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NSTX ——

The scientific potential of NSTX fusion energy
research is enormous

Recent results has generated excitement about what this
program can accomplish

« Science and energy missions are intimately intertwined -
they are not separable

High performance with long pulse is part of an exciting
plan that is grounded in recent results, emerging
theory/experiment comparisons, & plans for flexible tool
development.

NSTX is part of a larger scientific endeavor that stretches
theory and strengthens understanding of fusion
experiments and high beta plasmas



NSTX ——

The NSTX Team research plan is aimed
at meeting two broad goals

Shot= 108818, fime= 403ms

Assessing the attractiveness of the ST as
a fusion energy concept

— CTF and DEMO
— Grounded in integration of topical science

Using ST plasma characteristics to 8o

further a deeper understanding of critical |
toroidal physics issues

Both pursuits are guided by the IPPA of
implementation approach
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NSTX is poised to assess the attractiveness of
the ST as a fusion energy concept

Physics basis & tools for high Extend knowledge base of

PP ';‘/e;‘i performance for At >> t . plasma science
‘09 R Understand ~ Enhance Advance
| Optimization & physics of  predictive control
08 integration high beta capability  strategies
* high B and Jgg near with-wall plasmas
‘07 limit for At >> T,
IPP/:a5r ‘06 Advanced control & high ‘ I ’
/. f8 physics
- establish Challenge limits

‘05 « high B+ & T, At > 72
* high By & T, At >> 1,

solenoid-free
physics & tools

‘04
‘03
‘02
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The NSTX Program can meet the FESAC objectives
In a timely manner

- End of 2005: 5 year IPPA Goal 2.1

— Make a preliminary assessment of the attractiveness of the ST by
assessing high  stability, confinement, self-consistent high-bootstrap
operation, and acceptable heat fluxes, for T, >> t¢

« Non-inductive startup & sustainment should show progress

- 2009+: 10 year IPPA Goal 2:

— Assess the attractiveness of extrapolable, long-pulse operation of the
ST for Touse > Tskin

— Develop fully integrated capability for predicting the performance of
externally-controlled systems including turbulent transport,

macroscopic stability, wave-particle physics, and multi-phase
interfaces

« 2009+: 10 year IPPA Goal 1 :

— Advance the forefront of non-fusion plasma science and technology
across a broad frontier...



: : : NSTX =—
Integrating topical science & control tools IS central to
advancing the NSTX mission

IPPA: attractiveness

IPPA: extrapolable,

stability and high beta, At >> tE At >>Tg,, high performance
Fyoe 03 04 05 i| 06 07 08 09
Transport , Optimize P, Jgs, Jyg,
LTI Understand: turbulence/theory comparisions
s 1 i
MHD  Passive limits with rotation Active control Optimize stability
By =30%, HH = 1 By =40%, HH = 1.2, At,

Highest By = 5: > no wall limit By ~ 8, ~with-wall

. performance  Muu>7 At .. >> 'cE
Integration e
Solenoid. INI > 60 A” Atpulse Tskin I ~ 100 A” Atp‘"se
free Non-solenoid startup demo Solenoid-free;yamg to
HHFW/ {}1 {}1 Optimize V-s in highest
: Solenoid-f .
EBW/  Heating, CD demo olenoid-free ops performance
CHI b Ay ags
Boundary  Heat flux scalings Advanced particle & heat flux control

& fueling Particle control, no pump
6
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Facility capabilities have enabled the research
program to advance in the last two years

Inner PFs and OH

e

31

Passive stabilizing ,,;
plates ! ‘r i’
¢ \ ke

Ceramic insulator

Outer TF coils

/ Quter PF coils

Inner TF coils

Bakeout 350°C

Gas fueling LFS + HFS
Aspect ratio 1.27
Elongation 2.2
Triangularity 0.8
Plasma Current 1.5 MA
Toroidal Field 0.6T

Heating and Current Drive

Induction 0.7Vs
NBI 7MW
HHFW (B30MHz) e6MW
CHI 0.4MA
Pulse Length 1s achieved, 5 s with

3 kG possible
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Recent results are encouraging for high beta

