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Qutline

* Overview of fusion and plasma

e Plasma confinement methods

 What are tokamaks and stellarators?

* ITER burning plasmas

* Motivation for studying spherical tokamaks

« NSTX Upgrade scientific goals and questions

« NSTX Upgrade construction
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What I1s fusion?

“D-T” fusion reaction:

D: deuterium Nn: neutron
High energy gain

o) 0
\® === Energy =~ 1000 x

”
p Fusmn @

T: tritium o helium

E = mc?
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Advantages of fusion: safe, sustainable,
high energy density, environmentally attractive

e Cannot have runaway reaction

—Only small amount of fuel present
—If particles cool, fusion stops

« Abundant fuel supply

—D from seawater: HDO, D/H = 1/6400
—T bred from lithium In earth’s crust

 High energy density

—1 liter water = 500 liters gasoline

* Waste short-lived, low-level
* No CO, production
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Fusion requires very high temperatures

(9
@
. X
Fusion £
difficulty =
(pressure X e
confinement) 3
1 0 : . .
%101 10° 10° 10
temperat [million Kelvin]

* Fusion is easiest here at 200 million °C (!!) (350 million °F)

—Requires lowest pressure nT and energy confinement time 7
—Minimum fusion “triple-product” value: 8 atmosphere-seconds
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Magnetic fusion has already achieved
the necessary very high temperatures!

TFTR at PPPL (1990’s)

~250 million C =>

Model
T Experiment

F{I'Ij =15 MW
lh=1.7MA
£=dET

Supershot

L-Mode

core

boundary
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Gas becomes plasma at fusion temperatures

States of Matter

6 ° D: deuterium n: neutron
@ © a® -

@ = atom .... ;.@ Q)\

@® = nucleus 0 O ® f\ s Energy
® ec®®e \,/

® = electron @ @ ’ "
. . . @ .@ uuuuu

Solid Liquid Gas Plasma T: tritium « helium

Add Heat .
= DT fusion:

e Water: 0°C 100°C 160,000°C 200,000,000 °C
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Plasma is a gas of charged particles:
“Soup” of negatively charged electrons, positive ions

« At fusion temperatures, particles are so energetic
that negatively charged (-) electrons are stripped
from neutral atom leaving positively charged (+) ions

N = Neutron
+ = Proton

 One benefit of plasma state: charged particle motion
can be manipulated by electric and magnetic fields
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An estimated 99% of matter in the
observable universe is in the plasma state

Plasma processing (semiconductors) Lightening
: Neon signs P2

s

Solar wind Aurora Borealis

A few examples of plasma
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How do we confine plasma?
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Confinement methods for controlled fusion

Gravitational Confinement

Gravity ‘

N 4

Fusion 4

AT
t
Magnetic Confinement Inertial Confinement
Charged particle Intense Energy "
Beams 7
Magnetic field
—

Fuel Pellet
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Magnetic fusion is arguably closest

to ultimate goal of electricity generation

e Gravitational confinement

fusion requires large device

— Need 7-8% of mass of our sun
— Approximately 10x diameter of Earth

e Laser fusion ala NIF at best

haS Efusion / Eelectrical - 5%
— So far, 0.004% efficient

 Magnetic fusion in ITER:

— Goal: 500MW fusion power for

< 600MW electrical input for 400s
»Industrial levels of fusion power

o

Ignition Ignition Yield

14kJ fusion
yield achieved
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How would magnetic fusion make electricity?

Plasma Magnets
(100 million °C) (-270 - 100°C)

Steam or hot helium R
External
‘ p—— - <

heating
(10’s of MW)

Ol self
heating

\)

>0 Spin turbines,
generate electricity

Blanket
(350 - 1000°C)

Tritium bred from
lithium in blanket

helium and

_ deuterium exhaust
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Charged particles confined by magnetic fields

No magnetic field

 No magnetic field:
Charged particles move
freely in all directions

e Charged particles spiral
around magnetic field
“arrows”, but move
freely along the field

 Magnetic fusion goal:
make field so particles
Magnetic SR never touch walls

field line
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Example magnetic fields in units of Tesla [T]

Earth: ~5x 10> T Refrigerator magnets  ppp|'s NSTX-U: 1 T
~1-5x103T

"'-'.,.‘_' =_,_._._ 7 1
-'.... ™ = fg‘
— 2 % ] £l
\ e B
i-:':‘s 5

MRI: 05-3T ITER: 5.3 T World Record: 100 T

Non-destructive - for few milliseconds

National High Magnetic Field Laboratory
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Magnetic fusion uses electromagnets

e Electromagnet. use electrical current “|”
to create magnetic field “B”

e “B"Is perpendicular to “I”

makes strong

nearly uniform B at center of coill

» Want low/no resistance coil to reduce power:
copper and/or superconductors
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Fusion: Use multiple coils to create “toroidal” field

e Position many coils into donut or “torus” shape
 Magnetic field never touches wall (!)
* Do charged particles ever touch wall?
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Simple toroidal field = poor confinement

