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Electron Scale Turbulence and Anomalous Electron
Thermal Transport in STs

« NSTX H-mode plasmas that are driven by neutral beams exhibit ion thermal
transport close to neoclassical (collisional) levels, due to suppression of
ion scale turbulence by ExB shear and strong plasma shaping [cf. Kaye
NF 2007].

« Electron thermal transport is always anomalous ( >> neoclassical).

» Goal: Study electron thermal transport caused by electron-scale turbulence
in NSTX and NSTX-U.
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Use a High-k Scattering Diagnostic to Probe Electron
Scale Turbulence in NSTX and NSTX-U
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Use a High-k Scattering Diagnostic to Probe Electron
Scale Turbulence in NSTX and NSTX-U
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High-k Scattering Diagnostic Provides the Frequency and
Wavenumber Spectrum of Electron Scale Turbulence

Frequency Spectrum of density fluctuations
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* Frequency analysis of scattered power - frequency spectrum.
» Different channels - different kK > wavenumber spectrum of turbulence
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High-k Scattering Diagnostic Provides the Frequency and
Wavenumber Spectrum of Electron Scale Turbulence

Frequency Spectrum of density fluctuations k-spectrum of density fluctuations
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* Frequency analysis of scattered power - frequency spectrum.

» Different channels - different kK > wavenumber spectrum of turbulence
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Previous Work on Synthetic High-k Diagnostic on NSTX

* Previous synthetic high-k scattering was implemented with GTS (cf. Poli
PoP 2010).

* Synthetic spectra was affected by ‘systematic errors’
(simulation run time, low k, detected, scattering localization)

* No quantitative agreement was obtained between experimental and
simulated frequency spectra.
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Previous Work on Synthetic High-k Diagnostic on NSTX

* Previous synthetic high-k scattering was implemented with GTS (cf. Poli
PoP 2010).

* Synthetic spectra was affected by ‘systematic errors’
(simulation run time, low k, detected, scattering localization)

* No quantitative agreement was obtained between experimental and
simulated frequency spectra.

My Goal
Develop a synthetic diagnostic for quantitative
comparisons using the GK code GYRO
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GYRO simulation needs to Resolve (kg,k;)®*®
Hybrid scale simulation

Standard e-scale sim Hybrid-scale e-scale sim
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« Experimental k + 1/e filter amplitude mapped to GYRO (k,, kg)-grid.
« Standard e- scale simulation does not accurately resolve experimental k.
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New k-Mapping Shows Experimental k are Closer to the
Spectral Peak than Previously Thought
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Two Equivalent Ways to Perform a Synthetic Diagnostic for
Turbulence Scattering Measurements

Filter fluctuations in k-space Filter fluctuations in real space
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Numerical Resolution Details of GK Simulations Needed
for Synthetic Diagnostic of High-k Scattering

Experimental profiles used as input
Local simulations performed at scattering location (r/a~0.7, R~136 cm).
* Only electron scale turbulence included.
« 3 kinetic species, D, C, e (Z,4~1.85-1.95)
* Electromagnetic: A+B, B~ 0.3 %.
« Collisions (v4 ~ 1 c//a).
* ExB shear (yg~0.13-0.16 c /a) + parallel flow shear (y, ~ 1-1.2 c//a)
 Fixed boundary conditions with A° ~ 2 p, buffer widths (e- scale).

Resolution parameters (hybrid-scale)
» L, xL,=50x21p, (L/a~0.2).
* n.xn=900/1024 x 140/220.
* Kgps° [min, max] = [0.3, 42/80] Simulation cost ~1 M CPU h
* k,pg [min, max] = [0.1, 27]
* [n, ny, ng] =1[14, 8, 8]

These electron scale runs are hybrid-scale, NOT fully multiscale:
* lons not correctly resolved Akyp,~0.3, Ak.p,~0.1.
«  Simulation ran only for electron time scales (~20 a/c,), ions are not fully developed.
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Next Steps and Conclusions

—_ —_ (o]
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Next steps

 Apply synthetic diag. to GYRO output 0.2 - —
(coming soon!) 0.15 1 = Ve
- lon-scale route to synthetic diag. o1 i
- 3D synthetic diagnostic 0.05 - —probe
0
-0.05
-0.1
-0.15
B
Conclusions e w2 o

 New k-mapping: experimental k is closer to spectral peak than previously thought

« Two syn. diagnostic methods (k-space + real space) are proposed for quantitative
comparison with experimental density fluctuations from high-k scattering

« Computationally intensive hybrid-scale GK simulations are needed to capture
experimental k + full ETG spectrum
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Questions
&
Discussion
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Details of the High-k Microwave Scattering Diagnostic

2 spherical
mirror sel
R ves

-2 -1 0
X (m)
View from top of NSTX

(D.R. Smith PhD thesis 2009)

System at NSTX

High-k Scattering System
« Gaussian Probe beam: 15 mW, 280 GHz,
A ~1.07 mm, a = 3 cm (1/e? radius).
* Propagation close to midplane => k. spectrum.
« 5 detection channels => range k. ~ 5-30 cm™’
(high-k).
« Wavenumber resolution Ak = £ 0.7 cm-.
« Radial coverage: R = 106-144 cm.
« Radial resolution: AR = £ 3 cm (unique feature).