108989, 0.282s

1.5 T T T T
T L1 [MA] T ‘
0.5 _ " _,--J"H_ :ﬁ_r‘_f_\/-‘ﬁ
Br=35% o Lot e el
T — 1 T
1 -_D( [a‘u_] H mode
40 —m———————
- ’ ,f" e
20 | Pr ['O]///
O i N ! | .TE
0 0.1 0.2 |
Time (s) 2
Pr= - H-mode: routine access 0 R][m] 2
<p> — broadens pressure profile
B;,%2u, ° Enabled by maturing shape & position k=20, 0=0.8
control system q(0) = 1.4 (EFIT)

By=5.51=0.6
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Recent results are encouraging for long pulse

i = 09% . o emay
By = 5.8 > no-wall stability limit ; ﬁ. PNB (MW/10) | ]
Many parameters that are relevant to a . ' V |
CTF 0 e Vioop V)
O____—J-J_ﬁwﬁup————
1+ -__—_ a ﬁp .
NSTX CTF | ARIES- i SO
Long pulse | base case ST 0 Lo L
3r | 15% | 20% | 50%+ | [ ] M
N 5 5 8 0 ——

i B Nel -
i 1.2 1 1.4 ar 1019 m-2 ©

O T 1 1
oy 3.2 3 3 M h-Da (a.u)
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These two plasmas highlight many areas
where tools and flexibility will be critical

In long pulse, 40 - 50% of current still from solenoid
=> need to develop current drive tools

- Late MHD degrades performance
=> current drive and pressure profile control required

* Density increases throughout the pulse
=> particle control needed

Ramp-up is from solenoid
=> broad solenoid-free startup strateqgy needed

10



A long-range goal is operation near the with-wall
limit at low internal inductance

- Routine operation above the 8

no-wall limit observed

— Broad H mode, rotation &
passive stabilization key
elements

* Progress in 2002 enabled
by routine H mode access,
error field reduction, and
wall preparations

7

6

—_—

Integration
goal
J

NSTX ——

Wall-

0.0 02 04 06 0.8|1.0 12 14

Control tools are central elements to
developing robust path to high
performance, long pulse targets

1.6

11
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NSTX plasmas enter new physics regimes

and enable development of new solutions

. - Distinguish V,, C, effects for
MHD rotation damping

Vi/Va~T1 => V'~V yp

- Transport & turbulence

- Wave-particle & startup

- Boundary physics

Integration of the science

12
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Integrating MHD science with control strategies is

key to establishing physics basis

FY02 | 03 | 04 | 05 | 06 | 07 | 08 | 09
|

B limiting Highlighted here...  Optimize
modes vs. RWM, V,, & ——> M mode suppressi stability in
shape, li, P wall limits & V. s lo:_vg-pulse
MHD ' Fastion Internal mode characterize . hig h. beta
physics modes suppressio regimes

Magnetics & sensors;

SXR Magneticg upgrades
: Spec & install/connect
MHD MRS 00 RWMEF coils & power | EBW. A MW, 3 MW |

design & install

tools supplies
rnEFIT & control system dev't Passive plate mods/pumping
Reflectometry upgrade Fast ion profile diagnostics
Highest performance
_ Physics Advanced
Integration exploration & control & high
passive limits p physics

Solenoid- free
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Interplay between stability, wall, error fields, and
rotation is a key element of the program

« B initially above no-wall limit, but

6 T ]
- 1= 0.8 MA, 2 NBI | 108197 collapses after V, falls below
Sl — - =___-_3i ______ critical value
4 L n =1 no-wall limit ’( : — Timescale ~ Tyal
P 3 - VALEN growth S & — Exceeded no-wall limit for up to
time = 20 ms i ] ! ~20xt,,,, in other plasmas
2 ! i
s : P
1 [ E ARV -V¢/CS comparable to tokamaks,
but V_/V, an order of magnitude
0 oA
4 . larger on NSTX
2 : "
oW 0 = Plan includes CiTe
(arb)_z - n =1 no-wall using these t
g BN T differences
' between NSTX &
0.0 0.1 0.2 t(s) 0.3 0.4 DIII-D to assess
physics of
IPPA Goal 3.1.2: Develop detailed predictive rotation damping

capability for macroscopic stability, including
resistive and kinetic effects
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Influence of high V/V, already seen in equilibria:
relevant to saturation or stabilization?