« Bending field into torus

creates non-uniform B
> B~1/R - factor of 2

e Electrons and ions drift
apart vertically = charge

. 1 -
separation 124

e Electric field created =
particles expelled outward
toward vessel wall

5
4
3
2
1
0
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Helical magnetic field improves confinement

e “Helical” field = B-field
covers toroidal surfaces

> B arrows never puncture donut

e Allows currents to flow
along magnetic field

e Short-circuits electric

‘ " Helical Magnetic field

Gyrating Plasma Particle f|e|dS th at WOUId

otherwise expel plasma

> Particles tied to surface

g Y - \
I~ o -

e —

__ A

“Tokam"ak” “Stel_larator”

» Improved confinement

@ NSTX-U PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges 19



Tokamak: Poloidal field from plasma current +
toroidal field from magnets create helical field

Poloidal Plasma
field electric current

field

Resultant helical field
(P|tCh exaggerated) “Tokamak”: Russian acronym for

“toroidal chamber with magnetic coils”
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Conventional tokamak is not steady-state

 Primary transformer colls drive toroidal electric current in plasma
« Must stop when transformer coils reach current and/or force limit

Inner Poloidal Field Coils
(Primary transformer circuit)

Outer Poloidal field coils

Foloidal magoetic fiald (for plasma positioning and shaping)

Resulting Helical Magnetic field “4

Plasma electric current Topidlheidole

(Secondary transformer circuit) T g aliek

@ NSTX-U
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“*Advanced Tokamak” uses external + self-generated
current to operate without transformer

Transmission Line

Radio Frequency /

(RF) Heating e External: wave and

Antenna beam current drive

Ohmic Heating

Electric
f‘ g Electromagnetic
.» " » Self-generated: high
pressure plasmas make

Energetic hydrogen
atoms

“bootstrap” current

Neutral Beam

s » Efficient tokamak power
plant will need 70-90%
self-generated current
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Stellarator: Toroidal / helical currents in coils +
toroidal field from magnets create helical field

toroidal

magnetic field coils \"\‘ " 4 7 P o
7 /
N ,,J'?’ /

N helical coil
® currents

helical field coils

'

torowdal con

Uy uuts/ :
vessel

Helical coils
or

Discrete / modular coils
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Tokamaks and stellarators are the
leading configurations in magnetic fusion

Superconducting tokamak Superconducting stellarator

KSTAR (South Korea) W7-X (Germany) — 15t plasma in late 2015
« Tokamak advantages: o Stellarator advantages:
— Best confinement, closest to “breakeven” — No plasma current drive necessary
— Simpler planar coils and power/particle exhaust — More stable, steady-state
« Disadvantages: « Disadvantages:
— Must drive multi-mega-ampere plasma current — More complex coils and exhaust
— More prone to rapid loss of plasma = “disruption” - Confinement < tokamaks (so far...)
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ITER will be first device to access “burning plasma”

e Burning plasma: majority of plasma heating power
comes from fusion alpha particles from DT reactions

» DT reaction energy split: 1/5 in alphas, 4/5 in neutrons
» ITER goal Q= I:)fusion / I:)external heating — 10

’ Q =10-> I:)alpha/ I:)external =

’ Palpha/ I:)alpha+ external — 213 >50%

A=3.1, R=6.2m, B;=5.3T, I,=15MA
ITER under construction in Cadarache, France

g
e " ]
i L = 1
8 i ‘
i 8
1 ,
1y [ !
fagdinie A
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ITER magnets will be largest ever built

e 18 toroidal field magnets
« 12 Tesla at coll

 Weight: 6500 tons

e 80,000 km of Nb3Sn
superconducting strand
In total length

Toroidal field current 15 amps
165 million amps (1800W)

@ NSTX-U PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges 26



Size of ITER driven largely by plasma confinement

 Energy confinement scales with plasma current

e Large plasma current requires large toroidal field
and/or plasma size for plasma to remain stable

e Current and confinement both scale with size

« Can we make smaller devices with better
confinement and smaller or cheaper magnets?

e Such questions motivate exploring alternatives...
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How might we possibly improve
the conventional tokamak?
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Aspect ratio Is Important free parameter

Aspectratio A=R/a

R = major radius a = minor radius

ratio [EPheru; g

‘pangh)

Spherical torus/tokamak (ST) has A=1.1-2
Conventional tokamak typically A = 3-4

@ NSTX-U PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges 29



STs have higher natural elongation

Elongationk=b /a

b =vertical Y2 height a=minor radius

Higher elongation improves stability, confinement

@ NSTX-U PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges 30



Favorable average curvature improves stability

Tokamak Magnetic Surface | ST
Magnetic Field Line \ .