High-k scattering is a unique diagnostic in the
world that detects small e- scale turbulence.
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Use a High-k Scattering Diagnostic to Probe Electron
Scale Turbulence in NSTX and NSTX-U
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Experimental Wavenumbers Produce non-negligible

transport
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« Scattering measurements close to density and Q. spectral peak.
* Q. is consistent with previous standard e- scale simulation results (Q.,~0.4 M\W)
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Traditional Implementation: filtering in k-space

A scattering system is wavenumber selective (k;, kg k,,)**?

Analyze turbulence in k-space + Filter turbulence in k-space
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Obtain a time series of turbulent density fluctuations én_sY*(t)
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New Proposed Implementation: filtering in real space

Scattering system is spatially localized (R, Z, ¢),..

Analyze turbulence in real space + Filter turbulence in real space

Pr(7)

' o

0
-0.02 -
-0.04
-0.06

g-o.oa —

-0.1

-0.12

Z[m]

-0.14

1.4
13 1.35
R [m]

-0.16 -

-1.45 -1.4 -1.35 -1.3 -1.25

m)
== [67,97(8) = [ (7, ) Wr(F)e o7 dF

Obtain a time series of turbulent density fluctuations én_sY*(t)
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Discussion of r & k filtering methods

k-space mapping - Selection of k
- Traditional way to interpret filtered scattering specitra.

- Delicate to compute, take into account correct wavenumber amplitudes.

- Code-dependent.

- Need to adequately complete k-mapping - painful, but useful!
New: Real space filtering (ke Kz, Kp) Dk Ko, k)
- Common principle to all codes.
- Easier to implement and understand (no k-mapping).

- Need to resolve fine-scale structures (e- scale eddies) - much more

computationally intensive (x5) but negligible wrt. turbulence simulations.

Two equivalent ways of interpreting scattering process
Useful to compute both methods to gain confidence in simulated synthetic
spectra.
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Synthetic Diagnostic is an a posteriori analysis tool

Implementation of the synthetic diagnostic

Goal: A quantitative comparison between experiment and simulation of
electron scale turbulence (e.g. frequency and k-spectrum).
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Synthetic Diagnostic for the High-k Scattering System

Preliminary Steps:

1. High-k scattering diagnostic - experimental density fluctuation spectra
10N |%kr kz(W)

2. Ray tracing code:

«  Scattering location + resolution (Rioes Zioe) + (AR, AZ,)
* Turbulence wavenumber + resolution  (kg®*P, k,**P) + (Akg®*P, Ak,**P)

3. Run a nonlinear gyrokinetic simulation (used GYRO here) capturing
scattering location + resolving the experimentally measured wavenumber.
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Synthetic Diagnostic applied to Cyclone Base Case
(not experiment! yet ...)

_ Numerical resolution
Cyclone base case physical

parameters: parameters

- 2 kinetic species (DK e-) Akps =0.049  Akyp, =0.049

- ES kps"* =3.14  kpmex = 3.093

- Periodic BC L./ps = 128 L/ps =128

- Flat profiles dn=28 Bm =4.94

- S-alpha, non-shifted geometry AxIps = 0.5 Lx/a = 0.28
circular geometry n, = 256 n. = 64

- Doppler shift M = 0.1 Experimental beam width:

Ax =295,10, 20 cm
Akxpsbeam — Akypsbeam —
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Real Space Filters — 2D

Goal: establish sensitivity of synthetic signal to beam width
To what extent do we need a simulation domain that covers the

ap,=5cm

Re(zine,fneu) t =207 ¢ =0 degrees

full microwave beam?

ap;=10cm a,=20cm
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Synthetic signal: a; = 5 cm
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Synthetic signal: a; = 10 cm
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x 10

-9

Synthetic signal: a; = 20 cm
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Immediate Next Steps

« Apply synthetic diagnostic to realistic NSTX plasma conditions
* Run expensive GYRO simulations that overlap with scattering beam (~2 M CPU h) —
coming in next week
« Compare frequency and k-spectrum with experiment

» Implement a 3D synthetic diagnostic for higher fidelity modeling

) "e/“eo’ t = 28.94, phi = 172.0327 degrees

0.2 A
0.15
0.1+

0.05 ~

Z (m)

0+

-0.05 +

-0.1

-0.15

R (m)
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2. Ray Tracing

Solve Ray tracing equations, Appleton-Hartree approximation (propagation of high freq.
waves in plasma)

2 e Rioc=1:3538 m, Z | =-0.058635 m, phi, =1.0327 degrees
1514
o ——probe
1+ 0.1 ——scattered
® ch=1
0.5 o
E o
> —
E -0.1
-0.5 =
-1 -0.2
oy
=151 Probe beam SUrtace
-0.3 4
-2 : -1.1
=2 ~1 0 -2
X (m) 1.2 -
View from top of NSTX -1.3
(D.R. Smith PhD thesis 2009) x[m] 1.4 2 y[m]
Obtain:
«  Scattering location + resolution (Rioer Zioe) T (AR, AZ,.)
*  Turbulence wavenumber + resolution (Kg®*P, k,®*P) + (Akg®*P, Ak,®*P)
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3. The GYRO code Numerically solves the Gyrokinetic-
Maxwell System

The gyrokinetic-Maxwwell system cannot be
solved analytically except in simple limits
-> needs to be solved numerically (GYRO)

Inputs: experimental plasma parameters
plasma shape, equilibrium geometry, profiles, ...

