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Goal of FRC Turbulence/Transport Studies:
Active Profile, Boundary, and Transport Control

Advanced
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Outline

" Introduction

" Experimental fluctuation/turbulence studies
in the C-2 FRC

" Gyrokinetic Modeling: FRC core and boundary
fluctuations

" Critical gradients, core/SOL transition and
barrier effects

" Summary
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FRC Geometry / C-2 Parameters

Separatrix (R,) Scrape-off layer

B-Field Null (R) / Typical C-2 Parameters
Core rcooe
FRC Core SOL

Plasma ,

Density 2-4 0.5-2

(1019 m-3)

T, (eV) 600-1000 <250

T, (eV) <150 30-80

B, (Gauss) <1200

_ Sep. Radius 35-45
(cm)
B Neutral <4 MW

Solenoid caoill ez
(External B-Field)

Beam Power
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FRC Radial and Parallel Transport

Scrape-off layer (SOL): From continuity (particle conservation:)

Radial and parallel _ _ —
Transport (along z) \ V”(nvl.)— V() | TII Ty

Separatrix

’CH_1 =(t,InR,,)"

Radial Gradient scale length :

7l li(,,Dr 13_") L, =D, InR,

If D L depends on Ln It parallel and
perpendicular transport are coupled
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Schematic and Principle of Doppler
Backscattering Diagnostic (DBS)

FRC Plasma

ee\k ®

Be1ez

Confinement - . =) Ok
Vessel OCUSS|ng = __
Mirror T ;K| Ws=Wj-KeVEXB
26-40 GHz Horn antenna ks=ki-Kg
A/n: local density fluctuation ExB velocity from Doppler shift of back-
S0 T L scattered signal: Wpoppier = Viun Ko~ VexaKs

- here kg~ 0.5-12 cm™* (kgp,~1-40) D> Vig~ Oponorer/ 2K;
X oppler i

L. Schmitz
THE POWER OF INGENUITY Norman Rostoker
Memorial Symposium

O TRI ALPHA ENERGY




Radial Density Profile and DBS Probing Radii

-60 -40 -20 0 20 40 60
f X (cm)
MW Launch

" DBS: 6 remote-tunable channels
(co-linear beams), probing the FRC
core (outside field null) and the SOL

" Beam path calculated via GENRAY
ray/beam tracing, based on
reconstructed (CO,) density profiles

r-Rs (m)
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Density Fluctuations Peak Outside Separatrix
Very Low Fluctuations in FRC Core

Doppler Backscattering FIR Scattering

..................................................... 0.5 prrrprrrrrerr e e

[ 240us (HPF) ‘ é

1 300us z :
0.15:480lus 0.4 _ o

L 730us
=1 ' 900us : 03 F E
&, 0.10[ 7 ome
£ | I % o2t
c - 5 ]
! j 0.1 kps <4 :
O [ ........................ - O 0 g llll B v b FEEEEREEE EEENEREEN g

30 20 -10 0 10 20 20 -10 0 10 20
mes-Rs (M) 'mr —Rs (cm)

B Fluctuation levels peak outside the separatrix
® Very low fluctuation levels in the FRC core
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FRC Core Plasma: Unique Inverted Wavenumber

Spectrum
l K o Ps ke Ps
0 15 30 45 60 75 0 10 20 30 40 50
®0o 0.3-0.5 ms | | ; 0.3-(').5 ms
10 | 10 0.6-0.8 ms 10 = ¢ 06-0.8 ms
0.9-1.2 ms J;'; ® 0912 ms

L " T
R-5cmtoR-8cm m 18 R:5cm
B oA

;:\ ; y S !i

s s 1 : iﬁ%

[ e — - J_:FF "F-LT—1

— ~ I T

(= ] - | -Ll_ - r—l—i
10-1 E TE i

. . . -2 1
1020 0.15 0.30 0.45 0 0 0.15 0.30 0.45
ke pe ke pe
" FRC Core: Decreased Fluctuations; ® SOL: lon and electron-scale
Inverted Spectrum at low kp, modes
= Spectrum extends to kp, > 0.3: " Broad exponential spectrum:
Only unstable electron modes! (A/n)? ~ exp (-0.32 kyp,)
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Outline

