Electron Temperature Evolution During Local Helicity Injection on the

Pegasus Toroidal Experiment

D.J. Schlossberg,

J.L. Barr, G.M. Bodner, M.W. Bongard, R.J. Fonck,
J.M. Perry, J.A. Reusch, and C. Rodriguez Sanchez

H 8l 58t Annual Meeting of the APS
W “ Division of Plasma Physics

San Jose, CA
November 1, 2016

PEGASUS
Toroidal Experiment

University of
Wisconsin-Madison




%) Pegasusis a Compact, Ultralow Aspect Ratio Spherical Tokamak

Research presented here includes:

« 1t Thomson scattering T.(R), n,(R) in LHI
plasmas

Kinetic measurements for high B,

LFS Local
Helicity
Injectors
HFS Local
Helicity
Injectors

Experimental Parameters
A 1.15-1.3

R(m) 0.2-0.45
I, (MA) < 21
K 14-37
B: (%) <100

Thomson Diagnostic Layout
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E@ |, Projections for LHI Depend Strongly on Electron

Confinement Scaling

0-D power-balance model' predicts

I,(t) from Local Helicity Injection (LHI): NSTX-U: Projected |, Scaling with V
1 O ............................................................... — =1
_ ITER- 97|_ ’ R RR Stochastic
ol VintVirtVinp [ = 0 0.8} Scaling | - I _/Scaling .
| l 5 5, ; e
|—>oc T -3/2 < ' <T> 150th ___________ <T,>= 75e ........ -
e 2 ‘/ ,// =
— (R [— B>t B i
Projected T, 1, may vary it P R e R S _
— Helicity drive dominates (Vi i >> VinD) : ‘,/
_ Inductive drive dominates (VLHI<< VIND) . i I [ Lo Lo =
2 3 4

_ _ _ _ Normalized V|,
Exploring T, behavior as dominant drive

method varies
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E@ LFS Local Helicity Injection Produces Core T, > 100 eV

. Plasma position and shape evolve Peaked T¢(R) while Connected to Injectors
. . Connected Disconnected
inward from outboard injectors 150F l 23 0md] F l 24.2 ]
- Shape evolution generates V\p {- #ﬁ-
- Vo > Vi during high-1, phase < 100f 'P; T 1t ., -
G = % 2
— 501 - 1r + -
« Peaked T.(R) during drive phase 0k
(connected) 0
- Not strongly stochastic — 15F
- After disconnect radial compression <§E 107
drives skin current — .05¢

« Coren,>10"m=3, T, 2100 eV
provides target for subsequent CD

O =N WO
T T 1 [T

System
Voltages (V)
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6D T, (Rmaj;t) Remains Peaked for LFS LHI when Vo Small

Te(R) > 85 eV with majority LHI-drive

. Same injection location but static, 150 . 23.03ms] | . 28.03ms]
circular plasmas at large R, — 100
— Lower performance due to shape %
constraints o
— 50
* V=0, T,(0) ~80 eV 0
—~ .15
. . < 0
«  T,(R) remains peaked while < o5
driven solely by edge LHI = 0
S 3
A — 2 -
pEg O 1
(g‘ ‘g O | | | |
?3 20 25 30 35

Time (ms)
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éjﬂa HFS Injection Gives Peaked T.(R) for Sustained, Highly

Elongated Discharge

150

T.(0) = 100 eV > 100

n, increasing to ~1.2 x 1019 m-3

T., n, comparable to Ohmic = 0.05
plasmas in Pegasus ~

|

[ [ [ [ [
1 VLHI .
______________________________________________________________________________________ -V VIR oo

N\ //—’—"“/"'—/_”_VWD |
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V y-driven throughout

System
Voltages (V)
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E@ LHI Plasmas Provide Targets for Subsequent Current