0:0 GENERAL ATOMICS

Outputs: moments and fields

* Moments of the distribution function h on,, év,, OE,
» Perturbed electromagnetic field components o, 8A”, 6B”

Turbulent fluxes (particle I'g, heat Qq, ... ) can be reconstructed from
outputs, and compared with experimental values.
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Numerical Resolution Details of lon and Electron Scale
Simulations Presented

Experimental profiles used as input

Local, flux tube simulations performed at scattering location (r/a~0.7, R~136 cm).
Only electron scale turbulence included.

Experimental T, n., T, rotation, etc.

3 kinetic species, D, C, e (Z.+~1.85-1.95)

Electromagnetic: A+B,, B~ 0.3 %.

Collisions (vq ~ 1 c/a).

ExB shear (yg~0.13-0.16 c/a) + parallel flow shear (y, ~ 1-1.2 c//a)

Fixed boundary conditions with AP ~ 2 p_ buffer widths (e- scale).

Big-box e- scale resolution parameters (hybrid-scale) ~1 M CPU h
« L xL,=50x21pg (L/a~0.2).
* n.xn=900/1024 x 140.
* kgpsFS [min, max] =[0.3, 42]
* k,pg [min, max] = [0.3, 28]
* [ny, ny, n]=[14, 12, 12]

Large domain electron scale runs are hybrid-scale, NOT multiscale:
. lons are barely correctly resolved Akgp,~0.3, L, x L, = 50 x 21 pq.
. Simulation ran only for electron time scales (~20al/c,), ions are not fully developed.

@NSTX-U 2017 US/EU Transport Task Force
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Numerical Resolution Details of the Scale Simulations
Presented

Experimental profiles used as input
Local, flux-tube simulations performed at scattering location (r/a~0.7, R~136 cm).
* Only electron scale turbulence included.
» 3 kinetic species, D, C, e (Z,4~1.85-1.95)
« Electromagnetic: A”+B”, B~ 0.3 %.
+ Collisions (v, ~ 1 c /a).
* ExB shear (yg~0.13 c /a) + parallel flow shear (y, ~ 1 c¢/a)
 Fixed boundary conditions with A° ~ 1.5 p_ buffer widths.

Standard e- scale resolution parameters  Big-box e- scale resolution parameters

« L xL,=6x4p,. « L xL,=50x21p,.

* n.xn=192x48. * n.xn=900/1024 x 142.
* Kgpg [min, max] = [1.5, 74] * kgp[min, max] = [0.3, 42]
* K., ps [Min, max] = [1, 50] * k,pg [min, max] = [0.3, 28]
. [nH, n,, n,] =[14, 12, 12] . [n”, n,, n,] =[10, 8, 8]

Big-box e- scale runs presented here are NOT multiscale:
. lons are not resolved correctly Akgp,~0.3, L, x L, = 30 x 21 ps.
. Simulation ran only for electron time scales (~20al/c,), ions are not fully developed.
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Operating Space of New High-k Scattering Diagnostic

* Anew high-k scattering system is being designed to detect streamers based
on previous predictions:

Old high-k system: high-k,, intermediate k4
New high-k system: high-kg, intermediate k, = streamers

» My goal: project the operating space of the new high-k scattering diagnostic
using the mapping | implemented.

« Disclaimer: k-mapping of new high-k scattering system is based on:

1. Experimental turbulence wavenumbers from previous studies (Barchfeld APS
2015, UC-Davis/NSTX-U Review of Fluct. Diagnostics May 2016).
k, = 7-40 cm-!
kg =0 cm-
- High-k, scattering diagnostic.

2. Current plasma conditions (B ~ 0.5 T, T, ~ 0.4 keV).
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Mapped Wavenumbers of New High-k to GYRO 2D
Fluctuation Spectrum

-7
Re(8ne/Ngo) (Kr, ko)  Black dots: old hk
7.2

* White dots: new hk
Picked k's in predicted
measurement range
k,=7,18, 29, 40 cm™’
kg = 0 cm’

 Blue star: streamers

0 5 10 15 20 25 30 35 40
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Mapped Wavenumbers of New High-k to GYRO 2D
Fluctuation Spectrum
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in simulation
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Mapped Wavenumbers of New High-k Diagnostic to
GYRO kg Fluctuation Spectrum
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e-scale
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10°

Old system

New system

Spectrum is integrated in k..

Lowest-k channel will be closest
to peak of fluctuation spectrum
(streamers)

kg=0, k=7 cm™"

Need to resolve very high-k (kgps
~ 50) to capture highest-k
channel.

Red band: measurement range
of old system.

Gray bands: measurement
range of new system.
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New Proposed Implementation: real space filtering

Scattering system is spatially localized (R, Z, ¢),..

