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Agenda

« J. Menard - Research Program Progress and Plans

» 60-70 minutes

« M. Ono - Facility Status and Plans (+ NSTX Upgrade)

» 30-40 minutes

* Discussion with panel
» 40-60 minutes
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Outline

 NSTX mission elements

« Changes in program since 5yr plan proposal
* Research goals, progress, and plans
 Summary

« Supplemental slides
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NSTX Mission Elements

« Advance ST as candidate for Fusion ST-FNSF

Nuclear Science Facility (FNSF)

» Develop solutions for
plasma-material interface

« Advance toroidal confinement
physics for ITER and beyond

* Develop ST as fusion energy system

@ NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011) 4



Changes in program since 5 year plan proposal

2009 - ReNeW Thrust 16: Emphasizes developing physics basis of ST for FNSF
2010 - FES vision for next decade: Materials/PMI, FNSF, predictive capability

' « Stronger emphasis on FNSF + PMI + diagnostics and validation
» Successful implementation of Upgrade Project highest NSTX priority

ReNeW Thrust 16: “Develop the ST to advance fusion nuclear science”
consists of 7 Thrust Elements:

Develop MA-level plasma current formation and ramp-up

Advance innovative divertor magnetic geometries, first wall solutions
Understand ST confinement and stability at fusion-relevant parameters
Develop stability control techniques for long-pulse, disruption-free ops

Sustain current, control profiles with beams, waves, pumping, fueling

Develop normally-conducting radiation-tolerant magnets for ST applications

N o s~ wWwbdhPE

Extend ST performance to near-burning-plasma conditions

These elements provide outline for subsequent FY09-13 results and plans
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NSTX Upgrade supports ReNeW ST physics thrust elements,
bridges device and performance gaps toward ST-FNSF

New center stack for 1T, 2MA, 5s

2"dNBI with 5 MW, 5s at larger R

Tangency
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v* reduced 3-6x, nTt up to 10x higher

Magnet operation at ~1T (vs. 0.55T):

Up to 2x higher NBI current drive efficiency:
Non-inductive ramp-up, sustainment, J(r) control
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Schedule for NSTX Upgrade elements (new CS + 2"d NBI)
has changed substantially since 5 year plan proposal

* Run-time and Upgrade schedule proposed in 5 year plan:

FY 09 FY 10 FY 11 FY 12 FY 13 FY 14
Run Weeks 15 15 15 o) @ 15 15 -
New CS 2nd NBI

* Present run-time and Upgrade schedule:
FY 09 FY 10 FY 11 FY 12 FY 13 FY 14

Run Weeks 16 17 4 10 10 — .
New CS + 2nd NBI

« More cost effective, faster to implement new CS + 2"d NBI in single outage
« Upgrade project approved, approaching CD-3, highest NSTX priority
* Impact on original 5 year plan goals and schedule:
— Higher B; = 1T not available in 2012 — impacts all research planned for 2012
— ECH/EBW deferred due to funding limitations

— Plasma guns deferred due to technical readiness / time constraints
— Less run-time in 2012, no run-time in 2013 - ~3/4 of originally planned run-time

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011) 7



Outline of Topical Areas and Research Goals
(Aligned with NSTX Mission and ReNeW elements)

» Solenoid-free Plasma Start-up and Ramp-up
» Develop helicity injection and fast-wave heating for plasma current formation and ramp-up

* Lithium and Boundary Physics
» Assess lithium PFCs, develop high-flux-expansion divertors, understand edge transport/stability

 Transport and Turbulence
» Measure, understand, predict instabilities responsible for ST transport, project to next-steps

« Macroscopic Stability
» Develop predictive capability for accessing, controlling, sustaining very high plasma pressure

« Energetic Particle Physics
» Establish predictive capability for fast-ion transport caused by *AE for ST, burning plasma

 Wave Heating and Current Drive
» Demonstrate reliable wave heating and CD to enable advanced operating scenarios

« Advanced Scenarios and Control
» Establish high-performance integrated scenarios and the necessary control capabilities

 ITER Support
» Utilize unique ST/NSTX parameters and capabilities to extend tokamak understanding for ITER

\-Publication or presentation \ \ Collaborating institution \ | * Major award for NSTX researcher

] Key_ for labels u_sed | NSTX Research Milestone: R**-* |
in this presentation: | DOE 3 Facility Joint Research Target: FY** JRT |

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011)



Plasma initiation with small or no transformer is unique
challenge for ST-based Fusion Nuclear Science Facility

ST-FNSF has no/small 1 Non-Inductive Strateqy
central solenoid o Target [KA]
1
~800
~400
~20
H-mode
Time
| d/or thin mi linsulated T I R | ) I "
ron core and/or thin mineral in . :
cgnc(I:_t?c:oar‘tragsfo:merlmea;blesallg)lzttao HHFW NBI+HHFW Sustain with
provide 1-2MA FNSF start-up current CHI, PF, Guns « PF: _J. Leuer, NF 51 (2011) 063038 on DIIl-D NB|+HHFW

« D. Gates, FED 86 (2011) 41-44 - collaboration with DIII-D and MAST
« Y-K.M. Peng, FST 56 (2009) 957 W—l « Guns: D. Battaglia, PRL 102 (2009) 225003
on Pegasus - new collaboration with NSTX

* Near-term Goal: ~0.3-0.4MA fully non-inductive start-up with CHI + fast wave

» Upgrade Goal: Use NBI current drive to ramp-up from 0.4MA to 0.8-1MA

— More tangential 2" NBI of upgrade has higher CD efficiency, better confinement at low I,

« Upgrade goal is to provide physics basis for non-inductive ramp-up to high
performance 100% non-inductive ST plasma - prototype FNSF

@ NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011)



Solenoid-Free Plasma Start-up and Ramp-up

» Develop helicity injection and fast-wave heating for plasma current formation and ramp-up

Increase current Fullintegration
using 1T. Test with HHFW,
synergism with NBland outer

Outer PF PF startup

Testmetal electrode operation Heat CHItarget

Reduce absorberarcs, Use Liquid Li using ECH, then

with HHFW. Test

Relaxation CD
5 year plan Pl
t- I asma Supporting experiments on Pegasus. Commission TestPlasma
Imeline Gms Design system forNSTX Plasma Guns Gun Startup
and goals

Use CHIPI Plasma Gun PI Use ECHPI

Increase generated currentusing 1T
TF.Test synergismwith outer PF
startup. Integrate with HHFW & NBI.

Use Low Loop Voltage with Outer PF and Plasma Guns

Ramp from 250kA to 400-500kAwith | Sustain Ip
HHFW (FY 10 milestone) at 500kA

Use 1T + ECH to adequately satisfy
Lloyd parameter

Use 1T to
achieve
bootstrap
overdrive

- Progress and Plans

Coaxial Helicity Injection (CHI)

— Plasma current savings of up to 400kA using CHI start-up preceding inductive ramp-up

— Used CHI absorber coils to reduce/eliminate absorber arcs

— Controlled density, reduced divertor impurities with evaporated lithium

— FY11-12: Test full metallic divertor: LLD Mo outboard + Mo tiles inboard (facility talk)

Plasma guns: deferred — not technically ready

Outer PF: deferred due to cost of ECH, collaborate on DIII-D
HHFW ramp-up: antenna upgraded, utilized 2" half of 2009 run

— FY10: Heated 300kA ohmic target plasma to 3keV, 70% non-inductive fraction

— FY11-12: Plan to increase power to 3-4MW level for 100% non-inductive, test ramp-up

Gray italics indicates
material provided in
supplemental section

@ NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011)
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Achieved substantial progress on Coaxial Helicity Injection
(CHI) and fast wave heating of low-current plasmas in 2010

 Generated 1MA using 40% less

flux than induction-only case
— Low internal inductance (I; = 0.35),

and high elongation > 2

— Suitable for advanced scenarios

1200
CHI + OH OH only
1000/
800}
% 600/
&
= 400
=2
i
200/ 3
Difference
0
=40 0,00 0.05 0.10 0.15 0.20
e v et Time (sec)

« R. Raman, PRL 104 (2010) 095003
« D. Mueller, EPS Oral (2010)

Univ. Washington |

Al; = 400kA vs. 50kA in 2008

» Achieved high T,(0) ~ 3keV at

|,.=300kA w/ only 1.4AMW HHFW

- Previous best was T,(0) ~ 1.5keV at
twice the RF power

- Enabled by 2009 antenna upgrades

qp T R10-2
= 138506 (2010)

3F 117605 (2005) .
2 %
: .-/m R

2k [

3 /
1k ) ]
N T }
9 :—r —" -

0.2 0.4 06 08 1.0 1.2 1.4
R [m]

e Non-inductive fraction ~60-70% with
25-30% from RFCD from high T,(0)

* Projects to ~100% NI at Pre= 3-4MW

| R12-2: | Test higher Pg, HHFW heating of CHI-initiated plasmas

@ NSTX
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Lithium and Boundary Physics

» Assess lithium PFCs, develop high-flux-expansion divertors, understand edge transport/stability

FYO7 08 09 10 11 12 13

e Characterize lithium effects on plasma + assess heat handling
Lithium o

5 year p I an Midplane and divertor turbulence comp. with models SOL widths at high 1,, B,
. . T & T Scaling of midplane widths - - =
timeline Ca oy 50 | ot s ot e
= Divertor power accounting and heat flux scaling Heat flux management at high I, B,
an d g 0 al S D've"or Improved detachment control and advanced divertor/PFR studies
WA s
FEmTIE | i e
Pedestal P ELM stabiny, mal ELS P etect oo et o L,
& ELMs Model comparison High m,n AMP

Pedestal at high Pg

n=2 RMP w/n=1,3 feedback

Progress and Plans Gray italics indicates

material provided in
supplemental section

Lithium Research: Liquid Lithium Divertor (LLD) implemented in FY2010
— LLD extensively tested: D pumping with LLD comparable to solid Li coatings

— No evidence of Mo in plasma from LLD — preparing to test new Mo tiles on inboard divertor
Transport and Turbulence

— Heat flux width scalings determined - comparing to simulation, edge biasing has small effects
Divertor Physics

— Focusing on high-flux-expansion “snowflake” divertor to reduce heat-flux and impurities

— Partial detachment and MARFE studies largely complete, power accounting studies planned
Pedestal and ELMs

— ELM stability modifications from lithium quantified, pedestal structure under study (FY11-12)

— Assessed 3D field effects on pedestal, divertor (ITER section) - comparisons to theory ongoing

@ NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011) 12



NSTX is a world leader in assessing lithium plasma facing
components as a possible PMI solution for magnetic fusion

. . . . . * H. Kugel, C Oral, /3-6Ra
« Solid Li surface coatings: Pump D, increase confinement, stored | * e reos s

« M. Bell, PPCF 51 (12), (2009) 124054

energy, pulse length, eliminate ELMs, reduce core MHD instabilities |} sts e e

* D. Mansfield, JNM 390-91, 764-767 (2009)
* H. Kugel, JNM 390-391, 1000-1004 (2009)

e Liquid Lithium Divertor (LLD) motivation: provide volume - V- Soubbanoved, R8I 8 (1) 105723 (2010
D pumping capacity (> solid Li coatings) to provide longer I3R:iNL°$LT,"F‘é:{‘g’£:<Z;’§i;‘2'1;15}8?12::?1;?3’2052:3”‘”"”
pumping duration + potential for handling high heat flux — ‘

| Sandia, ORNL, Purdue, LLNL

Dual Liquid Lithium Evaporator § v | N s Average Mo -
For Li wall coatings ; = i % v 450 i
Now routinely used 3= A T . porosity: 45%

i A
FH e 7/ 0 EFIT02 138757 0.705 5
i \4 / EFIT02 142494 0.700 s

_ Controlled scans of strike-point location:
4 heatable LLD plates (Mo on Cu) LLD surface cross section: On inboard divertor
coat lower divertor, LLD Surface temp: 160 — 350+ °C plasma sprayed porous Mo On LLD (outboard divertor)

* FY2010: First LLD tests - filled with 679 Li by evaporation (2x needed to fill porosity)
» Brief results summary provided on next slide + more details in supplemental

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011) 13



Operation with outer strike-point on Mo LLD (coated with Li)
compatible with high plasma performance, low impurities

« LLD did not increase global D pumping

beyond that achieved with LITER

— Solid Li on C pumps D quite efficiently
— Liquid Li reacts rapidly w/ background gases (LTX)
— Con LLD may have impacted D pumping

* Divertor T, increases when T, 5 > T, i mer

EFIT02 138757 0.705 s

* No evidence of Mo from LLD in plasma
Mo tiles for upcoming run (2011-12) during normal operation
* Operation with strike-point (SP) on LLD
Volume-average carbon Z.q reduced core impurities (due to ELMs?)

5 .................. 1

N LLD FY2010 results: R10-2

<4 SP on inner carbon divertor (no ELMSs)

4 SPon LLD, T p < Tiimelt
4 SP on LLD, TLLD > TLi—meIt (+ fueling differences)

00 02 04 06 08 10 *No _ELMs, no 9 small, small = larger |
Time [s] - High-Z impurities also reduced, B, > 4 sustained

Need to separate effects of PFC material, ELMs - motivates Mo tiles on inboard divertor - facility talk

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011)
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NSTX has contributed strongly to | FY10 JRT
to characterize and understand divertor heat fluxes

* | omgLia=16 - Divertor heat flux width A, ;™4 decreases
, Soma e o with increased plasma current |,
. ' — Potentially major implications for ITER
Z:‘m) — NSTX: AMd further decreases with Li
1| — Physics mechanisms not yet fully understood
T aremn T » For NSTX-U parameters: A= 3 + 0.5 mm
o R
o6 08 1.0 1.2 Blob formation in SOLT is similar to NSTX
I, (MA) Gas Puff Imaging (GPI) diagnostic data

| 40 I | a)
« XGCO kinetic neoclassical . ! o A
consistent with ~ 1/I, scaling : -

12 e 0.63/1,
P N s
1.0}
= |
L 0.8 e
[
0.6 A pankin (Lehigh) ; 3
| G.-Y. Park (NFRI) e o S T L T S S i A S
W — 38 10 & « SOLT li ker than 1/
0.6 0.8 1.0 1.2 Scallng weaker an P [+J. Myra, PoP 18, 012305 (2011) |

I, (MA)

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011) 15



“Snowflake” divertor configuration provides significant
divertor heat flux reduction and impurity screening

Standard Divertor Snowflake Divertor

\ - 74

.
....
ne SeSEERESRRRN L

2nd X-point brought close to
limiter boundary in divertor

Divertor heat flux (MW/m?)
standard divertor
snowflake divertor

Higher flux expansion (increased div wetted area)
] Higher divertor volume (increased div. losses)

<:| « Peak heat flux reduced by 2-3x
« Snowflake H-mode t¢ similar to standard divertor

« Core and pedestal carbon reduced by 50%
w0005 Divertor » Double-null snowflake is baseline divertor in Upgrade to

J 141:341,09[055 . pla.tega‘? ) | . | . . 2
00_3 54 05 06 07 08 maintain heat flux < 10MW/m? for 2MA, 15MW plasmas
R v (M)
LLNL || Soanovsa APSimasa zr0 | R11-3:] Assess control of U/D snowflake,
|~V.Soukhanovskii:DOEEarIyCareerResearchAward-2010 | pOSS|bIe Syn erg|es W|th L|, rad|at|0n

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011) 16



L1 wall coatings broaden pedestal profiles, suppress
ELMs — consistent with peeling-ballooning theory

Edge stability calculations (ELITE)

— Colors represent contours of
ratio of linear mode growth rate
to diamagnetic drift frequency

— Pre-Li discharges close to

H-Mode
pedestal -

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

07 08 09 10 11 kink/peeling stability boundary

U U
1.2 BRAARES

Kink/Peeling « J. Canik, APS Invited 2010

* R. Maingi, IAEA FEC 2010 Oral, EXD/2-2
U nsta bl € * R. Maingi, APS Invited 2009
« R. Maingi, PRL 103 (7), 075001 (2009)

|
ORNL, General Atomics

Kink/Peeling

o
0

Unstable

t=400ms

Edge current
[(jmax+jsep)/2<j>]

o With Lithium
No Lithium
Stable Stable
04 3 4 5 6 7 g8 3 4 6 7 8
Normalized Pressure Gradient (a) Normalized Pressure Gradient (a)
I@ NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011) 17



Pedestal structure and underlying MHD/transport
mechanisms being elucidated by | FY11 JRT |effort

Peak total pedestal pressure scaling with Ip

| + A Diallo, submitted to NF (2011) | 7-

] d
1 pped 2 pea
6 Pt < I, = /By = constant

» Pedestal pressure scaling established __
— Poeq ¢ 1,2 @and increases with triangularity |:> g 4

o

— Builds up during ELM cycle, saturates at o]
lower | late in ELM cycle of

« Establishing pedestal width scaling

— Analysis of pedestal data with peeling-% A
ballooning theory (ELITE) ongoing P kAl

— Initial calculations: ELMy discharges are
at kink/peeling boundary

* Planned research supporting| R11-4:

— Pedestal transport, turbulence, stability
with 3D fields

* Roles of particle and thermal heat transport

P, Pedestal width iny_ scaling with poloidal pPed

0
0.1 015 0.2 025 0.3 035 04 045 05
| ORNL, General Atomics | ()2

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011) 18



Transport and Turbulence

» Measure, understand, predict instabilities responsible for ST transport, project to next-steps

FYO7 08 09 10 11 12 13

I- | | I | |

Global Confinement | LH threshold, 7, on R/a, &-scaling, effect of Li | rsefjflr']”eg " ;;::t”gf]dl__pﬁ‘ameter
5 ear Ian lon Transport | ITG/TEM driving/damping terms, ion ITB, low-k turb. Detailed low-k/model \_ralidalion, T,
y P | Role of RS, g on iITB, low-k ARG SAREIT (e
- 1 it at |
ti rg el In e| ETG/TEM/microte aring/GAE, perturbative e transport zol(ias?;'?:”wathi;\::; B, |
Electron Transport ) - —
and goals P | Role of RS. g on elTB, high-k, [[Cocetmoa of & TaT
Validats neo theory, v, 0n Te, Yo Xy Extended parameter regime
Momentum Transport | parameter regime,
‘ Probe of low-k | ZFIGAMS, Yynon 2y with off m-p CC
Particle Transport ‘ Core transport, impurity transport, effect of Li | e e L
' ' perturbative transport, relation to low-k

- Progress and Plans Gray italics indicates
material provided in
I supplemental section

* Global confinement
— Extensive L-H threshold studies performed, tests of effects of A, 3, Li on confinement ongoing
* lon transport: BES commissioned FY10 — will be used extensively in FY11-12
« Electron transport
— ETG, micro-tearing, GAE, RS elTB experiments and gyro-kinetic modeling performed
« Momentum transport
— Poloidal velocity measured, consistent w/ neoclassical - will improve edge resolution (FY11-12)
— Initial momenum pinch studies completed/published — will revisit with low-k BES data (FY11-12)
» Particle transport
— Impurity ion (Ne) transport consistent w/ neoclassical — large edge PS transport from high g
— Beginning to explore D, C, Li transport with kinetic neoclassical transport with XGC-0

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011)



L-H threshold experiments in NSTX have explored

awide range of ITER and ST-relevant issues

3_

nl (10°m?) -
/ 135204 |

P.. (MW)

ﬁ%

dEp/dr (MV/m?)

