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Advanced Scenarios and Control (ASC) Outline

« Experimental results from 2003-8
 ASC plan 2009-2011

— Scenario integration goals
— Review of integrated modeling results
— Approaches to achieving these goals

ASC Plan from 2012-2013 and beyond

— Role of CS upgrade in integration goals
— Role of 2" NBI in long-term integration goals
— Control system upgrade plans

Summary and timeline
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Optimized shape control has enabled
access to advanced regimes on NSTX

* NSTX has achieved record values of plasma shaping - S doubled over 5 yr plan time frame

» Continuous technology improvements have allowed control of plasmas with high elongation

*  PF coil enhancements have enabled achievement of high triangularity

* rtEFIT developed in collaboration with GA has helped enable achievement of reliable plasma shape control
* Improvements in plasma performance are directly associated with improvements in plasma shaping

« 2008 NSTX combined highest shaping and highest B, giving longest pulse to date
— Non-axisymmetric control also important

*  Shape control development approaching completion (vessel limitations)
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* PF1A coil upgraded
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n=1 RFA feedback combined with n=3 correction now
routinely used to maintain plasma rotation

e 2005 Long pulse discharge w/o e 2008 Long pulse discharge with

) Non_axisymmetric n=1 feedback and n=3 correction n=1 feedback and n=3 correction
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Early H-mode access with early shaping limits flux
consumption during current ramp, raises .,

* Reduced flux consumption during |,
ramp-up important for minimizing
size of ohmic solenoid in future ST's

« Elevated q,,, required for high non-
Inductive current drive cases

EFITOZ shol= 116313, ime=74ms  EFITO2 shot= 124068, trme=74ms

* Diverting the plasma early in the

current ramp achieves both goals )

— Reduces plasma flux by lowering li
— Leads to earlier H-mode transition 1

raises 3, increases bootstrap current

— Higher Te slows ohmic current 0.6
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Lithium evaporation increases energy confinement

Confinement improvement
primarily in electron channel . Eiectron
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High toroidal field (0.55T) improves RF coupling in beam
heated H-mode plasmas

"+ Able to double central electron temperature during high density H-mode
with 2MW of RF heating power
 High TF crucial to RF coupling

« Opens possibilities for manipulating g profile during high performance
discharges
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Goal of NSTX integrated scenario research is to narrow the
gap between present performance and next-step STs

» Next-step ST’s operate at lower fg,, higher fyg.cp, higher confinement

GOALS: reduce n_, increase NBI-CD, increase thermal confinement

Present high By & fyicp NSTX NHTX ST-CTF
A 1.53 1.8 1.5
K 2.6-2.7 2.8 3.1
Br [%0] 14 12-16 18-28
By [Yo-mT/MA] 5.7 4.5-5 4-6
fnich 0.65 1.0 1.0
f55+pS+Diam 0.54 0.65-0.75 0.45-0.5
e 0.11 0.25-0.35 0.5-0.55
Greenwald 0.8-1.0 0.4-0.5 0.25-0.3
Hogy2 1.1 1.3 1.5
Dimensional/Device Parameters:

Solenoid Capability Ramp+flat-top ~ Rampto fulll,  No/partial
I, [MA] 0.72 3-3.5 8-10
B [T] 0.52 2.0 2.5
Ry [M] 0.86 1.0 1.2
a[m] 0.56 0.55 0.8
lo/ aB1o [MA/MT] 2.5 2.7-3.2 4-5

« Optimal operational regime will be determined by electron confinement!

!
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Integrated modeling indicates potential path from best NSTX
plasmas towards increased fy,cp Scenarios

.

0 .
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(C. Kessel) o k=22
< e e L e : 1 1
cenarios have: g; N [3 =
1,=0.68-0.7MA X | =< N a(0 )
_ o ~ fas= 55 60%
B,=5.2-5.5kG S fNBIC - 10%
N~ %A 2| fuep = 65-70%
P
» Transient, low ng, high fygcp » High density, high-B,, high-fg¢
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— Maintain q(0) > 1 w/ Jg, redistribution? — Increase W ..1on » By fas With HHFW?
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2009-2011 research plan (pre CS upgrade)

(GOAL: fy,cp = 80-90% for 7 ~ 7.5 - TF pulse too short for equilibration)

» Plan for developing low density, high NBI-CD fraction scenario
— Characterize pumping with LLD (FYQ09 gas balance milestone)
— Study pedestal and ELM stability vs. pedestal v* and Li (FY10 milestone)
— Test and understand ELM suppression observed with Li
— Characterize NBI J(r) redistribution from fast-ion and low-frequency MHD (FY09 milestone)