Analyze turbulence in real space + Filter turbulence in real space
dphi/phi, t=24.96 ¢ = 0 degrees ‘l’R(?)
T I T T T T [ T T T [ T T T T -
0.06 — | -
B _ 1 1
0.04 5
C 1 0.5 .
0.02 - -
E . + K |
N B £ .
-0.02 :— _: £ -0.05
- - N oa -
-0.04 — =
-0.06 ;— _; B s 1.4
I P

1.45

= [67,27(t) = [ 7,7, O (P)e Ko @57

Obtain a time series of turbulent density fluctuations én_sY*(t)
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2. Ray Tracing

Solve Ray tracing equations, Appleton-Hartree approximation (propagation of high freq.
EM waves in plasma)

|IVE|| < k?
Cold plasma dispersion tensor + Appleton-Hartree dispersion relation (D = det(A) = 0)
P S —N2?cos?§ —iD  NZ?sinfcosé 2 . X(l . X)
AZC—2 iD S — N? 0 N =1 1v2 2 1v2 ain2 0)2 2v2 2 n11/2
Mandess 0 P Nanl 1—X —35Y2sin*60 + [(5Y2%sin”0)% + (1 — X)2Y 2 cos? 0]

Solve the ray-tracing equations, (D = det(A) = 0)

dr 0D
& Oklp,
dk 9D
e orp,
Obtain:
«  Scattering location + resolution (Rioes Zioe) T (AR, AZ,,.)
*  Turbulence wavenumber + resolution (Kg®*P, k,®*P) + (Akg®*P, Ak,®*P)
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Cyclone Base Case: Wavenumber Space Filters — 2D

Measurement Wavenumbers
k. pSP= 0.27 kyp *P= 0.42

a,=5cm a,=10cm ap, =20cm
ch=0, Pg= 0.0021914, a 0= 0.05m ch=0, Pg= 0.0021914, a 0= 0.1m ch=0, pg = 0.0021914, a 0= 0.2m
\ 0.4
05 045
0.4 e 04, 0.35
/Af"\;\ 0.35 | 0.3 fj
[ ]
@ 0.3 ‘ e ) © 0.3 /‘1‘\ K L )
< N / < oz (1 ) =T
0.2 e 0.25 ‘ ———
0.2 e 0.2
] . ‘
0.1 015 0.15
0 0.1 — - 01
0.2 0.3 0.4 0.5 0.6 0.3 0.35 0.4 0.45 0.3 0.35 0.4 0.45
FS FS FS
k0ps keps keps
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Cyclone Base Case: Wavenumber Space Filters — 1D

a,=5cm

bik,) filter

09 F e e s =t = = =& = = =

0.08

0.03

0.02

0.01

——exp

= = = max
— — —virtual

0.5 0.6

[ e i a—a—

0.08

0.07

0.06

— — —virtual

0.1

0.6 0.7

0.18

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

0.18

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

ap=10cm

(k) filter
= - - -
—
r = = = max 1
— — —virtual
L L L =~
0.15 0.2 0.25 0.3 0.35 0.4 0.45
kVpS
Blk ) filter
e
/
I\ —
r / \ = = = max 1
/ \ — — —virtual

0.25

04

0.35

0.3

0.25

0.2

0.15

0.1

0.05

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

ap,=20cm

(k) filter
—xp
[ | = = = max 4
/ — — —virtual

- /\ L L L h >
022 024 026 028 03 032 034 036 038
krps
B(k () filter

— Xp

from o = = max |
// — — —virtual
032 034 036 0.38 0.4 042 044 046

ka”s
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Cyclone Base Case: Wavenumber measurement region

GYRO 4 n_/n e0|2 fort=210a/c _, GYRO coordinates

%, 16n1%(n,p), k, 2P =0.31026

Kp*P=0.27  Kop,oXP=0.42

== 107 F

Measurement Wavenumbers ' I8ny2(k,)

krps

2 exp _
B, 160 1%(n,p), k og P =0.3912

[BNl2(k,)
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Conclusions from Cyclone Base Case Tests

* We have shown good agreement between two alternate ways to
approach a scattering synthetic diagnostic
« filtering in real space (r-filter)
« filtering in wevenumber space (k-filter)

* The beam width was included in the full simulation domain ata; =5
cm, and completely exceeded sim domain at a; = 20 cm.

» Agreement between r & k filters was best at a;, =5 & 10 cm.
» At a, = 20 cm, the r-filter was a factor 2-3 smaller amplitude than the

k-filter method (possibly due to beam exceeding sim domain at a; = 20
cm)
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Past Work on NSTX H-mode Plasma Showed
Stabilization of e- scale Turbulence by Density Gradient

Ip [MA
+ NSTX NBI heated H-mode featured a pIMAI_
controlled current ramp-down. Shot
141767 . 0.5

0
0.
1

N O
o
o
o

 An increase in the equilibrium density
gradient was correlated to a decrease in
high-k density fluctuation amplitude
(measured by a high-k scattering 3

—1t=898ms
—t=448ms
——1=498ms
——1t=565ms

0.8f

0.6

. : < 04}
system). cf. Ruiz Ruiz PoP 2015. o
0.2}
_40Poc\5n Inf | ~ —t=3mms o N
ol e % ——t =448 ms | f—— - Scattering |
—t=ggg ms 2 = E Region
—_—t = S ~
ms | E 4 r/a~0.7
O 1
2 a3
%
;
20 125 130 135 140 145
R(cm)
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lon—scale route to a synthetic diagnostic comparison