« Experiment: Density shows in-
out asymmetry

Shot 105051 at t=0.211s

0.8: T
- Effect of high Mach number of

0.6} _
driven flow

4 Plan includes
| . \ treating the
0.0l = Y physics of

02 04 06 08 10 1.2 14 1.6

Radius (m) - MHD & I‘Otation

P | A

I Magnetic | v, /v

0.2 Axis | oA
&

. . , . self-
- Experiment: kinks saturate «+ Theory: V. ~yln . => growth
,,, P Y- Vo = ¥ uHp => _ consistently &
affected by high flow shear: .
) : : comparing to
impact on kink & ballooning?
Pl mode
dynamics

No rotation = — s
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Electron Bernstein Waves hold promise for NTM

NTMs can degrade NSTX
performance with q,,, < 2

1 MW EBW can deliver
current densities
comparable to bootstrap, as
required for NTM
suppression

Build on ASDEX-U, DIII-D
successes with ECCD

Collaborative EBW
research with MAST

CO ntrOI Shot= 104096, time= 250ms
Model Eigenfunction
G =
/
(il
ML 32 SXR Chords
16 - - i : Harvey,
“Local current densit 110 Compg(
1o [HFS midplane
o o f n=-2 7110
g 8 Ohkawa 280/0 [ST
< N ] o
= % [Bootstrap ] 100% I_N|
I 15 8cenario
O :AVF -
4 [ IFisch-Bolozer . . . ]
0 0.1 0.2 0.3 0.4 0.5 0.6 )

Minor radius (m)
1 MW EBW in plasma
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NSTX plasmas enter new physics regimes
and enable development of new solutions

MHD * VN~ 1=> V<p’~yﬁnMHD
- Distinguish V,, C. effects for rotation
damping

- Transport & turbulence - Low k with NBI: intrinsically

- Wave-particle & startup

stable?

Low and high k may be
controllable with NBl & HHFW.

Boundary physics

Integration of the science
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Transport studies will emphasize P(r) optimization
and transport & turbulence understanding

| FY02| 03 | 04 | 05 | 06 | 07 | 08 |09
Global scalings

% & high electron SeNNaximizing P. Jew J - Optimize P, Jgg J\g,
Transport Localy Cﬁ & ion heating, V, >D 9% Jes, i Understand:

P hy sics Edge turbulence = — = high and low k turbulence vs. §, E, — turbulencg/theory
comparisons
EBW 1MW 3 MW
Edge imaging, o .
Transport edgg(;e rce_ﬂecc):;o?etry - fCi)ecl)crje scattering, imaging reflectometry zs:tt:t?ggc?opy
reciprocating
tools &1 P e H ——  CTinjector? Edge He beam
Neutron collimator

Highest performance
| _ Physics Advanced

ntegration exploration & control & high
passive limits p physics

Solenoid- free
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Theory & experiment suggest long wavelength
turbulence may be suppressed with NBI...

- Experiment: Impurity puffing
reveals naturally occurring core
barrier with an L mode edge

— No bifurcation

* D (m?/s) Neoclassical »
3 A7
o [ T - Theory, pre-NSTX: suggested
S Time (s) ! --.,.XL J low k suppression was likely
JHU) 02 04 06 o8 v (Rewoldt, Kotschenreuther)
aX10%sTN
B e Tt 578 o _ _
ob RN S . - Theory with measured profiles:
| gl ________________ ______________ ________________ Long Wavelength modes Stable,
N T A0 0 B ¢ or strong ExB shear should
o NN e Ml suppress them
00 0:2 . ) |
Bourdele IPPA Goal 3.1.1: Advance transport physics based on

(Cadarache) understanding of turbulence & turbulence dynamics 0
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... but relation between high & low k turbulence is predicted to
be modified with addition of HHFW heatin

L

High T./T, predicted to stabilize
ETG on NSTX

Electron barriers seen with
HHFW, with ; > x"*°

Te(keV)

May be possible to generate
regimes with only high k or low k

Plan: detailed high and low k
turbulence measurements
(scattering, reflectometry)

Kaye will discuss

tr ansport & Imaging reflectometry: iazkica(tée‘cfi[?j}): Peebles,
ubota
tU rb U I ence p l ans Mazzucato, Munsat, Park

20
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NSTX plasmas enter new physics regimes
and enable development of new solutlons

MHD

Transport & turbulence

Wave-particle & startup

Boundary physics

Integration of the science

Dlstlngwsh Va, C effects for rotation
damping

Low k with NBI: intrinsically stable?

