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The Johns Hopkins spectroscopy group has developed novel

SXR/XUV diagnostics for fusion plasmas

-

Multi-energy Soft X-ray (ME-SXR) provides good time/spatial
resolution, coarse spectral resolution

- High speed TE profile measurements (~10kHz)

- MHD, disruption physics, ELM profile dynamics, boundary, ...

- Impurity transport, e” thermal transport (LBO)

XUV/VUV Transmission grating imaging spectrometer/radiometer
(TGIS/TGIR) provides good spectral/spatial resolution, coarse time
resolution

- High speed T, profile measurement improvement

- Divertor impurity radiation, transport & T_ (code validation)

- Impurity transport, accumulation (e.g. non-inductive startup)
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ME-SXR arrays use high time resolution diode arrays with
different filters for coarse spectral resolution

s ™
« NSTX ME-SXR edge array used 4 filtered diode arrays, 1 bolometer
diode array (0.3 um Ti, 5/15 /50 um Be)
- each diode array views same overlapping plasma volume

« 20 spatial channels provide 1 cm spatial resolution of the plasma
edge (R = ~130-150cm) with >10 kHz time resolution

« Digitally controlled variable gain amplifiers optimizes ME-SXR
sensitivity over wide range of plasma regimes/parameters

K. Tritz, et al.. Rev. Sci. Instrum. 83, 10E109 (2012)

Edge ME-SXR 5/

tangential <
mid-plane view g2
on NSTX 2011

ME-SXR Edge Array
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Previous work used linearization of SXR emissivity to separate
contributions fromn_, n_, T,

« Filtered SXR emissivity E;is function of density and concentration-
weighted filtered impurity response R{T,)

E;(n,.T.,c)=n’) c:R;,

{ * 2nd order linear expansion separates T, n_ terms (mostly) }
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* ME-SXR normalized difference removes most n_, dependence
- T, accuracy depends on calculated R, R’, R” (ADAS, CHIANTI)
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Neural Networks can calculate T (R,t) without relying on
accurate atomic physics modeling

T, from previous analytic AE;

s N
*  MPTS profiles T (R) with a 60Hz repetition rate
* Accurate atomic physics modeling of R, ; (CHIANTI, ADAS) allows
high time resolution >10kHz T_(R) between Thomson measurements
« Large transport, non-coronal charge state distributions, atomic
modeling of high-Z impurity emissivity challenges analysis
N J
T, from Neural Networks
s N
* Neural networks trained with MPTS data and raw ME-SXR data
- no atomic modeling required (or even calibrations!)
* Neural networks studied with synthetic SXR data, and successfully
used with experimental ME-SXR data
* Improved results with additional diagnostics, real time T_(R) possible
N J
@NSTX @) JOHNS HOPKINS APS 2013 - Denver, CO, Nov. 11th-15th 5of 31

N T VERSTITTY



A fully-connected three-layer Neural Network uses SXR and
spectroscopy inputs, outputs T _(R)

weights  threshold weights
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Feedforward Neural Network initially tested with synthetic data
to test T_(R) sensitivity and accuracy

D J Clayton et al 2013 Plasma Phys. Control. Fusion 55 095015

4 ™
* PyBrain, a Python modular machine learning library used for NN

« 3-layer feedforward network used

- number of hidden layer nodes optimized using 5x cross-validation
40 hidden nodes generally a good choice for this study

* Rprop-learning algorithm [Igel and Hlisken, Neurocomputing 50
(2003)] used for supervised training of NN using MPTS data

- All inputs/outputs scaled to range from 0 to 1 for improved
performance using NN sigmoid threshold function

« Synthetic data for testing used real plasma profiles and SXR
emissivity modeled using CHIANTI and ADAS spectrum codes

- atomic modeling only for synthetic testing, not needed for NN T_(R)
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Neural Network cross-validation testing illustrates relationship
between hidden nodes and T_ reconstruction error

0.022

0.020r

Mean Square Error

0.008f
0.006¢

0.004

1.0¢

0.018;
0.016¢
0.014
0.012r

0.010¢

Cross-Validation, Synthetic Data

X

40 60 80

Number of Hidden Nodes

0 20

20 Hidden Nodes

100

Electron Temperature (keV)

0.8f

0.6f

0.4¢

0.2r

‘Insensitive’ to

Electron Temperature (keV)