Simulation resolution in k-space

Standard ion scale simulation k<[0.03,1]

Standard e- scale simulation k&[1, 40]

. High-k scattering: (k; kg)®*?
| ] Big-box e- scale simulation k<[0.3, 40]

1] High-k ion scale simulation k& [0.03, 6]

40-50 N roTT I
- e e e e e e e e s = Ol.l k_|_pl<1 ?_ k_l_p!>1 110 .
| i | >
Kip Ton Scale " Fieciron Scale (ETGL k
Low-k High-k
* e-scale sim. covers k®*®, but grid is too coarse p.ion gyro radius

—> need big box e- scale sim, finer k-grid (expensive!)
* lon scale sim. has good grid space, but does not cover k&xP
- need to extend sim from k = 1 to k®*P (expensive!)
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Results of wavenumber mapping

Experiment GYRO

(shot 141767, ch1)

Cylindrical geometry (R,Z, @) Field aligned (r, 8,¢)
Ray Tracing: New mapping:

kg =-18.57 cm-’ > K.ps=-2.68
k,; =4.93 cm™ > Kgps = 4.99
PSP = 0.7 cm p.CYRO =0.2 cm

* Next step is to run a GYRO simulation that resolves the experimental
wavenumbers and the high-k ETG spectrum.

« 0OlId high-k system is sensitive to k that are closer to the spectral peak of
fluctuations than previously thought - more transport relevant!
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Mapped (kg, k)& to GYRO (k.ps,KgPs)cyro IN Standard
electron Scale Simulation

05 Standard e-scale sim. grid
-1
-1.5 @D
-2 &
e 25
= >
-3
-3.5
F(k.Kg) = Fi(k;)Fg(ke)
- F (k) = exp[-(k. - k®)2/Ak2]
|

4 6 8 10 12 14 1
FS
S

kep

6

Blue dots: (k.p., kgps)X° of channels
1, 2, 3 of high-k system.

Ellipses are e~ and e2 amplitude of
(k,, Kg) gaussian filter (simplified
selectivity function)

F(k,,k,) = F,(k)F,(k,)
F,(k,)=exp(—(k, - k)" / Ak} )
F,(ky) = exp(—(k, —k;™)* / Aky )

Numerical grid of standard e- scale simulation does NOT accurately resolve
the experimental wavenumber, wavenumber grid is too sparse
(cf. Guttenfelder PoP 2011).

'QIDNSTX-U
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Resolving (kg,k,)®*? + Complete electron Scale Spectrum
Requires a Big-Simulation-Domain e- Scale Simulation

ch=1,2,3

0 TTTTTTTTTITTTTITTTTITT T TTT TTTTTTTTTTTTTT
Big-box e-scale sim. grid

—1

2

0 5

1 15
Ko pSQS

20

10_6E T T IIIIII| T T T T T TTT IIE
- S(kg) = [8ng/Ngg|? .
107 F e e, =
-8
10 ~ =
- / -
- Scattering measurements ~
]
10_9 L e big—bOX S ]
e-scale ¢ 7
... Standard “‘ N
e-scale S -
_10 | | IIIIII| | | IIIIII| | I I |
10
107 10° 10' 10°
keps

* Big-box simulation spectra show well resolved (kg,k,)®*® and electron scale

spectrum.
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1D synthetic turbulence: proof of principle of equivalence
between k & r filtering

1D Toy model én(k,w)

Filter in real space

15n(r)1?

|

JO1Z

—Ién
turl
—r-filter

200
-1.2
150 10°f
11
100 "
0.8
1074+
3 50
0.6 ,,6
0 : 0.4 108
'50 0 2 60 -40 20
-100
0 10 20 30

k

* 1D synthetic turbulence toy model shows
proof of principle of equivalence between r
& kK filtering techniques.

57, (t) = [ i, (r, )Pr(r)e
5, (t) = — [ A (k, ) Plk-ko) dk

—lkor dT'

1.2

Filter in k-space

5n(k)

Synthetic signal onY"(w)

—_

syn

—on>”" with r-filter
L =& n>" with k-filter

0
-100

-50 0

100 150 200
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Towards a Quantitative Comparison of Plasma Turbulent
Frequency Spectrum

13N, [*(f)

10 -14 . . . |
turbulent Synthetic
speciral diagnostic
peak

10 -16 |

10 -18 |

10720 ' .

-3 -2 1 0 1 2 3
f [MHz]

-40

_50 L

_60 L

-70

-80

» Recovered spectral peak, spectral width.

« NOTE: a quantitative comparison is not yet available: correct experimental
units determining the amplitude are not included in Synthetic diagnostic.

P

[2.u.] = [5n,[2(

turbulent
spectral
peak

Experiment

experimental noise
atf=0

i
, L [,
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Discussion of r & K filtering methods

k-space mapping - Selection of k
- Traditional way to interpret filtered scattering specitra.

- Delicate to compute, take into account correct wavenumber amplitudes.

- Code-dependent.
- Need to adequately complete k-mapping - painful, but useful.

Real space filtering

- Common principle to all codes.

- Easier to implement and understand (no k-mapping).