Low and high k may be controllable with
NBI & HHFW

HHFW, EBW: new physics &
tools for overdense plasmas

OH-solenoid-free plasma startup
research addressing urgent
issue for AT & ST.

21
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HHFW, EBW, and CHI science all part of solenoid-free
startup strategy

‘ FYO2 | 03 | 04 | 05 | 06 | 07 | 08 | 09
— | PF induction > OH-solenoid-free research
HHFW heating A

<‘ & phasing > Mid-I, HHFW CD +bootstrap,PI[:%A
SS——

| Higher | .: NB CD + bootstrap%\.

S—] ——]\
<ECH|+ohmic CHI+PF CHI+HHFW CHI+HHFW+NBI tohighp, Optimize > >

CHI v
toroidal CHI long pulse
current feedback control

EBW emissions & coupling < > EBW startup assist >

T —

coil/insulator

nEFIT & Control sys optimize

7M'\\’,'VWH'|\'_|E,5:"V\? 7 MW NBI, 6 MW HHFW Upgra,f:e;'HFW
Highest performance
_ Physics Advanced
Integration exploration & control & high
passive limits p physics

Solenoid- free
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Important aspects of high harmonic fast wave explored

I
Electron heating
demonstrated

.”ei (]{)I-S cm'zj ’ 105822 _
F Te (keV)
r P (MW)

oL : e D
005 0.10 0.15 020 025 030 0.35
Time ()

*  Primary HHFW damping
mechanism
« Observed over wide

range in wave phase
velocity

Vioop €ffects seen with
current drive phasing

107899

i - 107907 1
08"
S o8
e |
o L
O
= 014_" ‘
i Co-CD | | 1
N Counter-CD .. X
o,oﬂ‘ ‘
0.20 .30 0,40 0,30 0.60
TIME (sec)
* Differences in V,,,,

with co and counter-
directed waves
consistent with
theoretical modeling

x/Energy'?) (ster'cm™eV*’s™)

In(flu

]
Wave/lon interactions
observed

||||||||||||||||||||||||||||

B,=4.5 kG, B, = 5.2%
B,=4.0 kG, B, = 6.6% 1
B,=3.5 kG, f, = 8.6% -

NPA energy -
distribution

...............................

60 80
Energy (keV)

Experiment: tail from
HHFW reduced with
higher beta

Theory: much HHFW
power may be damped
on fast & hot ions

IPPA Goal 3.1.3: Develop predictive capability for
plasma heating, flow, and current drive...
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Developing the science of Electron Bernstein Wave
heating and CD is a key element of the plan

|deally suited for the ST

— Takes advantage of high particle
trapping (Bers (MIT): Ohkawa CD)

— Efficiency increases with minor
radius, where it is needed most

Off-axis CD required in advanced
scenarios: elevate g & stabilize
NTMs.

Applicable to other overdense
plasmas (spheromak, RFP)

Successful coupling essential

— CDX-U & NSTX EBW emission
studies are consistent with theory.

EBW
Lauqcher

EBW .
Depositio—n" f‘
Taylor will
“m e discuss
HHFW &
EBW
-1.0f plans
06 10 14
Major Radius (m)
40 T
EBWCD
30 |- Efficiency <«4— Peak Current -
(KA/MW), Density (A/cm?)
<«

20

10

Location of
Peak EBWCD

Density
0 CQL3D (Harvey, —
CompX)
-2 -1 0 1 2

Launched n,

1.0

0.8

0.6

r/a

0.4

0.2

0

24
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Two recent results have (re)shaped our thinking

20
f Injector current
L PIW\ :

10 \| o CHI on |y
0 ‘! \\A_
100
50: \Pl\aina current
0 i \\
0.0 0.5 1.0 1 HIT'II
20 0
Injector current
10
0
200 g Plasma current gCH' +
100F 1Induction
ok .
0 10 20 30 40

Time (ms)

CHI transient coupled successfully to
inductive drive (Raman, U. Wash.)