+ L-H
<L
*
2 I i b . "
o - ?D mg Li
<
1 s P
Sl *
300mgLi &
0 h b it i
045 050 055 060 065 0.70
R_(m)
10
- —_— 0.7 MA
sl —L-H - 1.0 MA
Approximate threshold for L-H transition as
6l inferred from calculation and observation
i e e e m/fa e s s s s s s
L-mode
2l
00.9 0.92 94 ) 0.96 .98 1

Normalized Poloidal Flux

« Species dependence
(——— — Pun(He)~12-14 P, (D): RF-heated

— Hggy, ~1 with no ELMs after L-H transition
» Non-axisymmetric field application
— P_y /n, increased ~65% with ~few Gauss n=3 fields
« Plasma configuration
<:I — Lower P at increased major radius of X-point

 Lithium coatings | R10-3
— Py /n, decreased by ~35% with lithium coating
— Additive influence for Ry , USN vs. LSN

* Strong |, dependence (ST effect)
— lower P, with lower I,

<:I — XGCO calculations show larger E, shear at lower I,

* Role of ion-scale turbulence*
— Beam Emission Spectroscopy now being utilized
*More info on turbulence at L-H threshold in supplemental

« S. Kaye, submitted to NF 2011

+ S. Kaye, IAEA FEC 2010 Oral, EXC/2-3Rb ‘ ORNL Univ. Wisconsin ‘
« R. Maingi, NF 50 (2010) 064010 ’

Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011)
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NSTX is continuing to explore the favorable
collisionality scaling (ec 1/v..) of ST energy confinement

1.0¢

(T-s)

LL
(53

—
|

0.01

ST-FNSF

0.1

constant g, B, p* 1

NSTX Upgrade

ITER H-mode
scaling

—e— Total
—&— Thermal

0.001

| * S. Kaye, NF 47 (2007) 499-509 |

V¥ oc N, /T2

0.10

BTe (T-s)

Expts also show weak B scaling: T,
— Important for high-g ST and AT scenarios

Increased t¢ with lithium may
be result of reduction in v *

0.04
¥ no Li
M v Li

0.03

0.02 +

0.01 +

| Q,,=2-2.5
dBp|>:8-12%
0.00 ' ' '

0.00 0.05 0.10 0.15 0.20 0.25

[ - S.Kaye, ITPATC1 |

V'e (@r/a=0.5)

~ 3012, -0-25 (g L, with Li)

— Beta scaling strong function of ELM character — Type Ill ELMs - strong degradation

@ NSTX
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New BES commissioned in 2010: observed decrease In
fluctuations at L-H transition from edge to core regions

Frequency (kHz)

200 300 400
Time (ms)

-20 159.8 ms

173.5 ms
o
©
°
L
>
o
S
o
o

0 20

40 60
Frequency (kHz)

\ Univ. Wisconsin

80

Frequency (kHz)

Power (V?/Hz; dB)

R11-1, FY12 JRT
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200 300 400 200
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1 o
el
Y,
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>
[}
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o
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20 40 60 80 100 0 20 40 60 80 100
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' "\ 165.0ms’
£ 138690 181.7 s 3
\ /

2_ 3
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0

110 120 130 140 150
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160

signal (V)

R. Fonck, G. McKee, D. Smith, and I. Uzun-Kaymak (UW-Madison) and B. Stratton (PPPL)
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-100

-40

-60

-80
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40 60 80
Frequency (kHz)

20 100

012 0.4 016
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[R=135cm]

018 02

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

time (s) LH transition
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NSTX turbulence measurements and simulations are
advancing the understanding of the collisionality scaling of 1

* High-k scattering measurements show -}“’

fluctuation levels increase at lower v *, 3,

—

« Seemingly inconsistent with global -
confinement scaling from NSTX, MAST £

« Pursuing non-linear gyro-kinetic simulations with synthetic
diagnostics to interpret results

* Non-linear GYRO simulations of

lower-k p-tearing predict ¥, o« v,* "=y

* Predominantly EM turbulence — result of high

2
Scsla)

 What is role of p-tearing in ST transport?

X (P

| R11-1, FY12 JRT: | High-k scattering + 2D BES
will measure full k-spectrum of fluctuations

Q

_, High-k measurement

constant /

Y.Ren, PPPL 3

10
a, B, p.* :
-10 . 3%
10 —
10° kLp 10
101 [ - W. Guttenfelder, PRL 106 (2011) 155004 |
E IR T T
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Momentum transport may be
best probe of low-k turbulence

* 1IN NSTX, 1,5 < %y << %e

« Perturbative momentum transport
studies using magnetic braking
indicate significant inward pinch

—_— 5 C 3
w F =
S
£ 4 3
) E % 5 8 7
£ : Fit with finite vpinch E
g 3F E
E 3 E
Qo 2

£ 2F S

3 : Fit with vpjnch=0

= E S

b E T

e F

(=] E

= :

D E

F (b)

10
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20L

Toroidal Pinch Velocity (m/s)

25t

0.0 0.2 0.4 0.6

Normalized Minor Radius

+ W. Solomon, APS Invited Talk 2010

0.8

1.0

low-k turbulence —

Theory predicts mech/Xq) ratio based on
In agreement w/ expt

1—‘i,turb < 1_‘i,neo while 1—‘<I>,turb>1—‘q>,neo

Residual low-k fluctuations
predicted to drive anomalous

momentum transport

Test with non-linear gyro-kinetic

10}

Diffusivity (m2/s)
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»
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- S. Kaye, NF 49, (2009) 045010 - 0.3 05 09
« W. Wang, PRL 102, (2009) 035005 COd eS + B ES R 11 1
r'a
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Macroscopic Stability

» Develop predictive capability for accessing, controlling, sustaining very high plasma pressure

| FYO7 | 08 | 09 | 10 | 1 | 12 | 13 14
Shaping | Optimize p, > 6 whigh S: py control wiHEFIT || py control wistability models |
& Control , _ " — |
5 year p | an Opt. active RWM control, V, ; mode deform. Role of n > 1, stabilize RWM w/NCC
tl m el | ne RWM Adv. RWM control design, NCC dsgn non-mag. RWM detect. non-mag. RWM control |
an d goal S RWM stab. physics (v;.V,,m,, multi-modes) ” Adv. RWM control with \,, q profile control |
DEFC DEFC physics model at high p; optimize DEFC | | Advanced 3B correction w/ NCC |
NTM | Onset+Small Island Studies; seeding physics | Advanced modeling; mode avoidance and control |
V¢ physics | NTV physics, v, n=2-6, INTV, NCC design ‘ NTV, INTV w/V, control; 2" SPA + NCC |
Disruptions | Halo current, Thermal Quench Measurements | | Prediction, Inboard Halo Currents with CS Upgrade |
- Progress and Plans Gray italics indicates
material provided in
« Shaping and B control: (see Advanced Scenarios and Control section) supplemental section

* Resistive wall mode (RWM)
— Kinetic resonances found to play key role, advanced state-space controller successfully tested

* Dynamic Error Field Correction (DEFC)
— Improved sensor compensation - feedback on B component of RFA/RWM (+ By sensors already used)

* Neoclassical Tearing Modes (NTM)

— Marginal island width scales with poloidal ion Larmor radius — joint studies with DIII-D
« Toroidal rotation physics: rotation control planned for FY2012

— Incorporated plasma response via 3D perturbed equilibrium, studying (offset) rotation effects
» Disruptions:

— Halo currents characterized, thermal quench studies started, mitigation experiments planned

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011)



Resistive Wall Mode (RWM) stability depends on
thermal kinetic resonances and fast-ion content| R09-1

Calculated growth rate yt,, contours vs
collisionality v and rotation frequency o,

« Observe that RWM can be (Wy/W,)g=2 [%0]
unstable despite significant
plasma rotation

 MISK code predicts
stabilization of RWM from:

— precession drift resonance
®p at low rotation

— bounce resonance
o, at high rotation

« Plasma marginally unstable
at intermediate rotation

unstable . stable w(p/d)q,exlo unsta.ble stable

« J. Berkery, PRL 106 (2011) 075004

 Stability to RWM improves with increased fast ion content s s ssivieaaic o

« J. Berkery, PRL 104 (2010) 035003
« J. Berkery, APS Invited Talk 2009

— Developing kinetic damping models for arbitrary fast-ion distributions - 5. Sabbagh, NF 50 (2010 025020
— Lower rotation speed required to stabilize RWM at higher FI density . Columbia Univ.
— Important for high-beta ST-FNSF and ITER advanced scenarios

@ NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011) 26



NSTX is first tokamak to implement advanced RWM state-
space controller, and has utilized it to sustain high 8, | R10-1

Full 3-D ~3000+ State reduction (< 20 states)
model - states o s
RWM
eigenfunction
(2 phases,
2 states)
4 (%, %,)
- Device R, L, mutual inductances truncate
- Instability B field / plasma response i
State space feedback with 12
- Modeled sensor response - NSTX 140037/140035
"~ Hlp (MA i + - : :
os[” M5 N A
« Controller can compensate for 0.4 5 Favorable /" |
: Unfavorablé feedback phase | |  F3 phase | |
wall currents 0.0 ; : : ; o p : |
> Including mode-induced current 6 N A

> Examined for ITER |- o.Katsuro-Hopkins, NF 47 (2007) 1157 |

« Successful initial experiments

» Suppressed disruptiondueton =1
applied error field

» Best feedback phase produced long

i l —
pulse, By, = 6.4, By/ | = 13 ']‘LM“*LMH !""qu

« 8. Sabbagh, APS Invited Talk 2010 ‘ columbia UniV. ‘ D.U D.E 04 D.'E. D.E 1 D 1 ..E .4’

« S. Sabbagh, IAEA FEC 2010 Oral EXS/5-5
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Measure of the marginal island width gives
Information on small island stabilizing physics

3.0

6__ B 2/1 NSTX ges~8 .3f0
O
-+ A 2/ DIII-D qg5~4
Full 5 Qo5 -/
Marginal | < 3/1DIll-D qg5~7 ;>/’
Island 47 5 pyp 3
. -D qos~7
Width 1 = 16
w 3 - -~
marg
(cm) /
2 V4 9//
1 / / \/\ A
= p=Y&
] (all other cases
ol | '0.‘5<'r<0.'6)1 .
0.0 0.5 1.0 1.5 2.0

lon Banana Width €12 p,. @ g=m/n (cm)

* Empirically, marginal island width three times ion banana width
* except outlier is DIII-D 2/1 mode closer to axis at higher q95

«—_ these 3 cases
line up

«—~_ 1caseis
an outlier

NSTX * R. La Haye, APS DPP 2010

* ITPA MHD 2010 MDC-4

Dil-bD
NATIONAL FUSION FACILITY

« Balance of terms in modified Rutherford equation shows that curvature term
dominates over A’ for NSTX plasmas; curvature term negligible for DIII-D plasmas

« Studying error field threshold scaling for mode locking in H-modes (Buttery; J-K Park)
« 2011-12 Plans: Extend present mode locking density, and NTV offset rotation studies

to low-torque (RF-heated) plasmas

@ NSTX
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Generalized theory of Neoclassical Toroidal Velocity (NTV)
developed, linked to Ideal Perturbed Equilibrium Code (IPEC)

NSTX n=3 NTV prediction

100.0000

10.0000 -

1.0000

0.1000

Damping rate vy, [/5]

(4) IPEC General

Measurement

IPEC+NTYV rotation damping predictions
largely consistent with NSTX and DIII-D
data (except for region near plasma edge)

-

Optimal n=3 error field correction consistent
with minimization of predicted NTV torque

U

0.0100
,,,,,,,,, « S. Gerhardt, PPCF 52 104003 (2010)
« J.-K. Park, APS Invited Talk 2010 2000 L - ' ' * J. Menard , NF 50 (4) 045008 (2010)
0.0010 + J.-K. Park, PRL 102, 065002 (2009) | Total Field .
« J.-K. Park, PoP 16, 056115 (2009 L H
0,000 S Ve CLoiC (2009)  Lagrangian 5B
" 00 02 04 06 08 £ 195001 i}
v = | A
« J.-K. Park: Marshall N. Rosenbluth Outstanding Doctoral Thesis Award - 2010 1°— 1000 s A A ]
« J.-K. Park: DOE Early Career Research Award - 2010 ;’ L A ;
3 . A
f | ana
Damping scales as expected « p; /v, ~ T;>? = s00p .
_Damping profiles 3: (T, ratio)5?2 (1] I, = e
g M | ﬂ,I 1000  -500 0 500 1000
3 N Nt I lerc1 (A)
= T ~ 1 - '
£ 10} —— [2x 155 -
= | 7 ‘ e * Increased NTV damping at reduced
t(a \ud g .
R T i e collisionality, NTV dependence on ExB
. . . . 0.9 11 1.3 1.5 : :
" Rm) R(m) rotation important for ST-FNSF, ITER
| Columbia Univ. | [+'S. Sabbagh, NF 50 (2010) 025020 |

@ NSTX
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NSTX is addressing disruption physics for ITER and FNSF

« Example: halo current (HC) dynamics Contours of halo current flowing
L , _ into the lower divertor of NSTX
— HC rotation is a key issue for ITER: mechanical

- 141687
resonances could cause significant damage [ e (b i
. . . s Z # Rotat?ons (25%): 3.96153
— NSTX studying parametric dependencies of the & [# ottiona (80%): 300008 -~~~
N . . = F # Rotations (75%): 2.64672
n=1 HC magnitude and rotation dynamics 2 200 Rotation Frequency (25%): 643.733 ~ ~ -
= F Rotation Frequency (50%): 1320.58
. . ‘ '\'; Shunt Tiles (x 12) P& N % F Rotation Frequency (75%): 1508:95 ~ &
8ol row3 /’ N oa :g 1005— ___________
50; ; - |§ F
aof | ( e ] . LA :
; 1500¢ 0.404 0.406 0.408 0.410 0412 0.414
200 € 10002
of , . . W A < 500F
2 0 2 o OO L) 1\ 4 O E
Total # of Rotations // 99y erhardt‘ p— s _1-388— lp Jhcneo Jhcnat 3
. . 0.404 0.406 0.408_ 0410 0.412 0.414
» Other key contributions: fime (<]
— Current quench database physics
— Divertor heat loading with fast dual-band IR ORNL
— Fast and slow n=1 control, and rotation profile [ columbia
optimization, for avoidance of disruptive MHD [ University
— 2011-12 — New disruption mitigation studies: —=
Optimization of poloidal location of MGl Washington
*More info on MGI experimental plans in supplemental R - S
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Energetic Particle Physics
» Establish predictive capability for fast-ion transport caused by *AE for ST, burning plasma

5 year
Experimental validation of NOVA-ORBIT and M3D-K codes for simulating fast-ion transport
modelingand mode saturation amplitude
5 year plan
ti mel ine TAE & EPM induced Docume_ntation offast-ion
fastion transport transportinduced by BAAE,
and goals GAE, CAE, etc. Validation of M3D-K (GKM) and
NOVA-ORBIT with broader
Study Alfven Cascades Study Alfven Cascades range ofp* andVyaoi/Vap e With
2 BAAE &TAEavaIanches 1T operationandl, upto 2 MA
in H-mode and higherbeamvoltage
Measure CAE/GAE Low power coupling
Couplingwith HHFW to CAE/GAE
antenna usingHHFWantenna
| Progress and Plans Gray italics indicates
« Model validation: material provided in
) supplemental section

— TAE-avalanche induced neutron rate drop modeled successfully using NOVA+ORBIT
— GAE-induced electron transport simulated with GAE model, high-k data, ORBIT calculations

— HYM code (fully kinetic ions) calculations of GAE eigenstructure consistent with experiment
» Sub-cyclotron frequency modes are driven unstable via Doppler-shifted cyclotron resonance
» Simulations show nonlinear saturation of GAEs due to particle trapping

* Upcoming experiments will utilize new diagnostics, tools
— BES: preliminary measurements of GAE eigenstructure in 2010 — extend in FY11-12
— New tangential + existing perpendicular fast-ion D, (FIDA) diagnostic for improved f(v)
» Active coupling to *AE: HHFW antenna usage deferred
— Dedicated prototype TAE antenna to be commissioned and tested in FY11-12
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TAE-avalanche induced neutron rate drop modeled
successfully using NOVA and ORBIT codes| R09-2

» Toroidal Alfven Eigenmode (TAE) avalanches in NBI-heated plasmas
associated with transient reductions in D-D (beam-target) neutron rate
Fast lon Profile (E, = 30-60keV)

= V5 chot#135419 | TAE f30-180KkHz | —
S | UC Irvine . 70r }
g 1.0 1.2 i t=355 ms - Fast lon Loss (%) ®
= [ — l 5 = ] 60 T
2 =} 1.0¢ %L =365 ms - ® n=3, n=2 and n=4 modes
S 05 = AT AT ] ool
£ E‘ 0.8 /+ N
00 D :/+ 40+
1-6; [ I | [ CIC) 06" L.
= 1.4] : : :2% :23% © r 30k Mu};’_if.- Euuf.l .Nr_w_{'tj on
5, r | I | | <€ r Rate Drop (%)
w 1.2] | | ‘ a 0.4; i
I : w | | ! o i 20
..g 1.0: :6% I : : 0 2 A
2 o8 " L "I shot#135419 Ry 1or
. 5 . 5 .
300 310 320 33P[m§’]4° 350 360 370 90 100 11%1[20?“]30 140 150 ORBIT Amplitude/Exp. Amplitude
« Change in beam-ion profile measured with Fast-ion D, (FIDA) & Boron, 8161 a11) 100725
* Modeled using NOVA-K + ORBIT codes UCLA [ Frcnckson,Pop 5 2o 12505_|

— Mode structure obtained by comparing NOVA calculations w/ reflectometer data [ m.rosest, pop 17 @010) 122501
— Fast ion dynamics in the presence of TAEs calculated by guiding-center code ORBIT

* | IR12-2: |Improve predictive capability for TAE/GAE/CAE with self-consistent and
advanced codes (M3D-K, HYM, SPIRAL) L Frodikson, IAEATFEC 2010 EXWIPT6

* N. Gorelenkov, PoP 16 (2009) 056107
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Global Alfven Eigenmodes (GAE) candidate to explain high
core electron thermal transport rates in NBl-heated H-modes

* K. Tritz, APS Invited Talk 2010
* N. Gorelenkov, NF 50 (2010) 084012
+ D. Stutman, PRL 102 (2009) 115002

| Johns Hopkins Univ.