- Need to resolve fine-scale structures (e- scale eddies) - much more
computationally intensive (x5).

Two equivalent ways of interpreting scattering process
Useful to compute both methods to gain confidence in simulated synthetic
spectra.
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Operating Space of New High-k Scattering Diagnostic

* A new high-k scattering system is being designed for NSTX-U to detect
streamers based on previous predictions:

Old high-k system: high-k,, intermediate k4
New high-k system: high-kg, intermediate k, = streamers

» My goal: project the operating space of the new high-k scattering diagnostic
using the mapping | implemented.

Assumptions: k-mapping of new high-k scattering system is based on:

1. Experimental turbulence wavenumbers from previous studies (Barchfeld APS
2015, UC-Davis/NSTX-U Review of Fluct. Diagnostics May 2016).
k, = 7-40 cm-!
kg =0 cm-
- High-k, scattering diagnostic.

2. Current plasma conditions (B ~ 0.5 T, T, ~ 0.4 keV).
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Mapped Wavenumbers of New High-k to GYRO 2D
Fluctuation Spectrum

Re(sne/neo) (kr’ ke)

25 30 35 40

-7

-7.2

-7.4

- 7.6

Black dots: old hk
White dots: new hk
Blue star: streamers

Picked k’s in predicted
measurement range
k;=7,18, 29,40 cm™
kg = 0 cm’

Lowest-k channel
closest to streamers
k,=7 cm-"

Highest-k not captured
in simulation
ky, =40 cm-'

Streamers: finite kg
Kg| ~ K|
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Mapped Wavenumbers of New High-k Diagnostic to
GYRO kg Fluctuation Spectrum

10

10

10

10

107"°

S(kg) = [8ne/Neof*

big—box

e-scale

~standard
e-scale

| IIIIIII| | IIIIIII| L1 L 11in

ss o

—_
oI

—

10°

Old system

New system

Spectrum is integrated in k..

Lowest-k channel will be closest
to peak of fluctuation spectrum
(streamers)

kg=0, k=7 cm™"

Need to resolve very high-k (kgps
~ 50) to capture highest-k
channel.

Red band: measurement range
of old system.

Gray bands: measurement
range of new system.
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Towards a Quantitative Comparison of Plasma Turbulent
Frequency Spectrum

2 -
16n 12 (f), w,=0.066c J/a

e sy

P [dB] < [on,[*(f)

10°16 ‘ : -40 |
—k-filter .
— rfilter Experiment
10-18 L i
Synthetic
1020 | diagnostic
)
©

10-22 L

10-24 L

-26 ! w w \ !
-6000 -4000 -2000 0 2000 4000 6000

f [kHz]

» Similar spectral shape: spectral peak, spectral width.

« NOTE: a quantitative comparison is not yet available: correct experimental
units are not included in Synthetic diagnostic.

@UNSTX-U 2017 US/EU Transport Task Force 54



Resolving (kg,k,)®*? + Complete ETG Spectrum Requires
a Big-Simulation-Domain e- Scale Simulation

Resolution constrains:

Resolve (kg,k,)®*® > AkgpFS ~ 0.3.

- Resolve full ETG spectrum > (kgps™S)max ~43.

- Radial overlap with scattering beam width - L ~8 cm (L,~21 p,)
- Resolve e- scale turbulence eddies - Ar ~ 2p,.

/ Scatterlng measurements

Resolution parameters

03y AR RAN ]
: f d(Q /QgB) ; Standard e- Big-box e-
0251~ ] scale scale
; dk,p.)
0.15f ° | E Ly e 0 1
s Ar [pg] ~2 2.5
I n, (radial grid) ~ 200 512
0-05; AKgps 1-1.5 0.3
o R . d KgpM2* 40-50 43
E\ L 11 | L 111 ‘ L1 1| ‘ L 111 ‘ L1 1| ‘ L 111 ‘ L1 1| ‘ L 111 ‘ | \E n (tor. mOdeS) ~50 142
005 0 15 20 30 35 40
kepFS keps here means kqp Fs

« Spectra show well resolved (kg,k,)®*® and ETG spectrum (cf. slide 22).
« Experimental wavenumbers produce non-negligible dn, and Q_ consistent with
previous e- scale simulation results (Q, ~ 0.4 MW).
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Numerical Resolution Comparison with Traditional lon
Scale, Electron Scale and Multiscale Simulation

Poloidal wavenumber resolution (kqps here means kgp F°)

Akgps KgPs™
lon scale ~0.05 ~1
e- scale ~1-1.5 ~50
Multi-scale ~0.1 ~40
High res. e- scale 0.3 43

Radial resolution Ar— radial box size L,

Ar L,
lon scale ~0.5p, ~80-100 pg
e- scale ~ 2 Pe ~ 6-8 pq
Multi-scale ~2p. ~40-60 pg
Aign res. e- scaie 2.5 p, 20

krp sexp
Kops™®

£ZU Pg ) A
Previous studies

-4/-15 -1.5/-3

3-6

n #tor. modes
~20-30
~50
~500
142

n, radial grid
~ 200
~ 200
~ 1500

~Aan

New k-mapping

3-5
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Prerequisites to Coordinate Mapping

We want to perform:
» coordinate mapping GYRO (r,6,¢) €= physical (R, Z, @)
« wavenumber mapping (k.ps,Kq0s)cyro € (kg k)