Best HIT-1l plasmas generated with

CHl start (highest |, lowest V

Ioop)

about solenoid-free startup

JT-60U
E41711
-IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0.5
: nokstra
Eﬁgﬁ : . n:urrer‘tl:l
I ean dHiven
[M'é'] D- cluent
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII I I
CScal ST (=0
current [
[k'ﬁ'] -5 -IIII L1111 L1111

MEl 101
power [
(MW]

RF [ LARF _ 2GHz

Ow'ey
IEMW] |:| ||E|EF|I|F|I||||I|1|1|I:||I:I3||-|||EI||||I||||I|||| 1111
0 2 4 3 3
titre (5]

Significant bootstrap fraction

Resultant plasma was high
performance (HH = 1.6)

Small inboard triangularity coil
contributed flux in initial period

25
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Plan approaches solenoid-free startup
research with different tasks

Startup: 0 - 150 kA
— CHlI the primary tool at present
— EBW may contribute as well

— PF induction: experiments planned,
new scenarios being assessed

Initial rampup: 150 - 500 kA
— HHFW, EBW, bootstrap
— Can study with an ohmic start

Final ramp to flattop

— 500 - 800+ kA: NBI CD, bootstrap
current overdrive are candidates

Each step is separable and then
can be combined.

4 KA

Flux contours

o

S I N | N2

2f NG
00 05 10 15 20
R (m)

Raman will discuss startup plans

26



NSTX ——

HHFW can be used following CHI or PF induction to
raise the current to several hundred kA

- Plan includes
couping of CHI or PF
start to
HHFW/HHFW+EBW
ramp

« Modeling indicates
current drive and
bootstrap from
HHFW can ramp to
400 kA within the
allowable pulse at
high field

* Not fully optimized
— No EBW assumed

Te,i(0), eV
K K X
_=_1
A &
Y

b

i

<

r, [l

; : I! |:?1.-|“‘"§*'

pp, lir2
‘F
,-parallel

‘IL . ] | 2-"
1_ 2
Time (s)

Kessel will talk about Integrated Modeling

Ll

LR

2aaedn

oot

HHF)
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NSTX plasmas enter new physics regimes
and enable development of new solutions

MHD

Transport & turbulence

Wave-particle & startup

Boundary physics

Integration of the science

Dlstlngwsh Va4, C effects for rotation
damping
Low k with NBI: intrinsically stable?

Low and high k may be controllable with
NBI & HHFW

HHFW, EBW: new physics & tools for
overdense plasmas

CHI plasma startup research addressing
urgent issue for AT & ST.

Liquid lithium: develop for
potentially revolutionary
boundary solutions

28
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Many boundary tools are available or planned to help enable
NSTX’s integration goals

FY02 | 03 | 04 | 05 | 06 | 07 | 08 | 09
|
_ . CT
Particle balance, heat flux Heat & DND, sweeping ~ Cryopumping 00469
Boundar scaling : — Optimize fueling for

oun a y ~~ 5 long pulse, high Jgg,
& fueling -~ Li, B Li coatings Sl high Jyg,

Divertor power balance pellets diverto

Particle influx, wall prep Improved TMB D Pellets ——>
rtar.and center stack swept Langmuir probes

X-point recipr.  Divertor imaging UV & Fast
probe spectrometer spectroscopy

reflectometry & Quartz xtal deposition monitor, upgrade ganna;r;zrrg_;éOL
rec'pprftf:;'”g MPTS, 20 - 30 ch MPTS,30-40ch  DIMES probe

Highest performance
_ Physics Advanced
Integration exploration & control & high
passive limits p physics

Solenoid- free
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Coupling of edge measurements and modeling are
central for establishing ST boundary science

Electron Temperature (NSb07)

Electron density (NSb07)

Positions program 087
to calculate & -
optimize = T 1l
cryopumping and N N
liquid Li divertor _ .

[ A6 P ————— Rensink,
deS|gnS 0_4R[m] A 0_4R[m] 0.8 Porter, Wolf

(LLNL); Stotler

Edge convective  —
events: significant 000 125 250

. ne [10%20 m*-3]
player in flux?