0.9 T 60
S - 1 . ]
g 0.6 E ;ug 40
- - . E
02 04 06 08 0.0
r/a

0.2

04
rla

06 08

 GAE model + high-k 6n + ORBIT modeling roughly consistent w/ experiment:

GAE Model used in
ORBIT calculations

! high-k view
: radius

 Also exploring coupling of *AE to other modes:
— GAE/CAE can sometimes trigger TAE (via fast ion redistribution?)
— TAE/EPM can interact with low-freq kink-like modes, impact rotation

power [a.u.]

high-k power spectrum

T
130335

-2 -1 0 1 2
frequency [MHz]

<8Nn;ms/N> ~ 1.5x104 — local dn/n ~ 9x10-4

Simulated electron thermal transport

- r/a=0.245

GAEs —— +Collis — = ~o°

_Experimental %e (TRANSP)

e = = e e m m e m E m Eom oo o= o= o= o=

S
i _:.- — ="
e =, — -
- - I —
—4 -3.5 =3
10310(“max)
| UCLA, UC Irvine

« E. Fredrcikson, NF (in preparation)
« E. Fredrickson, IAEA FEC 2010, EXW/P7-06

* M. Podesta, NF 51 (2011) 063035
* M. Podesta, IAEA FEC 2010, EXW/P7-23
* N. Crocker, PoP 16 (2009) 042513

@ NSTX
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Wave Heating and Current Drive

» Demonstrate reliable wave heating and CD to enable advanced operating scenarios
13 14

FYQ08 | 09 | 10 | 11 | 12 |
Long pulse plasmas with HHFW
on-axis ¢ control & bulk heating

5 vear plan Optimize HHFW coupling for heating & CD Optimized HHFW
Y p in deuterium H-mode plasmas with Li injection & LLD . heating &.CD StudyHHFWcoupllng
timeline in H-mode with fully atB,(0
upgradedantenna+Li
and goals
Assess EBW coupling via emission with LLD & Li Injection Non-inductive startup/ramp-up
with HHFW & 28 GHz ECH
HHFW&.28 GHz 350 kW ECH HHFVV & 700 kW ECH
isted start-up & Assisted start-up & ramp-
assisted start-up &ramp-up up [Incremental]
| Progress and Plans Gray italics indicates
material provided in

supplemental section

« HHFW coupling optimization
— HHFW performance summary on next slide
— Fast-ion interaction with HHFW successfully modeled by including finite orbit width effects

— Edge interaction modeling with fully 3D AORSA underway — initial results qualitatively similar
to experiment

« ECH/EBW coupling and heating studies: deferred due to cost

34
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Antenna upgrades performed in 2009
significantly improved HHFW heating performance

« Modifications to antenna described in M. Ono facility presentation
* Improvements in performance likely due to a combination of antenna

upgrade and Li conditioning: 5 . 135340
» Coupled >4 MW into He L-mode i Tral;:s‘ilt_ilonnel' /‘L i
> Record T,(0) ~ 6.2 keV with Pz~ 2.7 MW i / -
> Allowed study of L-H and H-L transition . i "r- -

in He & D with RF (not previously achievable)  (1919m-2) :/_/' |
» Maintained HHFW coupling through

L-H transition and during relatively

large repetitive ELMs during D plasmas ~ Pre Puel
(not previously achievable) NBI } (MW)
0 L . 0
0.2 05
» 2010: P limited to 2MW, apparently TIME (sec)
. . . * G. Taylor, PoP 17, (2010) 056114
from Li-oxide-dust-associated arcs

» Will re-establish 4MW operation in 2011
to support| R12-2 |and other experiments
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Self-consistent finite-orbit-width (FOW) ORBIT-RF/AORSA
Improves agreement with FIDA data for NBI+HHFW plasmas

3

N

Fast ions (au)

1

| + M. Choi,, PoP 17, (2010) 056102 |

" Zero-Orbit-Width 128739

CQL3D/GENRAY fibke
f 30keV EldE?\
FIDA Measurement _
% ?ED ’IO£2D
O Finite-Orbit-Width

ORBIT-RF/AORSA

00 120 140 16
Major Radius (cm)

Present Fast-lon Modeling Status
18 75%08.529 ‘95?0' 10Q, 119

ffyokchﬁdE
Wkey AR

Self-Consistent

| 128739

_ 1.4 |
S | II ORBIT-RF/
8 i AORSA
%) s s
g1o /o Pt
— . | | Pre=1
[ | |
w 0.6f {
- FIDA Measurement = : I
02 ! ! ! ::

90 110 130 150
Major Radius (cm)
‘ « M. Choi, US-Japan RF Workshop, Toba, Japan, February 2011 ‘

HHFW interaction with NBI fast-ion
can be significant

There was previously significant
disagreement between modeling &

(I FIDA fast-ion profiles
0

Good agreement between modeling &
FIDA has now been achieved by
including additional iterations between

{1 AORSA & FOW ORBIT-RF

MW .
MW

Work has also begun on a full FOW
correction to CQL3D which is
expected to be completed in late 2011

ORNL, General Atomics, CompX

@ NSTX
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3-D AORSA full-wave model with 2-D wall boundary predicts
large Ex- following magnetic field near top & bottom of NSTX

ky=-8m+ Edge RF eigenmode similar to striated

structures imaged by visible plasma TV

Edge Prg

deposition

\_:b/

D. L. Green, ORNL ( —
3D AORSA with boundary extended to wall

Antenna

130621

 |n addition to RF power coupling to core, AORSA predicts some RF power
propagates just inside LCFS as an edge localized RF eigenmode

 [nitiated divertor tile current measurements to compare to theory

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011)



Advanced Scenarios and Control

» Establish high-performance integrated scenarios and the necessary control capabilities

09 10 11

| ——

12 13

NSTX-U fully
hon-inductive
target scenatrio:

Assess Jygcp & redistribution vs. n,and

Long-pulse n, control

fast-ion MHD (pumping & fueling)
5 year plan
= = Understand, increase, control Li pumping Assess long-pulse Hg;,
tlme“ne ELMs, pyvs. Br and v*
an d goal S Assess Hyg, ELMs, By vs. n, & Lithium
ReconstructJ, q-profile in

Increase Py, fgs, frco with HHFW

real-time

ELM control w/ mid-plane RMP, Lithium

Improved control of
ELM/RWM/EF/rotation

(Io<1MA, B; <1T)

fycp < 100%
fugico = 0.2-0.4
fgs = 0.6-0.8
foy =0.6-0.8
Hosy, = 1.2-1.4
Pn=5-6
Br=10-16%
Tiat < 34Tcr

No/small ELM

—

« Scenario development

- Progress and Plans

— Developed range of scenarios with sustained high «, By, and bootstrap fraction

— Exploring scenarios for NSTX Upgrade: higher A and elongation, extend in FY11-12
— Extended duration of H-mode scenarios with very high confinement (Hqg up to 1.7)

* NBI-driven current redistribution from *AE
— During large repeated TAE avalanches, substantial modification of J(r) observed, simulated

» Assess, optimize performance vs. ng, lithium

— Need to develop and understand MHD-stable scenarios at low density — FY12 milestone

Gray italics indicates
material provided in
supplemental section

* Increase NBIl H-mode non-inductive fraction: requires high P - testin FY11-12

 ELM control with mid-plane RMP, Li

— Utilized paced 3D fields and vertical jogs to trigger ELMs, reduce impurities, control density

 Advanced control

— Implemented: /4, multiple strike-points Planned: MIMO shape, improved n=0, snowflake, rotation

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans
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In 2009-10, NSTX demonstrated sustained high-elongation

configurations over a range of currents and fields

R09-3

i - i - 1.2
High-4; Long Pulse High-4; _ o) .
*=2'g *=3 g x=47 < o8- asma current |
q =<. g =o. q =4. s
1,=1100 kA 1,=700 kA 1,=700 kA 0.0/ 135129 133964 135445
- J| Poloidal beta EFIT
T oA 135129 | B Dl e e die T
. 135445 0.5 .
- 133964 8(1+ K )mBTO 0.0
30
Holp 50 Tor0|dal beta EFIT
10
0
R K ~2.6-2.7 15
E 1.0
E . _ %
N 6 08 T 0.5
0.0
30 - -
Double T 18P Current in central solenoid -
-
X 5t AN .
Null 3 8- N
- -20
m - q 07 Pressure Driven TRANSP
- | e (IR R §0'50_ _'—u':'F:A‘:J:ﬁ::\:ﬂ:-:—:-:\#(--\h,—\ ]
00 05 10 15 20 s 025 == \
R (m) “ 0.0 S Neutral Beam
Pulse-lengths limited by 0.0 0.3 05 09 12 15 1.8
: . .. S ime (sec.
OH, TF coil heating limits L3 G, BeATEC D Erargs
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NSTX is exploring stability impact of higher aspect ratio and
elongation, and profiles in preparation for Upgrade, FNSF

A=1.45,x=24 A=1.65,k=2.8
. i, ' 20 F |
Next-step ST designs assume PF-1AU~] | PE-3U

Increased x = 3-3.5 and A=1.6-1.7

— Maximizes fusion performance of low
aspect ratio configurations

« NSTX has begun to explore the :>
stability of higher x and A

— Also exploring how current profile

E 10 |
N -

os- il |

limiter
boundary

(internal inductance [;) varies with these 200 T T T
geometric changes, since elongation " Passive VDE Growth Rate (s")
depends strongly on |, 150 - R
« | R11-2 | NSTX scenarios will be 0 -
systematically extended toward o 1001 L ]
shapes of Upgrade and next-steps : ”Z
_ 50 - ---- 9o 0- - :
— Assess maximum stable k, |, By ' 1001, ]
— Optimize RWM stability, control 0 ]
1.4 1.5 1.6 1.7
» 8. Gerhardt, accepted for publication in NF 2011 ‘ AspeCt Ratio
40 |
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High confinement H-Mode regime obtained with lithium

High Performance

ST-FNSF/Pilot Plant level confinement: Hgg , < 1.7

* Very high Hgg,, < 1.7 is combination of Li

confinement improvement and higher
pedestal temperature and pressure

* ITER, FNSF fusion performance is highly
dependent on pedestal pressure: Q ~ p?
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Toroidal Alfven Eigenmodes (TAE) can strongly modify

NBI current profile — important for FNSF, ITER-AT | R09-2

700 kA High-, with Rapid TAE Avalanches

3.00 | [ [ i [ | i | 1
UC) o5l TRANSPw FIDiff: G63  TRANSP wio FII_Iai:jf_:EOS:: | 127 : . : .
S T Ty € ol All (Neo)classical physics
1.50 £ 10}
8 / < [ Discrepancy
Z 0 S o8l between
3 0.00 & ! reconstruction and
1.0 ~ 0.6F total due to large
g x lassical Jygcp. ]
8 oe T 04 ]
] 8 A [ ]
a 0.6 m i :
2 o - 0.2 N =
g i = 0.4 Y 0.0t
‘. 12— : _
00 T 1ok With Impulsive D, ]
o 0.40 0.45 tm‘.g.(SslI)E.::_) 0.55 0.60 g i Reduced JNBCD ]
= 0.8+ eliminates discrepancy A
« ” ) i A I between reconstruction
* Model TAE "avalanches” using spatially and EC’ 0.6} " and total. 1
temporally localized fast-ion diffusivity Dg,(y,t) @ 4 P ]
- TAE avalanches could impact ST-FNSF & ]
. H . = 0.2 1 II1TI7T -
scenarios with large fraction of NBI current 3 i -
. . 0-0 sl T R S
* | IR12-2 | Obtain new tangential FIDA data for 00 02 04 06 08 1.0
M3D-K validation during Upgrade outage (. Gorhardt,NF 51 201 033006 | Ppol
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ELM pacing developed with pulsed non-resonant
fields,vertical jogs — useful for controlling impurities

Rapid, Reliable Triggering with Pulsed 3-D Fields ELM Pacing Via Vertical Jogs
= 300 ' | ' | ' T ‘ T _
2 200 - Stored Energy 7 *Ta) Shifted Shot 134318
% 100 __M - E_ N § ; ; :
g’_ oL | . | . | . | . | ‘ | A :é g3 f\;
2. 10 ' ' ' ! ' ' ' ' ' ' ‘ ' ' -10 ‘UC\’WM
eE 5_ Electron Density __-gz-’:-:—""-—_—-'-_:—_:% | _1smw ho#1343 0
2 __/ \ __ 10
o 0 . ! . ! . ! . ! . ! ‘ ! . g :
= 3 — : | ' | ' | ' | ‘ | S 6f
= 2 [ Radiated Power . 3 .
'_é 1= — I% 2f
o 0f 1 I I I I L ok
2 T T T T T T T T T T ‘ T T 10T
L #133816 ] - \
a 1-D-Alpha n % 6L Phase
ol — — |"L | 5': af Locked
2 T T T o L
| #133814 _ L | : i E /
=1 - D-Alpha n=3 RMP ptlses _| P
0 i . L k-—-LAL——I ] E a2
2 ' T —\ ; ; T ; T ‘ ; <
- #133820 g
a 1-D-Alpha \ = n
- w
0 b1+ 1 0 L SRR S RSO O
0.0 0.2 0.4 0.6 0.8 1.0 04 08 08 ety 2%
Time [sec] _ ; ; ; ; :
o _ Vertical jogging successful despite thick
- Reduction in radiated power continuous vacuum vessel.