Prerequisites
« Units: rffm], R[m], Z[m], ©, ¢ €[0,21m]
« GYRO definition of ky'°c and kg™

kéoc (I’,H) _ nov : kgS _ ﬂ Consistent with GYRO definition of flux-surface

r 06 ¥ averaged kgFS=nq/r (cf. backup)

« Wavenumber mapping under simplifying assumptions

Miller-like parametrization
kp =(k.0,)cyro |Vr| 1(P,)cyro « (=0, d¢/dr=0 (squareness)
« Z,=0, dZ,/dr=0 (elevation)

_ loc « UD symmetric (up-down symmetr
k, = (ko cvro ! (K-0,)arro T gy - comn symmetry)

@ NSTX-U 2017 US/EU Transport Task Force 57



Calculated (k.,kg)®*P in GYRO Geometry

Given from experiment (ray tracing)
kg =-1857 m1, k,=493 m-! (channel 1 of high-k diagnostic)

Get from GYRO (internally calculated)
- (Ps)ayro ~ 0.002 m (B_unit ~ 1.44)
- |Vr|~1.43, K ~ 2

Apply mapping (simplified approx.)
{(krps dovro =Kr * (O )yro /|V}’|

loc

_ L kg% :
(koPs)yro = k7 * K™ (05 )Gyro of. slide 15

Obtain experimental wavenumbers mapped to GYRO

(krps)GYRO~ -2.6
(KePs)ayro™ 2.0
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Wavenumber Mapping: (kg, k») = (K., Kg)

« Mapping (kg, k) =2 (k, k) is done using the GYRO definitions of k +
transformation of coordinate systems.

Result is:

* Need to compute oR/or, 0R/00, 0Z/or, 0Z/68 @ (recr Bioc)
« Given (kg, k;)*** (ray-tracing), will obtain (k,kg)®*® in GYRO coordinates!

f

\

r dv OR A

r T g or ezakR‘FEkz
r dv OR 07z

19070 = gp ket 5%z
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Summary of Coordinate Mapping

The mapping in real-space:
obtain (rloc' eIoc) from (Rlocv Zloc)

{R(rloc' elOC) — Rloc
Z(rloc’ eIoc) = ZIoc

The mapping in k-space: (
obtain (k, k) from (Kg, ky)e*® K,

\

——— kg ===k + ==k,

r v _E)Rk +6Zk
q Or O 9r R gr?
r v OR d0Z

qgoo ° a6 90
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New High-k Scattering System was Designed to Detect
Streamers based on Previous Predictions

« Old high-k system: high-k,, intermediate kg
* New high-k system: high-k,, intermediate k, > streamers
» y-axis scales are different, x-axis scales are similar

10 -85
I-go
- 195
’ O , |

R
v 1-100
-10
€9, -
15 @D -105

R e i eins
-20 -110

0 5 10 15 20 25 30 35 ) 5 10 15 20 25 30 35 40
kops keps

Barchfeld APS 2015 My mapping
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New High-k Scattering System was Designed to Detect
Peak in Fluctuation Amplitude: streamers

« Old high-k system: high-k,, intermediate kg
* New high-k system: high-k,, intermediate k., = streamers

3

40 cm™!
1.5¢ 25} Spherical /
mirror ~
2 5 _ -
1 15cm™ 7
-1 Spherical
05 40 cm mirror,
’ — R=4m
E o E
N b
-0.5
-1t )
1.5} - / \ \
m | ‘Focal plane . ‘

0 0.5 1 1i5 2 25 3
R (m)

Poloidal cross section View from top
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Standard Electron Scale Simulation Captures Correctly
Wavenumbers Detected by New High-k System

Big-box e-scale sim. grid Standard e-scale sim. grid

5 5
4 4
3 3
2 2
1 1
2o . i i o = OfTe - * 3
-1 -1
-2 -2
-3 -3
-4 4
0 10 20 « FS 30 40 50 0 10 20 30 498 50 60 70 80
oPs keps

* kg values are restricted to [-5,9]

» Kk, shown are full simulated spectrum.

* Abig-box e- scale simulation is not needed to resolve spectrum of new high-k
system.
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A Big-Simulation-Domain Electron Scale Simulation Was

Performed to Apply New Synthetic Diagnostic

* Outboard mid-plane dn,(R, Z) in high

Re{sne/ne ) t=9.98 ¢ =0 degrees

. . \. \ W A
resolution e- scale GYRO simulation of e .,.‘ ' 0.02
real NSTX plasma discharge. 002 R i,;"\g&"\ -
. & L 0.015
. - b L
« Shot 141767, tme t = 398 ms 004 3 {\& G 01
(cf. Ruiz Ruiz PoP 2015). LX)
0.06 By | H0.005
. . . | 5
 Scattering location and scattering et
volume extent are within GYRO = oo " B
simulation domain. \Vall 10,005
0.1 -
» Dots are scattering location for channels o -0.01
1, 2, and 3 of high-k diagnostic. ok N p—
- Dashed circles are 3cm and V2*3 cm . 1 B0
microwave beam radii (for channel 1). . ' g
1 O T R [ ol R P A U T A |“~. |#e -0.025
132 134 136 138 14
R (m)
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Mapped Experimental Wavenumbers in GYRO Density
Spectra

t=10.64-10.66, Ple(aﬂc) (e¢/pi= 0], (outgyro.moment_n}

0 5 10 15 20 s 25 30 35 40
kapsu

« Note: Plotting kgp S, not kgploc!!