» Plan for developing high normalized beta, high bootstrap fraction scenario
— Assess confinement, ELM, thermal profile modifications from LLD
— Increase NBI-CD using profile modifications from LLD
— Use HHFW with ELM resilience to increase W,, fgs, and fy,cp in discharges with high g,
— Perform high-elongation high g operation — (FY09 milestone)

e Kk~28, 7214
* Integrated ELM control
« pfeedback
* Implement real-time CHERS and v, control

— Test as means of pressure profile control

!
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Center Stack upgrade enables advanced
operation in low collisionality regime

Achieve lower v* through the B, dependence of electron confinement
— Need 100% NICD, both bootstrap and NBICD increase at lower v*
— Up to a factor of four reduction in v* possible with density control
Extend pulse so that NSTX can operate for multiple 7. at lower v*
— Higher T, gives larger 7.5, need longer pulse ~3-4 z for equilibration
— NSTX now has 7. ~ 0.35s, if we double T, then need ~4s pulse

Operate at high g, with a plasma current high enough (I, > 700kA) to
confine full energy fast ions from the neutral beams

— Larger range of g available with confined NBI
Enable HHFW coupling in long pulse discharges
— HHFW coupling improved at higher TF (higher critical density)

Operate at an aspect ratio and collisionality closer to future STs
— NHTX, ST-CTF, and ARIES-ST all plan higher A and lower v* than NSTX

@NS X NSTX 2009-13 5 year Plan — ASC Overview (Gates) July 29, 2008 11



Integrated scenario modeling indicates 100% non-inductive
operation possible with B, = 1T

Assumes 6.15 MW absorbed beam power for 5s

— NBI power limited to ~5SMW for long pulse - will require additional beam power

or confinement time
— Requires T, increases with B, and density control to moderate levels

s

5.0

\,---'“\
N
N\..______
e ‘J|-_L-—‘ S — !
fotal total NICD
Lt hootgtrap
_/_._ NBICD
JJ grad(p)
time,s

5.0

Can achieve q,,,>1 with fully non-inductive current drive
Scenario achievable without major extrapolations in density, achieved By,

Long pulse required to reach equilibration

Te,i(rho), eV

1500 |

TN :\ total
0.8
N N \\

eee

508

0.4
Bé—-—-—":\\\
\ TN A
= N e ® =
- rho
» Scenario parameters
* Hgg=1.15
* n/ng, =0.6
* |, =750kA
« Bt=1.0T
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Research for 2012-2013 (post center stack upgrade)

« FY2012 research plans

— Assess impact of higher A on vertical stability and n > 0 no-wall and ideal-wall stability
limits. Determine if sufficient power available to reach n > 0 stability limits at higher B..

— Study effect of higher B, on energy confinement

— Assess impact of higher B, on non-inductive current drive sources, e.g.:
» bootstrap fraction via increased g and confinement
» NBI-CD efficiency as a function of Te
» fast-ion-driven instabilities and possible redistribution of fast-ions and NBI-CD.

— Study effect of higher B, and I, on SOL and divertor heat-flux widths

— Assess impact of longer pulse-length on divertor temperature evolution, and develop
operating scenarios that minimize peak heat flux as required.

— Study effect of NCC coils on pedestal stability in long-pulse discharges (incremental)
— Implement real-time MSE diagnostic for future current profile control
 FY2013 research plan
— Assess HHFW coupling, heating, and CD at higher B,
— Vary central HHFW-CD to vary q(0), assess impact on confinement and MHD stability

— Assess impact of NCC coils (incremental) on rotation damping and SOL heat flux
widths in sustained conditions.

— Implement real-time equilibrium reconstruction using real-time MSE
— 2nd NBI (incremental)

DNSTX NSTX 2009-13 5 year Plan — ASC Overview (Gates) July 29, 2008 13



NBI upgrade provides a flexible tool for
providing additional NBI-CD and heating power

Increased current drive profile
flexibility
— Varying NBICD profiles from the
three new sources
Off axis NBI current drive
capability
— Current profile control will be
required to maintain profiles with
optimal stability
Higher current drive efficiency
from outboard tangential sources

— More current drive capability may
be required to reach f, ~ 1

Additional power to reach B-limit

Larger tangency radius — more
torque — higher rotation drive and
more flexible rotation control

New 2"d NBI
R1an=110,120,130cm

Present NBI
R1an=20,60,70cm

DONSTX
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Current drive flexibility greatly enhanced with 2nd NBI

e Can drive current from strongly peaked on axis, to peaked off axis
depending on source chosen

» Overall higher efficiency increases utility of NBICD during plasma current
ramp phase

» Effective current profile control tool when coupled with real-time MSE
* Existing three sources NBI (JB)I(ROB(DIR> [MA/m2 « New NBI sources

1.0 A ————— ]
0.8- - 087
RT;i-\N RTAN 4
r 50cm - 110cm
0.6 60cm 0.6 120cm
0.4 ] 0.4 i
0.0 M L A | . L. .. H—--. . 0.0 " . T A | N — ’ &
0.0 0.2 04 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
A 1/2 A1/2
wpol me