. Plasma

- _------Stable--------—7" spends
less time

| - in unstable
-————-Unstable— - curvature
region

N\
A-~3 A~15
k=1.5-2 Kk=2-3
B-=3-10% B+=10-40%

Aspect Ratio A = R/a | Elongation x = b/a | Toroidal beta B ={p) / (B15%/21,)
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ST can be compact, high beta, and high confinement
Higher elongation x and low A lead to higher |5, B and t¢

Aspect Ratio A = R/a | Elongation x = b/a | Toroidal beta B ={p) / (B15%/21,)

« ST has high I, due to high k and low A High k ~ 3.0
equilibrium in NSTX
o~ e (1 +x%) /(2 A% Q%)

* |; increases tokamak performance
Energy confinement time 1z « I

Normalized pressure B [%] = By Ip/ (aB1p)

« ST achieves high performance cost effectively

I or ST due to low A and high

p~ e f
=
$
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Fusion technology development is major challenge
Fusion Nuclear Science Facility (FNSF) could aid development

Need to develop reliable and qualified nuclear and
other components which are unique to fusion:
« Divertor, plasma facing components for exhaust

* Blanket and Integral First Wall
« Vacuum Vessel and Shield
o Tritium Fuel Cycle
. ' |
Remote Maintenance Components ST-ENSE

 Without R&D, fusion components could fail prematurely, requiring
long repair/down time.

 This would cripple power plant operation

« FNSF can help develop reliable fusion components

o Such FNSF facilities must be: modest cost, low T, and reliable
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Higher B-enables higher fusion power and compact
FNSF for required neutron wall loading

I:)fusion x <p> 2 X VOIUme

2 4
I:)fusion x BT BTO X VOI

o T ==
Product Physics $
Knob Investment

High neutron wall loading W/,
possible in a compact ST

W, « P;,...,/ Area

40

20

Toroidal B (%)

Data base from START, MAST,
PEGASUS and NSTX By=6

Tokamak

W, « ;%> B1o* a (not strongly size dependent)

ST-FNSF

I,/aB+o (MA/mT)

|:> W, ~ 1 MW/m2with R ~ 1 m FNSF feasible!

NSTX-U PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges
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Design studies show ST potentially attractive as FNSF

PPPL ST-FNSF concept

* Projected to access high neutron
wall loading at moderate R, P; .o
—~ W, ~1-2 MW/m2 , P, . ~ 50-200MW, R ~ 0.8-1.8m

 Modular, simplified maintenance >

e Tritium breeding ratio (TBR) near 1

—Requires sufficiently large R, careful design

@ NSTX-U PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges
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Unique ST properties also support ITER

ST Extends Predictive Capability
for ITER and Toroidal Science

« High B physics, rotation, shaping
extend stability, transport knowledge

» NBI fast-ions in present STs mimic DT
fusion product parameters in ITER -
study burning plasma science

o STs can more easily study electron
scale turbulence at low collisionality
-> important for all magnetic fusion

Burning Plasma
Physics - ITER

@D NSTX-U PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges 36



What are the goals of
NSTX Upgrade (NSTX-U)?

What key science guestions
will NSTX-U address?

PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges



NSTX Upgrade mission elements

Advance ST as candidate for Fusion
Nuclear Science Facility (FNSF)

Develop solutions for the plasma-
material interface challenge

| | Liquid metals/Li “Snowflake”
Explore unique ST parameter regimes

to advance predictive capability - for ITER 7 . v
ITER and beyond THE TN 5

Develop ST as fusion energy system

@ NSTX-U PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges 38



NSTX-U will provide new data to support ST-FNSF
design, ITER operations, boundary solutions

revious - NeW .« |* New center-stack doubles toroidal

il field, plasma current, 5 X pulse-length
i |\ « Tangential injection provides 3-4
higher current drive at low Ip:
— 2x higher absorption (40->80%) at low I
— 1.5-2x higher current drive efficiency

"-1‘Ih'.4r1'31ﬂ I ';5!4.'!

~ 5-10x increase in nTt from NSTX
NSTX-U average plasma pressure ~ tokamaks

Key NSTX-U research topics for FNSF and ITER:
« Stability and steady-state control at high B

» Confinement scaling (esp. electron transport)

* Non-inductive start-up, ramp-up, sustainment

» Divertor solutions for mitigating high heat flux

D

Present NBI New 2"d NBI J. Menard, et al., NF (2012)
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NSTX achieved 70% “transformer-less” current drive
Will NSTX-U achieve 100% as predicted by simulations?

