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%)  LHIPathto High /, Startup




LHI is a Promising Non-Solenoidal Startup Technique

Injected Non-Solenoidal, High I,, < 0.2 MA (1,,; < 8 kA)
Current Stream
0-25 I " 1 ' T T T
——Plasma Current
3. 0.20f —In?esczrc]c?r Cuur:f;nt )
LFS System < O0.15F .
=
HSySte Local —  0.10} 1
- = . . —_
Helicity
Injectors 0.05F §
0.00 === I : I

16 20 24 28
Time [ms]

PEGASUS Parameters

«  Edge current extracted from injectors

A 1.15-1.3
R [m] 0.2-0.45 « Relaxation to tokamak-like state via
[, IMA] < 0.25 helicity-conserving instabilities
Br[T] <0.15 _
Atgoi[s]  <0.025 «  Used routinely for startup on PEGASUS
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% Hierarchy of Physics Models Contribute to the Understanding
04

of LHI Startup

1. Taylor relaxation, helicity conservation Taylor Relaxation
— Steady-state maximum [, limits V xB = MOJ = AB
» I, < L Prlmg
A=A Bo+v,inj/Ip 2TRinjWin;
2. 0-D power-balance I, (t)
P Helicity Conservation
— Vy; 1s effective LHI current drive
— V,np 18 net drive from PF, shape, I, and L changes Ip Rp < VLHI . Am j Bt,in j Vinj
Yr
3. 3D Resistive MHD (NIMRQOD)
_ Physics of LHI current drive mechanisms Taylor Limit Constrained Power Balance
J.L. Barr, et al. Nucl. Fusion Nuclear Fusion 58, 076011 (2018) Ip [VLHI + VIND + VIR] — O ; Ip S ITL
D.J. Battaglia, et al. Nucl. Fusion 51 073029 (2011)
N.W. Eidietis, Ph.D. Thesis, UW-Madison (2007)

J. O’Bryan, C.R. Sovinec, Plasma Phys. Control. Fusion 56 064005 (2014)
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@) Path to High /, Depends on Choice of LHI Injector Geometry

)

LFS HFS
e Pros:  Pros:
—  More physical access = retractable helicity — Increased Vi for same injector system (V,, 4;,j)
SOULCes — Passively stable radial position
— Added poloidal field induction
—  Geometry allows for large 4, e Cons:
— Less prone to PMI

— Reduced physical access

—  Simpl 11 ' C . : :
Simpler null formation —  Space restriction in lower divertor region

—  More PMI prone
« Cons:

—  Less Vi for same injector system (V;,;, 4;,)

—  More difficult null formation

—  Passively unstable radial position

PRESENT APPROACH: LFS LHI provides more attractive path to high /, startup
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LFS LHI is the Focus of Present PEGASUS Operations

 PEGASUS Operations to develop URANIA scenarios

— Validate LFS /, scaling
» Increase early phase Taylor Limit
« Non-circular, high A, injector design testing

— Electron confinement and impurity studies
* Moving to high [, LHI development in URANIA Experiment

— URANIA: upgraded PEGASUS for general non-inductive startup development

« Developing NSTX-U Startup in URANIA

— High By =2 I, confinement scaling, and injector technology
— Shape and V;;; control
— Expanded diagnostic capability

— Advanced (large scale relevant) injector design
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a} 0-D Power Balance Model

Insights



0-D Power Balance Model Incorporates

Analytic Plasma Inductance (¢, ¥pr) Formulae

[,(t) determined via numerically solving initial value problem

Inputs: shape(t), (n,), Li(t), B, (1)

VIND + Analytic, finite-A descriptions calculate ¥, _, ¥ »r assuming radial force balance

Inductive Drive from Poloidal Fields

Plasma Magnetic Energy Change

6 B 10 V
1[' - TR |4
PF = [1 My 0( Ip)] Y = 75 2Lilp] = Verr L = poli —5

1 {16Le+( +li) 1} I B2
(1—¢)? PP
(1 - e)zfc + fd\/_

(Bp/,p) from Miller local equilibrium model
Shape, Bt, qeqge dependencies

Resistive Dissipation LHI Drive

Ny )27R
ViR = IpRp = I << pil O)

AinjBginj

fq = fitting _
. Vibar = w Vinj
T

function

p

J.L. Barr et al., Nucl. Fusion Nuclear Fusion 58, 076011 (2018)
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6},} LFS LHI Dominated by V\p, V,, Drops as Plasma Grows

. Tvpical LFS Geomet Taylor Limited LHI Drive
Taylor Limited Phase Y vortion ) Phase Limited Phase
+  Small, outboard limited plasma || Tmeewutonoricrs: | 0.2 ' i
~ Low Taylor Limit — — Data !
ow Taylor Limi 05l < e
— Ample Drive = 0.1 |
S z ool  oo="r L
Drive Limited Phase ~ ] > 2 - Yo
. s T Vi
« Plasma expands inward = |
I Vv
—  Taylor Limit increases 0-5r § -2r ) , — |
— Vg decreases : : 20 25 30 35
—  Vnp dominates 0_-0 T T osm - Time [ms]
R [m]
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¢ 0-D Model Reproduces /,(t), Taylor Limited in Early Phase

0-25 I 1 1 l 1 1 1 1 I : 1 1 1 1 I 1 1 | 1 I 1
« Model reproduces experiment Taylor . LHI Drive
0.20 Limited + Limited
—  Assumed constant (1,,) ' :
—— Taylor Limit| !
— Constrained shape evolution — (65358) |
015 !
— Experimental injector parameters <z( IO-D Model |
=, — INJ !