Drive Schemes

LHI-to OH Handoff Examples

i : : ” Pre-Thomson Scatterin
»  Coupling to aux. drive is sensitive to ( 9)

|, ramp-rate:
— J(y) too hollow: ineffective coupling

— J(y) too peaked: MHD unstable

«  Pegasus aux. drive = Ohmic

- Upcoming campaign: characterize
T., ne through LHI-OH transition

35 40

20 25

Time [ms?o

D.J. Schlossberg, APS-DPP 2016, 7/10 w




HFS Injection at low TF Provides Non-Solenoidal
Sustainment at High Iy

 HFS LHI development campaign 1207 | | |
provides unique operation space < 80
— Low kg ~0.6 |, _Q48T |
— Iy = 54-2 > 10 accessible ?5 60— ' ' ' — o
ITp - T
— 30; 5 ]
_& 0'_ 1 L ‘ !
- Enables high [, access’ 18 22 v 26
__Time (ms) \
— Aided by anomalousion heatng = .7 _ \ _
T T T T 150 T T T T
- 1.5} Hﬁ : T,
L . £ <100} .
- Kinetic constraints on_ 2 10 4 . 5100 " i;i;*gﬁg
magnetic equilibrium fits? = . T
Z 0.5f 1 507 5 1
— Pit(0) = a¥
— Edge location defined by T, profiles O'OO_ — o7 " o8 S E—
Rmaj (m) Rmaj (m)
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6?9 LHI-Produced Plasmas at low B; Provide High [3;

- Sample magnetic reconstruction at » [3; for sustained, low-{;, high-x,
t = 24.5 ms, using kinetic constraints LHI-driven plasmas
I L Equilibrium Parameters 120 , ' '
Shot 87332, 24.50 ms v i NA
I, 102kA R, 0.317m 1001 | = Sona rokamas A A
B 0.95 a 0.263m Pegasus Helicity Injection _ JAY -7
022 A 121 — 80 |2 Coman ¥ PN=6.5 70T
B, 0.45 Kk 26 o~ S | A Sesd Magnet. RS
W 545 5 054 ~— 60y e A
By, 0.0249 T 7.24 enl e
T0 Qgs 40+ > BN = 4
20¢ : © o© -
-4 O
O |
0 5 | 10 15
L | L | L | N
0.0 0.4 0.8 1.2
R[m]
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6;@ LHI-Driven Plasmas Have T,(0) ~100 eV and

Provide Access to High [3;, High |y Operating Space

Local Helicity Injection (LHI) sustains ~100 eV T,, moderately-high n,
No strong T¢(Ry,) dependence on LHI location and ratio of LHI-to-inductive drive

Effective startup target for direct OH coupling (Pegasus); Future to NBlI (NSTX-U)?

Very high B; confirmed by kinetic measurements

D.J. Schlossberg, APS-DPP 2016, 10/10






é;@ Backups: Taylor Relaxation & Helicity Balance

Backups:
Taylor Relaxation &
Helicity Balance




Physics Models Provide a Predictive Understanding

for LHI Startup

Taylor Relaxation Helicity Conservation
1. Taylor relaxation, helicity A B
conservation I <1 Il V. o D2y,
—~ Steady-state maximum I, limits | 7~ " w H ||
2. 0-D power-balance It) L[ Vi +Vig #Vap | =07 1, < Iy

— V| for effective LHI current drive

Reconnecting LHI Current Stream

3. 3D Resistive MHD (NIMROD) I

— Physics of LHI current drive
mechanism

DK5%k

D.J. Battaglia, et al. Nucl. Fusion51 (2011) 073029.
N.W. Eidietis, Ph.D. Thesis, UW-Madison, 2007.
J. O’'Bryan, Ph.D. Thesis, UWN-Madison, 2014.

RJF IAEA FEC2016 J. O'Bryan, C.R. Sovinec, Plasma Phys. Contral. Fusion 56 064005
19014)




Helicity evolution and related plasma current

depends strongly on T,

* |In a tokamak, fields and currents are oriented such that helicity
injection drives toroidal current:

dK
— = 2V v — 2 55 ®B - rd’x —2/77.] -Bd®x
dt SN—~—
AC helicity S L, .
injection DC helicity injection dissipation

- Formulation analogous to Poynting’s Theorem for energy

» Helicity dissipation term depends on resistivity?!, which in turn depends on T,:

ml/2e?In A

= (0.01
3e2 (271.)%/*

(Sp) __
(/- 0. 517166276

« Thomson scattering will be used to quantify T,, and thereby helicity dissipation

1Spitzer, Lyman, Jr. et al. Phys. Rev. 1953.

D. J. Schlossberg, Preliminary Exam, Fall 2014



Helicity is a conserved quantity in magnetic

systems, and directly relates to current drive

Poloidal flux

/

» Helicity describes linkage between magnetic flux
tubes:

K = /A-BdV

« Helicity is conserved on resistive time scales even Toroidal flux
when magnetic energy is not

« System’s minimum energy state, given constant helicity constraint, can be
represented by:

VB = )\B

- A represents system eigenstates (“Taylor states”)
- Unstable systems relax to this minimum energy state

J.B. Taylor, Phys. Rev. Lett., 1974.
Woltjer, L., Proc. Natl. Acad. Sci., 1958.
Brown, M.R. et al. Geophys. Monograph, 1999.

