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Background & Motivation

« Accurate electron density (n.) profiles are crucial:

« plasma control, performance evaluation,
study confinement, tfransport, edge physics, & exhaust

« require absolute calibration of system response
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Background & Motivation

« Accurate electron density (n.) profiles are crucial:

« plasma control, performance evaluation,
study confinement, tfransport, edge physics, & exhaust

« require absolute calibration of system response

« Rayleigh scattering-based calibration of DIII-D Thomson scattering!'!
vulnerable to stray laser light contamination

« Locations with high stray light (e.g., in the divertor) cannot be directly
calibrated using Rayleigh scattering
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Background & Motivation

« Accurate electron density (n.) profiles are crucial:

« plasma control, performance evaluation,
study confinement, tfransport, edge physics, & exhaust

« require absolute calibration of system response

« Rayleigh scattering-based calibration of DIII-D Thomson scattering!'!
vulnerable to stray laser light contamination

« Locations with high stray light (e.g., in the divertor) cannot be directly
calibrated using Rayleigh scattering

- Rotational Raman scattering from diatomic gas shifts scattered
wavelengths away from laser wavelengthl?

DIl-D [1] B. Bray et al., RS 72, 1115 (2001) [2] J. Howard, J. Phys. D 12 (1979)
NATIONAL FUSION FACILITY 4 * GE"ERAL AroM'cs

Fabio Conti - 8" International Conference Frontiers in Diagnostics Technologies - Frascati, Italy, 2026-10-21



Rayleigh scatitering

« System response measured 12000 -

f . . Rayleigh pressure scan example A
at various gas fill pressures 3 49 _ 3 814102 cm?/sr '
: , 2 100004 4°
* Signal normalized fo laser =}
wn L
energy S 8000 A
« Slope of linear fit provides %
calibration factor & 00007 ,
wn "’
2 .
 Single spectral channel N 4000-
only (1064nm) £ ,
(=) ot
) =z 2000 o
* Well-known cross section
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Raman scattering
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Raman scattering

- Sum of Raman lines le—32
weighted by filter 5 E [*=
. o g 8
fransmission £ S =~ N
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* Usability of spectral S & /2 é N 8 3
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* 1047nm, 1058nm S 8 E
reliably good signals S > [
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Rayleigh bleed-through S
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* 1022nm low Raman signal y
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Raman scattering

 Sum of Raman lines
weighted by filter
tfransmission

« Usability of spectral
channels:

* 1047nm, 1058nm
reliably good signals

« 1062nm, 1067nm possible
Rayleigh bleed-through

« 1022nm low Raman signal

« 100-1000x lower signal
(per filter) vs Rayleigh

Dilll-D
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Normalized signal [counts/Joule]

1000 1

800 1

Raman pressure scan example

(Z—g)] ~ 1032 cm?/sr

1022.5-35.0 nm
1047.5-15.0 nm]

- 1058.0-5.0 nm
0001~ 1061.9-1.8 nm
1067.5-2.0 nm
400 -
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Rayleigh vs Raman

« 56 scattering volumes (42 vert. + 14 hor.) over (6 vert. + 1 hor.) lasers
— 266 coefficients have both Rayleigh and Roman values
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Rayleigh vs Raman

« 56 scattering volumes (42 vert. + 14 hor.) over (6 vert. + 1 hor.) lasers
— 266 coefficients have both Rayleigh and Roman values

« Geometry factor ® should be the same for Rayleigh / Raman (& Thomson)

« For each spectral channel:

(S/Elas)

Pgas

kBTgas

d_O' GPL
<dQ Trel)(:h ( /GDC)Ch

V

Dy =

ch
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Rayleigh vs Raman

« 56 scattering volumes (42 vert. + 14 hor.) over (6 vert. + 1 hor.) lasers
— 266 coefficients have both Rayleigh and Roman values

« Geometry factor ® should be the same for Rayleigh / Raman (& Thomson)

‘ ratio of detector
_ kBTgas signal fo laser
Pen = 7= v energy
56, e
ch ch

_ o ratio of detector gains
relative fransmission (DC spectral calibrations)
of collection opfics + filter

« For each spectral channel:

cross-section
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Rayleigh vs Raman

« Geometry factor ® should be the same for Rayleigh / Raman (& Thomson)

« DIlII-D Thomson system produces lower Raman sensitivity than Rayleigh:

(q))Raman"’ 0.8 (¢>Rayleigh
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Rayleigh vs Raman

« Geometry factor ® should be the same for Rayleigh / Raman (& Thomson)

« DIlII-D Thomson system produces lower Raman sensitivity than Rayleigh:
(q))Raman"’ 0.8 (¢>Rayleigh

— gives ~25% higher n, for same Thomson signal

¢« Raman o « y2 where 0.60f

Yy = molecular polarizability anisotropy!3! ossh ]
. , [ b :
* Manually adjust value to improve agreement o a LeBlanc :
© 0.50f 2008 ]

y2=0.51 — 0.40 x104 cm? Lo c
: : . & 0451 dy ]
- Still use Rayleigh where possible e DILD 1 :
until discrepancy is resolved 0.401 - ,_calbraten ]