0.10
« Two-phase /,(f) evolution |

— Early: Taylor Limited

— Late: Drive Limited

0.05

1 [
| I I B . .

20 25 30 35

1 L1
L 1 1 1 L 1 | I I |

0.00

Time [ms]
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6;,} Model Inisghts Provides Strategy Towards Scaling to Higher I/O

* Increase net poloidal flux in early phase to provide more V-sec during
shape evolution

* Increase Taylor limit in the early phase of the discharge

* Provide sufficient V., to drive system up to early phase Taylor limit
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a} Validating URANIA Operational

Scenario on PEGASUS




Eﬂ) Taylor Limit Increase Early in LFS Discharges: Access to Higher /,

- LFS discharges experience an extended Taylor-limited /, phase

« Increase Taylor limit through injector design or facility modifications I, ~ \/

Increase Iy,

Ainj = 16 sz, Vinj = 1 kV y ITF = 288 kA y Winj = 2.83 cm

I, [MA]

18 20 22 24 26 28 30 32 34
Time [ms]
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0.40 | | | | | S |
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0.25 =115 MA
0.20 <
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0.05F
0 3 I I I I I I I
18 20 22 24 26 28 30 32 34

Time [ms]

(Present)

ITrling
WiNj
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inj
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E;} Experiment Tests Early Taylor Limit Scaling Through /- Scan

» |njector parameters matched « Comparable Shape Evolution
Ar T T T T T T T T T
3} -
<
—L_ 2 - -
= L —
0
1.2
'_>: 0.8-
:5 0.4
A
50
> — It = 288KA
= A0 | = 144KA
o2 30k |— hFr=72kA
5% 20 _
o= — 103250
S 10 — 103394 _
S — 103366
0 1 I 1 I 1 I 1 I 1 I
18 20 22 24 26 28
Time [ms]
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Early Phase /,(t) Exhibits /- Scaling

|
— 103250 — |t = 288KA

100 = — 10358 e = 144kAT
» Higher performance achieved I = 72KA |-

as I;r increased 80

. Behavior_ similar to model
expectations

— Modity early phase 7, via I

— Higher performance at end of discharge
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%) Early Phase /, Scales with \/I; as Expected from Taylor Limit

« Consistent with comparable
plasma shape evolution

A

 URANIA scenario utilizes this
scaling to achieve higher /,
performance

J.D. Weberski, APS DPP 2018

100

T T
N ITF = 288kA
- - - lte = 144KA: Scaled |, (vV2X)
- - - ltg = 72kA: Scaled I, (2X)
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g2 Dissipation in LFS LHI



£ Inductive Reactance is the Dominant Contribution to Net
I\

Plasma Impedance

% 1: \'/Anti'_drivei L e Vanti—darive = Vig + I/Lp,li,

g 6 . Resistive dissipation

i 4 : - Vpi~1-2V V=1 ((np>2ﬂRo>
*&i 2 5 —  ~40% of V-s P

i _800 ] IJ | ll ) L i J — Assumed (T,) = 70 eV

é _605_ IV angiarive Gt — Assumed Zy s Mpeo = 2.85

é 40:_ WV, idt .

= * Inductive reactance T

§ -20f et — Vg ~46V Vi iy = ~Le g0
: 01-6 T 20 24 28 3'2- — ~60% of V-s

Time [ms]
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Similar T, Profiles at Different /- Levels

- - 200 —rr—— — . -
- Similar (T,) = similar (nspirzer) 25Mms I __ I
— Assumed constant Z4 < 150F | % M {' L
2 100} l H ] J_[} b -
of TR T eyl T
80} : i O 1 i PR T | 1 1 .
' : 200 ————— —— .
g 6or : 11 27ms )
- 40- : __ 150f 1 1 } -
- = ' .
[ 1o L 1 - T .
20 o - ” IL H-;‘;;EL }
o= e 50_“ } e }H
20 25 30 35 OE}
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Peaked T, Profiles when Coupled to Injectors

Inductive-Drive Dominant T¢(R;;, t)

