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Viewing the same plasma volume
through different filters allows the
determination of fast changes in
electron temperature, density, and
impurity content by comparing the

emission from filtered diode arrays.
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Initial ME-SXR technique used filtered pinhole imaging on a

phosphor screen

Multicolor Tangential Optical Soft X-ray Array

SXR filters (10, 100, 300 um Be)

* Fiber coupled to PMTs with
~100kHz time response

Energy. s (0.6, 1.6, 2.4 keV)

SXR detector arrays

NIHnlM||||||||||||1|||||lJu1nl

||IHIIIIH|HI (i

AT

Bolo U, IHI 1|||JUJ}||
=T [/
E,~2T, l

E3=3T, I cutofffilters

Modeled plasma SXR spectrum 4

165 ——

Spectral power density (a.u.)

« ME-SXR arrays view same
plasma volume through
filters with different E

cutoff

uoissiwsues} 13)|i4

« Division of SXR spectrum
isolates T, n, contribution

0.01

v - 4 v v v v - -
300 500 700 900 1100 1300 1500 1700

E(eV) \_

~
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ME-SXR fast T, technique used to reconstruct RF heated T,
profile between MPTS measurements

MPTS: MPTS

S L. Del -Aparicio, et al., JAP,
[.0~3.3 keV Te()“‘3-6 keV Delgado-Aparicio, et al.,J

102,073304 (2007).

4 %)
l l L. Delgado-Aparicio, et al.,

90 : PPCF, 49, 1245 (2007).

100§ 4 A
) | * Reconstructed T,
2 shows peak >4keV,
= ~15% higher than
ol MPTS measurement
« MPTS profiles used
to cross-check ME-
120 5 - : : : . . : . SXR reconstruction,
200 240 280 320 provide normalization
Time (ms) L )
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Compact, high-resolution, 5-energy ME-SXR built for ~1cm
spatial resolution edge measurements

Edge ME-SXR tangential,
mid-plane view on NSTX

6" Conflat flange

5x DB25 vacuum feedthroughs

Custom PCB adaptors

Five 20-channel AXUV 20
X-ray diode arrays

Internal baffles prevent
cross-talk between arrays

Filter holders keep

foilsin-place 32 channel 10V/V

2nd stage amplifiers

20-channel transimpedance
@ ) & preamplifiers with digital

\ ® e 4 gain control

Pinhole rails alow variable , ® =
aperture widths
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Different filters provide spectral resolution and variable-gain

amplifiers provide good time resolution

s N
« Four arrays have filters (0.3um Ti, 5um Be, 15um Be, 50um Be),
fifth array is without filter for bolometric measurement
« Pre-amplifiers have digitally controlled variable gains
N J
Modeled plasma SXR spectrum
Neon Emission at 450 eV
100 - - - : :
P NeX Gains Bandwidth
&0 e X ) 25 kQ 300 kHz
< ey 100 kQ 120 kHz
5 All Charge 5 um Be
g 60 States 4 500 kQ 50 kHz
7 1 MQ 35 kHz
&
S 40 2 MQ 26 kHz
g 5 MQ 16 kHz
w20
10 MQ 11 kHz
0 _ : 20 MQ 6 kHz
0 500 1000 1500 2000
X-ray Energy (eV)
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Modeling of ME-SXR Fast T : measured X-ray power scales
with n_ and T_-dependent impurity emission

E=ne ) mS(Ted) =12 ) 6S(Tey D) @
i i

P = f ET-(1)dA :nchin,i(Te) @

i

@ Plasma spectral emission function of T, dependent impurity
emission, scales with n_

@ SXR detected power measures spectrally integrated product of
filter transmission and @

 Filtered impurity emission curves R;; tabulated with spectral
modeling codes (e.g. ADAS, CHIANTI)
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Spectral modeling codes used to generate filtered impurity
response tables

2
To (keV)
Rf 5%C+0.5%0+0.1%Fe

— 0.3um Ti

— 2um Be

5um Be
— 15um Be
L — 50um Be

B s 4

Different filtered impurity response curves provide ability to isolate
temperature sensitivity
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Linearized expansion used to isolate SXR emission parametric

dependencies
dP d°P; An,? 0P d%P: AT,> 9°P
f f 2t f fEle f
AP, = —LA AT, An,AT,
f e, et oz T2 Yo Met otz 2 tonr, Mele ®
APf _ ZATle Anez ZiCiR],’,i Zi CiR],‘Ci ATez izl CiR],‘i