Cross Valldatlon Measured Data

0.014

o013l synthetlc & experlmental y
. results show similar trend
90.012*
o X
©0.011}
§0 010
5{' X X
€ 0.009x x X x
Q
=0.008f * e X x X

x X
0.007} X Xx*
XX
0.0064 20 40 60 80
Number of Hidden Nodes
15 80 Hidden Nodes

100

1.0f
0.8
0.6}

0.4f

larger

cold pulse °2 rms uncertainty
0.0/ 0.0
— Actual — Actual
—_ Neurfal Network . ‘ ‘ — Neurgl Network ‘ ‘ .
~0%00 110 120 130 140 150 ~0-%0 110 120 130 140 150
Major Radius (cm) Major Radius (cm)
@ NSTX @) JOHNS HOPKINS APS 2013 - Denver, CO, Nov. 11th-15th 8 of 31



Multiple ME-SXR arrays necessary to discriminate changes in
T.(R) from n_ and impurity changes

L No Change . 20% T, Increase
s baseline” = o 1 array fails |
g reconstruction g -
L og Y uncertainty 2 o8
© = ©
o 0.6 o 0.6
o o
g 0.4 % 0.4
- \ Z
g 0.2 — Actual Profile | § 0.2 — Actual Profile
O —5,25,100 um, ep5 = 28 €V o —— 5,25,100 um, ey = 71 eV
3 “ ___ R “ -
w 0.0/ —— 5,25um, €5 = 26 €V - W 0.0 —— 5,25um, ez =62eV ==
25 um, €pys = 27 €V 25 um, gy = 131 eV
0450 110 120 130 140 150 0450 110 120 130 140 150
Major Radius (cm) Major Radius (cm)
s 50% Fe Increase s 200% Fe Increase
small impurity large changes fail (outside
1.0r ] 1.0r

WA changes ok A 4

T

of training profiles)|

=
®
o
©

Electron Temperature (keV)
Electron Temperature (keV)

0.6 0.6/
0.4 0.4
0.2/ — Actual Profile ] 0.2 Actual Profile
—— 5,25, 100 pm, €pyg = 55 eV —— 5,125,100 um, eg = 180 eV
0.0f —— 5,25 M, epys = 65 €V = 0.0f —— 5,25 um, egy = 203 eV
25 pm, €pys = 28 €V 25 um, epys = 23 eV
~0450 110 120 130 140 150 ~0450 110 120 130 | 140 150
Major Radius (cm) Major Radius (cm)
@DNSTX (@) JOHNS HOPKINS APS 2013 - Denver, CO, Nov. 11th-15th 9 of 31

U NTVERSTITITY



TGIS, FIReTIP diagnostics can significantly improve T (R)
Neural Network reconstruction

‘50% Fe Inc‘rease‘ L ‘200%‘Fe Increase
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NN T (R,t) successfully reconstructed with raw, uncalibrated
data from previous generation, 3 array, optical ME-SXR’

"L F Delgado-Aparicio et al 2007 Plasma Phys. Control. Fusion 49 1245

* NN trained on 30 discharges (half with Ne puffs) >1800 MPTS times
- 48 input (3 arrays x 16 channels), 40 hidden, 16 output nodes
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Fast NN T_(R,t) reconstruction highlights ability to measure
changes missed by 60Hz MPTS system
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High resolution tangential ME-SXR provides improved edge
measurements compared to poloidal USXR system
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Edge ME-SXR 19 channels, ~1cm resolution

1.45

1.00

£1.40

N\ |[ME-SXR
\\ |viewing area

05 )
| ’\ 1.35
; EA

Rtan

E A
=0.0 IHHHH“ --:
(11 HH\ 1
E ¥ Hea W
-0.5- \\\\\\\\\\\\\\\\ %/ i/ USXR w \ s s s \ s : ! ! ! ! \ ! | ‘ ! ! ‘
| \\\\\\\\\\\\\\\\\\\\Q&\\ 7 A chords 0.414 0.416 0.41 es(s) 0.420 0.422
NN\ 4
, \\\\\\&&\\\\&\\\ %/?/ ] 145 Poloidal USXR ~4 channels, ~2-3cm resolution
-1.0r \ / 1 -
| = 4
= 4
A5 T L _1.40
0002040608101214 £
R (m) §
0
1.35