Majority Inductive Drive in Later Half of Discharge 1°0F22ms '+' ] '23'-0'*'? H; 1] [22me 280ms T )T
150_Ip(kA) ' B N §100 - -}3#{'?@ 1t ‘ ﬁ 1r # 4
100F . g N % fé@hﬁﬁi %ﬂ o
| BRI Y|
ok 4 | | |
1.0 ° 30 40 60 8 20 40 60 8 20 40 60 80
Rmaj (cm) Rmgj (€M) Rmaj (cm)
0.5
0 I System Voltaglges V)
1'0_ 4 Vlﬂ\/—"’
0.5 Vi
2l
oL L £ Vinp
5FMHD (V) ' ' : 0
0 18 20 Tim§2(ms) 24 26
-5t 1 - T 1 1 i
16 18 20 22 24 26 28 30 « Model consistent with measured (T, ) and typical
Time (ms) Mp e
Myeo = 2 @and Z,¢r ~ 3 for PEGASUS
I ~ 288 kA

—  Zand helicity dissipation are under active investigation
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a} Scaling LHI toward NSTX-U

Startup



Eﬂ) Model Applied to NSTX-U Geometry for Initial [p~ 0.8 MA Scenario

4 TR PR R B & 10 T | I — T 1 T 1 T 1
Ryt 1.37 ->0.94 1« 1->2.4 1 N LI N RN L — L I Y A v e o
| A 695156 5003 ] 0817)--- m::;::: . 2. 2 B ::::Zi:: Z3 ]
N \ Ter 150 eV ] 0.6 |- |— Taylor Limit é 5 :V'R _
[ £ 05 < 3 C VN i
: : = 0.4 S 5 ]
1+ — - & 0 7
: ] 02 === 2 ]
_ 2 B i
- - 0.0 | I 1 1 | I 1 1 1 I 1 1 | I 1 1 1 _5 1 I 1 1 | I 1 1 | I 1 1 | I 1 1 |
] 20 40 60 80 100 20 40 60 80 100
a Time [ms] Time [ms]
|_|O B ]
N ; - 1,~ 0.8 MA achievable with reasonable LHI system
] —  Brpg @ full size (100ms)=1T
AF ] —  <T>~150eV assumed; M,,,.= 1.3; Z = 2.5-3
: Amjl/mj =20 kVCmZ; Im] =20 kA
: ] « Important physics and technology questions remain for projection:
2y by by
00 05 1.0 1.5 20 — Confinement and current drive efficiency scaling to large size, high Brp

R [m]

*C. Neumeyer et all (2009) 239 IEEE/NPSS Symposium on Fusion Engineering

—  Low V,,; at high V;4; for PMI control

J.D. Weberski, APS DPP 2018 23 WLSC6NSIN w

AAAAAA



¢

URANIA Experiments will Test NSTX-U Startup Scenario

 Physics Tests

Scaling to [, ~ 0.3 MA

Model projection for next gen. LHI system

Apj=16 cm’, Vi =500V, I, =8 kA, W;; =1 cm

0.50 [ | | I I I F r &

Increase BTF ~ O.6T | — ITF = 288kA (Present) S &

: : . F|—— Iy = 576kA
Validate high 7, through early Taylor Limit increase 0400 | 1 1s5ma
Demonstrate high V', at low V,,, — 030 = { Target
E o ‘\\“‘ \‘s\“‘ “\\“ -
« Technology Tests - 0.20

Low Vy; = Avoid PMI 0.10

“Slit” injector design on LFS
0.00

Removable single port injector access
V.,;(t) control
Active injector gas control

Long pulse operation
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Non-circular, High-A;,; Helicity
Injector Rendering

ngh Alnj = ]6 sz
Low W,,; = I cm aperture




6;,) Near Term PEGASUS Experiments to Establish URANIA Operation

Push injector current density limit Non-Circular, High-A;,; Helicity Injector Renderings
Jinj > 1kAxcm™2

Annular

—  Control neutral particle density = maintain V, A"?;ie gas
ee
. . W Frustum,
- Test non-circular, high A;;; LFS system Shield: Mo
Rings
- Thomson scattering documentation of typical LFS LHI oS Distributed Gas
scenario Electrode Manifold

— Investigate electron confinement behavior

« Ohmic operations
— Taylor limit scaling
—  LHI = ohmic handoff

High A,; = 6 cm?,
Low wy,; = 1.6 cm

Aperture  the un 1yeRsiTY
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)

6) LFS LHI Provides a Path Toward Scalable, Non-Inductive,
1)

High /, Startup

- Path to high /, depends on increasing Taylor limit early in discharge

I7r scans demonstrate higher /, with increased early Taylor limit

— Controlled shape evolution, injector parameters, and resistive dissipation

URANIA Experiments will test NSTX-U Startup Scenario
— Scaling LHI to higher /,, By

Planned Experiments on PEGASUS to develop URANIA operation scenarios

— Testing non-circular injector design, high J;;, ;, confinement studies

Work Supported by US DOE grants DE-FG02-96ER54375 and DE-SC0006928
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