TRANSP Contours of Non-Inductive Fraction
1.2

1.1

ITER H-mode _
confinement (.9
scaling '
multiplier

04 05 06 07 08 09 1.0

Normalized Density (Greenwald fraction)
=1 MA, B;=1.0 T, P, 5=12.6 MW

Steady-state operation required for ST, tokamak, or stellarator FNSF

@ NSTX-U PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges 40



|, Start-up/Ramp-up Critical Issue for ST-FNSF

Compact ST-FNSF has
no/small central solenoid

~ 1-2 MA of transformer-free
start-up current needed for FNSF
- 10-20% of total current

» Long-term major goal of
NSTX-U: generate and sustain
a high-performance plasma
without using any transformer
(this will not be easy...)

@D NSTX-U PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges 41



NSTX achieved 200kA (~20%) “transformer-less” start-up
Will NSTX-U achieve 400kA or more as per simulations?

* TSC code (2D) successfully simulated
helicity injection I ~200kA in NSTX

Z (m)

Additional electron heating likely required
Design of heating system is underway...

PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges
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NSTX /MAST observed confinement increase at higher T, (!)
Wil confinement trend continue, or look like conventional A?

1.0¢ ST-FNSF | e
\ constant q, B, p*
NSTX
—_ Upgrade
?
|_
~0.1F . g
w  f ITER-like
o [ -
— [ scaling
an!
—e— Total
—&— Thermal
000001 oo1 o, = 010
: : Ve :

Normalized electron collisionality v * oc N,/ T ?

Favorable confinement results could lead to more compact ST reactors
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All modern tokamaks / STs use a “divertor” to
control where power and particles are exhausted

Separatrix
(i.es.CFS)

Power exhaust width outside main
plasma can be very narrow (few mm)

Closed magnetic
surfaces

Open
magnetic
surfaces

~
&

&
Scrape-off layer

Strike points X-point

Private plasma

Divertor plates

1 Power / particles contact target plates here
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Tokamak + ST data: power exhaust width varies as 1/ B ,iqal
Will previous ST trend continue at 2x I, By, By, power?

ST data breaks aspect ratio

degeneracy of data set

);q[mm] (exp.) ! g y
7_..
6_..
5_..

Issue: If peak heat
Ar flux in divertor region
3 exceeds 10 MW/m?
| - material damage
N SSss T

R?=0.86 : L

% 0.2 0.4 0.6 0.8

BpoI,MP L | .

Wider heat-flux width may offset smaller R = maybe better than tokamak
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NSTX-U will test ability of radiation and advanced
divertors to mitigate very high heat-fluxes

« NSTX: reduced heat flux 2-4 X via radiation (partial detachment)
« Additional null-point in divertor expands field, reduces heat flux

NSTX-U peak heat fluxes will be
up to 4-8x higher than in NSTX

8| Div. heat flux (MW/m?)

6 0.36 s - before snowflake i
0.57 s, 0.70 s - forming snowflake |
0.895 s - radiative snowflake

oL_ =8 . CHI gaM

03 04 05 0.6 07 NSTX-Uhas additional coils for up-down
Divertor R (m) symmetric snowflake/X, improved control
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How was NSTX-U constructed?
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New center-stack designed to handle increased forces
ldentical 36 TF conductors and innovative flex-bus design

TF cooling lines

TF flex-bus

TF conductor

Electric Discharge Machining Cuts

Friction-stir
welded TF
flag joints

CTD-425 = =
cyanate ester ‘ | : Tested for
epoxy blend 300k cycles

iInsulation—

CHI bus

PF coil 1C
PF coil 1B

PF coil 1A CS Casing

OH coil
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Center-stack fabrication and assembly (1)
Innovative manufacturing techniques developed

Cooling tube soldered with resin-
based flux into inner TF conductor

Conductor being wrapped with
fiberglass insulation
—— P

Insulated conductor

being placed into mold
) R

) Lo
» Y 1. W
A’ . ¥
-
) o

Assembled TF mold ready for Vacuum . ' RN =
Pressure Impregnation (VPI) w/ CTD-425 Completion of first TF
guadrant
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Center-stack fabrication and assembly (2)

4 TF quadrants assembled

@ NSTX-U PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges
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Completion of transformer winding and VPI

@D NSTX-U PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges
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Same-day delivery to D-Site costs extra

PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges
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New Center-Stack installed in NSTX-U (!)

Vacuum pump-down achieved in January, 2015

PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges



Relocated 2"d NBI beam line box from
the TFTR test cell into the NSTX-U test cell

TFTR NBI beam box and components successfully tritium decontaminated

! T

Beam Box being lifted Beam Box placed in its Beam Box being populated
over NSTX final location and aligned with components

@D NSTX-U PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges 54



NSTX Upgrade Project nearing completion

h . %‘
1 _dil
I

- ‘. A " . M
-
; g i ‘\‘ ‘4 ‘t
. /’ . - = D 4
~ P 3
- ok %
@) 15 \BI [,
! “4 EES T > =

S h
oW i° y
- 7
”
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Movie time...

@ NSTX-U

PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges
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Thank you!