= + —An, AT,
Pr N ne?  XiCiRei ¢ XNiciRei 2 meXicRe; € ®

APry  APrp (ZiCiR}Li L CiR]'fz,i) (1 N ZAne)AT N (ZiCiR],c’ll ZlClRfZL) AT,? ®
Pry  Ppy 2iCiRr1i  XicCiRra, Ne © \XiciRr1i 2iCiRppi) 2

s R
@ Linearized Taylor expansion of change in detected power

@ Normalized ratio removes need for absolute calibration of detector
® Difference of filtered normalized ratio ~isolates T, n_ (w/iterations)

. ATe, An, referenced from intermittent Thomson measurements
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ME-SXR measurements of AP, used to propagate fast
temperature fits between Thomson measurements

Schematic of ME-SXR fast T fitting - ~
@ @ ® @ Use MPTS and R{(T,) with
o MPTS Measurements —>» forward Te fit measured AP, to propagate

Te AT, backward Te fi T, to next measurement

@ Compare forward and
backward T_ propagation

® Large change in plasma
composition may
accompany fast T_ changes

%

1 11
Ri2, Rf2, Rio

Ri1, Re1, Re
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2"d.order linearized expansion terms retained to improve ME-
SXR fast T reconstruction

Input T, SXR filtered response, P,

120 510~
0sl | model Tg ‘pulse’ 1 =z - — 10u Be g
< i ] é 3.107;— 100u Be é
2 06 ] = - — 300u Be ]
() i w 7 ; ;
— L x 2-10 = =
0.4 108
i 107 £ 3
0.2+ - 110 E .
00 : L L L | L L L L L L L L L L L L L L L ] 0 ; L L L 1 L L L 1 L L L L L L L 1 L L L |
0 20 40 60 80 100 0 20 40 60 80 100
simulation time step (arb. units) simulation time step (arb. units)
- T, fit using filtered ratio diff, AP, - AP, o 1o T, fit using filtered ratio diff, AP, - AP;,
' — Exact Fit using linear ' — Exact Fit using second order
— 10u - 100u terms 10-30% error 0.10- =— 10u - 100u terms much improved
10u - 300u | 10u - 300u ‘
< 0.10 — 100u - 300u ' < 0.08- — 100u - 300u
2 °
o o 0.06
[ [
< | <
0.05 | 0.04
0.02
0.00 | 0.00
0 20 40 60 80 100 0 20 40 60 80 100
simulation time step (arb. units) simulation time step (arb. units)
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Temperature fits relatively insensitive to uncertainties in
impurity concentrations

§XR filtered response, Fe underestimated x3 T, fit using filtered ratio diff.
1210 ——— 7 0 L
- — 10u Be ~—" - — Exact
1.010° - __ 400u Be ] 0.12F — 10u - 100u ]
- — 300uBe 0.10) — JOu-300u ]
£ 8010 . F —100u - 300u
2 : > 0.08] ]
€ 6.010" - Actual impurity concentration: . 3 —
- : 3% C, 1% O, 0.3% Fe ©0.06 - ]
X 4.0-10" - * <004 .
i Estimated impurity concentration: |- '
2.010" - 3% C, 1% O, 0.1% Fe 7 0.02 7
Oi s e S s — — ‘ ] 000: ‘ - Lo — |
0 20 40 60 80 100 0 20 40 60 80 100
7SXR filtered response, Fe overestimated x3 T, fit using filtered ratio diff.
5407 — T T T T T T T 010~ T T T TN
410 - —10uBe  — E 0.08- — 10u-100u - -
._é\ g - 1OOU Be L 183 = 3g83 ~-20%
é 3107§_ 300U Be E E) 0.06 - u- u |
= i Actual impurity concentration: >
L E
¢ 2_107? 3% C, 1% O, 0.1% Fe E 2004 ]
@ 7§ Estimated impurity concentration:
H10°E 3% C, 1% O, 0.3% Fe E 0.02 ]
—_——— 0.00. ‘ L ‘
0 20 40 60 80 100 0 20 40 60 80 100
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Filtered material/thickness optimization depends on plasma

temperature and impurity content

Model SXR response to 10% temperature ramp with plasma impurity content: 5%C, 0.5%0, 0.1%Fe