D. J. Schlossberg, Preliminary Exam, Fall 2014



Backups: Power Balance Model

Backups:
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Power-Balance, Taylor Relaxation

Applied to Predict LHI 1,(t)

0-D LHI model predicts | (t) based on lowest of two limits:

- Poynting’s Theorem at plasma boundary sets |,(t):

J( B,
Ly, - [l 2| 2

dV + 1§Rp -1V,

2,
Plasma - Resistive Non-inductive
surface- Internal magnetic  pijssipation current drive (LHI)
voltage energy storage

- Taylorrelaxation limit strictly enforced as maximum |,

J.L. Barr, APS DPP 2015



Power Balance Model Incorporates

Analytic Plasma Inductance Formulae

I [V Vi &—E+VL_M]=0

‘ g ' Analytic low-A descriptions of L,", B,”
VIND
V =_Ei[lp ]z_i[M J'L’RZBV ] Vo = g
PF dt PE ot v 0 Ry LHI — inj
coils 111
W, { LoL, 1, __}
4R, OR 2 g
. <77 it >2ER0
(1_8)2 c(e)=1+098e”+049¢* +147e°\ |V =] R =1 Spuzer
M, (e,K)= - IR p-p p A
(1-2) c(e)+d(enc  d(e)=0.25¢(1+0.84s-1.44¢7) .
dl 1df1
Vi == [L1,)=-1, 21, % Ve, == LT
¢ dt dt " dt g " T di\2
| a(e) = (1+1.81J +2.05¢)In - P -
L, =u,R, ale)1-¢) ~(20+925Ve +1.21¢) ¢ =—L L
1-¢+Kb(e) b(e)=0.73\e (1+2¢" - 6> +3.7¢°) 4oV,

* S.P. Hirshmanand G.H. Nielson 1986 Phys. Fluids 29 790
** Q. Mitarai and Y. Takase 2003 Fusion Sci. Technol.
S. Ejima et al 1982 Nucl. Fusion 22 1313
J.A. Romero and JET-EFDA Contributors 2010 Nucl. Fusion 50 115002
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0-D Model Takes Plasma,

Injector Parameters as Inputs

Initial condition: I(to)=I7

0.8f §
» Shape(t) 'S 0.6} \\ . 1.0 T
= 0.4} _
- RO(t)a a(t)1 K(t)a 6(t) o O.:— i
— Vertical symmetry 0.0
1.0
<n>(1), 4(1), By(t) ol :
B » Mp < 0.6F -
0.4 _
— Constant<n> assumed 0.2} \ |
. 0.0
« Spitzer o
- = — 0.8} -
Bp=0 . < 0.6} _
— ¢{ dropping: 0.5 > 0.2 2 0.4} |
> 0.2}
, 0.0 — 1 1
 Injector Inputs: 20 25 30 35
T
= A1), Vini(1), Ri(1) ime [ms]
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ShapeFIT: Fast Boundary Reconstruction

Code Provides Shape(t)

Filament Model = KFIT Equilibrium

* Plasma treated as 4-6 o ©oF
filaments
— Positions, currents fit . " . >
to magnetics ~ 50 ~ 00
-o.s—: -0.5
- Wall currents modeled
-1.01 - 1.0t
— Same modelusedin T o T 00
KFIT equilibrium code e
E‘ 04- 1 T 1 1 1 1
. . — 0.2¢ SKFIT
- Validating against o€ olenaperlT
reconstructions € 0.25F g ]
- Ry 1.5cm " 0,008 :
- a+15cm ¢ p! - T
0.0 1 1 1 1 1 1 1
- K+ 15% 18 20 22 24 26 28 30

Time [ms] 65673
- -+ 0
J.L. Barr, aPs DPP 2015 O = 29%




Power Balance Model Provides

Predictive Tool for I (t)

« Model reasonably recreates |,(t

Ip[VLHI+‘/IR+‘/IND]=O 0.20 y p()
- i LN DL LR DL ' L ' '.' L | i
— V. effective drive :LTi:1)iI'IcZ:i: LHI Drive Limited -
. o 0.15F ' -
— V|g: resistive dissipation = [ ' ]
L 1 i
— V|\p: analytic, from shape(t) Z, 0.10F : ]

