
current and confinement
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time =56.8146 s T-605A

ced Superconducting Tokamak

2-|p= 4.6 MA o= 239keV 1
lpoor= 0-733 MA = 24keV
| q= 0292 MA - 111e19m 2
= 1.03 MA bar= 961e19m -3
1 Vigop= 0-252V = 0.852 .
= '*
T ﬂ- J: 7
N |
Pog = 145 MW
P e 0 MW
I P, =222e-022 MW beta, = 0.486 |
- Prcpy= OMW L= 0.481
P =0.0046 MW q, = 334
P = 7TA3MW . _ q,= 062
— . —— =
_2_thm_ 1.11 MW N q . = 05 |
P =0.00282 MW x = 0
SYIC i j i i onin i
® b 0 1 2 3 4 5
R (m)

Case of Scenario Baseline ITER with METIS
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time = 75.4434 s
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2-|p= 4.6 MA P T,= 315keV
I = 146NMA : N T = 3.15keV
|_ = 0.642 MA n = 17.8 119 m >
= 21MA N, = 13.41e19 m 3
1 Vigop = 0117V = 1.19 -
\
~ -
|
E of | :
N _ /
Pugl = 33.2 MW
Pery= OMW
1 | P, = 2.22e-022 MW beta, = 0.885 |
" Pogry = OMW L= 0.441
P . =0.0191 MW q,= 3.44
fus a
P = 13.7 MW q.= 0.895
line 0
-2 -Pbrem= 2.39 MW Din = 0.677
P~ =0.00937 MW X . =
sync 1 1 1 1 min 1
0 1 2 3 4 5
R (m)

Case of DEMO Scenario at high ne with METIS
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Status of the work

1- First meeting _with the japanese counter-part done on the 24t of August

=>» Proposed a staged approach to the scenario in each research phase.

=> Link with chap 8 (divertor) to elaborate on the metallic divertor transition and
the compatibility of scenario with divertor requirements (pumping, heat load...)

= Make an emphasise the electron heating scenario crucial for DEMO (Te will
maximise synchrotron radiation, current drive efficiency and minimise large core
iImpurity concentration)

=» Connect the scenario with the main DEMO physics scenario issues: full steady
state, high density operation, control.

=>» Develop radiative layer scenario in connection with the divertor configuration
(link with chapter 8 herel)

2- Next meeting on chapter 3 on the 12t of September: objective is to elaborate
a full scenario strategy.

3- Next meeting with the japanese on the 5% of october, where a first draft and
structure of chapter 3 will be discussed.




Summary of the first meeting with JRO and team a@:;IT-MSA

Remarks on Chapter 3

1. Closely linked with chapter 2 (strategy) and also chapter 8 (divertor)

2. The milestone of each presented task should be examined: identify what task
should be done for version 3 and what should be done after version 3.

Task 1:

 Has been considered as very important for chapter 3.

 Intermediate target scenario should be defined

Electron dominant electron heating (with NNBI) scenario should be

examined.

* Itis important to look into the compatibility of each scenario with the divertor in
terms of heat load and pumping requirements.

* Look into the possibility of 300s discharges with wide capability for the
extended phase of JT60SA programme

 The scenario should take into account the key physics element of DEMO

* The full steady state target should be considered as the most important
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I(a@Z.j This task has to be considered in parallel with the scenario development tas
a scenario tool. At this stage, it is sufficient to determine the control goals/targets.

Task 3: This task should be also attached to the scenario development task. Current ramp up
scenario (MHD limits, non-inductive ramp-up, etc ..) for current access should be included in the
scenario development

Task 4: If more ECCD is needed for the scenario this should be clarified. ECCD deposition
profile assessment is important to be assessed for full CD scenario. = T. Suzuki to provide the
latest details about the ECH system (done)

Task 5: No comparison with JET scenario needed in the plan.

Task 6: The commissioning plan of sub-systems should be based and synchronized with the
scenario development. Machine capability in H and He (such as NBI power) should be defined
using the scenario proposed for this phase.

=>» Evaluate here the level of JT60SA contribution to ITER H phase

Task 7: Preliminary risks analysis to the scenarios should be assessed shortly and included. The
level of risk determines the time required for developing the scenario. Disruption control, safe
termination, exit from high beta H-mode should be considered in the scenario plan and
development.

=>» E. Joffrin to coordinate disruption control with T. Bolzonella (Chap 4)

Task 8: The transition to metallic wall should be an integrated part of the scenario plan. = E.
Joffrin will discuss this point with R. Neu (Chapter 8)



= JT-605A

-...2hysIcs. issues related to DEMO that may drive the scen ario choic =i

Confinement under DEMO conditions

» What are the plasma performance and confinement extrapolation at high
normalised pressure in the DEMO domain?

» How should we treat the contribution of radiation in the performance
extrapolation given that DEMO will have to operate at a high value of radiative
fraction?

» How to develop relevant scenario with radiative radiative layer?

Plasma purity
» What is the optimum plasma impurity (in Z) combination for a plasma in DEMO?
Low Z impurity in scenario is not desirable because the increased dilution.

High Te scenario

» How to develop relevant scenarios at high electron temperature? DEMO plasmas
will be dominantly electron heated. High Te will maximise synchrotron radiation
(thus reducing divertor heat loads), current drive efficiency and minimise large core
impurity concentration.
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Proposed
scenarios
presently
Included in
Chapter 3

#1 #2 #3 #4 H5(45-1) go'M .
IMENT
Full Current| Full Corrent] Foall Cureent "
Inductive Induclive Induetive ITER like | High . High . A
DN, 41MW [ SN, JIMW | SN IOMW Inductive full-CD 3)s amak
Iigh density -
Plasmit current, £ tMAT 55 | 3.3 4.6 2.3 20
Torodal feld. &, (T} 2,25 225 2.2% 228 1.72 141
[ -3 -3 -3 -3 -5.8 )
Ria tmim}) 2.590/1.18 2.96/1.18 2.96/1.18 2.93/1.14 2.971.11 297011
Aspest ritio A 25 28 25 26 26 27
Flargealaon, k', 1.495 1.87 | B |81 | .90 1.91
Triamgeularity, o, .53 .31 (.50 (hal a7 (31
Shupie tuctor, § .7 .3 fi.2 37 i 1.4
Yiolirme (m ":l 132 131 131 122 1724 124
{ross=gepiinn |11|"L'I T4 713 73 1.4 H4 14
Mormalised bet, [ 3l 31 26 TR 413 10
Electron density (10"m ) 6.3/5.6 6.3/8.6 10./0. 0.1/8.1 5.0/43 20
line-overage ¢ volume-avernge
Greenwild density, ngw 13/0.5 13105 13/0.8 11/0.8 S.9/0.85 521039
(I m :I._,r“w
Plasma tferomal cHRsy, It i 49 4 5 r 5
(MI) h 22 22 21 18 4 38
Py (MW 41 41 an 34 37 13.3
Prin' P P (MW} HV24/7 10/24.7 - MY 24.- 12007 320604
Theemal eanfinement time, £, 0.54 0.54 068 0.52 0.23 0.3
15] . . . G — - - -
Myps vz 1.3 1.3 I.1 1.1 1.3 1.3
vy (.0 .06 015 iz Ll n.nz
Available flox o flat-top {Wh) L] = e} ] T - =R
Meutron production ftg, X (n/s) 1:3 1a"” 13107 7.0 10" 6.7 1ot 1.5 10" 12 10"
S o TR T 1800 1800 1800 1800 1800 3000
At
Nutninal repetition time foy 3000 3000 3000 J000 300K HHHD
1S flattop
disruption (s}