0.2f | g 0.2F :
I — 0.3umTi
S 010 E “©0.1; - —— 2um Be
. 2 : 5um Be
o 00- E o 0.0= - — 15umBe
o — ] o " —— 50um Be
< -0.1 , good sensitivity , < -01 E
02° ‘ ‘ 020
0.30 0.31 0.32 0.33 0.70 0.71 0.72 0.73 0.74 0.75 0.76 0.77
To (keV) To (keV)
0.2 0.2
>
=
&q—
0:—
< -
-0.2 ‘ ‘ 3 -0.2¢ ‘ ‘ 3
1.50 1.55 1.60 1.65 3.0 3.1 3.2 3.3
T, (keV) T. (keV)
- R
 0.3um Ti: 5um Be filter difference comparison shows good
sensitivity at low T_, loses sensitivity as T, increases
 Thicker filters improve sensitivity as T, increases
J
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Multiple filters necessary to discriminate between changes in

T, and changes in impurity fractions

Model SXR response with plasma impurity content: 5%C, 0.5%0, 0.1%Fe

. T‘e ramp | 7 . | Ne ramp | 7
N E £ |no difference between filters L — 0.3umTi
S 010 “S 0.2- |as expected "~ —— 2umBe
I:q/_ L_q/_ 5um Be
Q. 0.0° Q. 0.1; — 15um Be
e E— 50um Be
< 01 < 0.0
02° ‘ ‘ ‘ ‘ 01° ‘ ‘ ‘ ‘ 5
1.00 1.02 1.04 1.06 1.08 5.010" 5.1-10" 5.2:10" 5.3-10" 5.4-10" 5.5-10"
Te (keV)
C ram
0.4; ‘ P ‘
—~ 03
© :
'C;_ 02"
S
- 0'1§
< 0.0~
-0.1¢ ‘ ‘ ‘ ‘ ] 0. ‘ ‘ ‘ ‘ ]
1.0 1.2 1.4 1.6 1.8 2.0 1.0 1.2 1.4 1.6 1.8 2.0
. N
« 0.3um Ti: 15um Be filter difference insensitive to impurity change,
shows good sensitivity to T, change
« 50um filter good candidate to detect impurity change
N Y
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Impurity sensitivity also depends on plasma T,

Model SXR response with plasma impurity content: 5%C, 0.5%0, 0.1%Fe

C ramp Fe ramp

O Coskev | YO Coskev | | —— O3umTi
~03:- ¢ © —~ 0.8F'e” VKe 4 —— 2umBe
I—C’O2 = 06" ’ dum Be
= 0.2 ~~ I - —— 15um Be
%_ 1 &q_ 0'4: 1 —— 50um Be
o 01 O 02; :
< < :

0.0- 0.0F

01i I I I I 3 '02: L L L L ]

1.0 1.2 1.4 1.6 1.8 2.0 1.0 1.2 1.4 1.6 1.8 2.0
C ramp Fe ramp
0.4¢ ‘ ‘ ‘ 1.01 ‘ ‘ ‘
- T, = 1.5keV "T, = 1.5keV

—~ 0.3 0.8-
S ~
~ 0.2
a

0.0~

'01g I I I I 3 =J. I I I L il

1.0 1.2 1.4 1.6 1.8 2.0 1.0 1.2 1.4 1.6 1.8 2.0
' ™

* 0.3umfTi filtered SXR response changes sensitivity at low T,

« Combinations of multiple filters necessary for discrimination of SXR

response to AT_ and impurity response over range of temperatures/
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Reconstruction of synthetic ‘cold pulse’ shows good
sensitivity to changes in T

Synthetic ‘Cold Pulse’ T, = 1keV . (keV)

0.10¢ ‘ , 1.0 1.0 ‘ ‘

0.08 - 0.8 0.8/ -
©0.06" 06 = 06/ ]

(0] C X -

._g 0'04? 0.4 |_®0-4§ Pulse propagates from E
0.02} 0.2/ edge to core — ]
0.00¢ ‘ ‘ 02 0.0t ‘ ‘ ‘ ) :

1.0 1.1 1.2 13 14 0.0 1.0 1.1 1.2 1.3 1.4 15
R (m)
T, fit with 2um & 5um B lized diff
O?I O| Wi }.ln;\ um : € hormalize ifrerence ke¥)() SNRpeak _ 200
0.08 0.8 [