t=1064-10.66, Re(aﬂc) (6/pi= 0), (outgyro.moment_n}

(Zoom)

1 2 nq
kFS - kloc d@ — 1
’ 2%‘{ ’ r

« Black dots: scattering (k,, kg)®*® for channels 1,2,3 (note in these figures, spectrum is
output at 6=0, and black dots correspond to 6~-0.06 rad).
« Ellipses: e' and e? amplitude of (k,, kg) gaussian filter (simplified selectivity function).
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Input Parameters into Nonlinear Gyrokinetic Simulations

Presented
t=398

r/a 0.71 0.68 q 3.79 3.07
a [m] 0.6012 0.596 S 1.8 2.346
B, [T] 1.44 1.27 R,/a 1.52 1.59
n, [10719 m-3] 4.27 3.43 SHIFT =dR /dr -0.3 -0.355
Te[keV] 0.39 0.401 KAPPA = K 2.11 1.979
RHOSTAR 0.00328 0.003823 sk=rdln(|<)/dr 0.15 0.19
a/L,, 1.005 4.06 DELTA = & 0.25 168
a/L;, 3.36 4.51 ss=rd(8)/dr 0.32 0.32
Beu”‘t 0.0027 0.003 M 0.2965 0.407
a/LnD 1.497 4.08 Ve 0.126 0.1646
a/L;, 2.96 3.09 Yo 1.036 1.1558
Ti/Te 1.13 1.39 )\D/a 0.000037 0.0000426
ny/n. 0.785030 0.80371 c./a (10°s-1) 4.4 2.35
nc/ne 0.035828 0.032715 Qe (gB) 3.82 0.0436
a/L, -0.87 4.08 Qi (gB) 0.018 0.0003
a/L; 2.96 3.09

Z. 1.95 1.84

nu, (a/c,) 1.38 1.03
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Mappmg (krps’keps)GYRO > (kR’ kz)exp

We want to perform:
» coordinate mapping GYRO (r,6,¢) €= physical (R, Z, @)
« wavenumber mapping (K. KgePs)cvro € (ky, k)

Preamble 1
« Units: rffm], R[m], Z[m] 0, ¢ €[0,21m]
« GYRO definition of ky'°c and kg™

ik, (r,0) = 19 =k, (r,0) = _nov (To be shown in slide 17)

roo r oo

Consistent with GYRO definition of flux-surface averaged kg >=nq/r
(cf. out.gyro run)

21

o fkloc oo L nav ( )v(rzm v(r,0) _ ng(r)
r

2w, 1 a0 27 r
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Mappmg (krps’keps)GYRO > (kR’ kz)exp

Preamble 2 why is k. (,0) = _1IV 09

r 06
GYRO decomposition of fields

Nn-1 Nn-1

Sp(r.0,a)= Y 60,(r,0)e™ "™ = ¥ 8,(r,0), a=@+v(r,0)

j=—Nn+1 j=—Nn+1

Set ¢=0 and w, = 0. Focus on transformation of one toroidal mode n. By
definition of kg'°c

| 1 0 .~ ,
-kloc(s ,H = — (S ,H - _ 6 ,0 —inv(r.0)y _
iky" 09, (r,0) raH( ¢,(r,0)) r_at?( ¢,(r,0)e )

l( 909, e + (5an (—in a—v)e‘i’w) = 0¢, (r,H)(ﬂa—v)
r 00

00 r 06

Conclusion: we assume definition of ky'°c is correct. loc (r.0) =
There is a one-to-one relation between n and kg'°c . o

naov

r o6
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Mapping (K.Ps,KePs)ayro 2 (Kr, K2)®*P

Preamble 3 Wavenumber mapping under simplifying assumptions

kp =(k,.0,)cyro ‘Vr‘/(ps)GYRO

kz = (keps ZC?;RO /(K 'lOs)GYRO

« Assumptions
— (=0, d¢/dr=0 (squareness + radial derivative)
— Z,=0, dZ,/dr=0 (elevation + radial derivative)
— UD symmetric (up-down asymmetry of flux surface)

* In the following slides, develop mapping when assumptions are not
satisfied, invert

(R(r,8),2(r,6))=(Rexp: Zexp) 2 (exp:Oexp) -
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e Column 1

Title here

e Column 2
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Intro

* First level

— Second level

* Third level
* You really shouldn’t use this level — the font is probably too small
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Here are the official NSTX-U icons / logos
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Instructions for editing bottom text banner

+ Go to View, Slide Master, then select top-most slide
— Edit the textlox (meeting, title, author, date) at the bottom of the page
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i Master  Insert Footers | Themes
Master Layout [sd Preserve | Layout Placeholder - Effs
Edit Master Master Layout Edit Theme
1| Click to edit Master title style
ik o o3t Masier v Styes
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A

» Click to edit Master text styles

—Second level

= Third level
« Fourth level
» Fifth level
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