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Introduction




Understanding Turbulence in Tokamaks is a Fundamental Challenge for

Fusion Energy

* Plasma turbulence in tokamaks results in anomalous
transport

* Cross-field transport > neoclassical predictions

» Present plasma diagnostics measure key fluctuating
parameters 71, T;, T,, ¥

« Measurement of electrostatic field turbulence (E~k, ¢)
remains a challenge, gives ¥

Density perturbations and calculated

~ - ~ - velocimetry in DIII-D plasma
* EgXBgy = 7. turbulent cross-field transport, E;. XBy = Uy: shear-flow

and zonal flow dynamics

« Local magnetic field fluctuation (B) measurement also
challenging, could provide critical information

* 3D magnetic field perturbation penetration into plasma pedestal
GYRO turbulence simulation




Motional Stark Effect Field Used as Carrier Signal for E

Local plasma fluctuations —
Stark multiplet fluctuations

E, =v,xB+E, +Vv,xB+E,

AStarkoc Et

Measure high-speed variations in
n /o line intensity ratio or in n-
components line separation to
derive E or B

Spatial Heterodyne Spectrometer
(SHS) provides high throughput
analyzer of multiplet spectrum

New CMOS imaging system
provide detection and DAQ

Diagnostic layout:
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E/Eysg in Fusion Grade Plasmas ~10-3

Mm

NSTX-U ~2-4 1—2x1073
DIII-D 2-5 2 0.7 0.5 —1x1073
Pegasus ~0.3 0.3 0.35 0.7 —1x1073
« Tokamak drift wave turbulence scaling gives £ « T, /a Fluctuations in TEXT
0.8 1 . 1 N A ! . |
« E turbulence broadband, majority of fluctuation power < w ?
300 kHz 2 os,
- E, #irise from core to edge g o4
« FE/Eysg at or bellow photon noise floor for BES (typical % 0.2
rms noise ~1%) . .
*  Two independent but spatially correlated measurements (e.g. (E ﬁ)) made 08 09 10 11 12

r/a

C. P. Ritz, et. al., Phys. Rev. Lett., 62, 1989. /_"“‘)

simultaneously can suppress incoherent photon noise another ~10x




Spatial Heterodyne Spectroscopy Technique Utilized for A1,.(t) Measurement

« Self scanned, 2 beam interferometer Wavenumber Wavefront Eringe Pattern
* Input wavelengths heterodyned around Littrow I
wavelength o, " —
Grating . .
, —_— Fringe virtual
Incidentwavefront | | " image location
\, G,= Gyt N3G

\ —

Grating X
y / Combined 1 W\/\/\N\N

| \ ' Beam i
splitter_ | _

1. -Wi2 w2
Input aperture -4-=7F==4- +— Exit wavefronts g
<_>'\ I(x) = j B(0)(1 + cos[2n (4|0 — gy|x tan 6, )])do
0
Fringe image * Interferometer class spectral resolution and
"e/”ses throughput without moving parts
<‘>§/ « R~10* and U = 0.016 cm?3sr can be readily obtained
Imaging detector — (=)

with relatively small optics compared to slit systems \W)

J. Harlander, R. J. Reynolds, and F. L. Roesler., ApJ, 396, 1992.



Spectrometer Design Points for Field Test at DIII-D

SHS prototype (“Phase I”) designed, built, and
evaluated at UW-Madison

*  System design for flexibility, built with “stock” optics

Field tests at DIII-D:

*  Photon flux adequate for ~1% photon statistics turbulence
measurement

* Evaluation of vibrational environment = requires multi-
level isolation strategy for next stage SHS

*  Experience with SHS data analysis

Next stage SHS for turbulence measurement
being built

* ~500 kHz detector system

*  Fast, robust, analysis algorithm for E extraction

E diagnostic system parameters:

I T I

Design spectral resolution a
@ 656 nm nm (em)

Max throughput
Grating width

D, filter transmission

D, filter 90-10% cutoff &
uniformity

Fringe imaging system
maghnification

mm? sr
cm

mm-!

kHz

mm

%

nm

0.086(2)