* 19 channel ME-SXR covers
same R,. as 4 USXR chords

tan

1.30

L | L L L | L L L | L L L | ! L L |
0.414 0.416 0.418 0.420 0.422
Time (s)

ADNSTX @JOHNS HOPKINS APS 2013 - Denver, CO, Nov. 11th-15th 13 of 31

U NTVERSTITITY




Abel inversion of tangential ME-SXR data shows detailed edge
dynamics before profile crash

Py SXR Emissivity (5 um Be)

- N
16 kHz internal MHD mode
§1.4o coupled to edge
E I [l
1.35 Wl ] ; « edge MHD slows prior to
| profile crash
1.30 AN /
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Time (s)
profile flattening
edge SXR ’ s ~
peaking «  SXR profile begins to flatten

« strong steepening of edge
emission profile prior to crash
(possible C accumulation,
related to density limit?)
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High spatial resolution measures strong localization of
emission during edge MHD activity

ME-SXR Intensity (5 um Be)
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Time/spatial resolution of ME-SXR allows investigation of
different ELM cycle dynamics

- SXR-Emissivity (5 um-Be)- - - - - SEP.
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SXR Intensity (a.u.)

Interpolation/extrapolation of ME-SXR profiles can
identify ‘SXR boundary’ location

lllustration of boundary algorithm -

§ x ME-SXR t1 « For each time point:
x  XME-SXRE Fit quadratic/cubic polynomial to
y edge channels with SXR signal
X*.
”; +  Calculate SXR boundary location
vy from zero-crossing of polynomial
Rbdry,t2 Rbdry,t1 -
Rtan, midplane
1.50P|Bd -
rlasma boundary - shot#133775 - | gxR boundary agrees with EFIT

1.48

1.38F

(+ offset from filter)

potential for ME-SXR real time
pedestal gradient

Most features ‘in-phase’, some

\

—— EFIT show phase shift
1% — ME-SXRBe1Oum 7 | (need multiple toroidal ME-SXR)
0.7 0.8 0.9 1.0 - /
Time (s)
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Fast measurements of boundary location can show boundary
effects of MHD (islands, kinks, RWM, ...)

2/1 tearing mode coupled to
saturated core 1/1 kink

1'48:_ Interpolation of boundary from ME-SXR _

ME-SXR Be05u, shot#142191.

n:

1 external kink/RWM

tOSXR Be10u, shot#133775.
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ME-SXR with active impurity seeding provides impurity
transport measurements

 Neon gas puff + STRAHL transport code constrained by ME-SXR

ME-SXR filters discriminate Ne charge states STRAHL calculated Ne radial distribution

Neon Emission at 450 eV 2.5%10" r T
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D J Clayton, et al., Plasma Phys. Control. Fusion, 54, 105022 (2012)
@NSTX @) JOHNS HOPKINS APS 2013 - Denver, CO, Nov. 11th-15th 19 of 31




Transport coefficients calculated from STRAHL time-
dependent fitting of ME-SXR profiles

e fit vs. time and vs. filter
X 1 1 1 1 1 1
c d
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What about the divertor?

« Bulk of previous JHU work focused on main plasma:

- MHD

- transport

- ELMs, boundary physics
- plasma profiles

 However, divertor has become increasingly important

- T, too low for ME-SXR techniques
- bulk of emission in XUV/VUV wavelengths
- can we use TGl diagnostic to probe divertor characteristics?
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Direct-detection Transmission Grating Imaging Radiometer
currently being tested for NSTX-U divertor

D. Kumar, et al., Rev. Sci. Instrum. 83, 10E511 (2012)

CCD detector for improved

sensitivity, absolute P (A,x) Penning lon  g,gial gistance (mm)

Discharge -8.53 0 8.53
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Space
%, O 2 D CCD detector 161 A:AIIV > 3000
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Plasma Angular view +3.5°
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Input slit
mount

Compact TGIR is highly portable, easy to install

Pumping port

Transmission grating

Imaging slit holder

mount
Baffle

Spectral coverage
on detector

Princeton Instruments
PIXIS XO 400B

‘  TGIR currently installed on LTX at PPPL )
- general impurity, P__, survey
- spectroscopic T, estimate
- Fe transport studies (P. Biersdorfer, LLNL, LOWEUS)
- validate TGIR for use on NSTX-U divertor
N /
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Preliminary TGIR results indicate presence of Lithium and
Oxygen impurities in LTX discharges

zero-order differences in
visible light spatial distribution

_—_  Shot #1310251534

Shot #1310251534 =
4 T T T T T T .
N @©
”“i Z <ne|> o
Al ®
o 5
v o
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S
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1 6000 LiLy B,y OV-VI OIV-V OV |
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5000 \\‘ .