- Rapid ELMs lead to smaller per-ELM energy loss ELMs become phase locked to upward motion

« J. Canik, IAEA FEC 2010 Oral, EXC/8-1
" J. Canik, NF 50 (2010) 064016 ORNL | + . Gerhardt, NF 50 (2010) 064015 |

« J. Canik, PRL 104 (4), 045001 (2010)
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Activities In support of ITER

» Utilize unique ST/NSTX parameters and capabilities to extend tokamak understanding for ITER

Active ITPA participation

Gray italics indicates
material provided in
supplemental section

ITER task agreements:
— Study of error fields using the Ideal Perturbed Equilibrium Code
— Error field measurements in ITER without plasma

Divertor detachment thresholds with 3D fields + gas puffing

Plasma transport and stability response to 3D fields
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NSTXP

articipation in ITPA Joint Experiments and Activities

* Advanced Scenarios and Control%) i i
- Igg%% Etudy seedig _effe]gts ogl Rdb_asdelinte discharges ith ITER-rel ¢ restricti NSTX typ|Ca”y aCtlve_Iy
- -4, ccess conditions for advanced inductive scenario wi -relevant restrictions —

- Igggg '(\Z/Iol_listiqnalitylcs:%al_liing of lcontinementtinda%\llzagced_inductive plasmas partl Clpates In 25 JO I nt
- -5. aintainin coupling in expecte regime
- 10S-6.2 i controllerg(lp ramp) veithgprimarg)/ voltage/additi%nal heating EX p erimen tS/ACt VI tl €S
+ Boundary Physics and Lithium Research (16)
— PEP-6 Pedestal structure and ELM stability in DN ) ) ) ) ) )
— PEP-19 Basic mechanisms of edge transport with resonant magnetic perturbations in toroidal plasma confinement devices
— PEP-23 %uantlflcanon of the requirements for ELM suppression by magnetic perturbations from off-midplane coils
— PEP-24 inimum F[1).ellet size for ELM pacing o . . i
— PEP-25 Inter-machine comparison of ELM control by magnetic field perturbations from midplane RMP coils
— PEP-26  Critical parameters for achieving L-H transifions ~
— PEP-27  Pedestal profile evolution followmg L-H/H-L transition
— PEP-28 Physics of H-mode access with different X-point height
— PEP-29 Vertical jolts/kicks for ELM triggering and control .
— PEP-31 Pedestal structure and edge relaxation mechanisms in I-mode
— PEP-32  Access to and exit from H-mode with ELM mitigation at low input power above PLH
— PEP-33 Effects of current ramps on the L-H transition and on the stability and confinement of H-modes at low power above the threshold
— PEP-34  Non-resonant magnetic field driven QH-mode
— DSOL-20 Transient divertor reattachment o
— DSOL-21 Introduction of pre-characterized dust for dust transport studies in divertor and SOL
— DSOL-24 Disruption heat loads
* Macroscopic Stability (7) . .
- MDC-1 Disruption mitigation by massive gas jets )
— MDC-2  Joint experiments on resistive wall mode physics )
- MDC-4 Neoclassical tearing mode physics — aspect ratio comparison
— MDC-12 Non-resonant magnetic braking .
— MDC-14 Rotation effects on neoclassical tearing modes
— MDC-15 Disruption database development
— MDC-17 Active disruption avoidance
« Transport and Turbulence (11) _
- TC-1 Confinement scaling in ELMy H-modes: beta degradation
- TC-2 Hysteresis and access to H-mode with H~1 o )
- TC-4 H-mode transition and confinement dependence on ionic species
- TC-9 Scaling of intrinsic rotation with no external momentum input ) )
- TC-10 Experimental identification of ITG, TEM and ETG turbulence and comparison with codes
- TC-11 He and impurity profiles and transport coefficients
- TC-12 H-mode transport and confinement at low aspect ratio
- TC-14 RF rotation drive ) ) o )
- TC-15 Dependence of momentum and particle pinch on collisionality
- TC-17 rho-star scaling of intrinsic torque
TC-19 Characteristics of I-mode plasmas

» Wave-Particle Interactions (5)

— EP-1
EP-2
EP-3
EP-4
EP-6

Measurements of damping rate of intermediate toroidal mode number Alfven eigenmodes
Fast ion losses and redistribution from localized AEs

Fast ion transport b¥ small scale turbulence . )

Effect of dynamical Triction (drag) at resonance on nonlinear AE evolution

Fast ion losses and associated heat load from edge perturbations (ELMs and RMPs)
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3D fields used for RMP ELM control can cause toroidally

asymmetric divertor heat & particle deposition, re-attachment

Distribution of splitting locations from measurement
and vacuum field line tracing in good agreement

05 TERE ' 3
-1.0r .
E 12
N : ]
=15} L : 4 — 10
,f*m 135185, 433ms |
[ n=3 applied ]
'2.0 L 1
0.0 0.5 1.0 1.5
R (m)
oY ,a*:': ';‘ : o~ : - '...
-('.', o’g’i' ,-. : .‘" ~. K _: -'
E 5 g.r ' e P
N i
4+ T T T
-1.7 3
1.8

0.2 03 04 05 06 0.7 038
R (m)
Similar splitting observed previously on DIII-D (T. Evans)

Low gas

—1t=436.3ms, Inter-ELM
—1=436 .9ms, ELM peak

140508
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Radius (cm)

Heat flux (MW/m2)

12

High gas

—it=412.5ms, Inter-ELM
—t=413.7ms, ELM peak

140309

T

%

0 35 40 45 50 55 60

Radius (cm)

* Increased divertor gas puffing reduces heat-flux
peaking and re-establishes divertor detachment

« J.-W. Ahn PoP 18 (5) 056108 (2011)
« J.-W. Ahn, APS Invited Talk 2010

@ NSTX
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NSTX investigating H-mode pedestal transport,
turbulence, and stability response to 3D fields| R11-4

NSTX provides unique data to understand [ 0'6%;? |

response to 3D fields for ELM control: °
. Non=3 &

With n=3 W

« ELMSs stabilized by Li coatings - m

o
)

n, (102 m™)

oo
(o]

o
.p.

(keV)

« ELMs triggered by 3D fields, not suppressed 1 N 3‘*‘{;9“

— Profile changes from 3D fields depend on Li, v*, qgs N .,
0.7 08 09 1.0 1.1

P

IAEA FEC 2010 Oral, EXC/8-1
NF 50 (2010) 064016

NF 50 (2010) 034012

PRL 104 (4), 045001 (2010)

+ J. Canik,
+ J. Canik,
+ J. Canik,
+ J. Canik,

« Will study possible mechanisms for modifying transport
» Pedestal turbulence trends: BES, high-k scattering, gas-puff imaging
* Transport response: Improved Thomson, impurity injection, edge SXR
 Also supports| FEY11 JRT | on H-mode pedestal structure
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NSTX successfully completed annual research milestones

and is prepared to complete upcoming FY11-12 milestones
( blue = completed, red = ongoing/future, green = incremental )

FY2009 FY2010 FY2011 | FY2012
Run Weeks: [ NNECINNN TN EN | |
= Transport & Turbulence

= Macroscopic Stability
R09-1

Understand physics of RWM
stabilization & control vs. rotation

= Boundary/Lithium Physics

= Waves and Energetic Particles
R09-2

Study how j(r) is modified by super-
Alfvénic ion-driven modes

= Solenoid-free start-up, ramp-up

= Advanced Scenarios & Control
R09-3

Perform high-elongation wall-
stabilized operation at lower n,

= |TER urgent needs, cross-cutting

= Joint Research Targets (3 US facilities):

FY09 JRT

R11-1

Measure fluctuations responsible for
electron, ion, impurity transport

R10-1

Assess sustainable B & disruptivity
near and above ideal no-wall limit

R11-2

Assess ST stability dependence on
aspect ratio and boundary shaping

IR12-1

Investigate magnetic braking physics
and toroidal rotation control at low v*

R10-3 R11-3 R12-1 _ _
Assess H-mode characteristics vs. Assess very high flux expansion Assess relationship between
collisionality and Li conditioning divertor operation lithium-conditioned surface
composition and plasma behavior
R10-2 IR12-2
Characte_rize HHF\_N heating, CD, and Assess predictive capability of mode-
ramp-up in deuterium H-mode induced fast-ion transport
R12-2
Assess confinement, heating, and
ramp-up of CHI start-up plasmas
R12-3
Assess access to reduced n, and v*
R11-4

in high-performance scenarios
H-mode ped. transport, turbulence

stability response to 3D fields

Particle control and hydrogenic fuel
retention

@ NSTX

FY10 JRT

Understanding of divertor heat flux
and transport in scrape-off layer

FY11 JRT

Characterize H-mode
pedestal structure

FY12 JRT
Understand core transport

Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans
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Plans for FY2012-13 analysis and research

« Complete analysis and publication of FY2011-12 data
* Planning and design studies supporting post-Upgrade ops:

Start-up: CHI upgrades, point helicity injection (plasma guns)
Boundary: Divertor cryo-pumps, divertor diagnostics

Lithium: Additional Mo tiles, next-generation LLD

Transport, EP: New high-k scattering, assess solid-state NPA

MHD: 3D-coil physics design for RWM/RMP/TM/EFC/NTVI/TAE
Control: Real-time-MSE for NBI J-profile control, control of heat flux

* Develop, write NSTX Upgrade 5 year plan for 2014-18

« Update/extend physics design of ST-FNSF
— LDRD to further develop design concepts, utilize NSTX team expertise
— Predictive modeling of start-up, sustainment, transport, stability, divertor

« Will rely heavily on NSTX collaborators for 5 year plan preparation,
post-Upgrade planning and design, FNSF physics design studies

@ NSTX
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Planning for FY2013 NSTX collaboration

 Solicited, received info on collaboration opportunities

— Enthusiastic response: MAST, LTX, Pegasus, DIII-D, C-Mod, KSTAR, EAST, LHD
— Also gathered info on PPPL NSTX researcher interests and skills

« ~1/3 time available for collaboration: ~10 FTE/yr for 2-3 yrs

* Presently aligning opportunities & skills with needs & goals
— Experienced NSTX researchers can help advance off-site research
— Can also bring back new experiences, ideas to NSTX Upgrade

3.0: R
2.5f
. Example: NSTX-U goal of 100% NICD, high £ 2o
B, q(r) control using 1%t + new 2" NBl =—=> & -
» Collaboration on advanced scenarios, profile sol o0, 20120150

control, energetic particles mutually beneficial: : AP

> DIII-D, EAST, KSTAR, MAST 0.0 0.2 04 06 03 10
Normalized minor radius

o

NBI Ran [cM]
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Summary: NSTX is contributing strongly to basis of ST-FNSF,

advancing PMI solutions, supporting toroidal physics, ITER

NSTX has completed all planned research milestones and
produced many additional important results

NSTX has had a very productive 2.5 years

— See M. Ono talk for statistics on publications, invited talks, awards and
recognition, facility utilization and diagnostic implementation

Research program has adapted to, aligned with the ReNeW

ST thrusts, FES vision: emphasis on FNSF, PMI, validation:

— NSTX Upgrade highest priority, HHFW upgraded to support start-up research
— Lithium/LLD, snowflake, high-Z PFCs contribute to potential PMI solutions
— Dirift-kinetic MHD, non-linear gyro-kinetic transport, non-linear *AE/fast-ions

Developed comprehensive research plan for FY11-12 run
— Emphasis on boundary, PMI, transport, MHD, prep for Upgrade

Planning for Upgrade outage period is under way
— Emphasis on post-upgrade operation prep, off-site collaboration

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011) 51



Start-up and Ramp-up Supplemental Slides

@ NSTX
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Transient CHI: Axisymmetric reconnection leads to formation
of closed flux surfaces

Absorber

Insulating gap

Center stack

Passive
Stabilizer
Plates

I J pol X Btor

Lower

Bt Divertor

Gas and
microwave
injection

+ 50mF

capacitor
= bank

Demonstration of closed flux current generation
— Aided by gas and EC-Pi injection from below divertor plate region

Demonstration of coupling to induction (2008)
— Aided by staged capacitor bank capability

B

CHI for an ST: T.R. Jarboe, Fusion Technology, 15 (1989) 7
Transient CHI: R. Raman, T.R. Jarboe, B.A. Nelson, et al., PRL 90, (2003) 075005-1
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Coaxial Helicity Injection (CHI) has Produced Substantial
Flux Savings and Scales Favorably with Size and B+

400 £

Current (kA)

200 kA more current
with CHI start-up

135614

CHI + Inductive

Enabling Capabi”ties Time after CHI starts

— Elimination of arcs in
absorber region

— Conditioning of lower
divertor

Generated 1MA using 40%

less flux than induction-
0Ll
0.01 0.02 0.03 0.04 0.05 only case
Time (s) . .
Te Evolution CHI Shot 140872 - HOI_IOW Te maintained
— t=14ms during ramp
0.25F —a t=20ms| . .
— t=47ms|| — LOw internal inductance
;0'20' s t=53ms|] (I| ~ 035)
Fhe | — High elongation
0.10f ] _
— Suitable startup for
0% ' advanced scenarios
000520 60 80 100 120 140 160 180
R [em] B.A. Nelson EXW/P2-8
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In 2008, low Z impurities limited the
ability to ramp-up a CHI discharge with central solenoid

6T T T T T T 171 T T 1 0.8
CIJ-II Injector Eurrent (KA) 06
4+ 4

128400 5 mF 0.4

ol 128401 10 mF | 02
128402 15 mF ?B |

308|.=|..‘=|=m|:m 08

Ip'(kA) 0.6

0.4

200_ 1 0.2

O.Q

100+ 0

1_8 4 [ T T 1 I I T 1

0.8- Lower Divertor Bolometer(AU) i g

06F R 8

0.4F . 8

4

0.2r = 5

0.0 Lol b b 0

0.005 0.010 0.015 0.020 0.025 0.005 0.010 0.015 0.020 0.025

TIME(sec)

I

CHI exhibits low Z impurities that increase with increasing capacitor energy.
As the discharges grow upwards to fill the vessel absorber arcs occur

IOlll'U['Jp‘er'Divc-')rt'cor'()l"\w o

128400 5mF
128401 10 mF
2 15mF

| T —F—F1 ) — — B s S S
L LA L L L P O L L

Ciil Upper Divertor (AU)

1 } 1 | l |
|

O Il Lower Divertor (AU5

N/ L

|||||ii[||||||||||:

C-Il Lower Divertor (AU)

TIME(sec)

Absorber Coils

INSULATORS

FY2009: Used absorber coils to provide buffer flux and prevent arcs
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Absorber Coils Suppressed Arcs in Upper Divertor and
Reduced Influx of Oxygen Impurities

135616 (With Absorber coils)
135622 (Witout coils)

FY 2009

800/

600
400

200

* Divertor cleaning and lithium used to produce

e s o

N Oy o

0.28
0.26
0.24
0.22
0.20
0.18

o

0.16

002 004 006 008 0.10 0.12

Seconds

0.08
0.06
0.04
0.02

-0.09

reference discharge 06

» Buffer field from PF absorber coils prevented

0.4
0.2

contact of plasma with upper divertor

With Absorber coils  Without coil

In:jector cur;rent (kA) :
; : : © 135616

[ | 135622
Central bolometer -:
chord (AU): E
O-Il (Upper divertor), (AU) ]
Q-Il (Lower:divertor) {AU) :
10 15 20 25 30

Time (ms)

R. Raman, D. Mueller, B.A. Nelson, T.R. Jarboe, et al., PRL 104, (2010) 095003

@ NSTX
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TSC Simulations Show Increasing Current
Multiplication as TF is Increased (NSTX geometry)

NSTX Experimental result

Injector Current (kA)

18340

1 + : " " 1 + 4 + M |

T t t t t T t

et t————+
Toroidal Plasma Current (kA)

Time (ms)

Injector Current (kA) | |
] I )

J\\
¥

Toroidal Current (kA) | /

-10 0

Now starting to use NIMROD cod

(in collaboration with Bick Hooper, LLNL)

10

20
e

Plasma Current / Injector Current
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20

Current Multiplication Factor

08T
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03T

G\S\:b\; %

TSC:

Developed by S.C. Jar

(=]
wn

10 15 20 25
Applied Electric Field (AU)

30

35
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din

» Current multiplication factors similar
to observations in NSTX
» Higher toroidal field important as it
reduces injector current requirement

@ NSTX
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TSC Simulations Show 600kA CHI Start-up Capability in NSTX
as TFis Increased to 1T

Poloidal Flux _
15 T/ h‘ Projected closed flux
LN plasma current for
- \ NSTX-U is >450 KA [I, =
0> | H"‘K | Iinj(\VTor/ \VPOI)]*
- o~ — Based on 11 kA
asme ( TaY
iyt S —Tacdy Injector current
400 TN — Current
200 / B multiplication of 55
f{ Pl ] (achieved in NSTX)
7 — Applied voltage ~2x
600 /
200 E'ffrgﬁ (kA) / \@* 150eV that at 0.5T, further
// optimization may
200 f/ reduce voltage
s requirement
s = = ?ime?ﬁ} & & 8 & =
Consistent with present experimental
observations in NSTX that attain >300kA at 0.5T *TR. Jarboe, FT (1998)
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Lithium Research Supplemental Slides

@ NSTX
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Solid lithium surface coatings pump D, increase confinement,
stored energy, and pulse length, and eliminate ELMs

«2009: Lithium evaporation became baseline wall-conditioning tool

1.0  —— T - I L I T
. . . . — Fu
Dual Liquid Lithium Evaporator < sl -
For Li wall coatings - | '
- 0.0 | | L | ]
Now routinely used _8r | | — | |
| = 6
2 al
D of
= ol
& 8[
E 6
© 4
@ 2
e 0L
__ 400
2
2 200
s 7
0
2
Lt
5 1
I
* H. Kugel, IAEA FEC 2010 Oral, FTP/3-6Ra “
« H. Kugel, FED 85 (6) 865-873 (2010) "
* M. Bell, PPCF 51 (12), (2009) 124054 = 'I
* M. Bell, EPS Invited Talk 2009 ©, '
* D. Mansfield, JNM 390-91, 764-767 (2009) o 1!
« H. Kugel, JNM 390-391, 1000-1004 (2009) D, =' .
.2 B L’ . i
° 0 » "‘Ihv__
No longer perform between-shot He glow 00 02 04 06 08 10 12 14
* Typically deposit 50 to 300mg Li between shots Time [sec]
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constant or even decreasing, C accumulates, Li saturates

With lithium coating pumping, deuteron inventory is

1.0

130724
130725
130727
130728

- n_e/n_G ;*I:M(j

- N_e (x1e20)

130724
130725
130727

v\

Electron density rises
monotonically in lithium
induced ELM-free H-mode

Strongly Li-pumped discharges
exhibit D inventory pump-out

but C inventory increases

Li inventory increases slowly,

remains at very low value
» Lithium screening efficiency is high,
penetration factor is low: N;/ I;; ~ 0.0001

130728

4 - N_d (x1e20) ]

ol ..':. "m:::":::& » 'g"_-._:. ., K
NN 130724 -

oL & 130725 |

2 | N_C (x1e19) AR i

3 : "#.'l' "? v - e_

2L

1L / 138332 7]

oL ! |

8L N_Li (x1e17) '\ ;:k\,;_ﬂ'_ ;
- Nt !