— Testable physics: High Spesed Imaging of IPPA 3.1.4:
Maqued 'gh Sp '
role of curvature (aLcAulst Edge Turbulence Advange the
Zweben in NSTX Capabll/ty fo

Edge reciprocating probe

predict detailed
multi-phase
plasma-wall
T HCIWICLN inicrfaces at very
high power and
particle fluxes

with Princeton Scientific

Instruments PSI-4 camera

Boedo
(UCSD)

2002

30
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NSTX has opportunity to develop revolutionary
particle and heat flux control techniques

Plan: lithium evaporation
studies, collaboration with
VLT on CDX-U to assess
promise of and design liquid
Li divertor

Potential of plan: direct
benefit to NSTX, solution for
both particle and heat flux
control: Broad implications for
fusion

Loz amEn
1342507

Liquid
lithium

ALIST liquid surface concept

Maingi will discuss
Boundary Physics plans

31
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NSTX plasmas enter new physics regimes
and enable development of new solutions

MHD

Transport & turbulence

Wave-Particles & CHI

Boundary physics

Integration of the science

Dlstlngwsh Va4, CS effects for rotation
damping
Low k with NBI: intrinsically stable?

Low and high k may be controllable with
NBI & HHFW

HHFW, EBW: new physics & tools for
overdense plasmas

CHI plasma startup research addressing
urgent issue for AT&ST.

Liquid lithium: develop for potentially
revolutionary boundary solutions

Developing flexible tools and
using science learned to enable
high beta & long pulse

32



NSTX ——

Major goals of value to the ST and the toroidal

confinement community are integral to the plan
By mid-plan:

Solenoid-free ramp to high B: essential to any ST- or AT-based reactor concept
(discussed earlier)

- Transient high toroidal beta

- Non-inductively sustained, CTF-relevant beta, Toulse

— HHFW heating + NBI heating and CD, 0.5 T, 800 kA
— HHFW + EBW, both heating and CD, 875 kA

By end of 2008:

* Integration: 40% f, non-inductive, T, >> Ty, (discussed next)

> Tskin

: Br=30%, HH =1 By = 40%, HI
H’gheSt By = 5: > no wall limit B ~8,
. performance At> e v
Integration

Solenoid-  'm>80% At~7,

free Non-soleno:d startup demo Soléhqid {



= mode control + rotation are key

NSTX ——

40% Pt , Iy = 100%, T,y66 >> Tgin Within reach using

the flexible tools tpat

Enhanced shaping improves
ballooning stability through
simultaneous high 6 and «

Near with-wall & ballooning
limits

EBW provides off-axis CD to

keepgq>2

Particle control required to
maintain moderate n_for CD

HHFW heating contributes to
bootstrap, raises T,

J

.25 ’
.20

15
.19
.05

are planned

(0)

TRea9a8

800008

620808

208008

C | total
[ NL TN
f \boptstrap
s Mz
AR A
1 DN

n = 0 n
—————

Kessel will
discuss
integrated
scenario
modeling

34
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Towards a stronger
scientific foundation:
connections with
other configurations

and scientific
disciplines
IPPA 3.1.5, General Science:
Advance the forefront of non-
-E xamples of fusion plasma science. ..
s across a broad frontier,
oppor tunities synergistically with the
development of fusion

science...
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The differences in field line geometry
between devices can be viewed as the basis

of a broader scientific experiment

Change the
aS,UeCt ra th, Good Curvature

increase \ N

Bad Curvature

beta: what
physics
changes?

Spherical Torus (ST)

36
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NSTX can contribute to a community-wide
advance on transport & turbulence science

L & B
N ¢ : 3 5
PN sF

. g 4 '

Electrostatic E-M effects emerge E/ctromaﬁnetic

* Y. a deep transport mystery. Understanding is a need for burning plasmas

- TTF is developing a proposal for a renewed transport initiative.
- Suite of machine types can develop a powerful scientific story

37
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Detailed diagnosis and gyrokinetic comparisons of § ~ unity
turbulence is of broad scientific importance

- Astrophysics and turbulence |dealized Problem: What happens to tail of
dynamics: cascading of MHD Alfven wave turbulent cascade: e vs i heating?
turbulence to ion scales is of NSTX/gyrokinetic
fundamental importance at beta = 1 I Affven Zg;‘;{”“””}’; S?%'gn

. . . . Stirring continigys unﬁggfslto:)d at

« Fusion’s gyrokinetic formalism Supemovas  Slow waves ~1
applicable to high beta o ampe oo
astrophysical turbulence problems - Collisionless damping

+«— MHD ——» lon damping
. . . +——— Kinetic MHD ———* Region to be
- Gyrokinetics applicable to — Gyrokinetics — [iakad

astrophysical shocks, solar wind

K Ao~ 1 k pi~1 Log k

mfp ™

Answer requires more than MHD: collisionless kinetics, finite gyroradius.