4.8
7.62

50
430-700
2x2

1

>95

0.2

0.033

i, A



First Plasma Light Through Prototype SHS

* Several interferometer components SHS output produced by tokamak light with linear
tested at D3D before LTO3 polarizer installed at machine:
) i ) ‘@ 600 =T T T T T T ]
* Prototype SHS and survey Raw Fizaeu fringes: S 1
spectrometer (1/2 m Princeton = i
Instruments, 100 um slit) beam 2 =07 \FFT ]
emission spectrums are comparable £ 01— P EEEe— 1=
Distance Along Grating [cm]
* Input: Two radially adjacent channels from > 10F 1 T T H
BES fiber array % 0.8 ——1/2 m Czerny-Turner -
€ 06 —— SHS ]
* Linear polarizer removes ¢ components s
Total photon flux through SHS: = 04 n
~5%10° sec £ 02 |
A TA 5 3 ¥ o
e R-U=—- — product: Z 0.0 |ecbossdassndeny & A
SA  4(f/#)?2 Y SHS Instrument Function: 652 /Sg 654 655 \656
3 T T T T T
Wavel h
* 12 m Czemy-Turner (64=0.05n0m)=0.73 - | h Full-E ©r’s avelength [nm] D
B o
*  SHS (64=0.13 nm) = 128 § b e
T Half and
0 110 ;0 9}0 410 510 60 third-E r’s

o-0, [1/cm] Burke M.G., et al., Rev. Sci. Inst., (2018)



Phase | deployed to D3D for Evaluation in Tokamak Environment

Prototype SHS in D3D BES Diagnostic Lab
Collimator 72 YA | |

i

lens
Beam Inter_ference
Splitter filter
Camera
Gratings
Inter-shot
calibration
source
Light
enclosure

Active vibration
isolation table

L)

P M.G. Burke, HTPD 2018 N\, ./

s, I€lecentric lens
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Design Modification and Upgrades for Next Stage SHS

Fiber from BES

i High-speed
collection lens
& calibration / CMOS
source Monolithic

interferometer

Remotely
adjustable aperture .
offset \ Image
intensifier
Mechanical
Smaller interference shutter
filter for improved
passband uniformity
D, interference Closed loop

filter system piezo actuators oy
Y- Kinematic grating tilt plates \%Wﬁ}
&Y M.G. Burke, HTPD 2018 Y/



Diagnostic Layout

At tokamak: Fiber run to D3D BES room:
Window Wire grid linear polarizer Collimator
~1cm \

Spatial

Heterody
Spectrometer

/ Fiber optic
taper
Image intensifier
Phantom
v2012 CMOS
sensor

.1
fo

Plasma

Collection optic relay
system

D3D BES collection D, Filter

Input aperture
lens

Coherent fiber bundle

Spectrometer and detector:

Telecentric lens system

\

f/1 relay lens

\

|

ne
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E Extraction Algorithm




E Extraction with Weighted Linear Least Squares Algorithm

 Motivation: need fast & robust algorithm with good noise performance to extract E(t) from ~20
gigabyte/shot photon noise limited dataset

- Stark SHS interferogram nonlinear function, but highly symmetric = linearize = best-fit E extracted
from interferogram via multiple linear regression analysis method (least-squares fit)

I(o,x) = jS(J) 1+ COS[8TL’X tan 6, ((O‘DO + Ao (Ep)) — O‘L)] do ap

_._._._bg

|
4 |
100 =55 Y (2 4 267748 s cos(ar) ’

n=2 o 1

Gavg = 8mx tan b, (opo — 1), Gaifs = 8mx tan 6, nS(|Eysg| + |Ep + E|) Paisr Da

= . . ¢avg
* Eresults in very small changes in only ¢;¢f
* Linearized interferogram: full-energy only, six m-components with peak broadening:

1(x) = Sy[2(ay + as + a,) + 2e 7@ 0L g cos(Ax(0p — 0,))(cos(AxXnS|Epggl) + )]
—|E + E,|Sy6[2e " (4x tan L)* Aq, xn cos(Ax(apg — 0,))(sin(AxnS|Eysgl) + )]
%+ Linear in coefficients Sy = ¢; and |E + E,[S8 = ¢, > interferogram in form y(x;) = XL, ci fie () oo