4 B w"v"' A‘." ‘L"‘Xr"’h J/’v{:g]’\. )«\' J"I |: ]
- ) 130727 | !

oL 2" 130728 1° 1
00 0.2 04 0.6 0.8 1.0 1.2

Time (s)

R. Bell, M. Podesta (PPPL) V. Soukhanovskii (LLNL)

As aresult, NSTX is shifting
emphasis from D inventory
control to C impurity reduction

@ NSTX

Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans

(06/06/2011)

61



NSTX contributed unique Li data to FY09 joint research milestone
on "...particle control and hydrogenic fuel retention in tokamaks”

Edge pressure and wall inventory changes with Li FY09 JRT
With Li: Pre-Li and with Li NB heated discharge
' 0.8~ . _
— lower edge neutral pressure . Plasma current (MA) |
— higher wall particle inventory. 0.4 -
- 132474 _|
« Additional D wall inventory is 0L PR
released after discharge. 1501 Stored Energy (kJ) 1
° . . . 100 ; __
Retention | Before Li | With Li 501 h
Summary ol ]
Ohmic 92% 94% 0.3 : Edge neutral pressure (mtorr)
(48 mg Li) g _
0.2 |- ]
NB heated | 87% 93% 0.1 [ ]
(137 mg Li) 00 L ’
5 Wall particle inventory (x1e21)
Wall inventory calculated by dynamic 1L )
particle balance model. 0
V. Soukhanovskii
[C. Skinner, N (2011) ~inpress |  O- 0.2 0.4 0.6 0.8

seconds
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Gas balance retention measurements correlate with in-situ
PMI surface science measurements

GAS BALANCE: SURFACE ANALYSIS &
X-ray Photo-electron *
Spectroscopy shows D
Retention higher atoms are weakly bound in
with Li, difference regions near lithium atoms #133106
increases with bound to either oxygen or 04s
Li concentration the carbon matrix.
Chemical bonding changes o
with Li concentration. i
?ed‘r(cj:lizggav:/i?h Weak D bonding with Li
Li is released conditioning observed in (B Tty
promptly affer Thermal Desorption 18 4\ \PMI probe
discharge Spectroscopy. [ [ || ml N
:I 1 1 1 I I?l 1 I 1 1 1 | 1 1 1 1 | 1 1 1
DOE FY09 JRT 00 05 l.b 15 2|0
R(m)
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2010: LLD Loaded With Lithium Using LITER

T Li= 600 [ Ao C] gf= 0.0% ggq=12.0%0 .22119
Rate=.12792 [10520/sec]

Rate=147e-6 | g/sec]

Rate=8.8461 [ mg;min‘

Deps=6.2909 [ mg/min

<hop 65434 «e/mm] LITER (BAY F) LITER (BAY K)

<Dep>.07147 <monol/sec

Deps=.70875 [monoLayer T

QMB0=.60477 <mng/m"2min>
QMBO=.06814 [monoLayer/sec]
QMB1=.28836 <mg/m*2min>
QMB1=.03249 [monoLayer/sec]

B 2=.00579 <mg/m*2min>
3&2&6@@—6

QMB1

;
b b L EEE R

QMB2

L. Zakharov

|_|_D-1/6n
Outer [?'venor

* LITER Deposition Capability

- for LLD-1to pump NSTX plasma
from 7x1013 cm-3-->5 x1013 cm-3 will
require the absorption of 2.4 x 102°D
particles, every particle confinement
time (~ 50 ms), for 1000 ms, for a total
of 4.8 x 10?1 D particles absorbed.

-for a 1:1 D/Li ratio requires at least
5.5x102 g of lithium (2 pm).

- present LITER deposition efficiency
onto LLD ~ 7% of its total output,
then the total lithium need is 0.79 g.

- using two evaporators at 30 mg /min
(FYO7 typ) will require about 13 min to
coat the LLD-1.

- if lower concentration ratio 0.1D/Li is
required, then need 7.9 g of lithium
(20 um), or 4 g per LITER, operating at
100 mg/min for 40 min.

@ NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011)
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Overview and chronology of LLD results and plans

« 2007-10: LLD designed, implemented with goal of providing 30-50%
reductions in n, to enable variations in collisionality and NBI CD fraction

» During this time, routine Li evaporator operation successfully implemented
— Deuterium inventory control demonstrated for 1-1.5s, n, / Ngeenwaig from D = 0.2-0.4
— Substantial fraction of n, can come from accumulation of C®* and high-Z due to lack of ELMs

» Decision made to use LITER to fill/replenish LLD during first year of ops
— Completing and installing LLD + implementing LLD diagnostics consumed available resources
— 2010 plan: Develop liquid lithium fill system for LLD during 2010 to utilize in 2011-12

e 2010 results: LLD did not exhibit D pumping beyond that achieved w/ LITER

— No Mo observed with strike-point on LLD, core impurities reduced (may be due to low-6/ELMS)
— Plasma heat can melt Li during shot (re-solidifies after) — minimizes Li reactivity between shots
— Some evidence of divertor T, increase when T, p.cuface > TLi.met — €Nhanced local pumping?

« LLD technical problems during 2010 run

— Insufficient plate grounding + disruptions - arcing to surrounding tiles and heating and cooling
tubes, mechanical damage to plate supports, eventual failure of most electrical heaters

— Insufficient time/resources to restore LLD heating capability - rely on plasma heat to melt Li

« 2011-12: Improved LLD grounding/supports, added Mo inboard divertor tiles

— Assess pumping/impurities w/ Li + inboard + outboard Mo PFCs - use Mo PFCs in Upgrade?
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FY10 Li /LLD operational summary

« Rapid startup with Li conditioning and without boronization.

« Total of 1.3 kg Li evaporated (2x 2009 level), extensive lithium coverage of PFCs.

* Devoted 11 run days, 6 XPs, 452 discharges to LLD commissioning and
characterization.

 Performed 0.6 run day for increased Li delivery via Li powder injection.

* Explored plasma D content and gas balance vs.

LLD Li fill,

LLD temperature,
strike point location,
fueling,

divertor gas injection etc...

 Porous Mo (LLD) and ATJ samples exposed by PMI probe, retrieved and
analyzed.

« 2-color thermography and high density Langmuir probe array commissioned.

@ NSTX
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LLD pumping similar above or below Li melting temperature

6 10%°

” 1® Core Deuterium 1510 | | .
ot I ” . ]
5 20 ® i T} o ) ;
g) 5107 1 0® ? ] o F ® ' :
c : o o 1 ZDiionf % ;
£ 20 [ '+ ] S - ® ]
£ 4100} ° S ° -
8 [ ® “ e® ] 5 ® :
@ i I - O - ¢ * :
£ 3100 N 1 gs10°f o :
@ ] e [ : ]
o I melting ] s : III‘_nIe|ting o
i I temperature ) - + | !
21020-....|....|..I.|.p...|....- 'Clarbon6llterlnperaturel4
50 100 150 200 250 300 50 100 150 200 250 300
LLD Surface Temperature (°C) LLD Surface Temperature (°C)
(for A points one plate 80°C lower.) (for & points one plate 80°C lower.)

e Constant deuterium fueling for LLD 100% Li fill conditions, 4 plates air heated.

e As LLD surface temperature transitioned from solid temperatures to the liquid regime,

the plasma electron and deuterium content remain relatively constant.
e Core carbon C6+ content decreased - may be due in part to increased ELMing and

edge turbulence.

e No systematic trend in D-alpha, wall inventory, or ion pumping with a transition
above the Li melting temperature.

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011)

67



Higher local electron temperature during LLD melting
sequence despite increased fueling

« Langmuir probes indicate increase in near-

Floating and Plasma Potentials

surface electron temperature during LLD 40
expeiments o .
. .. . — 20 o
— Discharge sequence indicated decreased fueling = . N &
efficiency during LLD heating (gas increased, N, £ 107 Va A An
constant) g 0y
: : : : T 40| T, p=184C, V.,
— Non-local and classical probe interpretations applied, 10 \ TP 224 G VP ;
: : : o : : %ot 1LLD ¢V
increase in T, consistent with increase in V-V, difference 20 0 Y 184 .
e 6] f 30 v TLLD—224C Vﬂ '
— T_em_pergture rise occurs in hot-electron population of the 0 10 20 30 40 50 60 70 80
distribution function Density [10"°m™3]
— Observations consistent with plasma-absorbing PFC
Difference in potentials most strongly _
correlated Wlth hot electron energy fraction 20 Inferred temperature in near-SOL
50 4L >~ ' Non-local, T\ ;=184 C o
" o, . Non-local, T p=224 C =
= 40 = - ] — g 151, .:I
— © " g
S 30 . o
- g 10
1]
E 20| -
a § 5
> = T 184 C o | = | . °
10 e Tttg_224c —.— 3 ° %% 04 g
0 e ~ Bestlinear fit — Y . ‘ ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7 8 g 10 0 10 20 30 40 50 60 70 80

fhotXTe, hot [eV]

M.A. Jaworski, ISLA oral, FED submitted

Density [10'°m™®)]
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LLD surface was not pure Li

20 [T
| ]
15 |
< |
g 10
m -
o !
e |
Ry '
5 5|
0
40 50 60 70 80 90

Radius (cm)

e (Carbon, lithium, and deuterium
emission extends across LLD surface

after overnight Li evaporation.
e No marked change at LLD location

LLD after vent at end of run

P
P

60 Radius (cm) 80

* LLD surface converted to Li,CO, following vent

* LLD edges exhibit evidence of sputtered
graphite from plate to graphite tile (vessel-
ground) arcing.

* Acetic acid tests on the LLD after run suggests
that Li does wick into Mo pores and is depleted
from the surface at blackened region.

* Reactions with residual gasses also likely |
69
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Full metal wall data from LTX shows thin liquid film
reacts rapidly with residual/background gasses

& LTXis a full high temperature, high Z wall operation of a tokamak l:ﬂ‘x
* lithium evaporated into 5 mTorr helium fill to disperse coating.
| | —Bare SS Wall
60 —Ci[g Li Coa?insg'
—Hot Li Coating
50 :

=

=

Plasma Current (kA)
N 8 NN

—
© ©

& Deposition rate ~0.75 g/hour/evaporator

0.44 0445 045 0455 0.46

— 3 hour duration Time (seconds)

— est. 1.6 micron average thickness.

& Thin liquid lithium coating darkened rapidly * Hot (300 °C) shell with thin lithium coatings

— indicative of reactions with background does not exhibit reduced recycling

gases or oxidized substrate — but strong lithium emission observed

— no visual evidence of metallic surface. — relevant to NSTX LLD operation.
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Lab analysis of NSTX exposed samples (Purdue U.)

Li-O-D/Li-O Peak Area Ratio

Deuterium saturation of Li

25Fa 7 ATJ203: Li2um A i
| ©  ATJ204: Li-2um
* ATJ304: Li-500nm
201w ATJ147: Li-2um .
0 HOPGO03: Li-2um
& ATJ303: Li-5um I
15¢ - g
10} possible 7 ;
saturation
5 region
I NSTX fluence
Q R=64-7|1 cm
15 16 17 18 19
10 10 10 10 10

. -2
Deuterium fluence (cm™)
(before molecular correction (<x2))

Modeling by the TBDFT code showed the
probability for D to bond to a Li-C complex
is 3 x larger thanto C

1ES 4

SE4 4

GE4 -

4E4

2E4 -

XPS O1 spectra for the LLD samples
30 mins D, irradiation of Li on:

Ols
Mo001: D, on solid Li
Mo002: D, on lig. Li

deposited cold

Mo202: D, on lig. Li
deposited hot

1ATJ203: D, on
Li on graphite

534 532 530
Binding Ernergy [eW)

e

Gog

536

XPS O1s spectra show changes in surface
chemistry with D irradiation of Li deposited on
cold / hot / C contaminated Mo and graphite.

Suggests Li on Mo is interacting with D and
diffusing into Li.

@ NSTX

Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans

(06/06/2011) 71



MAPP probe will be installed for FY11-12

e MAPP is the first in-vacuo surface analysis
diagnostic directly attached to a tokamalk,
capable of shot-to-shot chemical surface
analysis of material samples (solid Li,
liguid Li, Mo etc).

e MAPP will enable the correlation of PFC
surface chemistry with plasma conditions
and point the way to improved plasma
performance. (R12-1)

Analysis
chamber

Electron
analyzer
with MCP
detector

Plasma 4 «®

T e T

Samples at
analysis position

;

Sample holder
with 4 samples

EFITO2 142512 @ 547 ms
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New diagnostics will be used to investigate relationship between
Li-conditioned surface composition & plasma behavior| R12-1

| + JP Allain, JNM 390-391 (2009) 942-946 |

Chemistry of Li on C/Mo critical, complex, under-diagnosed

Li very chemically active = prompt surface analysis required to
characterize the lithiated surface conditions during a shot

An in-situ materials analysis particle probe (MAPP) being
Installed on NSTX to provide prompt surface analysis

— Ex-vessel but in-vacuo surface analysis within minutes of plasma
exposure using state of the art tools

* Li experiments will utilize MAPP to study:
* Reactions between evaporated Li and PFCs, gases

* Correlation surface composition and plasma
behavior, comparisons to lab experiments, modeling

« Characterizations of fueling efficiency, recycling

| +J.-P. Allain: DOE Early Career Research Award - 2010 | MAPP probe head
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Lithium Technology developed for NSTX needs

Li powder
(50 gm)

* R&D continuing for LLD performance at high heat flux.

e Continuous Li replenishment systems: : )
Resonating NSTX &

piezoelectric
o powder a—p disk EAST
Li delivery by: granules (2.25 kHz) |

High heat flux test

l | W
‘ : A , » -
\l{r‘ . |

* 1 mm Spheres
falling @ 500Hz

500 Hz Impeller Rotating @ 95 m/s

False color image of LLD

sample during NB exposure 10 g of molten Li moved Midplane injection for
T<225°C@ 1.5 MW/m? - 3s. 1.1m in vacuum and ELM pacing
Potential PFC for upgrade ejected 7.6 cm from nozzle

@ NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011) 74



Boundary Physics Supplemental Slides

@ NSTX
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Partial divertor detachment (PDD) and associated
heat flux reduction achieved with D, divertor gas puffing

‘ V.A. Soukhanovskii, Nucl. Fusion 49 (2009) 095025 ‘

|FI:_02|||||||I|||||||||||-(b)
IR, Dy, and Dy cameras

6 E
D| jertor g{a}l iy (MW/m?2) " | E
ectrometer I.'_Z-|'|i_:I'i_.|:.~‘._ 5 E — 1.0 MA Beference at 0.423 s/ 3
E ==== 1.0 MA Reference at 0.523 5|3
] E — 1.0MAPDD at 0.533 s 3

Y; 4 4E 1.0MA PDD at 0.766 5

acuum E

vessel ] :
| 3E 3
41 g 3
E ] 2k Gap between J

m . : / divertor plates

] 1E
U E| 1 1 Lo 1 1 R
= 0.0 0.1 0.2 0.3 0.4

{0 £
N ?E"'"'"""I""""'I""""I
. E(b) [ Ay (MW/m2) ]
1 6 F —— 1.2 MA Reference at 0.544 5|3
1 E — 1.2MAPDD at0.529s E
m 5 E == 1.2MAPDD at 0.596 5 3
B 4F 3
Hh : E E
Magnetic{ -1 3E 3
coils E E
5 E Gap between 3
E / divertor plates
............ 1E L
-—Bolometerchw: U e e
¢ Tile Langmuir probg] 2 0.0 0.1 0.2 0.3 0.4
Gas! ® Penning gauge 7~ R-Rsep (m)
L1 I L1 1 | III L1 | I | I I | I 1
0 0.5 1.0 1.5 2.0 Figure 4. Divertor heat flux profiles in the reference and PDD
discharges: (a) 1.0MA and (&) 1.2 MA.
R(m)
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Snowflake divertor studies inform divertor solutions for
NSTX-U, future high power density tokamaks

* Progress in snowflake divertor studies

Magnetic control: snowflake-minus w/ three
divertor coils up to 600 ms

. . r g_peak (MW{m"2) .
Partial detachment of outer strike point 5t m ! p m l ]
/ of :

*  (p reduced from 3-7 to 0.5-1 MW/m? at Pgo ~ 3

Standard divertor, Snowflake

Cli(au) F ] |
| k.

oo = N W

MW due to increased divertor P4 (up to 50 %) and o| DIV

high flux expansion (increased up to 90 %)
« Core and pedestal carbon concentration reduced

. bolometer (a.u.)
A—.
141240

by up to x 50 %

ELM regime modification (no ELMs -> Type 1)
UEDGE modeling commencing

 Planned research (R11-3, R12-3)

Divertor power balance, radiation and turbulence .-
characteristics, pumping with lithium, impurity

seeding

Pedestal structure, P.-B. stability, ELM control

E

i 0.745ms

02 04 06 08 10 1.2

FIT02 141523

2001 |

| __ e | __ R
005 010 0.15 020 025 03 141523 omumaﬁamu?om
1 1.1 1 I I I

141539

NSTX-U divertor scenarios 05 0 S 05, 10 13
« NSTX-U shaping, upper+lower snowflake
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Good H-mode confinement with reduced impurities and
outer strike point detachment with snowflake divertor

8 Standard, Snowflake 3 Standard divertor, Snowflake
n_e (x10AM9 mA-3 5 C Il (a.u.) ’
4l i B _
0 * T fL L»»J'
1.0 0 * .
05k 1 10 i q_peak (MW[m"2) .
| T_e(0) (keV : :
0o (©) (keV) 5} :
4L p_n ] 0: :
oL ] ,| Div- bolometer (a.u.)
308 j - ] |
1L .
200 "/-mnd (e : . i
100} _ s
0 501 Langmuir probe R=0.495 m