@ NSTX-U

PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges
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Back-up slides

@ NSTX-U
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Magnetic Confinement Fusion Performance

eactor e
10 I C%n%?ttlons

S
£
J";” oTFTR |1990's
E oTFTR
S
3¢
=
o
= 1980's
i
ASDEXe
a PlLTe
S T10e 40
L%? o TFFII/.'/ e TFR

i e D-D Experiments ;

o Full D-T Experiments || 1970’
I
y JG04.480-2d
|
0.1 1 10 100

Central lon temperature T, (keV)
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Particle trajectories in a tokamak

Toroidal
Direction

Separatrix

Banana
Trajectory

Projection of Trapped lon
Trajectories is Banana Shaped

(for illustration only) /
X-point ‘

lon gyro-motion X (S

Divertor
Targets
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Highly tangential 2"d NBI enabled by new port
Outer wall radius moved outward to avoid beam clipping

Interior View of Bay J-K

@ NSTX-U PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges
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Substantial structural and vacuum vessel upgrades
Must handle 4x higher electromagnetic loads

Upper Aluminum Block Internal Reinforcements Upper Aluminum Block External Reinforcements

Upper Umbrella Arch Reinforcements

r

=\ 3
-.f.}é‘nl.\.a\

L,

Taper 1
75 E By
& 5 Xy

e n
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Record B, and B,/ l;accessed in NSTX
using resistive wall mode stabilization

BNll 14 1312 11 10

8 —r
[ RWM State Space Control
ST-Pilot i High By regime is
5_‘ ST-FNSF ! Important for
B bootstrap current
N1 ® generation.
4L ‘o "_}O High B,/I; regime
i o&d .',\* ¢ '_ ' '
. < - 'BN/l =67 wpportant since
o oo\ ; ] high fzs regime
- n—lno WaII limit | has low Ii-
n 0 \«s |
2 o S
2% O Unstable RWM
< 0 I 30 o Stnasb?e /econtrolled RWM S.A. Sabbagh PRL(2006)

20 BEA

J. W. Berkery, PRL (2011)
0.8 W. Zhu, PRL (2006)

S.A. Sabbagh at this APS

Major mission of NSTX-U is to achieve fully non-inductive operations at high 8
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NSTX Data Demonstrates a Favorable Operations Window
For Reduced Disruptivity in an ST-FNSF

ST-FNSF |

(S=qgslp/aBy)

Example: Disruptivity is
reduced with strong shaping
of the plasma boundary.
S.P. Gerhardt et al., NF (2013)

e o h A

No strong increase in disruptivity as B, increases
Reduction in disruptivity also with:

» Decreasing |, (broader current profile)

» Decreasing pressure peaking

Upgrades will test and improve these
favorable trends in a systematic way
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Favorable Confinement Trend with Collisionality and B found
Important implications for future STs and Demo with much lower Vi

Te th € Vo 01 B9 tokamak empirical scaling (ITER98, ,)
Te th € Vs 08 P00 ST scaling

ﬂ-m 1 1 1 1 * *
_NSTXT ¢ noli || _MAST
¥ Li .
0.03¢t T - i ]
{ﬁ__. _ n T ~ Vi 0.82
o i AN . 1 @
E e ¥ ¥ W E—D.TE':H:‘.'I — °
| Tl:( -] T=o0 .
= - .j:_.-' LI-.-J- — -
1 4] i - sy 4 ¥ - n T
+' S . m 3
0.01¢} ¥ "'-I - i N
Quo=2-2.5 i
<Py *=0.5-12.5%
ﬂ_DD 1 1 1 1 L " " N A M N PR |
000 D005 010 015 020 02 . 0.1
*e
V'a (x=0.5)
S.M. Kaye et al., NF (2007) (2013) M. Valovic et al., NF (2011)

Very promising ST scaling to reactor condition, if continues on NSTX-U/MAST-U
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Microtearing-driven (MT) transport may explain ST
collisionality scaling

Microtearing-driven Y VS. Vg using the GYRO code.

I 1 MT growth rate
decreases with

1 s NSTX-U reduced collisionality
in qualitative
agreement with the
NSTX experiment.

10

S S
1 I IIIIII
1 1 IIIIII

O

experiment
10° P \I

Further electron
confinement

1/, (alpZc,)

GYRO O

iImprovement
NSTX120968A02
t=0.560 s 1/a=0.6 y_=0 expected due to

_1 1 cor el 1 L ol ] I B | reduced COIIISlonaIIty-

1072 10”7 10° 1

v, (csla)

—
(&

W. Guttenfelder, et al., PoP(2012)

NSTX-U PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges 66



ETGs measured for the first time with high-k scattering
High B, or larger p, « B> of ST plasma enabled measurement of ETGs.