" Gyrokinetic Modeling: FRC core and boundary
fluctuations
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GTC (Gyrokinetic Toroidal Code) Simulations

First-principles, integrated microturbulence simulations;
adapted for FRC geometry (Boozer coordinates):
Useful for predictive modeling and reduced transport models

Input: Experimental (measured) or calculated FRC equilibria
Gyrokinetic or kinetic ions, kinetic electrons
Local/global simulations, electromagnetic effects

Fokker-Planck-collisions

Presented here: Results from linear, electrostatic flux-tube
simulations, separate calculations for the FRC core and SOL

Future work: Coupled SOL/core, kinetic ions, nonlinear runs

CJ TRI ALPHA ENERGY L. Schmitz

Norman Rostoker
Memorial Symposium




R [m]

Simulation Geometry, Parameters

0.6 | == B == B iV S R =R e
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0.0

-1.0 -0.5 0.0 0.5 1.0
Z [m]

Core and SOL local simulation: Realistic C-2 Equilibrium
Periodic boundary conditions in z and 6
Gyrokinetic ions (D) and electrons, v, ;*=v/v; ¢ <<1
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FRC-Core: lon Modes Suppressed via FLR
Effects, only Electron Modes Unstable

Measured Saturated Spectrum Calculated Linear Growth Rate
Ko P, from GTC
0 15 30 45 60 75 | | | | |
®0o 0305 ms ol
l e Core no collisions
“ 0.9-1.2 ms
1| o 2 R.5cmtoR;8cm 0.8
. STt 3
=: %
[y 2
= 1] ) S
E l-f E 04
+ 2o
H%:E%
l
{ n=1 R =525
10'2 y | 0 | | | | |
0 0.15 0.30 0.45 0.24 0.28 0.32

Ko Pe
* Spectrum extends to kyp, > 0.3: matches linearly unstable k-range
Dominant electron modes; ion modes weak/absent due to FLR* effects:

*Rosenbluth, Krall and Rostoker, NF Suppl. pt1, 143 (1962)
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Ballooning Structure with/without Collisions

0.05— —0.25
B[T] ) R_ a[r% .
collisionless 004 R, 10-20 ¥
. 0.03
(ballooning) 0.03l lo1s |323§
0.02f 10.10
0.01} 10.05
0,00 bz RS 0.00
—T T
0.05— —0.25 Z
. .. BIT]™. R
with collisions o0.04} R1{0.20
. C
(ballooning,
virtually no 0.03 1015 00 : , .
change in . lo.10 @ W w0
mode structure) 6
0.01} 10.05
- B 0.00
—T T
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Local Gyrokinetic SOL Simulations

0.6/ BEu
.:-:::::::::ffi::. = E: .0.125
_04] o = s 0.100
x j T T
0.2| T 0.050
a\ ' 0.025
0.0 | |
-2 -1 0 1 2
Z[m]
1.0 N\ 3 1 Gyrokinetic D lons
0l 5 Drift-kinetic
' 5 electrons i-i e-i e-e
0.6 — RIL, 1 Ti = 5Te, Zeff =1.5 172 2
— n./n, Fokker-Planck e 0.08
0.4} 1 Collisions
0.2} ] = Vin.o=Vo./ (Vio/L
§ Flux-tube, local e-e=Ve-e/ (Vine/L)
; r/R . ) _ (moderate electron
0.0 . il — — simulation at r/R,=1.2; . ,
1.2 14 16 18 2.0 22 collisionality )

periodic boundary in z
SOL
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SOL: Exponential Wavenumber Spectrum;
Unstable lon Modes