10[¢c ¢C (%) R
of ] .
141241 |

0 R=138 cm Il 18.5 D Balmer line 6-2 (a.u.)

0 ’\M |

01 |
00 02 04 06 08 10 12 00 02 04 06 08 10 12
Time (s) Time (s)
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Pedestal / SOL turbulence measurements and modeling

contributing to edge transport and

L-H transition studies

AN A itopower spectrum ;
‘activesp_raw::be_dt32_01:inplt_§

« Transport and turbulence with lithium

— Turbulence reduction with lithium
* Low-k dn/n in pedestal measured by BES

« dn/n from ~10 % to 1 % from edge reflectometer

« dn/n in pedestal measured by high-k scattering

U'Wl;sgf:sm o 150 No lithiu 40
§1m 60
— g i ("

oM o
A A itopower Spectrui 3
‘activesp_raw::be_di32_01:input_05

— UEDGE and SOLPS transport modeling ] With lithium 0

« L-H transition physics Too
— Edge zonal flow/GAM and turbulence modulation at £ l r

~3 kHz preceding L-H transition (from velocimetry of oI FRUSERI W NRES iy

edge turbulence flow speed)

— No systematic changes in poloidal flow shear during
~1 msec just before L-H transition at =3 cm around
separatrix — no clear L-H trigger

« FY2011-12 planned research:

— Spatial localization of L-H transition

— Validation of SOLT, GAMs, XGC-1, BOUT
simulations using NSTX data

— Effect of 3D fields, SOL currents, X-points on edge
transport and ELMs
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NSTX gas fueling locations and turn-off time-scales

Shot= 125059, time= 300

----._"_.'L

5\

—m=Conventional

”,/f’

4

BE

| Langmuir
'} probe

Nozzle
VAR -

Supersonic
(SGI)

> CFC shroud
Rl ¥ 2%

« SGI provides efficient,
controllable fueling

V. Soukhanovskii, LLNL
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SGl fueling results in higher fueling
efficiency, lower edge neutral pressure

® O

» O

Line-av. density (x 1e19 nSI"-S -
~ Stored energy ]
dn |

N_e (x 1620) /&bay/:)/\:’j
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Lower div. D-alpha 133068 133069

Comparison between SGI and conv.
gas injection was only possible by 1)
matching density in 1 MA, 6-4 MW
discharges; 2) comparing gas injection
rate and total gas inventory
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| 1G110 slow gauge (Torr)

0.001
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V. Soukhanovskii, LLNL
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SGl-only fueling scenario

with

steady-state ion inventory developed

density (x 1€19 m»-3)

Gas (x 7e19 s-1)
SGI (x 14e19 s”-1)

Obtained good n, and T, profiles 6 [ Hneav
(at outer gap ~ 10 cm) to : )
compare SGI and LFS fueling oL
50
— Will analyze pedestal height and 188 [
width in collaboration with ORNL 125 _
62
o
Developed shoulder and SGI 8
. . .
long pulse fueling scenarios ,
2
0
Developed SGl-only fueling 6 |
scenario with ion density control i
2
— N, constant, while N, is rising due to or
carbon; LITER at 9 mg/min
5'0:10 - dN_e/dt

0.0 0.2
V. Soukhanovskii, LLNL

0.4 0.6 0.8 1.0
Time (s)
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Transport and Turbulence Supplemental Slides

@ NSTX

Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011)

83



ETG turbulence proposed as possible
cause of anomalous electron transport

Peak amplitude Freq. [MHZz]

ETG mode has been identified by comparing linear growth rate and rest
frequency of measured fluctuations to linear GS2/GYRO calculations

ETG in e-ITB found to be suppressed by reversed magnetic sheatr,
allows access to supercritical electron temperature gradlents

- High-k frequency vs. rotation
_ kp,=0.12-0.18

Measured rest freq = -629 kHz |
Simulation rest freq = -590 kHz

1
SWI08E-052‘09 162

-20 0 20 40

60 80 100

Toroidal velocity (co = +) [km/s]

Rest frequency of peak amplitude mode measured by
subtraction of Doppler shift due to plasma rotation

H. Yuh, PRL 106, 055003 (2011)
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. | (shear = -0.5) y -0.13
[ (
Q" ‘ S 05/ 40 4
o / .
= 0.1 7 A o
0 / A/
© / =
£ / ju)
S /e
o f L
Q) / y o}
v L/ s
VI A S —
0 v A[f | | |
5 10 156 20 25 30 35 40
RIL,,

Linear GS2 / GYRO simulations of ETG
mode growth rates are consistent with
high-k measurements
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Reversed shear suppresses mode growth even at
supercritical ETG gradients during e-ITBs

@ Intermittent, short duration bursts of ETG observed during RS phase
. Average ETG mode amplitude low, T, gradient well above ETG critical
. GYRO simulations indicate non-linear up-shift of critical ETG gradient

@ A series of large amplitude, closely spaced in time ETG bursts collapse Te profile
. Magnetic shear becomes zero/positive due to anomalous current redistribution

@ T, profile can only be reheated to ETG critical gradient at zero shear
. ETG mode amplitude grows to a moderate continuous level

H. Yuh, PRL 106, 055003 (2011)
@ @ @ - ETG mode amplitude
5_ 3 MW RF ] High-k Bursty Low High

RS Normal, 130 ' Te @ —

W
o
T
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iy
o
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Core profile maximum R/L,,
N
o

129354

0.0 -0.5 -1.0 -1.5
0.15 0.20 0.25 0.30 0.35 0.40 04 06 08 10 1.2 14 s, (minimum magnetic shear)
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Nonlinear GYRO Simulations of NSTX Reversed Shear Show

Strong Up-Shift of Critical Gradient for ETG Turbulence

18

Shear Dependence of Critical Gradients

161

141

‘U127

R/Ly

S~ e - Nonlinear Critical Gradient
S =—a& Linear Critical Gradient

Non-linear up-shift
of critical ETG
gradient

-2.5 -2.0 -1.5 -1.0 -0.5

Scan in shear and electron temperature gradient for NSTX e-ITB baseline parameters
Nonlinear critical gradient for transport has large up-shift during reversed shear

s

0.0

EI%ctron Energy Diffusion vs. Temperature Gradient

e e 5=-02
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|| m| §=-2.4

v /@)

X (p

[]
.

H. Yuh, PRL 106, 055003 (2011)
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Large Density Gradient Induced by an ELM Event

 After the ELM event:

— A factor of 4 increase in
density gradient

— 60% increase in electron
temperature gradient

— 60 % decrease inion
temperature gradient

— 40% increase in T,

— Less than 25% variation
in all other equilibrium
guantities

No large global MHD
< mode appears before and
= By right after the ELM event

-==t=531Tms

ELM event ) )
High-k measurement region

Shot=140620

—t=498 ms
-==t=531ms

110 120 130 140
R (cm)

Ren et al., PRL, 106, (2011) 165005
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Correlation Found between Reduction of Turbulence Spectral
Density and Improvement of Plasma Thermal Confinement

Significant decrease in wavenumber
spectral power is observed for modes
with longer wavelength, k1 ps < 10

~J

The spectral power of the large
wavenumbers, k; ps 2 15, is unaffected

10 E | | | |
C Before the ELM event
10°F
—_
%)
-9 Upper bound — N\
F =
- S—
- \fr =
-10
0L -
: /'
After the ELM event
10" l | | |
0 5 10 15 20

Ren et al., PRL, 106, (2011) 165005

Plasma thermal diffusivity is
decreased by about a factor of 2 after
the ELM event

This increase correlates well with the
decrease of the spectral power of the
longer wavelength mode

10 B T T T T I T T T T I T T T || | ) 1 L] T I I T [
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Poloidal CHERs detection planes and viewing sightlines

*R. Bell, Phys. Plasmas 17, 082507 (2010)
R. Bell, APS Invited Talk 2009

NSTX s o] g PisShe ] LT o

Plane 100 F
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.
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o

-100

-200 [
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FIG. 2. (Color online) Cross section of NSTX showing poloidal viewing

FIG. 1. (Color online) Plan view of NSTX midplane showing the locations sightlin.es i_ﬂ (a) I::assive. plaqe anq (b) ﬂ‘fti"’e pl.ane. Each upw%u"d and down-
of the active and passive detection planes. The active plane has the same ward viewing pair of sightlines is precisely aligned at the midplane. There
tangency radius Ry as the central of three neutral beam sources labeled A, B, are 63 pairs of sightlines in the passive view and 75 pairs of sightlines in the
and C. active view.
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Poloidal velocity dependence on field consistent w/ predicted
neoclassical trends, magnitudes differ by ~ factor of 2

Q) SHOT B, (M
1 T E S5 133456 -0.54
2 . = 133448 -0.49
i > 133362 -0.44
10F ; 10F 133449 -0.39
: 133444 -0.34
_ B5F 5] MEASURED
w : L 1 1 1 1 1 1
E oF--- 110 120 130 140 110 120 130 140 110 120 130 140
= o RADIUS (cm) RADIUS (cm) RADIUS (cm)
i 1Byl ()
-10F : (a) . 5.0 1.0 05 04 0.3
R GTC-Neo: of™ - T T ]
'15 1 1 1 1 : ]
15 i i . 135686 ! ok MEASURED ]
| B, <0 04s6s | 2 ]
10F | ! ]
i i g f
. 5F 1 ! E
%) ; =~
"é- [ +:_ >u:. 6F NCLASS
2 0 : =
>‘q> i % 8F
S5F
A0F | 10 GTC-Neo
15 2 13.7<Fi(ICI'I'I)-.<141I .
100 110 120 130 140 150 0 1 2 3
RADIUS (cm) By (T)
NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans (06/06/2011) 90



Experimental neon diffusivity in
agreement with neoclassical models

| | — T I
~ Q) | Vnp=0 | » |b) 1 Vip=0
L | ! ~N I [
‘e 5 | NSTX# 121165, | £ 5 | NSTX# 121165, | !
= 1.0 MA 45kG | : o 1.0 MA, 45kG | :

@ - | [ Z S [ I

OZ | QO l I

— 3| NSTX#121174, | () 3| NSTX# 121174, ;
N 1.2 MA, 5.5kG | 2 1.2 MA, 55kG |
E L I i - I
I O I
1 =z 1 '

: | : 1

0 0.5 1.0 0 0.5 1.0

p=r/a p=r/a

* Note large increase in D, and D,,, at /a>0.8

- Neoclassical ordering in the core is ~ Tm?/s

L. Delgado-Aparicio, et al., Nucl. Fusion, 49, 085028, (2009).
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Core impurity diffusivity can be affected
by rotation in NSTX (x10-100 static Dy,,)

C) L L |—|d) L L B B B
a | — - 100 km/s | 0 Z-independent
E | | N
g I N N 200 km/s £
L2 | —300kmis | &
=, 06] | &
= I o
> (|
> S
g T
el -e-
0 0.2F >
= 02 &
~ . o
N J‘H‘.‘ — |:|:r:.—'1":_:."u-.—_-=~\— D
0 04 0.8

p=r/a

(D Charge-states from heavy impurities can have different DPS(V¢) that can be

several times larger than that of the conventional neoclassical transport.

@ This mechanism explains enhanced core diffusivities without the need of invoking

the presence of long wavelength electrostatic turbulence.

L. Delgado-Aparicio, et al., Nucl. Fusion, 49, 085028, (2009).
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Impurity Transport Studies will Exploit New Diagnostics and
Modeling Capabilities (R11-1, 2012 JRT)

* Neon diffusivity neoclassical in the core accompanied
by some anomalous convection

— Under-resolved at the edge and suffered from low signal
« Plasma rotation enhancing core impurity transport
without invoking low-k turbulence
* New Multi-Energy Soft X-Ray diagnostic in 2010
— ~1 cm resolution; <100 us response; high SNR; r/a>0.65

« STRAHL transport code being used
— Neoclassical calculation embedded
— Up-to-date atomic data

 Impurity transport study at plasma edge
— Carbon build up in ELM-free discharges
— Z dependence of impurity transport
— Measure edge turbulence and its relation to impurity 033 034 035 036 037

transport (BES, High-k, reflectometer etc.) T

[y
=
p% ]

DPS(v(=0), DPS(vy) [m?/s]

Radius (m)
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Lithium concentration in plasma core
remains very low compared to higher-Z carbon

« Quantitative measurements of C8*, Lj3*
with charge-exchange recombination
spectroscopy

* ng/ng; ~ 100
* Hollow profiles early for both C and Li fill

In as time progresses

IMPURITY CONCENTRATION (%)

—_— . o Status:
10.00r R =135cm . gt-ﬁ o ) .
o =i « Low lithium core contamination
".' 180Crr?gr?i(t)f:illjm' continues to hold true for LLD
toog T 2 | operation
Fa Lithium « Favorable result for lithium based
< 135cm  180mg lithium divertor concepts
0.10F 2
e . « Low level of lithium accumulation
[ e consistent with neo-classical
0.01 theory (C.S. Chang et al.)
0.0 0.2 0.4 0.6

TIME (sec)

A guantitative model still lacking

No sign of Li accumulation in core

R. E. Bell (PPPL)
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calculations being used to model, interpret lithium transport

Preliminary: XGCO Kinetic neoclassical transport

For n-/n,=10%, Li
moves outward while
Co* moves in at gy, <1

For n/n,=5%, Li
moves inward at much
slower speed than C®*

C.S. Chang (PPPL) - in collaboration with Kyuho Kim
(KAIST) and GY Park (KSTAR now) and the CPES Team

Presented at 2nd International Symposium on Lithium
Applications for Fusion Devices - April 27-29, 2011 - PPPL
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High-frequency core GAE electromagnetic fluctuations

can apparently cause large core electron transport
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Measuring micro-tearing
turbulence with high-k scattering system

Micro-tearing turbulence has significant density fluctuations
— Very Different 2D k spectrum anisotropy than ETG
— Significant spectral power in large k. (electron-scale) is expected for
micro-tearing turbulence
The present high-k system measures mostly k. spectrum and
IS able to distinguish the different anisotropies

Micro-tearing density fluctuation ETG density fluctuations
NSTX H- mode NSTX L-mode

V i N»'f'n'

e

-10 W‘ i ‘ ”\“" h'
“‘\l'i" ‘ “'\‘

“h N il 1k i,

-40 40
R (p )

20

y (o)

GYRO simulations
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Preliminary Design of the New

High-k Scattering System for NSTX-Upgrade

* The design utilizes the launching port of the present high-k.

system and its microwave hardware

« Two scattering configurations of the system allow it to

measure 2D k spectrum

(a)  (b)
2.5f Spherical mirror k¢ =30cm!
— diagnostic port

AN

Spherical mirror]
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ot
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lon Transport Typically Found to be Near Neoclassical
In H-mode Plasmas

Controls 1¢ scaling with |,

Linear GS2 calculations indicate possible
suppression of low-k turbulence by ExB
shear during H-phase

100 - T T T T | T T T T ] .
; BES range . - Supported by non-linear GTC results
i . 6
— i Ip=0.9 MA  |.=1.1 MA ] 10°F GS2
w P _ [ 121283 H-phase ]
L 10 1,=0.7 MA— - <ETo ]
E E p 7] bt [ TSy
— ] % 1051 ExB Shearing Rate (s™1)
&< %
1 =
2
o
1 O
T T T T T T T T T | - 1[)‘4 - -—|TG/TEM—»
0.0 0.5 1.0 5 :
C L
r/a . 4 -
Neoclassical (r/a=0.5-0.8) | 1/a=0.7-0.8
Neoclassical levels determined from 108 ——ul EUSEEEEE
0.1 1 10 100

GTC-Neo: includes finite banana width

effects (non-local)

Need BES to confirm conclusions

S

. Kaye, Nucl. Fusion 47 (2007) 499-509

Kops

%; routinely anomalous in high density L-modes
(Viin, T8 > Yexe)
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Macroscopic Stability Supplemental Slides
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Use of combined B, + B, RWM sensor n=1 feedback yields
best reduction of n = 1 field amplitude / improved stability

- ITPAMDC-17, WG7
R10-1 +n=1Bp + B, feedback
7
3 A |
% n=3 correct:|on alone / tn= léBp feedback
% . (RWM-induced disruption) ;
500
400 | Feedback cu’rrent A
300 ( ) A H MHMMM “AMMMM M. i A
200 128693 | il www" AL Ty ‘Hiv Ll v by
139347
100 140137 :
0 : :
g V +n =1B,ifeedback
2 r
1 +n =1B, i+ B, feedback
¢
6| B+ B)"=1(G) i
S| AT
3
2
1
0
0.0 0.2 0.4 0.8

1.0

Combination of DC
error field correction,
n = 1 feedback

Dedicated scans
to optimize B, B,
sensor feedback
phase and gain

n =3 DC error
field correction
alone subject to
RWM instability

n=1 Bp sensor
fast RWM
feedback sustains
plasma

Additionofn=1
Bk sensors in
feedback reduce
the combined B, +
B, n=1field to
low level (1-2 G)
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RWM B, sensor n =1 feedback phase variation shows clear settings for
improved feedback when combined with B, sensors

n=1Bg + B, feedback
(B, gain =1, B; gain = 1.5)

R10-1

ITPAMDC-17, WG7

6 G 140124
4 ﬂN 140125
140126 ]
1401277

B, FB phase = 0°

B, FB phase =90°

8 E
6 —
4 — —
21— —
0= —
6 [B -
4= =
0 A 5 5 ]
0.0 1.0 1.2 1.
t(s)

Recent corrections to

B, sensors improve

measurement of

plasma response

— Removed significant

direct pickup of
time-dependent TF
intrinsic error field

— Positive/negative
feedback produced
at theoretically
expected phase
values

Adjustment of B,
sensor feedback
phase from past value
further improved
control performance
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RWM feedback using upper/lower B, and B sensors
modeled and compared to experiment