Electron Temperature Gradient Mode (ETG)
Excitation with Core Electron Heating

3 -

Calculated ETG g, by
GTS code agrees
with experiment

gl
r/a=0.26

Te (keV)

— NSTX # 124901

Experimental Level -

Xe (GTS)

500 . 1000. . 1500 2000

time (Vyg/Lyo)
S. Ethier et al., IAEA (2010)

w/2m (MHz)
E. Mazzucato et al., NF (2009)

Shear stabilization of ETGS D. R. Smith, et al., PRL (2009)
Density gradient stabilization of ETGS Y. Ren, etal., PRL (2011)

Note: Here we call electron gyro-scale turbulence as ETGs

ETG Suppression in
Reversed Shear

q
— N WA U BN

40 60 80 100 120 140
Major Radiug [cm]

Flev'ersed
| Shear [TB

Power [dB]
8 3 8 4 & &

| Zero shear

3 2 4 0 1 2 3
Freq [MHz]
H.Y. Yuh et al., PoP (2009)
J.L. Peterson, et al., PoP(2011).
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High Confinement Needed for Compact FNSF
High confinement H-mode in the range of FNSF obtained

Fusion gain Q depends strongly on “H”, Q ac H57
Higher H enables compact ST-FNSFH =1.2-1.3
Higher H gives more reactor design flexibility and margins.

e lon energy transport in H-mode ST H-mode confinement in STs H

plasmas near neoclassical level due to ~ 1 (ITER98, ,) but enhanced
high shear flow and favorable curvature. pedestal H-?ﬁode (EPH) has
 Electron energy transport anomalous 50% higher H up to H ~ 2
T 17 [F v vy oo ] -
NSTX 1 20L NSTX $ :
] s | ]
8 1.5
%10k {1 = |
NE ] E 1.0F
0 L
;r./ $osf
0 “I, Nc i
10 F From NCLASS E 0.0k
-ll.l||j|:ll||j||Iljjl.J]lJ.l- .4éé1ln1lz14
100 110 120 130 140 150 Qss  S. Gerhardt NF (2014)
R (cm) Y. Ren. R. Maingi, PRL (2010)
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Divertor flux expansion of ~ 50 achieved with
Snow Flake Divertor with large heat flux reduction in NSTX

Snowflake divertor in NSTX

Z(m) \ m 135485 0,300 5
+ i

" Plasma facing /|
component
contour

Div. heat flux (MW/mz)l
N 0.36 s - before snowflake |

0.57s,0.70s -forming snowflake _
0.895 s -radiative snowflake

S o0

NSTX-U will investigate novel
divertor heat flux mitigation
concepts needed for FNSF and
Demo.

* Up-and-down symmetric
Snow Flake / X-divertors

e Lithium + high-Z metal PFCs

Divertor heat flux (MW/m?)
N

Divertor R (m) V. A. Soukhanovskii et al., PoP (2012)
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ST-FNSF has high P/R due to small R
Innovative Heat Flux Mitigation via Divertor Flux Expansion

Lower toroidal field of outboard divertor leg of STs facilitates heat
flux mitigation by divertor flux expansion solutions

Snow-flake X-Divertor: CREST Super-X: MAST-U

D. Ryutov, et al., PoP (2007) P.M. Valanju, et al., PoP (2009). Kotschenreuther, et al., PoP (2007)

Major mission of MAST-U is to investigate up-down symmetric
Super-X configuration. NSTX explored Snow-flake / X-divertor.
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H-mode / ELM physics: High Priority Research Goal
Unmitigated ELMs could cause PFC damage in reactors

Video images of MAST ST s in strongly shaped

plasmas showing a ELM regimes
filamentary ELM
structure. P.B. Snyder et al., PoP (2002).
—_— MAST
NSTX, PEGASUS (Type 1)

(Type D Strong shapi

Peeling
unstable

Ballooning
unstable

/

Weak shaping
Stable

N. Ben Ayed et al., PPCF ’
(2009). P ped

L-H power threshold
scaling extended for
low A

T
2 m= Degasus
A ST
10+ [} NU’\ST:;3
) M DIg”
@ 23
o 6 A AUG”
é ] A B
o o ouon®
3 2.3
“ . A Jreo”
ey @ — [TPA0B
1 T
J Conventional Tokamaks
ol | I | 1
1.0 1.5 2.0 2.5 3.0 3.5
Aspect Ratio

K.E. Thome et al., EPR (2014)

<1 MW and also in ohmic plasmas

« NSTX/MAST/PEGASUS accessed H-mode at very low heating power

 NSTX-U and MAST-U will provide H-mode access scaling for FNSF
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ELM Stabilization and Mitigation
Through application of lithium and 3-D fields

ELMs stabilized with edge pressure ELM mitigation with n=3
modification with Li in NSTX 3-D fields (ELM Coils) in MAST

Lth um deposited
{accumu I t ed) (mg)

‘fiﬁﬂilJudemlLl I 8 g ; _
LA 5 = / :
ﬁ”ﬁﬁL_U g e 2 E |
5l T T TV WY .
= |_ STt o —