. AStrOphySiCiStS have keen interest This is the regime of nonlinear gyrokinetic equations and codes
in benChmarked COdeS developed in fusion energy research in 1980’s and 1990’s.

Armitage (U. Colorado)

Approach
High k: 4 for
scattering low k:

imaging

with Luhman (UC Davis)
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The NSTX program will take maximal scientific
advantage of intermachine comparisons

- Well-aligned with ITPA process
- MAST: EBW research underway.

- With DIII-D: Joint experiments being
proposed and implemented
— RWM
— Fast ion MHD: CAE, TAE
— Pedestal similarity
— Core confinement

« C-Mod: Turbulence and flows
— Edge turbulent structures
— X-Ray crystal spectroscopy (T; & V)

Faoletti, Sabbagh (Columbia)
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The NSTX research program contributes directly to
fusion development expands plasma science

NSTX research extends the reach of laboratory plasma science to
new realms in MHD, transport, wave-particle physics, and boundary
physics.

At the foundation of assessing the ST will be the integration of this
science through the development of flexible control tools,
deployment of advanced diagnostics, and coupling to theory and
computation.

The development of this science and control tools will have impact
beyond the scope of the ST.

NSTX is part of a community of laboratories which together can
unravel challenging problems of importance to all of toroidal
confinement research.
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FY02 03 04 05 06 07 08 09
Global scalings x & high electron & and maximizing P, Jge J _ imi
Transport and localy ~——> ion heating, V, > % DU Optimize P Jps, Jue
% and wall fueling Electron, ion transport & core &
Edge turbulence edge turbulencevs. §,E, ———>
B Iimhiting r?oges RWM, Vi, &wall . RWM mode suppression Understamaingturbutenca/theorsimiparssability in
MHD VS. S . ape, li, Error field & V/, B limits & V/ shear Iron%;qpulse high beta
Fast ion modes Internal mode characterize @~ —— > NTM suppression ————>  "©9MeS

- Br =30%, HH = 1 Br = 40%, HH = 1.2, Aty .
ighest By = 5: > no wall limit By~ 8, ~ with-wall limit
. performance A>T Dtoyee>>Te
Integration .
free . . o
Non-solenoid startup demo Solenoid-free ramp to h
HHFW heating & CD CD - local J, AJ Real-time HHFW heating &
HHFW/ phasing phasing i
EBW/ o EBW CD Optimize non-
CHI EBW emissions >, EBW CD 1 MW — 3 MW solenoid ops
CHI ————= Couple to ohmic CHI + Non-inductive rampup —>
Boundary Heatfluxscaling ——> Heat & DND, sweeping Pellets Cryopump? Optimize fueling for long pulse
& fueling  Divertor power balance Advanced high Jgs, high Jyg, '

Particle influx, wall prep Li studies Liquid Li?
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NSTX can operate for several current
relaxation times at TFs of interest

Toroidal field vs. flattop time

4.0
\ Ultimate limit
/

Tflat (sec)

3.0 /
\
2.0 \
1.0
0.0 ‘ ‘ , ,‘N ‘
3 3.5 4 4.5 5 5.5 6

Bt (kG)
Teri = 230 ms (109070)

skin
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IPPA goals and objectives
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Goals

5-Year Objectives

[0-¥ear Objectives

Goal 1: Advance
understanding of
plasma. the fourth
state of matter. and
enhance predietive
capahilities,
throngh
comparisen of
well-diagnosed
experiments,
theory and
simulation.

1.1 Turbulence and
Transport

Acchvance scientific understanding
of turbulent transport fonming
thi hazis for a relishle pradictive
capability in extarnally
controlled systems.

1.2 Macroscopic Stability
Davalop detailed pradictive
capahility for macroscopic
stahility, incuding resistive and
kinetic e flzcis.