Modeled B: field at sensors and midplane

40— . : . . 7
08 e g e ) . B, sensors alone 1
: : 250 degregs : F ol = 124 ]g / !
o o \(:»/‘\‘ ! //..\\(/ 1l R10-1 = 100 [ ]
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= 0 { : A\, : ] g e ]
._g f I \ [ \ | ] o - |
1 | 1 p - al
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0.4 [ i - / | r gain 2e5 1
tbottom sensorg/" | top sensors; 0¢80T "im 180 240 300 560
08 o 610 “““ 1 éo - 180 2‘110‘ — 3(%0 “‘ ‘360 DCON, VALEN Br feedback phase (deg)
Toroidal le (d codes
oroidal angle (deg) i . |
- Both B, B, feedback contribute to active control ' gain 2e5
. 80 |
— B, mode structure and optimal feedback phase I :
. . . |
agrees with parameters used in experiment g el |
— B, feedback alone provides stabilization for growth :__g R °?'ma' gain
times down to ~ 10 ms with optimal gain % “ar B4 1
et 1
— Physics of best feedback phase for B, sensors in O
low |, plasmas under investigation I
* Present analysis mismatches experiment — 3D | P 06 i PP

conducting structure model, plasma response model
being investigated
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FY11-12: NSTX will contribute to disruption mitigation research
- optimum Massive Gas Injection (MGI) locations for ITER

\EFIT02. Shot 134986. time=3583 \EFIT02, Shot 129986, time=395ms

Unique capability of NSTX:

I Assess benefits of injection into

the private flux region & the high-
field side region vs. LFS mid-plane

)
T
(3]

- Initial Experiments (FY11):
‘ | - Compare MGl into private flux
ol | oll —2 5 § region to mid-plane and to SOL
| : - 100cc plenum at 5000Torr
+ - He, Neon & D2

| * More Detailed Experiments (FY12):
[ i - Modify plenum size and valve
I 1 S throughput rates
Gaslnjection © | [Gaslnjection = - Consider other poloidal locations

1
ro
T
o

'
o

la 10 15 20 1b 10 15 20 - Simultaneous injection from
R(m) R(m)

multiple locations to maintain cold
edge mantle and reduce poloidal
asymmetries

la: Private flux region 1b: lower SOL
2: Conventional mid-plane injection
3: Variation in poloidal location
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Plan for Integration of Diagnhostics
and Resulting Data for MGI Experiments

Thomson scattering, EFIT, neutral pressure gauges
Physics of gas penetration (fraction that penetrates separatrix)
H-alpha array, neutral pressure gauges
System response time (gas trigger time to first detection of injected
gas interacting with the plasma edge)
Multi-color Soft X-ray, H-alpha, Ip, EFIT, Thomson scattering, Mirnov coils
Delay in current guench after the gas contacts plasma edge
Rate of current quench and vertical dynamics of the plasma
3-D MHD response to the whole equilibrium and MHD activity
Thermal quench evolution & pedestal collapse
Bolometer array- Core radiated power dynamics
Halo current sensors- Dependence on halo current amplitude on gas
assimilation (Mitigated vs. beta limit and a VDE disruption)
Two color divertor fast infrared camera and Eroding thermocouples
Spatial distribution of Thermal loads & fast heat flux measurements
Locked mode, RWM mode - n=0 mode detectors - Precursors to disruption

Provide data to groups involved in NIMROD, KPRAD, EIRENE-SOLTPS
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Proposed Nonaxisymmetric Control Coil (NCC)

Expand Control Capabilities, Understanding of 3D Effects

« Non-axisymmetric control coil (NCC) — at Secondary
least four applications: PP option

« Addition of 2"d SPA power supply unit:

« Design activities continue:

RWM stabilization (n>1, up to 99% of n=1 with- Primary
wall By) PP option

DEFC with greater poloidal spectrum capability
ELM control via RMP (n = 6).

n > 1 propagation, increased V, control).
Similar to proposed ITER coil design.

A NN
\

Existing—,
coils

ANV A NEEAN
N\

Feedback on n > 1 RWMs

Independent upper/lower n=1 feedback, for
non-rigid modes.
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- Primary Plates
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GA collaboration (T. Evans) computed irg
favorable coil combinations/variations for RMP =
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ELM suppression of NSTX plasmas (2009)

CU group assessing design for RWM
stabilization capabilities compatible with ELM
control
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J. Bialek (Columbia U.)
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Energetic Particle Physics Supplemental Slides
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Observation of Global Alfven Eigenmodes in NSTX

[E. Fredrickson et al, IAEA 2010]

135419

w
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o
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5
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0.001CL

(@) Spectrogram showing GAE modes,
(b) magnetic fluctuations 0.8MHz<freq<1.3MHz
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NSTX 135419, 0.366s, 937.5kHZ

Major Radius (m)

a) Mode amplitude profile.
b) Density profile and perturbed density.

At the edge the compressional component
dominates 6B,> 6B., dn~10-n,,.
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HYM simulations of GAE mode structure compare
favorably with NSTX experimental measurements

- Several modes are unstable with toroidal le-02 ' ' '
mode numbers n=6 - 9 and frequencies le-oaf Mo T 0
f=0.4-0.8MHz (plasma frame) compared to

experimental results of n=7 - 11, and f=0.8- 5V 2 le-06

1MHz.

1e-08
« GAE modes. P e
.. le-10
« Similar mode structure. . .
NSTX 135419, 0.366s, 937.5kHZ 0 80 100 180 200
.0.366s, 937.
§2.0_||||\||||\|||||': T T T t(’)ci
- _ I Time evolution of kinetic energy from
“E’ 13r NSTX 1 = SV/V, linearized simulations with n=6-10.
A — HYM ] -
£ 10f =
8 I - Mode amplitude profile - displacement
.% 03 1 — NSTX#135419 [E. Fredrickson, IAEA 2010].
= O‘OZIlH"I'\‘III|\|IIIIIII|\IIII\II\|IIIIIIII\|III\IIIII| E Mode structure from HYM simulations —
1.

10 11 12 13 14 15 1°  velocity profile for n=9.
Major Radius (m)
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Summary of “Numerical Modeling of
NBI-Driven Sub-Cyclotron Frequency Modes in NSTX”

E. Belova, APS Invited Talk 2010

» Self-consistent simulations using the HYM code show that for large
Injection velocities, and strong anisotropy in the pitch-angle distribution,
many Alfven modes can be excited by NBI ions.

« Sub-cyclotron frequency modes are driven unstable via Doppler-shifted
cyclotron resonance.

« Multiple fast ion resonances are seen for each mode (poloidal mode
number).

« Magnetic mode structure for GAE in NSTX shows significant
compressional component at the edge.

« Simulations show nonlinear saturation of GAEs due to particle trapping.

« Saturation amplitudes and mode structure are comparable with the
experimental measurements.

 Dirift-kinetic electron model has been implemented in the HYM code, and it
will be used to study the effects of GAE modes on the electron transport.
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Wave Heating and Current Drive Supplemental Slides
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NSTX HHFW antenna has well defined spectrum,
ideal for studying phase dependence of heating

v N — 1800
2 hoo — -30°
S | | -90°
' Iy 0
2 ) - —- 150
S N
- I
| 2 X
- . O Iy
__.::;-I-% o Iy
2ol s :‘17-' @ |
HHFW antenna extends toroidally 90° = i
4 |
RF Power Sources Decoupler . i
1 ' \
5 Port I T I El‘inents 00
Phase between adjacent straps
easily adjusted between A = 0°
to A¢ = 180°
12 Antenna Straps
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HHFW double end-fed upgrade was installed in 2009, shifted

ground from end to strap center to increase maximum Pxe

Original RF Feeds

/

i\  New Grounc .

)

) A%
W
WA

Previous Ground

Designed to bring system
voltage limit with plasma
(~15 kV) to limit in vacuum
(~25 kV):

» Increasing Pre ~ 2.8 times

Antenna upgrade was
beneficial:

» Reached arc-free Pgg ~ 4 MW
after a few weeks of operation
at the end of 2009 campaign

In 2008-9, Li wall conditioning
was observed to enhance
HHFW coupling by decreasing
edge density
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Increased lithium usage in 2010 significantly degraded
performance of the upgraded antenna compared to 2009

. In 2010 RF plasma operations started after extensive Li injection, only
reached arc-free Py ~ 1.4 MW, observed copious Li ejections during arcs

» Before run quickly reached stand-off voltage ~ 25 kV during vacuum conditioning
» After extensive Li injection difficult to reach ~ 15 kV in vacuum

e

Li coatecﬁ& qlezfillled' g

after 2030 camp

« For FY11-12 will return to FYQ9 Li levels:
» should be okay for HHFW operations

-

3nha straps Clouds of dust observed
ign e during plasmas

V- Operatior _ White (4 found
» Tested prototype ELM/arc discrimination system in 2010: BEUEERIELEEIERE
» Worked well on bench using recorded data, but tripped

undesirably 20-30 times during real shot
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Progress made in sustaining HHFW heating during 1,=300 kA
RF-only H-mode plasma; T,(0) = 3keV with only 1.4 MW

* Low I, HHFW experiments in 2005 could not maintain Pge during H-mode
* Produced sustained RF-only H-mode in 2010:

RF-Driven
Current
Density
(MA/m?)

> Better plasma-antenna gap control than in 2005, due to reduced PCS latency
» Modeling predicts Igrcp ~ 85 KA, lggotstrap™ 100 KA = fy, ~ 60%
» High f, enabled by positive feedback between ITB, high T,(0) and RF CD
» Ty~ 100% requires Pre ~ 3 MW, well below arc-free Pk available in 2009
» No g-profiles for these RF-only plasmas — MSE-LIF will enable this in FY11-12
1.5
For 1 MW coupled to plasma
N, 04 T T T 1
(1015m3)| GENRAY-ADJ
2 RF Power > 95% to electrons
Deposition [ :
(MW/m?)
T,0) |
(keV)
002 - = s 0 'R(m)] 1.5 % r/a 1
' Radius (m) )
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Adding NBI to Pge= 1.4 MW, |, = 300kA plasma resulted in
lower f,, due to RF absorptlon on fast-ions & higher n,

3 . ; - - ! 12
* Density increased during HHFW heating < nL

probably due to fast-ion interaction with the [ (x107°m)
antenna i

* Much lower T,(0) & higher n_(0) than
RF-only H-mode, resulted in I ~ 20 kA

* 60% of P to electrons, 40% to fast-ions

 ~50% of injected NBI fast-ions are oLz L ' | ! |
promptly lost at this low current: 300 |- | | | |

» Predict ~ 80% will be confined using
more tangential 2" NBI in NSTX-U -

Current

. = 60-90 KA, lygicp=50-70 kA | Currents

Bootstrap for |
L RF+NB| Bootstrap —
[ ] _~ 0
fiy ~ 50% Plasma
: B TR
0 Time (s) 0.6

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans ~ (06/06/2011) 116



Double-fed HHFW antenna operation improved with
time in 2009, but degraded over time in 2010

>[2008: Single-fed antenna 2009: Double-fed antenna 2010: Double-fed antenna

mm Plasma Conditioning |
mm Experiment

(MW) |

128000 130000 134I800 135200 139IOOO 141000
Shot Number Shot Number Shot Number

Operation spread out evenly 2009 operation concentrated in 2010 operation widely

over ~ 5 months last 4 weeks separated over ~4 months
Initial plasma conditioning, Majority of time spent on Almost all time spent on

then majority of time on plasma conditioning plasma conditioning

experiments Operation in 2.5-4 MW range,  Operation < 3 MW,
Most operation in 2-3 MW improved with time deteriorated with time

range throughout campaign
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TRANSP-TORIC simulation with no RF coupling losses
predicts ~180 kA Bootstrap CD + ~120 KA RFCD

TRANSP-TORIC 138506803
300 I I |
I
p
Bootstrap « RF coupling efficiency is
200 — typically ~ 60% for
H-mode, giving fy, ~ 75%
Current ,
(KA) 100 - Ihy! | « TRANSP-TORIC RF CD
RF efficiency of ~ 85 kKA/IMW
N IATN
' « GENRAY-ADJ RF CD
P..= 1.4 MW efficiency ~ 115 KA/MW
-100 | | | | |
0.1 0.2 0.3 0.4 05 o6

Time (s)
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Slow fall of P results in sustainment of high T.,(0) and
core electron heating even down to P < 1.4 MW

2 e ] Meb  tpEseEsTTTTTTTTTTTTT o ;

. (1 019 w'»\ PNAVVASY , \\w“\w”\M"‘wJ' “&Wﬁ«ﬂ"\m-\»fm“w‘% MHD
(019 ™), o (@u
; ]

-3
m
) PRE : 1 Tel0)
(r:/g/)v 2 e q * (keV)
0
1F 2 D(x
by | o
0 B io
0.1 0.2 0.3 0.4 0.5 0.6
Time (sec)

« Slow transition to H-mode from L-mode as
power is ramped to 3.7MW

| = During slow ramp down of P, the core
temperature is maintained and broadened in
radius even down to 1.36 MW

= « Large ELM at even lower power strongly
20 60 100 140 reduces the stored electron energy and marks
Radius (cm) the transition back to the L-mode
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Divertor tile currents are used to track presence of

RF fields (sheath) and driven currents

» Tiles in row 3 and 4 of divertor
plate are instrumented with
Rogowski sensors

i e

ol [\ o e
Tile 13,14 TileK3, K4 ° Bay | and K tiles are in line wi.th
“hot” zone for RF edge deposition
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Advanced Scenarios and Control Supplemental Slides
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By Controller Implemented Using
NB Modulations and rtEFIT B

° ; : Determination of Gains Using Ziegler-
Controller implemented in the General Nichols Method
Atomics plasma control system (PCS),
iImplemented at NSTX. 6 Injected Power

* Measure By in realtime with rtEFIT. 2,

: E L
* Use PID scheme to determine requested 23
s, SR/ S |
power. Jb 1700 KA, 1p=27, 14e04=14
€= ;BN,reqeust — LPF (IBN,RTEFIT ;TLPF) ol B.=0.485 T, op\=3.2 -_
_ — — de
P,=P;, Cye+l, Cy .[ edt+D, Cj ar Constant-4, During |, and B; Scans
— n=1ramps
1.2 T e a)
C :ﬂ S. Gerhardt, FST, accepted 2011 gZ:: [ \
M 200mat gl D
0.0 141059 141066 141072 J
- Use Ziegler-Nichols method to determine P & I. g | &
« Based on magnitude, delay, and time-scale fm
2 : 9
of the B, response to beam steps. NEES v
« Convert “analog” requested power to NB W
modulations. P— v
. . . ::/TJ Ry @000
— Minimum modulation time of 15 msec. 13 M————

time (sec.)
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Improvements to the Shape Controller Will Allow Higher
Performance Scenarios and Reduce Development Time.

— Good control of individual quantities like outer gap or S.P. radius... OH leakage flux drives the bottom gap to zero
— ...but bottom or inner gaps go to zero. S50’ 4 B LN R R
ISOFLUX controller produces voltage requests via the “M- ]

Matrix” of weights. | General Atomics |
Coil M-Matrix  S€gment
Voltages \ Errors

1
4 M, M, (P ]D)l
Vy |= (P D )2
V M M (P]D)n

n nl

— Mis essentially a diagonal matrix for present scenarios.
Implies that the controllers are ignorant of each other.

« More accurate boundary control can be achieved with more

complex M-matrix.
- Accounting for controller interactions.
Important at the number of coils increases.
- Proper weighting of the most important parameters.
Can be scenario dependent. o |

« Desired physics and operations benefits:

— Better regulation of inner and bottom gaps in high-performance plasmas.
— More rapid development of complex scenarios.

« Highly desirable for NSTX-Upgrade, where manual £ Kolemen. PPPL
programming of 16 coils, including interactions, will likely be [ = U | 11'

impossible. 0 0.5 1.0 15 20
R(m)

S
Zim)
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Control of 4 Strike Point

s (SP)

Developed To Support LLD Experiments

e FY-09 S.P. Control
— Had uncontrolled dr

* FY-10: Optimized 4 S.P. Controller

— Eliminated dr
— Used for initial LLD experiments.

Simultaneous Control of Four Strike Points: Flux Errors for 137608

0

sep F@Mps when only

-2

hte]

lower S.P. under control.

2

0.1 02 03 04 05 086 0.7

sep FAMPS.

2
01 02 03 04 05 06 07

[=]

0.1 02 03 04 05 086 0.7

| - E. Kolemen, NF 50 (2010) 105010 |

£ Fﬁtop ImWirad]l = Fﬁh ot ImW/iradl = Zt op ImWiradl = Zh ot ImW/rad]

EEiE

EFITOZ 139E52 02285000 5
EFITOZ 139652 0.729000 5

0.1 0.2 0.3 04 05 056 07
Time [s]

Quter Strike Point Control for Shot 139652

Achieved FlSt
Requested RSt

0.2 0.3 0.4 0.5 0.6 0.7
Time [s]
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New Capability for Experimental System ID:
Closed Loop Auto-tune with Relay Feedback

1 d.
H VocKCLe+? Iedt+TD ;ﬂ Control Output
Vs : ! PF-2L Coil Voltage
- . “——'—'-"u Process Y 300 ( - - g )
PID - 1 h
] |- ' E’ B

« The closed-loop plant response period (P,) & ..
amplitude (A) are used for PID controller L L L

-300

tu n i n g . 0.4 0.45 0.-5rime - 0.55 0.6 0.65
[ K, T | Process Output
P 05K ' Ah (Flux Error at Outer S.P))

Pl 045K, P,J12 oy A A
|PID 06K, PJj? PJ8| i 2 - : JJ\

— Single-shot system-1D Mlﬂ& \

A
il
— Save experimental time. j V %

— Enable system ID for actuators that can’t b ..
be open loop i

— e_g . Vertica| ContrOI. E. Kolemen, PPPL 04 045 05 055 o.is 0.65

Time [s] y

Y

« Multiple advantages to closed loop tuning:

o

]
-

Flux Error ImW ./ racll
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Developing a Better Reatime dZ/dt Estimator For Improved

Vertical Control

in 2011 & 12

« NSTX has historically used the voltage difference between two loops for derivative
control on the vertical position.