120038 (P = 2 MW, increased D, puff) s
1 | {5355 — 0.2}
O ——— E
0.2 0.3 0.4 0.5 0.6 @ 0
i -
0

0
Time [sec]
D.K. Mansfield, et al., JNM (2009) 3 04L 27552+

(]
i .‘. ................................. . D.E = -
4 H-Mode | l l I II II“III ”I IIII I"” |||
: b pedestal : DD =i

0.22 0.24 0.26 0.28 0.30

Time (s)
_ i o - Increasing Type | ELM freq.
0.7 0.8 u[:\!? 1.0 11 0.7 0.8 ?p? 1.0 11 by X 8 (900 HZ) haS reduced
R. Maingi, et al., PRL (2009). heat flux A. Kirk et al., NF (2013)
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NBI heated ST plasmas provide an excellent testbed for a-particle physics
Alfvenic modes readily accessed due to high V> V,

« a-particles couples to Alfven-type mode strongly when V, >V, ~ B°°Cs

« V,>V,; InITER and reactors

 In STs, the condition is easily satisfied due to high beta

A prominent instabilities driven by fast particles are global and called
toroidal Alfven eigenmodes (TAE).

« NSTX-U will also explore V< V,;regime giving more flexibility

EP parameter space

Quiescent

TAE avalanche

0.8

TAEs significantly modified at high B as V,; == C,

Stabilization of TAEs at high B in MAST

o
-
o

mode amp., a.u.
o
o
on

E. D. Fredrickson et al., NF (2013)

O
%%
o o
o ©0 $
Og 090gf O
0 3] 10 15

0
Bt’ /'E'-" M.P. Gryaznevich et al.
PPCF (2004)
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“TAE avalanche” shown to cause energetic particle loss
Uncontrolled a-particle loss could cause reactor first wall damage

Multi-mode TAE avalanche can Progress in simulation of
cause significant EP losses as in neutron rate drop
“sea” of TAEs expected in ITER due to TAE avalanche
200 ' m— ] NSTX 124781 0.285
[ Frequency (kHz) 141719 7 50 n - | | | 2
150 m dS/S (tOtS.') m
; i e dS/S (lost)
—_— 40 ¢ dS/S (confined) T
10{)_
N
50:— E 30 - -
; 3 L] o
" O
a3 O 20+ -
42 Neutron rate (a.u.)
4.1 . .
0 i 10 E - \ =
= : : = o Exper. neutron
L - ) rate drop (%)
ai- Fastion loss rate (a.u.)
g ] oL 88 o@ ' ' -
0 1 2 3
il . Normalized Mode Amplitude
Time (ms) D.S. Darrow et al., NF (2013). E. D. Fredrickson et al., NF (2013)
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Helicity Injection Is an Efficient Method for Current Initiation
Coaxial Helicity Injection (CHI) Concepts Being Developed

CHI developed on HIT
and HIT-ll and transferred
to NSTX

/ Insulating gap
(Top & Bottom)

"f:)ol X Bor

Lower divertor
region

Gas Injection

+ somF
capacitor
= bank

R. Raman et al., PRL (2006)

Discharge evolution of 160 kA closed flux
current produced by CHI alone in NSTX

Current (kA)

250

200

150

100

o0

Z(m)

2006

Injector

current \ N ]
e~
' ‘

9ms

12 ms

- %

plasma current 120879
118326 |

Time(ms)

8 10 12 14

@ NSTX-U

PPPL Science on Saturday — NSTX Upgrade Opportunities and Challenges

78



Current Ramp-Up and Profile Control Crucial for FNSF
Major Research Topics for NSTX-U

Near sustained discharges

Efficient HHFW electron obtained with modest HHFW power

heatin_g due_ to high B, H-Mode
achieved in NSTX. 15 @) R
ngL
(1019m—2)
1 ol .‘ f : .
Outer ('_?a?) o) Outer Gap PFgu.F 2 Per
my | d mﬁ (MW)
1.6 urrace _(C} | | | | -]
02 RADIUS (m) S | :
% | Time (s) ~ %05
G. Taylor et al., PoP (2010), (2012) HHFW current ramp-up will be tested
iIn NSTX-U at higher power ~ 4 MW.
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Current Ramp-Up and Profile Control Crucial for FNSF
Major Research Topics for MAST-U and NSTX-U

| £TJ4J
T

_ . k¢.=~fl3 m- I
Efficient HHFW Prp=3.1 MW
electron heating Te (0.2485)
dueto high B, (keV) |
achieved in
NSTX. oLt f e
02 Rapwusm) 16
H-Mode

Near sustained [ ysTx _'_—4
discharges AT 1o
obtained with  n.L - A (keV)
modest HHFW "™ | / (10 B)
power.

ol="0 - |

0.2 |- P

2
Outer Gap M RF
m) | £ m\ (MW)

0

0
2

Surface
Voltage
(V)
0

0 Time (s) 0.5
G. Taylor et al., PoP (2010), (2012)

HHFW current ramp-up will be tested
In NSTX-U at higher power ~ 4 MW.