400 600 800 1000 1200
A(nm)

[3] B. P. LeBlanc, RSl 79, 10E737 (2008)
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Rayleigh vs Raman

* Ratio Myaman / Mrayleigh NAs ~20%
Distribution of Raman / Rayleigh ® ratios

point-to-point variability 120
Original o adjustment
—e— avg = 0.798 —— 1
100 std dev =0.111
Adjusted
—e— avg = 1.000
80 std dev = 0.132

Frequency
o)
o

40 -

20 -

-

0 . : : : : - - >
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

CDRaman / CDRayleigh
[Raman value is mean of 1058 & 1047 nm channels]
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Rayleigh vs Raman

* Ratio Myaman / Mrayleigh NAs ~20%

point-to-point variability 20 Distribution of Raman / Rayleigh ® ratios
. Origi:lal o adjustment
.+ Possible causes: ol g o — n 2
Adj
o measurement accuracy of e e G

std dev = 0.132

0
o

detector Pulse / DC gain
— whole system pulsed
calibration
o accuracy of opftics spectral 40
calibrations: angle-of-incidence,
coating, aging, irradiation 201
— in situ (re)calibrations
o Residual Rayleigh cross-filter a2 o5 o6 07 08 09
bleed-through during high- Draman / Prayieign
pressure Ramang — measure [Raman value is mean of 1058 & 1047 nm channels]
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o
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Rayleigh vs Raman

* Neither 1047nm nor 1058nm factor Horizontal system (Laser 5)
alone is better matched to Rayleigh o A a o maom
. If ‘good’ is within 10% of Rayleigh: T g W N e
c p: . E
Good channel(s) o 0.4 v } \ .!+ '\\
© ] ) ¥
1047nm only 28% 5 0.3 ; . e
o] \ angle
1058nm only 20% e ?
20.2
Both 28% e
o
Neither 23% & 017 g
Mean of channels 58% 0.0 . e
Scattering volume label

NATIONAL FUSION FACILITY

0:0 GENERAL ATOMICS

16 Fabio Conti - 8" International Conference Frontiers in Diagnostics Technologies - Frascati, Italy, 2026-10-21



Rayleigh vs Raman

* Neither 1047nm nor 1058nm factor Horizontal system (Laser 5)
alone is better matched to Rayleigh o A a o maom
- If ‘good’ is within 10% of Rayleigh: g ¢ g N e
S o/ ! ' T e | _:s
Good channel(s) o 0.4 ¢/ } .;+ "-\
© - ) &
1047nm only 28% 0.3 ¢ il ij:e\
5] \ angle
1058nm only 20% £ ?
50.2
Both 28% e
o
Neither 23% & 017 - -‘:‘7;5‘
Mean of channels 58% 0.0 ;/

T T T T T T T
[=)] ~ N o~ o @ o [=¢]
m m m m m o~ o~ —
N = K = i = L L N = = N =}

Scattering volume label

h48
h45 4
h42
h06
h05
ho4

Where both are available, Raoman is not clearly better than Rayleigh at DIII-D
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Cross-calibration with ECE improves n_ calibration and profiles

- Dedicated shots with gradual ramp-up of n, and [ to
send ECE channels into cutoff

Distribution of ECE correction factors

« Fit signal extinction:

Rayleigh
known ECE f, and B(R) 7 T pmoemem 00
gives ne(Rn' TI’]) [4I 5] 0 - }F-i:m::];irg?nzlo.o-”
125 4 Xx=0.783,s=0.091
* Mapping + interpolation 9
in y space to get £

~J
wm
L

correction factors for
Rayleigh/Raman 501

254

« Can introduce errors « Vy

0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
ECE correction factor

DIII=D 4K Ihuovich et al., RSl 76, 053506 (2005) [5] M. Brookman et al., RSI 87, 11E517 (2016)
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Cross-calibration with ECE improves n_ calibration and profiles

DIII-D shot 205686, t = 2750 ms

Rayleigh Raman (adj.) ECE-corrected
1.0 1.0 1.0

0.2 i 0.2 0.2 ®
m ®
0.0 : : : : : 0.0 : : : : : 0.0 : ‘ : . ‘
0.0 02 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 0.4 0.6 08 1.0
Yn Yn Wn

Use ECE correction to Rayleigh/Raman in
plasma core & edge (53/56 volumes)
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Density calibration is more challenging in divertor

 Ultra-narrowband filters reduce
cross-filter stray light contamination

— Rayleigh calibration not possible

|
1
Negative Z (m)

« Raman calibration used
with adjusted o

1.02 0.68 0.34 0.0

Machine axis

« Possible cross-checks / corrections
being evaluated

— ECE-based
- P, based

1.36
l

|
1
|
|
i
|
i
!