— Assume that Z, = — . SO that =22
Zy = oy, —v,) ~

dzZ

= a(VU —VL) .

— Proportional part of PD controller provided by ISOFLUX.
» Use of additional loops can significantly improve the fidelity of the position, and thus

velocity, estimate.

« Bringing additional loop voltages into PCS for improved dZ/dt measurement

2

Fit Z (cm)

Nlaops

Fit Axis Location to Weighted Sum of Flux Loops: Z, = Zaﬂ/’j

0.15

0.10

0.05

-0.00

-0.05

-0.10

-0.15
-0.

Best fit of Z, with 2 Loops

2Loops2MirnovsPPPLoopsOnly
# of Samples: 220 %

# of Samples in Fit: 156

I

&
o0 ©

&0

1

o ]
|

15 -0.10 -0.05 -0.00 0.05 0.10 0.15
Equilibrium Z, . (m)

Fit Z (cm)

J=1

Best fit of Z, with 18 Loops

0.15¢[

0.10F

0.05

-0.00 |
-0.05

-0.10}

-0.15
-0.

[ 18LoopséMirnovsLoopsOnly

| # of Samples: 220 o /o0 ® 7]
L o/ ¢
L Ll
[ # of Samples in Fit: 156 oof &
L ° ]
L R+
[ 4°=8.98635e-05 o
L <>
777777777777 L+ M
oy
L oo ]
@
° o %
L o S. Gerhardt, PPPL
L @ 5%
;) <

Ou s

15 -0.10 -0.05 -0.00 0.05 0.10 0.15

Equilibrium Z,,,,, (m)
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Challenge of Snowflake: finding and controlling 2"d X-point

E. Kolemen, PPPL * Locate snowflake centroid & 2"? X-point
Snowflake trackin%‘elnifi‘fhe extrapglatec_l ?(—point Ioti{ons ° Loca”y expand Of the Grad_ShafranOV

LZominmsa\\s-— J = _ _
SO \ ~equation in toroidal coordinates:
47 o 1 o) &¥
(R+Xx) ( j+ —=0
T S A \R+x & 124
N —1.6
17 N = » Keep the 3 order terms and find the
= Nz magnetic nulls:
& \POOZTf_\P(pf’é}) \H:\P(pl»g)"'\yoo
= Tf—[lzé}+q3éf+c4éf+4pf+ 29,06, W, = W(p,£,)+ Y
2 1 2 2 3
Snowflake tracking for NSTX: +(3a-a)pg + 020367 + (et + ey ]
1. Red cross is the tracked * Find coefficients from sample points

wflake centroid : -
Snowtlake centrol - Very fast algorithm with good accuracy

2. Black crosses are the
calculated X-point locations Ref. M.A. Makowski & D. Ryutov, “X-Point Tracking Algorithm for the Snowflake Divertor”

by SnOWﬂake tracking M.V. Umansky et al.. “Analysis of geometric variations in high-power tokamak
. divertors.” LLNL-JRNL-410565.
algorithm
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2011-2012 Run: Rotation Control

K. Taira, E., Kolemen, C.W. Rowley, and

* Reduced order model for rotation control Al ol et

Ow ov\~' o
o ZAN Gy i
Snm) 5= (5,) 5

2
oV ow ‘ By W
(9_,0 Zniméxfi) <R2(VP)2> % +Zj:Tj + NI+ 4 (BCH) (W =)

« Adequate models for torque inputs and time evolution

x105
. . . . , , 10— ————— 3
of 4 rr 5 e
= 4l - 116931 E = >
= o © t=0.360s theory o =05
& 2t E 3 _ : / g ——\\ 1
0 1 L | L L Z : E 2 \\\
S 2 E measured 8.25 03 035 04 045 05 055 9
= g | 3 — x10°
-7 F ! T B C l, [
4}(10 . . . . . . E : E | a9 ) > g SR /\ ~
”E ——average |_ 1 ‘ . \ E %’ e = \\;// 2
L — moadel : 250 E = a 0.5 | 1
5 27 0 . A ;. - = ‘
'_E 0 . . . , , , 0.9 1.1 1.3 1.5 8.25; 03 035 o'.A‘. I 0.45 [ ‘o‘.s‘ 0.55 ‘ 8
0 01 0.2 0.3 0.4 0.5 0.6 R (m) time [sec]
time [sec]
NBI Torque profile prediction: ' Rotation time evolution:
Model vcérsups datap ' NTV torque profile: Reduced model versus
Calculations (Zhu et al.) TRANSP data

versus experimental data
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Development of Real-Time NB Control
Enables B, and Rotation Control

By control demonstrated in 2009, optimized in 2010. 1

~ Model
« Long-term plan to control the rotation profile. ol ;or??e B R
— RWM & EF physics as a function of 3 and rotation. rones | |
— Transport dynamics vs. rotation shear. = 06 Flglo[I)s |
— Pedestal stability vs. edge rotation. = 04l Neutral | |
. . . . . r
— What is the optimal rotation profile for integrated ngm%
plasma performance? 02r '(TRANSP)“@
« Use a state-space controller based on a momentum 0 ; - . -
balance model 0 0.2 04 0.6 0.8 1
— Neutral beams provide torque. x10 ! ! .
' ' ' 190G Achievable Profiles For |
— 3-D fields provide braking. —\ evable
F— Various Values of |

— Different toroidal mode numbers provide different
magnetic braking profiles.

« Use 2"d Switching Power Amplifier (SPA) for
simultaneous n=1,2 &3 fields.

* Developing rt-V, diagnostic for FY-11.

- Control Power

w [rad/sec]

— Camera has been purchased. 0 : ; O
. . ... 0 0.2 0.4 0.6 0.8 1
— Is being tested for real-time acquisition. p
« PCS control algorithm implementation driven by the N Ko princaton Unvoraty

measurement.

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans ~ (06/06/2011) 129



ITER Support Supplemental Slides

@ NSTX
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NSTX researchers led ITER Task Agreement on the study of
error fields using Ideal Perturbed Equilibrium Code (IPEC)

* Inclusion of plasma response (using IPEC) reduces
effectiveness of top/bottom EFC

* Find RMP coils effective for EFC and NTV reduction

T

A0

=
. ,/»; Y

—= oN o

= 5
7 N el
NN s

_— S
5 +

ASKS

ITER coil geometry represented by each
filament, for CS coils (Light Blue), PF
coils (Blue), TF coils (Green), EFC coils
(Red), RMP coils (Purple).

200.00
B m Scend_Flat
= = Seen?_Burn
E 150.00 m Scend_Burn |
o
-
Bg
E=
H & 4100.00
23
£2
oo
t w
JW 50,00 q
7]
o
z
g 000 il
EFCT EFCM EFCE RMFU RMPM RMPL
[10kAL) [10kAL) [10kAL) (kAt) (kAt) [kAt)
mScen2_Flat 64.13 7M1 102.60 68.40 .00 48.86
micenZ_Burn| 4323 131 135.38 3384 .84 28.27
m3cend_EBurn| 76.44 10,12 17200 40.47 3822 28.67

Required currents to eliminate worst n=1 error fields

R NTV force
O Intrinsic PFa-ilt
EFCMcorrection
JE‘ EFCVHEFCTH+EFCB correction
= EFCVHRMPU+RMPL correction
z
2 10°
(]
©
@
<
L
E
z
1071
0.2 0.4 0.6 0.8
Wn
NTV force
10" E T T T
'y
E 102,
z E
2>
-3
3 10 E
@
4
2 L
2 10
z B
10° L 1 L
0.2 0.4 0.6 0.8
Wn

NTV force density profiles for intrinsic PF4-tilt
error and each correction, for Scen2_Burn (Top)
and for Scen4_Burn. EFCM+RMPU+RMPL gives
the best correction.

* J. Menard (PPPL-P.1.), J.-K. Park (PPPL-primary author), M.J. Schaffer (GA - contributing author)
* Final Report submitted October 2010

General Atomics

NSTX Midterm Review of Major MFE Facilities — NSTX Program Progress and Plans

(06/06/2011) 131



Measurements Outside TF Coil Could Identify
Some Manufacturing and Assembly Defects

* Only field errors (m,n # 0) are present outside TF coil envelope
— TF does not affect magnetization of distant ferromagnetic sources

* Ripple (n = 18) is dominant near coils but

* Higher n components fall off roughly as R™ so

« Isthere a region where n = 1 is detectable above intrinsic field?

TF coil distortion: Measurement circles:
dR(n:'I):'IOmm, R=180m,Z= 00, 4.0m
dZ(n=2) =10mm

112122222mt T 17210 SN

Y
e

Vel

This is outside the cryostat in “open air” where measurements with Hall effect
instruments could be made at well defined locations

* M. Bell (PPPL - P.1.), N. Pomphrey (PPPL), A. Boozer (Columbia University) ’ —
+ Final Report submitted spring 2011 Columbia University
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Planned Partial Flux Loops in ITER Can Be Used to
Characterize Field Errors from PF Colls

» Partial Flux Loops (“saddle” loops) mounted on inside of VV inner wall,
span all or part of a VV sector (40° toroidally)

« 22 loops span poloidal circumference in 6 of 9 VV sectors
« Conductor positions are specified to be known to mm accuracy

Change in mutual inductance

PF1 "Saddle” loops for coll axis lateral shift 10mm
22p0,(0!da'f, ,folg LI L L L I L L L LD L L

= | A r~ - ]
© A\M\ .
&) AT
8 [ PF1L PF4 1
9 | PF2
E'O4 IIPHSIIIRFﬁl|llll||1||1|1|||ll||||
C_UOS ll"|””l""l””|l"l|l"'l""/|,
g :\‘\ /\//\/(/
s =
S F %7/ Cs3U Cs3L be
"8% oL CS2uU <
204 11||||111]C§1U11C|81L|1|1|||11||||
O "0 90 180 270 360

Flux loop poloidal angle (deg.)

* M. Bell (PPPL - P.1.), N. Pomphrey (PPPL), A. Boozer (Columbia University)
« Final Report submitted spring 2011 ‘ Columbia University ‘
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NSTX Upgrade, ST-FNSF/Pilot Supplemental Slides

@ NSTX
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Access to reduced collisionality is needed to understand
underlying causes of ST transport, scaling to next-steps

ORI consant * Future ST's are projected to operate at
' qB.p* 10-100x lower normalized collisionality v*
N\ |NSTX Upgrade :
m ? \ . « Conventional tokamaks observe weak
I:I/on— ' I g | iInverse dependence of confinement on v*
5 e ™\ . o1
o | 9 ; ITER B (e-static g-Bohm) oc p. 2 BO| V.27 17
| * ———INSTX observes much stronger scaling vs. v*
 Therm Ve — Does favorable scaling extend to lower v* ?
000001 oo Ve 700 —What modes dominate e-transport in ST ?

Normalized electron collisionality v.* < n,/ T2 * Electrostatic or eIeCtromagne“C?

« v* also impacts RWM stability, rotation
damping, range of other physics

 Higher toroidal field & plasma current enable access to higher temperature
» Higher temperature reduces collisionality, but increases equilibration time

» Upgrade: Double field and current + 3-5x increase in pulse duration to
substantially narrow capability gap - 3-6x decrease in collisionality
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Increased auxiliary heating and current drive are needed to
fully exploit increased field, current, and pulse duration

*Higher heating power to access high temperature and [ at low collisionality
— Need additional 4-10MW, depending on confinement scaling

Increased external current drive to access and study 100% non-inductive
— Need 0.25-0.5MA compatible with conditions of ramp-up and sustained plasmas

*Upgrade: double neutral beam power + more tangential injection
— More tangential injection = up to 2 times higher efficiency, current profile control
— ITER-level high-heat-flux plasma boundary physics capabilities & challenges

3.0 LT T
- Use 4 of 6 sources

* q(r) profile very important for
global stability, electron transport,
Alfvénic instability behavior

50, 60, 70, 130

— Variation of mix of NBI tangency 60, 70.120.130

radii would enable core q control :>1-°_ = 725KA, BL=0S5T, =62, = 14% | 70,110,120,130
0.5 [ Hogyo=1.2, fycp= 100%,fvp= 73% %

0.0 0.2 0.4 0.6 0.8 1.0
Normalized minor radius

Ran [CM]
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Non-inductive ramp-up to ~0.4MA possible with RF + new CS,
ramp-up to ~1MA possible with new CS + more tangential 2"d NBI

Ramp to ~0.4MA with fast wave heating:

Extend ramp to 0.8-1MA with 2" NBI:

» High field > 0.5T needed for efficient RF heating
» ~2s duration needed for ramp-up equilibration

» Higher field 0.5>1T projected to increase electron
temperature and bootstrap current fraction

» Benefits of more tangential injection:
* Increased NBI absorption = 40->80% at low I
* Current drive efficiency increases: x1.5-2
* New CS needed for ~3-5s for ramp-up equilibration

* Higher field 0.5-> 1T also projected to increase electron
temperature and NBI-CD efficiency

TSC Simulations — C. Kessel (@
Al ot —_— S _ _ _ L]
5 300 W L > aadl ENB|_100keV, Ip_0.40MA, fGW_O'62 10
' bootstrap — —
Eer Y L . ; n, = 2.5x10"°m>, T, = 0.83keV o —
. : Vp (diam. + PS) € e < //
T e SR e 11s SRR 00,5 T Sos L o
) : [ Ingico / Pags - 7 T~
% 0.6 12 1.8 s eeo /P 2 Y| | bgordrag T~
; S 80- 7 23 o f
ime, s ®) = f 1 021f. |
< . 1 H
R e = L 1 i
@3 n()’ rrrrr -4 - g 80 *—N\\i NY0®ENY 08 NYoE s N
g ."’ q:) F T T | C e e - - NN NNN® M
= 2~ ,{" AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA § 40_ 1 ”
G Y = —| 12 4 |
114 S " [PresentNBI MOT o .
ol x10%9 | g e H 2L tangential 2nd - =
0 0.6 1.2 1.8 o 20 NBI | g °
{ ! -4 [ <
T A=
0 I N B N I RS E . } HH
0.6 0.8 1.0 1.2 14 g .
Beam tangency radius [m] L s i
AT L]
| Time (S)
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NSTX Upgrade reference operating scenarios highlight
major research capabilities and needs of Upgrade

Dual NBI capability (P/At): 15MW/1.5s, 10MW/5s, 5MW/10s

TF flat-top capability: 1T for 6s, 0.75T for 10s, total OH flux = 2.1Wb
Divertor peak heat flux limit = LZO0MW/m? for 5s (T ..;ponie < 1200°C)
Plasma carbon Z_ < 2.5 (goal)

By < 5.5, ¢ = ITER-98y2 H-mode scaling, SOL width scaling oc Ip'l'6

:nmitigatei :nmitigatei D pumping
Refe rence BT Ip Atflat NICD ne / PNBl PRF PTOT I:ee::);l':ia I:ee::;l':ia reqUiTEd
Scenario [T] [MA] [S] [%] NGreenwald [MW] [MW] [MW] [MW/mz] [MW/mz] (NBIfuZ"lng:nIY)
(fo=20) | (fup=60) | [107"s7]
Long pulse 08| 1 7 | 50-70 <1 6 0 6 5 2 0.7
High non-inductive| 1 | 0.8 | 5 (80-100| <1 8 0 8 5 2 1.0
High Ip 1|15 5 [50-70 <1 8 0 8 13 4 1.0
Max I, 1 | 2 | 4-5 | 40-60 10 0 10 25 8 1.2
Max I, & power 1 2 4-5 | 40-60 /S 1 10 5 15 38) 13) 1.2
/ / /
2MA operation may require n, / Ngeenuwaiq = 0.7 1.5-2MA operation for 5s will require heat-flux

mitigation utilizing: U/L power sharing,
detachment, and/or snowflake (possibly all three)

This is major goal of Upgrade research program

to aid achievement of sufficiently high T, to
reduce loop voltage to 0.25V for 5s flat-top
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Developing design concepts for ST-based
Fusion Nuclear Science Facility / Pilot Plant

Free-boundary
equilibrium

3D layout

Some ST FNSF/Pilot design features:

* Minimize power losses to access Qgpg ~ 1
— Flared TF rod to reduce power: 150-200MW
— Outer PF coils superconducting

« Strong shaping for stability, bootstrap
current

* PF coils in ends of TF rod to produce
diverted high & plasma, protect PF coils

* DN divertor for power sharing
— May need snowflake, flowing Li, Super-X, radiation...

» 500keV NNBI for current drive (JT60-SA)

» Vacuum vessel independent of TF legs

* Low ripple < 0.25% at plasma boundary

» Conformal blankets to maximize TBR

* Entire blanket structure removable vertically

« Shielding for vessel, TF outer legs, PF coils
outside center-stack - lifetime components

» Center-stack shielded for 1-2 FPY

« Have also begun meeting, sharing
ideas with MAST/Culham CTF
designers + other collaborators
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