©0.06- o6 * Thin filters do better at lower

€004 0.4 T, reconstruction near edge,
0.02 0.2 overestimate T_ in core
0.00¢ ‘ ‘

1.0 1.1 1.2 1.3 14 00 -
T, fit with 15um & 50um Be normalized difference T_(kev)
0.108 . 1.0 ™
0.08 - os * Thicker filters fit T_ well in

2006 06 core, have difficulty with low

£004 0.4 signal in edge region
0.02- 02 - /
0.00¢ ‘ ‘

1.0 1.1 1.2 15 Moo
R (m)
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Modeling cold pulse at higher T_, highlights need for
multiple filter thicknesses

Synthetic ‘Cold Pulse’ T, = 3.5keV T, (keV)
0.10 ‘ 4 N
0.08 ‘yn
7 .06 3 Plasma composition same as
2 0 oaf 2 1keV model:
= 002k 1 5% C, 0.5% O, 0.1% Fe
0.00k ‘ /
1.0 1.1 1.2 1.3 1.4 1.5 0
R (m)
T, fit with 2um & 5um Be normalized difference T, (keV)
0.10 P N 4 h
0.0 3 Thin filters have increasing
00 , difficulty at higher core T,
£ 004 overestimates core T, ~ 20%
0.02 1
0.00 : = /
1.0 1.1 1.2 1.3 1.4 1.5 0
R (m)
T, fit with 15um & 50um Be normalized difference T, (keV)
0.10f AN 4 R
_oos Thicker filters needed for high
= 0068 T, reconstruction
£ 0.04?
~ 0.02F
0.00E : ‘ %
1.0 1.1 1.2 1.3 1.4
R (m)
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Transmission Grating Imaging Spectrometer provides radially
resolved profiles of impurity line spectra

(see Stutman, Kumar this conference)

X
e
AR - 4 image
Al sl coate readout
20 . 2-D detector 150 mm conflat
el MCP detector
: Free-standing
~3\E Transmission
“%Grating (d=2000 A)
imaging slit I

o Entrance slit
entrance slit ————

- | \ Imaging slit

Plasma _
Heating

neutral beam

Zero order block

* Impurity profile information improves ME-SXR fast temperature
reconstruction
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TGIS measurements of standard NSTX H-mode plasmas show
primarily low-Z impurities, C & O, with some CI, Fe

1.5

0.5

— Plasmla current iMA)
—— Beam Power x 0.25 (MW)
—— Radiated Power x 0.25 (MW)

— Line density x 10770 e

2

o PP oy v v~

exposure

0.4

0:6
Time (s)

0.8

| —— Electron Density x 10'% (cm™)

| —— Electron Temperature (keV) |

1.5 14

1.3

1.2

Radius (m)

1.1

.

0.9

Strong contributions

from NBI C-X Vignetted signal
\ Shot142192 /
| |
i i g 630A:0V+OVig,
| |
: v i < 521 A:CVl, .
| |
Traces of — E—ooax
Cl, Fe r—r R
: l "T~ : ZSSA;OVIII
:. o = 2664 2x135A
B - IO
C-X signals{ ! : 1352;(:\\,;5_2 + Liy,
C’ 0 102A:3x%384+ OV,
( ) BER:2%34
1.;37 1.I51 1|.;l4 1.137’I 1T3 1.122 1.I14 1.&)5 0.197 0.:89
- ™
* Previous modeling uses impurity
concentrations consistent with
measurements
« MPTS, TGIS measurements provide
L added information for ME-SXR fitting )
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Modeling for ME-SXR diagnostics demonstrates

discrimination of fast T, in addition to changes of impurities

-

o

\

Linearized expansion model isolates dependence on T_, n_

- careful selection of filter ratios can maximize T, sensitivity

- sensitivity to impurities can be minimized or maximized

- collection of filters necessary to maintain sensitivity over range of
plasma T_ and impurity content

Fast impurity profile and electron temperature measurements will
be used for (see Stutman):

- high resolution edge/core impurity transport measurements

- perturbative electron transport measurements (w/ laser blow-off)

High spatial, time resolution at the edge will measure:
- edge profile response to applied 3D fields
- ELM precursor and lifecycle details

Fast T_ recontructions using multiple data sources and neural-
network processing could provide robust, real-time measurements

I@NSTX
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