P =2MW E,5=90keV, I,=0.82MA, f,,=0.58 n_=4.4x10""m> T, =1.2keV
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2"d NBI would enable control of core g and y profiles in fully
non-inductively-driven scenarios using only NBI + bootstrap

« Combination of available sources can « Magnetic shear control could be
control gy, and core g-shear Important tool for controlling core
— At Hgg,,=1.2, J control with gy > 1.2 confinement and MHD stability

requires operation with fg,y, > 0.9 — Core transport reduced in RS L-mode

3.0
- Use 4 of 6 sources - 2.0
2.5F E,;=90keV, P, = 8MW - 1
g 207 : " —
(o] r B D
Q_ L i — o
1.5 -1.0 3
o Rran[CM] =4 N %
10- 50, 60, 70, 130 h
ol 60, 70,120,130 - 0.5
osf . ]70110120,130 I, N
0.0 0.2 0.4 5 I0.6 0.8 1.0 0 0.5 1.0
b r/a
|, = 725kA, B;=0.55T, B,=6.2, B, = 14% : :
Hogyo = 1.2, fco = 100%, f 1, = 73% Real-time MSE, CHERS available by FY11
y ) )
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Combination of 2"d NBI + B;=1T operation predicted to enable
access to fully non-inductive operation at high q,,;, =1.5- 2

Study transport, stability (especially NTM) of high q,,, plasmas assumed for NHTX, ST-CTF

 TRANSP calculations indicate a
wide range of g, achievable

Combines RF electron heating
with variable NBI current drive

current profiles with variable g,

™

cbprofiles at 100% NICD fraction
1T, P g=10MW, E,;=110keV

TRANSP calculations of fully non-inductive

E ne/nGreenwaId
" | — 0.95

— Does not require major - / _________ E
extrapolation in normalized qa(p) .
parameters of ]
' ' e s _Ruanleml 4
« Higher £, case also identified: I 50, 60, 70,130 |
e . S TN 60, 70,120,130 ||
— BTO =0.75T k. NPT | 70,110,120,130 |1
— p=1IMA, 0.0 0.2 0.4 0.6 0.8 1.0
- BT - 16%, ppol
— PBn=6.1, Scenario parameters:
— = B =1T By=05
Ne / r;Greenwald 0.7, IPT=0.95MA 521:10%
— Omin=1.3 n/ng,=07209  P,,=10MW
— HIPB98(y,2) :125 I_flpBQB(y,Z)z 1.2 PRF=4MW
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Research plans with 2nd NBI (incremental or beyond 2013)

* |nvestigate:

Impact of more tangential injection on fast-ion distribution function
and on Alfven eigenmode stability.

Predicted vs. measured power deposition and current drive profiles
from new NBI sources.

Impact of higher power and lower collisionality on SOL and divertor
heat-flux widths

Impact of higher power and/or more tangential injection and/or
possible fast-ion losses on divertor temperature evolution

Operating scenarios that minimize peak heat flux as required.

« Vary mix of NBI sources to vary NBI-CD profile:

Modify q profile, and assess impact of global stability and
confinement properties

Using real-time MSE, implement and assess algorithms for NBI-
based J profile control

DONSTX
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Summary of Advanced Scenarios & Control Research Plans

* Focus on reduced collisionality for increased non-inductive current drive
efficiency to narrow the gap between NSTX and future STs

— By reducing density 2009-2011
— By increasing TF 2012-2013 (through improved electron confinement)

e LLD provides important opportunity for controlling density in 2009-2011
time frame

* Center stack upgrade provides expanded operational space consistent
with high NICD fraction

* NBI upgrade would provide an extremely flexible tool for current profile
control and to assist current ramp-up

* Plasma control tools will continue to be improved providing research
opportunities for advanced scenario development
— B control
— Real-time rotation control
— Real-time current profile measurements and equilibrium reconstruction

!
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Advanced Scenarios and Control Timeline

08 09 10 11

R

12 13

NSTX-U fully
non-inductive
target scenario:

PhyS | CS Assess J,z,cp & redistribution vs. n_and

fast-ion MHD

Long-pulse n, control
(pumping & fueling)

Understand, increase, control Li pumping

Assess Hgg, ELMs, B vs. n, & Lithium

Assess long-pulse Hgyg,
ELMs, B, vs. B; and v*

Increase B, fgs, fyicp With HHFW

Reconstruct J, g-profile in
real-time

ELM control w/ mid-plane RMP, Lithium

Improved control of
ELM/RWM/EF/rotation

'CS 1MA, B, < 1T
fyiep < 100%
fugicp = 0.2-0.4
fzs =0.6-0.8
few = 0.6-0.8
Hqg o = 1.2-1.4
Py =56

B; = 10-16%
That < 3-4Tcr

kNo/smaII ELM/

!
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