| 4000} 1

3000} i

_ZOOOJ\WKMMﬁA) .

| 1000} |
| o

100 200 300 400 500 600 700
wavelength (A)

TGIR space-resolved spectrum for LTX discharge

« Noise from high energy X-rays removed using threshold detection
« [Initial analysis indicates spatial distribution of emission
- TGIR integrated over entire discharge

%
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OEDGE NSTX-U divertor modeling with synthetic TGIR
diagnostic suggests possibility of T,, D, measurements

XUV TG, T.=16, 25 eV, D,.,,=0.15 m?/s

0.5 ——
XUV

0.4} Ne VI .
e Ne VI ] y
8
£ o2} o
o
@ :

0.1F Ne VIII .

OOL —

0 50 100 150 200
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D. J. Clayton, M. A. JaworskKi, et al., Rev. Sci. Instrum. 83, 10D521 (2012) XUV TG, T.=16 eV Dperp=0'1 5 15ms

s Y 0.5
*  TGIR will monitor intrinsic C, Li, ... I Rt _ _
- validate sputtering/divertor models 3
% 0.3 - -
»  Can use Ne impurity seeding £ o,k T I
. . D il
- use charge state emission for T & e
- good constraint for D, modeling > I
0.0LI<L N : - —
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Wavelength (Angstroms)
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Spatial resolution of TGIR strongly discriminates between T,
D, at high divertor plasma temperatures

T, Increased 20%

D, Increased x10

XUV TG T .=50,60eV,D_,.=0.15 m?/s XUVTG T .=50eV,D.=0.15, 1.5 m?/s
12 T T T I 12 T T T
1.0f Ne VI subtle spectral signature Ne VI -
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Installation for NSTX-U combines core and high-resolution
edge ME-SXR systems

s N
Core: r,,=90-150cm, Ar~3cm
Edge: r_, = 130-150cm, Ar~1cm
* Arrays use similar filter configuration
- edge: bolo, Ti 0.3um, Be 5/15/50um
- core: bolo, Be 5/15/50/150um
N J

single toroidal location has
overlapping core/edge FOV

PEEK vacuum gasket
and G11 rotatable bolt circle
isolate diagnostic and machine ground

each diode arrays has
.. collimating pinhole
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Development of modular DAQ couples multi-channel
transimpedance amps with microcontroller + ADCs

a N
New acquisition system uses BeagleBone (BB) board as interface
for parameters setup, data conversion and streaming.

- 20 channels per board, maximum 5 boards (100 channels) per BeagleBone Board
- 20 kS/s for 100 channels

- individual Lowpass Filters at 10 kHz for each channel
- programmable offset, gain and adjustable bias voltage
- simultaneous sample & hold for 100 channels

- up to 30 (60) seconds of 100 channels acquisition

- real time streaming for data visualization http://www.accent.ro
- external trigger input

- MicroSD card with configuration variables in file config.ini
- debugging messages in console via USB connection

- only one ethernet connection necessary with PC

- LabVIEW program for setup, data acquisition and visualization

ACCENT PRO 2000

A /
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Highly modular DAQ system provides compact deployment,
expandability, and low-cost controllers
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JHU work will continue on NSTX-U, expand techniques to new
facilities, and develop new diagnostics for long pulse

- re-entrant design
- installation for next run

Edge ME-SXR for EAST

ME-SXR +
pre-amps

Bicell sensors detect boundary
ME-SXR simulation matches
EFIT, MPTS measurements
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ME-SXR diagnostic techniques and analysis tools can provide
important plasma measurements

a N

 The ME-SXR array diagnostic coupled with Neural Network
analysis provides a robust measurement of T,(R,t) on fast
time scales

* High resolution SXR measurements provide important
measurements of edge boundary, profiles, and phenomena

*  P,,4(A.x) from a direct detection Transmission Grating
Imaging Radiometer is an important tool for divertor
measurements and divertor modeling validation

* Development of highly modular ME-SXR/DAQ enables
expansion to multiple toroidal locations on NSTX-U,

facilitates installation on EAST and other machines
\_ )
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