— Taylor relaxation limit: |, < I - 0 055 : <T.> = 60eV
0 : lip;
0.00 L e,
20 25 30 35
Time [ms]
Shape = e
Evolution 2 ' «
lh) 1.2F -
(@)] 3 E
s ofr ]
> 0.4 b .
[ £ ; 1
0.0, '015' - % 0o RN R : " "
R [m] ) 16 20 24 28 32 36

Time [ms]

* V\np dominates current drive

Eidietis et al., J. Fusion Energ. 26, 43 (2007)
S.P. Hirshman and G.H. Nielson 1986 Phys. Fluids 29
790

O. Mitarai and Y. Takase 2003 Fusion Sci. Technol.

RJF IAEA FEC2016 Battaglia et al., Nucl. Fusion 51, 073029 (2011)




Understanding Confinement Scaling in LHI is

Critical for Predicting to NSTX-U and Beyond

NSTX-U: Confinement Scalings

- Rapid improvement with Vg, 1.0 ] T
i ITER-97L v’ =
under favorable scalings 08 3ca|m4 7 1000y
— Possible reduction in injector < 06 F
requirements o 04 /"’Stochastic
0.2 —ff F —
0.0 el T . <T.>F30eV

0 1 2 3 4
Vnorm = Nininnijias/ Rinj [V'm]

Current projections: 1,~1 MAon PEGASUS:V i y<Vinp  NSTX-U: Vi 4~ Vino
g —r—TT 1.6 T | —
NSTX-U accessible _ 0.3|PeGASUS : 1 2 ENSTXU A
<EE 0.2F . 0.8k Projected 7
':;_0_1 / 0.4 I
0.0 0.0k
= 2.0 -
2 1.5FVun Vi 8 _
. % 1.0F 4k
«  Will need V|_H| ~ VIND Z osk Vino
— Confinement studies needed ;3),0_0 [ o777\ |
when sustained by V 0O 4 8 12 16 0 20 40 60 80 100
Time [ms] Time [ms]
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LHI Provides Access to High-r at A ~ 1 with Non-

Solenoidal Sustainment and Anomalous lon Heating

Initial Exploration of High-B+ Space

120
. Equilibrium reconstructions estimate Bt (~<P>/B1?) Operating Spaces
m NSTX JAY N
_ H i 100} | m START -
Matches external magnetics, P,,(0), and edge in T,(R) O HighA Tokamaks . AC
s
- Includes anomalous Ti(O) Pegasus Helicity Injection A, -7
80 | @ ConstantTF BN = 65 PR -
—  Some caveats for these initial results A TFRampdown PRSPRTA
= ® . A Kinetic Constraint PR @
Assumes closed flux surfaces inboard of injectors S, sok Lo A Scaled Magnetic P
Role of SOL edge current - g - @
”
Magnetics-only reconstructions scaled via comparison to P
those with kinetic constraints 40 - 4 BN = 4'
-
Need full kinetic profiles in future .4
201 O 0 .
s O
. . . . 0 1
. High Bt plasmas often terminated by disruption 0 5 10 15
IN

— n=1,low-m precursors

Equilibrium Parameters

. . Shot 87332, 24.50 Undo 72
. Expands accessible high Iy, Bt space for tokamak © ’ ms, Lndo
stability studies at extreme toroidicity 102 kA Ry 0:317'm
B, 0.95 a 0.263m
—  Campaign underway to document, extend to higher I, 4 0.22 A 1.21
- : B, 0.5 K 26
— Improved LHI injector hardware to increase |,, B¢ W 545 5 054

access
Bro 0.0249T  qgs 7.24
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Reconnection-driven lon Heating

Gives T, > T, During LHI

lon heating correlated with high frequency MHD
fluctuations, not with discrete reconnection

«  Impurity T;(0) ~ 100 — 500 eV > T, routinely between helical streams
observed during LHI
ring z wl@® | | I I N
«  Continuous ion heating from reconnection - 0 ' ' ' '

between collinear current streams

— No effect on current drive efficiency

— Significant ion heating (~ few 0.1 MW)

------
______

lon heating consistent with

2-fluid reconnection theory
300 | | | |

()

250_ . Ti,J_ -
0 Ty

200 |-

150 — —

He-Il T [eV]

100 |~ —

- L —
50 o, &

Iinj(vinj)1/2 [a.u]

Time [ms]
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