DTS
collection
volumes Y

i

| Prism
\block

DTS-2D paths

Fiber viewing
angle

45° tiles

4 I ‘
l 1 | l | |

o
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Calibration of Divertor Density — ECE and P_ checks

1) ECE: expanded plasma shape, divertor TS
locations inside separatrix

 ECE mapped from mid-plane (steep VW) to
expanded flux in divertor
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Calibration of Divertor Density - ECE and P_ checks

|||||

1) ECE: expanded plasma shape, divertor TS
locations inside separatrix

ECE mapped n IREERERRE
from midplane N ERNEY

\\\\\

 ECE mapped from mid-plane (steep VW) to :
expanded flux in divertor. TR

2) Assuming P_ balance along field lines for
independent check

* Radial sweep of strike point, L-mode steady
state. Each volume sees varying W(t).

« Corrections relative to a reference volume

Divertor

scattering
volumes
-
b A A ozo GENERAL ATOMICS
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Calibration of Divertor Density — ECE and P_ checks

® |hdepeﬂdenT ECE Ond Pe meThOdS ECE and P, divertor density correction
complement each other 18T
close to wall ® Peavg
— agreement within ~10% in 16|¥ 4 (use P.?) @ EcEevg
most locations "
— Canuse P_ near wall and e
ECE in top-most volumes : + | | . narrow
c 12 LS SP sweep
5 + ' &% R + ® (use E;E)
% 0] E— % % --------------------------- !-'--g-'---'-" -- 2
Q / % . L
0.81 /
P, ref *
0.6 volume !
-125 -120 ~115 -110 -105 -100
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Calibration of Divertor Density — ECE and P_ checks

* Independent ECE and P, methods
complement each other

— agreement within ~10% in
most locations

— Canuse P, near wall and
ECE in fop-most volumes

— To be implemented in new data
for smoother profiles

Raman only Raman + ECE & Pe

Dii-D
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Correction Factor

ECE and P, divertor density correction

1.8+ <
close to wall ® Peavg
use P.? @ ECEavg
Lol g |(UeP)
140
_ \ narrow
1.2 ® § SP sweep
1 ' % o + ° (use ECE)
0] — -- '_'_'..?%' .................. mmmmmme- !. ___*'__,._,-;_'_"____;-____
e -
0.8- /
P, ref *
0.6 volume X
—
-125 -120 -115 -110 -105 -100
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Conclusion & Further Development

Dilll-D
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Raman and Rayleigh scaftering used to calibrate DIII-D TS for ng

Raman underestimates sensitivity: systematic error or adjust y
Where both are available, Raman is not clearly better than Rayleigh

ECE cutoff used to refine Rayleigh calibrations / ne profiles
in plasma core & edge beam paths

Divertor regions use adjusted-y Raman; ECE and P-balance used to cross-check
results, combining the two seems to work well
Calibrating diagnostics in multiple ways — understand discrepancies

o point-to-point and spectral channel-to-channel variation

o consistency between techniques

o improve ECE and P-balance correction methods

Calibration process improvements: whole system pulsed calibration,
measure Rayleigh cross-filter bleed-through
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THANK YOU
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Comparison of Raman speciral channels

@ 1022.5-35.0 nm
x5 5 1047.5-15.0 nm
O < 7 b @ 1058.0-5.0 nm
— o @ 1061.9-1.8 nm
n 1067.5-2.0 nm
- @~ Mean of Raman channels
o 0 . 6 i -l Rayleigh
> £-3
- | 3 o
= 0.54 = AN e N -
: S DR
A O il S Iy =
g041% W gL ey
& \ & X
O B T ‘\T\‘
> 0.3 1
o £
0.1+ - =
'*ul?,
0 . 0 1 I 1 1 1 1 I L] 1 L] I L] ] 1
0] n o (@) ~ n o o [e0) (o) 0 O n <
< < < m m m m o~ ~N — o o o
o £ K < i ca c fl = = < i i b= < =

-0 Scattering volume label
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ECE cutoff

0.6

0.4

Normalized ECE signal

\
Wl

Ay

it

0.2

0.0

ECE signals for shot 205686

—— f=93.5MHz t=3040.9ms
—— f= 94.5MHz t=3045.6ms
—— f= 95.5MHz t=3054.4ms
—— f= 96.5MHz t=3076.1ms
—— f= 97.5MHz t=3137.6ms
—— f= 98.5MHz t=3258.9ms

f= 98.5MHz t=3246.4ms
—— f= 99.5MHz t=3343.4ms

f=100.5MHz t=3385.6ms
—— f=101.5MHz t=3320.0ms
—— f=102.5MHz t=3253.6ms
—— f=103.5MHz t=3252.9ms
—— f=104.5MHz t=3294.6ms
—— f=105.5MHz t=3344.1ms
—— f=106.5MHz t=3414.4ms
—— f=107.5MHz t=3472.4ms

L . : : 1 2800
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Divertor sirike point sweep

1.020
1.015
1.0101
P
-
-~ 1.005 -
5 1.000
0.995 4
0.990 4
0.985 4
— dI00 — dI02 — dl03b —— dI05 — dl07 — dl09 dil2
7 diol dl03a dlo4 dloé dlos di10 dil3
0.980 T T T T T T T - -
— 3000 3250 3500 3750 4000 4250 4500 4750 5000
% time (ms)
e
-
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