ALAL
¥ M.G. Burke, APS DPP 2018 Y/



E Extraction Algorithm works up to ~100 kV/m

Y . .. . . SHS interf f ly:
« Fit interferogram data via fast matrix inversion with " erl erograme |"°" y | —

We'g htS — Simulated Stark Interferogram
— - Fit /
- — Emse =3.6 MV/m . ,

1 1
C= [3(1‘1 By = Za_izyifk(xi) oy = Za_izfl(xi)fk(xi) ~E + E, = 200 kV/m

N
o
=

—_
6]

Intensity [a.u.]
S

(6]

« Several assumed constants in fitting algorithm:

*  Vpeam (beam voltage): unknown, can be characterized, high ) -
voltage beam diagnostic suggests Ay, .~ 200 Vrms Grating Distance [cm]

»  Stark component relative intensity: weak dependence on n, Algorithm linearity:

(Marchuk et al., 2010) T T T T T

Ideal: No error

*  Component spectral width, w: beam divergence, source
temperature, geometric broadening = Needs to be characterized
via beam-into-gas studies

«  Fit algorithm linear with <1% error out to £ + E, =100
kV/m over range of beam energies

Fit Fluctuation Value [%)]
P
I

4 | | ]
0 50 100 150 200
Input Fluctuation (~E + E;) [kV/m]

Error in Linear Interferogram

97 M.G. Burke, APS DPP 2018



Noise in Fitted E is Proportional to Photon Noise

N N . . . 160 - ° SimulatedIData '-‘I ! .
+ Algorithm noise evaluation: Scaling of ¢; /w vs relative g L " . ;‘".‘-; . ]
photon noise and absolute uncertainty of  [cm-'] (E [kV/m]) s L. ,_9_.‘.;.,-?\, ; 1 S, ¥ ]
g 40 e ’a\ a: " .7" TR
. & [ reswa- wy” et i
« Measured total beam emission spectrum SNR~100 at 500 o T L ]
kHZ US|ng SHS prototype at D3D 4 2 DistanceAcrogs Grating [cm] 2 ¢
I I I I

« Monte-Carlo studies evaluated E sensitivity with
photon/amplifier noise, spectrometer parameters, Stark
spectrum model

0 200 400 600 800
* 1000 interferograms generated with Poisson noise applied given Runs
SNR, no perturbation (E = O) Example interferogram noise scaling:
o .. . 10x10° ___IN-1/2 ! ! el
* ¢&5(E), standard deviation of fitted spectral fluctuation value o el —w=o08om’ - 1
= —w=3cm
* w, standard deviation of width of individual 7T components L 6 e .
T % 4l .
« Uncertainty in fitted spectral fluctuation (E) scales linearly E Yoo =
™ With relative photon noise 3 0 | | | | |
Z 0 2 4 6 8 10 X10-3

172

Y \.G. Burke, APS DPP 2018 Relative Photon Noise (N

)



Monte-Carlo Studies Used to Determine Spectrometer Parameters

* Lower fluctuating wavenumber uncertainty (&5) is , Fituncertainty with spectrometer parameters:
better 70 x10° T T T T T |
60 |- SNR~100 |
. . . . A —w=1cm
» Optimal groove density (i.e. SHS resolution) that R e w=3em’| 7]
maximizes sensitivity to E is ~25 g/mm e Aoy LS -
O S =
» Spectral width of individual Stark components © sl _
reduces sensitivity ol a
ol | | | | | | | =
* Number of detector pixels required depends on the 0O 20 40 60 80 100 120 140 160

Grating Groove Density [g/mm]

complexity of the interferogram - controllable by
Littrow wavenumber 60 x16° I I I I | | ]

. . . — OL=0p
*  ~064 pixels adequate to fully resolve fluctuations in complex — 0. #0p
interferogram 60 - SNR=100 7

*  Sub sampling with reduced pixel number must be matched to

eolem’]

Littrow wavenumber configuration 40— .
*  Likely want more pixels than 64 so facilitate distortion correction
of 2D interferogram 20 -
0 | | | | | |
0 20 40 60 80 100 120

& M.G. Burke, APS DPP 2018 Number of Pixels



Littrow wavenumber Placement Can Maximize SNR

Fit uncertainty with Littrow:

» Stark +m-components are symmetric about Doppler 60x10° ' ' ' ' '
shift wavenumber (o) 50
40
« Placing o, = o, gives lowest ¢ E w
I
w 20
* Placing o, = g, effectively doubles the SNR in the
. . 10~ [SNR=100 n
spectral domain (see FFT of interferogram)
| | | | |
_3% em’” -20 -10 0 10 20 30
. .. . Littrow Offset from op [cm ']
* Maintaining the interferometer at g, = o, could be ?
challenging 3.0 I |
. o . 25— FFT of interf .
*  Mechanical vibrations and thermal swings must be — 3L Igtce;; erogram
counteracted 5 20 ——0L#0% -
*  Requires in-situ calibration/monitoring of a;, E e N
g 1ol _
*  Wavefront errors maximized here, 2D detector allows o5 L i
for phase correction data processing o
) 20 40 60 80

y o-o, [1/ecm
<y M.G. Burke, APS DPP 2018 L [ ]



SHS has Built in Correlation Detection Capabilities

. . . . .
* Symmetry of SHS interferogram allows for ~10x 2005':1“'“6" '"IteffemgfaT- i
reduction of photon noise floor via cross correlation P e
of the two sides of the interferogram Z 150l
)
*  SHS optical path different (OPD) in terms of §o = |0 — g | §
B 100
»  Splitting the interferogram at zero-path-length-difference point provides %
two measurements of same quantity (E) = cross correlation suppresses °
. . . < 50
incoherent photon noise present in both measurements o
*  Can be done with single spatial channel 0
0.00 0.05 0.10 0.15 0.20 0.25
» Long time records required to pull ~E from OPD [cm]
background N 1000 | I | |
NE ‘/iﬂton Noise Power Density
*  Example plot: 10 kHz BW, 1 second data record with 1 MHz sampling E 800 _
S 1 sezfondtd;ta record @ 1 MHz
. . . . Pt =+= Input Power
- Combination of techniques allows for fluctuations of 5 6001 — nererogram Crosspover]
order 1 kV/m to be measured from signal with ~1% § w0l |
photon noise <
T 200 =N -
+  D3D E estimated to be ~3 kV/m in core region, larger at edge ‘c":)
= ol | |
L 0

$¥” M.G. Burke, APS DPP 2018



Geometric Doppler Shift Correction via Offset Aperture in SHS

« Similar Doppler shift correction utilized in planetary wind Doppler compensation concepts in SHS:
Fabry-Perot spectroscopy techniques*

+ At spectrometer, window image rotated 90° so that Aop
is perpendicular to dispersion plane (Aop(a), where « is
ang|e off dispersion p|ane) Coherent fiber bundle

SHS Collimator

+ SHS interferogram equation phase can be rederived to
include small aperture offset angle ay, a = ag £¢ (¢ is
spectrometer field of view) :

I I I I I i
i . ; — 15270 - = Ray trace simulation:
od cosa (sinB;, +sinf,,;) = m = | = Analiyic
0, e Simulation
O(x) =21 (4x tan 6 [—60 + z(,32 + ¢? + 2¢pay + az)]) 2 1sos0 Ao
L D 2 0 0 E 8a;, across 3
& aperture
For Doppler compensation: —8ap + opay = 0 g O <1 .
15240 [ 2 i
« For 6Ap~0.4 nm, ¢ax = +/8/gr~16 mrad > ~30 mrad os o ° D
] ] ] ] ]
0 10 20 30 40 50

Grating Tilt Angle [mrad]
*Trauger & Roesler, Appl. Opt., (1972)

97 M.G. Burke, APS DPP 2018



Geometric Broadening Compensation: Collection Lens Relay System to SHS

. . Ray trace: reimaging of D3D BES
Small relay lens system designed to collection lens: Backlighting bunde w lenses:

place image of collection optic at fiber =
bundle with minimal loss of light and '
plasma spatial resolution

* Lenses create ~3mm spot size, convert

from /3 to f/2 o
* New fiber bundle run cuts collection lens Relay lens system fits within
into 5 regions existing BES infrastructure:
~25 mm Polarizer
Ubeam Ap —— SHS Fiber with relay:

3 Existing D3D BES
spatial channels

4

R Plasma collection
lens image

D3D plasma

llection |
coflection fens Coherent fiber bundle




Algorithm in Place to Extract E

Least squares fit algorithm to Stark SHS
interferogram is fast, robust (small-to-zero failure)

Least squares algorithm performs similarly to
Levenberg-Marquardt nonlinear fit algorithm

Overall spectral width, w, has strong effect on ¢z

Stark spectral modeling indicates w can be reduced
~2.5x

3F I I I I —
— B=2T P
‘e %‘:{1;_%71 deg # of Lens Sections: 1
O, E =75keV
S~ 2+ _
&3
-3 2
eg P
= 5 o
= — —]
g e
o No geometric broadening
n
0 | | | | —
4 8 12 16

Window Section Width [cm]

97 M.G. Burke, APS DPP 2018

60 x10° FF | I n
50 — —
- -®
— 40} —
5 30 — —
o
1
w 20| —
-eo- Levenberg-Marquardt
10 —— Least Squares Fit —
SNR=100, 32 pixels
Ok | | H
0 50 100 150
Groove Density [g/mm]
80 T T T =
— w=075¢cm’
—w=1cm’
60 -1 —
— —w=2cm
£
S
x 40 —
W
1
(V)
20 —
0 I I I I |
0 20 40 60 80 100

Groove Density [g/mm]




SHS Detector Requires High Internal Gain and Low Additive Noise

SHS output requires high-speed 2D imaging detector
*  SHS produces ~75mm diameter interferogram image, minified ~36X at detector

*  Detector sampling rate 2400 kHz covers most commonly observed low-k broadband
turbulence and low frequency coherent modes (7i: GAMs, B: EHO & RMP)

Spectral resolving beam emission results in ~1% total flux in
given bin

*  Flux per spectral bin well below high-performance photodiode amplifiers

3rd generation photocathodes and production techniques
allow photo-multiplying devices (microchannel plates, hybrid
Sl-diode tubes) to be comparable to high-QE devices (APDs)

*  Avalanche Photodiode: QE~80%, Gain~250, Excess noise~2.5, Net QE~32%, $
e Hybrid Si-diode tube: QE~40%, Gain~103, Excess noise~1, Net QE~40%, $$$$

*  GaAs photocathode & microchannel plate: QE~35%, Gain~10*, Excess noise~1.1,
Net QE~32%, $

97 M.G. Burke, APS DPP 2018

i Power Spectrum (V2/kHz)

2.0X10° qo transfcler functiqn

1.6

L 1.2ff J
]
H
2
0.8 \ -
0.4l Amplifier noise |
Photon noise
1 1 1
0'(:'0 150 300 450
frequency

1 2)(1 0-4 ’ 125223,(%1;8?1300, 1024/4005
1.0 — Total Signal Power
-------- Dark Signal
0.8 == Turbulence

r/a=0.8 1

100 200 300 400 500
Frequency (kHz)

Shot 165206, Ch 41 autopower,

— Plasma, no beam (t=800-1000ms)
— Plasma, beam on (t=3700-3800ms)
No plasma, no beam (t=6300-6500ms)

G. Mckee, et al., Rev. Sci. Inst., (2010)



Intensified CMOS to be Detector System For Diagnostic Validation

Easier coupling to SHS output image (no fiber
bundle coupling or reimaging losses)

Equivalent QE to APD with more gain

Excess noise in image intensifiers driven by MCP

open-area ratio () and noise in first stage gain (g,,)

) 2 1 1
gout:ngnr Fzg 1+g—
14

*  Jgp typically 5-10 due to MCP entrance coating

98% collection efficiency MCP and coating design
push excess noise (F) to ~1.1

Modest gain needed to become photon noise
dominated when binning over M pixels

g 1 - N 1 N Me?

Sz Ny gp—1] M(g,-1) NZG?