Off-axis NBI CD Required for
Profile Control Demonstrated in

P — _
1 (MA) MAST #18808 _

s )

[ Iysco+lss (MA) ]
02 ]
I Insco (MA) ]
O_Q,_. B e e e e e e 2

s Pij (MW)
1E

2B~
15- S, 10" (N/sec)
10f— D,=0 (m%sec)
5 — D,=0.5 (m*/sec)
0L EXP R
0.0 0.2 04
t(s)
M. Turnyanskiy et al., NF (2009)

0.6

Off-axis current drive for profile
control will be tested in both
MAST-U and NSTX-U with major
NBI upgrades.
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Helicity Injection Is an Efficient Method for Current Initiation
Local Helicity Injection (LHI) Concepts Being Seveloped

3-6 KA current injector array in Long-Pulse Startup Demonstrated
plasma SOL iIn PEGASUS with LHI
0.20p + vt v .
Taylor ' LHI Drive lelted
| Limited s ;
0.15}F : s .
1 rrrrrrrr I s
BEARERE - !
= 0.10F . -
- 1 A
1
P 1
0.05F & .
¢ 1
1
1.0 ] 1 Iinj
8 ’[’ld'l'l‘1 O_OO...I.T...I.... —
00 02 0. 0.6 0.8 .0 20 25 30 35
Ry (M) J. O'Bryan, PhD. Thesis, UW Madison 2014 Time [ms]

Improving predictive capability for both CHI and LHI

CHI and LHI startup to be tested at higher current ~ 0.5-1.0 MA
in NSTX-U.
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Merging Start-Up Yielded High Current STs
Rapid ion heating observed from magnetic reconnection

Merging-compression start-up in MAST

Ip[MA]

5
L
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B g
\ o:g @2# {fﬁ

0.6 |
0.4 | :
I

Ultra high B STs
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]
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Ty
B
B - |
q'—_'zj
Jor'
-}

|,
s 0.2 | I prodgced _by
. 0.0 bemmt = —1" — | . mergings in TS-3
) time[ms]
A. Sykes et al., NF (2001) Y. Ono, et al., this APS Y. Ono, etal., NF (2003)
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NSTX has accessed A, B, k needed for ST-based FNSF
Requires fgg 2 50% for plasma sustainment

fes=lgs/ I, = Cgs By / A% = (Cgs/20) A%® q* By o« A0S (1+k%) B/ By

3.5 T T T T T - X .
[ STPllot | 3 A & , _ oSTPlot _ _ 3

[ o ORNL CTF (2005) PP ] 6 : £ a8 DHHIECTF{ESEEEH EFJF’F'U f

I OORNLFNSF 1™~ "GaTrr ™ : y i
3.0~ (2008) E ® o010 E‘ £ 5E o By A GJIlélt1::1il.}|-|: :—
Y i Al I - a , & |
. - : :'_'..' ..'. B _ 4 ;_ 3} P;JETX u F
AR © CH : Culham [NSTAU__ 3
g M o Operallig ~ ™~
3 3 & a A AA pace E

2 ||||||| bl |4 ||||||||| Lol 111 (NN [N L

13 14 1.5 1.6 1.7 1.8

S.P. Gerhardt et al., NF (2011)

NSTX achieved fz5 ~ 50% and f, ~ 65-70% with beams
NSTX-U expects to achieve f,~100% with the more
tangential NBI (~ 1.5- 2x higher current drive efficiency)
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Operating ST Research Facilities Since 2000
NSTX and MAST: MA-class STs, Smaller STs addressing topical issues

NSTX{ USA PEGASUS, USA 2 LTX/CDX-U, USA = GLOBUS-M, Russia MAST UK

ﬁl PEGASUS '-“‘-'i.; MAST L ot o
iNSTX/LT%(TZS(HTS) *

Ly e \
\ g2

* STs operated since 2000
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MA-Class ST Research Started in 2000
Complementary Physics Capabilities of NSTX and MAST

NSTX Complementary Capabilities MAST

0 shiding |olnts

Passive Plates Large divertor volume
Heilicity Injection Merging/Compression
HHFW ECH

1x6 RWM Coils | 2 x 12 ELM coils

Similar Capabilities

NSTX MAST
R=85cm R =80cm
A=213 A=213
k =1.7-3.0 k =1.7-25
B =5.5kG B; ~5.0kG
I, = 1.5 MA I, < 1.5 MA
V, <14 m3 V, <10 m3
Pwe = 7.4 MW | Pyg =4.0 MW

Comprehensive diagnostics
Physics integration
Scenario development

M. Ono, et al., IAEA 2000, NF 2001 A. Sykes, et al., IAEA 2000, NF 2001
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