Measured Saturated Spectrum Calculated Linear Growth Rate
k p from GTC (w/collisions)
85 e
0 0.15 0.30 0.45
| o 0305 o
J-U.0 MS Py
o b 3 S ik s SOL (w/collisions
J‘ié&‘ T % 0912 ms n=1
_ Mﬁfi on
= T g
s 17 %«‘ET . & o no collisions
— i‘?’%—* < 0.2
101} T
Jf?. % e
102 . , 1 s . R/L,=6
0 10 20 30 40 50 0.44 0.88 1.32 1.74
Ko, Kops
#29587-29610,
p=[(KT +kT;)/m.]¥%/w #29750-29802
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Driving Gradients Differ in FRC Core and SOL

Core Modes are Driven by VT, SOL Modes are Driven by Vn

0.3F '
SOL T]e—1 w/coII|S|ons

keps— 085
RiLt = RiLy.=6

Core n, =1 no collisions

3.0t

0.2}

(\_()0 2.0f éo
0 o
> >
1.0}
RiLy=RiL,=6
0 _ _ . : : : :
075 08 085 09 095 1.0 0 02 04, / 06 08 10
Ne i
No instability below Ne <0.75 Instability to 1/n, =0
I
Electron drift/Interchange Core Density gradient-driven SOL

modes driven by y7 and curvature ion drift modes
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Outline

" Critical gradients, core/SOL transition and
barrier effects
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ExB Shear Increases the SOL Critical Glradient

nel (1019 m3)

0.4

0.2 e ___ 15

Density profile time history E

~—" 0

0.2
0.4
0.6

" Radial density gradient increases
after ~0.5 ms (SOL is depleted)

R/Ln

= SOL fluctuation increase once
critical density gradient is
exceeded

®  Fluctuation decrease once ExB
shearing rate increases exceeds
the turbulence decorrelation rate:

Wg,5>A®, (Biglari, Diamond, Terry,
Phys. Fluids B1,1989)

" The radial correlation length
decreases with increasing ExB shear

0 0.5 1.0 1.5 2.0 25
Time (ms)
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Measured Critical Gradient and Calculated
Core Linear Threshold from GTC

Measured R/ L, .. FRC core growth rate vs. R/L,,
(FRC core/SOL) from linear GTC simulation
......... 2.0 : . . .
1/Rg ~1.15 (SOL) O 3 r/Rs=0.97 Core
0.16} Core - kope = 0.27
 t/Rs ~ 0.85 (Core % Z 1.5 e
= | . ¢ Kgpe =0.30
E  [kgpe~0.07-028 1 s
= | z 1.0
0,08 >
0.5¢
| V% : 0 Ne=Mi=1
05 4 4.8 9.2 5.6
R/Ln T R/LTe, R/Ln
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Measured SOL Critical Density Gradient Similar
to Predicted Linear Instability Threshold

Measured R/ L

(FRC core/SOnL()=rit
TR <> ......... :
 1/Rs ~ 0.85 (Core) <>';
Kope ~ 0.07-0.28 .
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FRC core growth rate vs. R/L
from linear GTC simulation

| I‘/R.S=1 2 SdL

| 0 kops=0.85
A Kgps = 1.70




Core-SOL Coupling: Evidence
for Radial Transport Barrier

® Radial turbulence correlation

length A, < p; 3.0 T +—i-f—«
. . ’é —_ r
" No evidence of sustained L T"ﬁ - E'%‘
extended radial structures < 15 By % -
or streamers "
"
HEgH
A, reduced just outside R.: > 0 : :
Evidence of radial transport -10 0 10
barrier. -Rs (Cm)
6
® Shear decorrelation just 59 0 n
outside the separatrix: 47T
(DEXB>A(DD (Biglari, Diamond, Terry, 3 T
Phys. Fluids B1,1989) 0 — - ‘ ‘
-10 0 10
r-Rg (cm)
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Summary

 C-2 FRC core: lon modes stable due to FLR effect; only
electron modes unstable (driven by electron temperature
gradient and curvature)

 Moderate, larger-scale ion-mode SOL turbulence
observed/predicted; driven by the radial density gradient.

« Strong evidence of radial transport barrier in the SOL.
No experimental evidence of sustained large-scale radial
structures/streamers (radial correlation length A_ < p))

* Observed critical SOL density gradient compares well
with predicted linear instability threshold; compatible
with required reactor SOL width
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Thank you for your attention!
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