$¥” M.G. Burke, APS DPP 2018

Superpixel Ny [x1 0® ]

2D Interferogram
with noise:

150

W
o

100

n
)

A

N I19Xid dt

—_

o
)]
o

Distance Along Grating [cm]

Fit wavenumber uncertainty (£5) with 2D detector noise:

Interferogram Excess Readout -4
- Noise (F) Noise (gg) £z [em™]
1D 1 1 0

0.0187
2D 250 1 27 phe- 0.0199
2D 250 1.2 27 phe- 0.0256

*1% photon noise, M=128




Experience with Intensified CMOS Indicates Photon Noise Limited Performance

-

. . . e 0, 10!
Phantom v310 and Proxitronix UV intensifier: SHS Detector Parameters: €\
Phantom v2012 & Photonis 1 ¢
I I I I cen Bl
3 GaAs Image Intensifier -
50 x10° [~ - \ " g
Readout noise limited
sl \ A e | e | e
g Saturation Pixels 128
‘© 30 — 670 (128x80 pixels)
e Sample Rate kHz _
IS S 430 (128x128 pixels)
kS 20 Photon noise limited — y So5
Slope = Gyorar Ny
e e .
1000 2000 3000 4000 "h°s"h°rT‘:‘;:°" Decay ns ~300
Giotqr INCludes camera gain, sensor QE, photoelectron 27
tot_al_ intensifier gain, coupling optic 48 57
efficiency,

$¥” M.G. Burke, APS DPP 2018



Summary

« Analysis technique based on least-squares linear regression algorithm extracts E
from ~20 Gb/shot data set

« Algorithm E fit value scales linearly with relative photon noise
«  Monte Carlo studies inform SHS design and maximize sensitivity to E

« Inherent correlational detection technique and ~1 second time records give sensitivity to E on the order of 2 kV/m

+ Intensified CMOS detector designed/being built for diagnostic technique validation

* Combines Phantom v2012 with Photonis high collection efficiency MCP GaAs image intensifier

 Detector designed for high speed (~500 kHz), high internal gain (10%) with low excess noise (F~1.1)

* Final testing at UW, deployment to D3D in mid-2019

()
Work supported by US DOE grant DE-FG02-89ER53296. \%Wﬁ}

W/

" M.G. Burke, APS DPP 2018
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Summary: Validation and Field Tests of Spatial Heterodyne Spectrometer for £ Measurement

- First field tests of prototype SHS for A1, < E measurement completed

 Spectrometer validated at A§ =~ 0.16 nm and U ~ 0.03 cm?sr

» Signal level gives ~1% photon statistics, adequate for turbulence measurements (room for improvement with
custom gratings & new detector system)

* Produced BES spectrum with SHS, observed rapid changes in fringe pattern corresponding with beam
modulations

» Development for Turbulence Measurements on DIII-D: Construct & Deploy “Phase 2”

» Fabricate final detector system (either intensified phantom or multianode MCP: ~1 MHz sampling, low
readout noise)

* Address lab vibrations with monolithic low thermal expansion grating-beam splitter mount design, or discuss
moving spectrometer
» Continued development of high speed fringe data analysis algorithms: focus on sensitivity with noise

* Off-line validation of geometric Doppler broadening compensation technique for SHS

* Integrating multiple spatial points into single spectrometer ool

W

Y/




Monte-Carlo Studies of spectrometer Predict E Sensitivity

» Expect uncertainty in LSF sp[Jec]:traI fluctuation to scale similarly to gaussian fit location (1) uncertainty
Varfe,[ 1

in spectral domain, g, 2 — ~
Y

» LSF &z /w deviates from expected Ny_ 1/2 scaling over range of spectrometer parameters
* Slope<1-> gy

« This analysis is ongoing = general trends

T T T T N 20
8 20 — w=08cm" . Q
- : — w=3cm’” 7] E ‘= 15
P > » ’
2 15 _ 2 s
2 ; z
< w ? 1.0
Y— w
w‘ 1.0 — s) —
— [} o
S] o :
® 5L _ Ke) g o5 w=2cm’
g - »n c% 100 g/mm
® oo ! ! ! ! 30 al*o 1|o (IJ 1|o 2|o 30 0.0 ! ! : !
50 100 150 200 250 ) ) . 50 100 150 200
Groove Density [g/mm] Aoy [em™] Number of Pixels

97 M.G. Burke, APS DPP 2018