1.3 Wave Particle
Interactions

Derva lop pradictive capability for
plasma beating, Mow, and cumant
drive, as well as enargetic
particle driven instahilities, ina
varity of magnetic conlinament
configurations and especially for
reactor-relevant regimes.

1.4 Multiphase Interfaces
Avdvance the capability to pradict
datailad multi-phase plasma-wall
interfaces at very high powar-
and particle-Auxes.

1.5 GGeneral Seience
Acdvance the forefront of non-
fusion plasma science and
plasima technology across a broad
frontier, synargistically with the
davel opmint of fusion scienca in
both MFE and TFE.

Develop Tully
integrated
capahility for
predicting the
performance of
axtemal ly-conirol lad
systems including
turbulent transpor,
macroacopic stability,
wive particle physics
and multi-phaza
intarfacas.

Ievelop qualitative
predictive
capahility for
transport and stability
in salf-arganized
syslEms.

Advance the
forefront of non-
fusion plasma
science and
technology across a
broad frontier,
synergistically with the
development of fusion
sciance,

Goal 2:  HResolve
outstanding
scientific issues
and establish
reduced-cost paths
to more atiractive
fusion energy
systems by
investigating a
broad range of
innovative

magnelie
conflimement

confligarations,

5-year Objectives
2.1 Spherical Torus
Make preliminary detenmination
ol the attractiveness of tha
Spherical Toms (ST, by
assassing high-baa stahility,
confinement, self-consistent
high-bootstrap opartion, and
acceptable divertor heat M, for
pulse langths much greater than
ana gy confinanat times.

10-year Objectives

Assess the
altractiveness ol
extrapolable, long-
pulse operation of
the Spherical Torus
for pulse lengths much
graatar than cumeni
penetration tima scalas.
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NSTX science is emerging at a time of rapid
change in our field

"From my own reviews of recent research on magnetically confined
plasmas, I believe this field has benefited, as many other fields
have, from the revolutionary improvements in computing power and
instrumentation. The ability to predict plasma parameters in
realistic simulations and then test them 1n detail in actual devices
has changed the character of the entire field substantially....”

(italics added)
Jack Marburger

Director
Office of Science and Technology Policy
Testimony for the NRC panel
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Forming scientific basis requires benchmarking between most
comprehensive codes (SCIDAC), faster models, and data

f\/\w HHFWon | HHFWoff |

Energy (keV)

Source measurements

£rRays \
1 Benchmark with complete wave theory
' AORSA-2D
| (SciDAC)
GENRAY CQL3D \
Faster model: Ray tracin :
GENR AYV 2 Analysis of tI'E'll’lSp ort, Faster model: Full wave
current drive «— TORIC
CURRAY TRANSP -
Benchmarking with
B TP P NSTX Data
.- NPA NBlon 1| NBion Wave-particle interactions
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EBW can deliver required off-axis current in
400/0 BT, IN| — 1000/0 case

Current can be driven
where it is needed

Result:. g>2
everywhere, enhancing
ballooning stability

HHFW is predicted to
be strongly absorbed
by beam and thermal
lons in this case

Picture of J profiles,
Including the assumed
location of EBW and
reasonable deposition
locations and power
requirements from
Harvey’s on-going
calculation
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PF induction for breakdown and initial current
ramp will be studied

Plan includes
experimental proposals to
be carried out in ‘04 with
existing coils & power
supplies

New element: energizing
an existing PF coil permits
a good field null to be
Created

— Control requirements being
assessed

oo 05 10 15 20
R (m)

Raman will discuss startup plans
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Edge turbulence measurements reveal
intermittent structures

May have implications for particle High Speed Imaging of
handling solutions, role of main Edge Turbulence

chamber recycling, divertor in NSTX
compression ratios.

with Princeton Scientific

Tokamak/ST test: does curvature Instruments PSI-4 camera

?
matter: viewing Hel(587.6 nm) light
— Some models suggest curvature Maqueda at 100,000 frames/sec

drift is transporting these structures [
across the SOL.

— Collaborative effort with Alcator C-
MOd L mode H mode

2002

Possible MAST/NSTX test: does
distance to the wall matter?

— Most measurements made with
wall a few correlation lengths away.

Boedo (UCSD) 51



