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Intfroduction

Motivation

What is behind the transition in He discharges in GOLEM?

Spatial
coordinate

> Time
High-speed camera (40 kfps, time evolution of the narrow spatial stripe)



Set up:

S COMPASS
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N G < Spectrometers
/) Plasma diagnostics used for the task: W

e Basic magnetic diagnostics (Ip,
e High speed cameras
e Compact spectrometers (NUV-NIR spectral range)

000" B1) Optical fibre




Set up:

Specirometers

CompCI Ci' SpeCfromeferS (Czerny-Turner type with grating & CCD)

Halpha
630 - 680 nm

0.025 nm/px

248 - 472 nm VIS 654 - 1084 nm
0.11 nm/px 460 - 663 Nm

0.10 nm/px

0.21 nm/px

IRVISUV
185 - 1110 nm

0.45 nm/ PX Spectrometers at GOLEM connected with the
<€ > tokamak via optical fibers

Spectral range
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Previous Work

Plasma overview from cameras in #46994

EMTRAIC 2024

Pixel Position

1) IP Scan —> Smooth bEhaViour in I (I . not fom I 1.6 2.5 3.4 4.3 5.2 6.1 7.0 7.9 8.8 9.7  10.6
p ‘ p,crit t [ms]

Plasma overview from cameras in #46996

— Color transition more intense for higher | - 350 V

Pixel Positio

2) Effect of breakdown and B, — no B.. dependence.
— Changes MHD aCtIVIty 4.2 5.5 6.7 8.0 9.3 10.5 11.8 13.1 14.4 15.6 16.9

t [ms]

3) Spectra analysis — Light (Z<20) impurities found
( IRVISUV) to be responsible for color transition &
— Lines of higher ionization states not confirmed

(but not ruled out either)
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EMTRAIC 2024

1) |, Scan — Smooth behaviourin| (I _. notfound)
p \ p,crit

— Color transition more intense for higher I

2) Effect of breakdown and B, — no B dependence.
— changes MHD activity

3) Spectra analysis — Light (Z<20) impurities found
( IRVISUV) to be responsible for color transition &
— Lines of higher ionization states not confirmed

(but not ruled out either)
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EMTRAIC 2024

1) |, Scan — Smooth behaviourin| (I _. notfound)
p \ p,crit

— Color transition more intense for higher I

2) Effect of breakdown and B, — no B.. dependence.
— Changes MHD activity

- HILOILOILNILCI, ClI
3) Spectra analysis — Light (Z<20) impurities found
( IRVISUV) to be responsible for color transition &
— Lines of higher ionization states not confirmed

(but not ruled out either)

13/12/2024
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% COMPASS Previous Work

EMTRAIC 2024

1) |5 Scan — Smooth behaviourin | (I _. notfound)
p \ p,crit

— Color transition more intense for higher I

2) Effect of breakdown and B, — no B, dependence.
— changes MHD activity

3) Spectra analysis — Light (Z<20) impurities found
( IRVISUV) to be responsible for color transition &
— Lines of higher ionization states not confirmed

(but not ruled out either) ‘ He I, O lll, N llI, C IHl, CI 117

13/12/2024

EMTRAIC 2024 - IPP Prague -




:: - I P P INSTITUTE OF PLASMA PHYSICS
%o’ OF THE CZECH ACADEMY OF SCIENCES

Research Intern;
August 20235

Beatriz Garcia

Supervisor: Diana Naydenkova?®
Helpers: GOLEM team?



Continuation

GOAL

-> Search for higher ionized ions: He I, C Ill, Cl I, O lll, N I

HOW?

-> Use Higher Resolution Specirometers:

Minispectrometer name Spectral range, nm Optical resolution, nm
HR2000 UV 247 - 473 0.17
HR 2000 VIS 460 - 663 0:15
HR 2000 H alpha 630 - 680 0.04
HR 2000 IR 659 - 1084 0.23

-> Calibration of Spectrometers!

August 2025- IPP Prague 11




o: |PP % CcoMPAsSS (S Spectral Calibration

allows precise wavelength assignment

e Hg-2 (Hg+Ar) spectral calibration source:
Usable for UV, IR and VIS | e ——
e Ne-2 spectral calibration source: = | s

597.553
404.656 602.000
407.783 —— 607.433
Usable for VIS and Halpha o=
435.833 612.884 ——
614.306
546.074 e
Ad ) ——————— 621.728
626.649
630.479 ——
633.442
638.299
640.225
650.653
653.288 ——
659.895
667.828
671708 ——
692.947
703.241
717.394
724512
743.890
747.244 ——
748.887

540.056
576.441

Neon
(Ne)

753.577
754.404
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o: | PP % coMPASS (B Spectral Calibration
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e Wavelength difference AA ~ 0.1nm against the manufacturer’s calibration
e Resolution per pixel ~ 0.026 nm/pixel — ~ 4 pixels systematic error — Use new spectral calibration!
FWHM ~ 0.062 nm
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VIS Spectrometer with Hg and Ne Sources VIS Spectrometer with Hg and Ne Sources

1.4 - —— Wavelength difference against manufacturer's

0.1050 -

0.1025 -

Fe
o

0.1000 -

o
®
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e
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o
’S

0.0925 -
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o
)

0.0900 -
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Calibrated wavelength [nm] 475 500 525 550 575 600 625 650

Calibrated wavelenth [nm]

e Wavelength difference negligible (at 545-660 nm) against the manufacturer’s calibration
e Resolution per pixel ~ 0.1 nm/pixel — Source is non ideal for this spectrometer
FWHM ~ 0.23 nm Use manufacturer's calibration
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UV Spectrometer with Hg Source UV Spectrometer with Hg Source
—— Wavelength difference against manufacturer's - 0.1175
z o |
0.20 =
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e Wavelength difference AA ~ 0.07nm (at 296-436 nm) against the manufacturer’s calibration
e Resolution per pixel ~ 0.1 nm/pixel — Use manufacturer's calibration!
FWHM ~ 0.23 nm
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IR Spectrometer with Ar Source IR Spectrometer with Ar Source
-
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e Wavelength difference AA ~ 0.75 nm (at 696-966 nm) against the manufacturer’s calibration
e Resolution per pixel ~ 0.1 nm/pixel — ~ 4 pixels systematic error — Use new calibration up to 1000!
FWHM ~ 0.39 nm



High lonized lons

Previously (IRVISUV) C lll triplet FOUND!

1280 uv #47109 .
1600, O 11 (463.88nm) CIll (464.794) nm | | | ;;
\ N 1l (463.413 nm)? 1260 T
1400 ,  C 1 (464.74 nm)? —_— I 55\
AN cli
1220 O 11(464.181nm) —i [ (465.025) nm
1l [ 1](465.101) nm

1200 O Il (463.88nm) ~_ ||

1160 -

1140 -
1120 -
1100 T T 1 r 1 1 11 .
T T T . T T 458 460 462 464 466 468

Calibrated wavelength [nm]
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Big Peak Time Evolution (IRVISUV) O I Time Evolution (IRVISUV)

500
—e— 800V 2.80 kA
o —e— 700V 2.27 kA
5000 - —o— 650V —&— 650V 2.16 kA
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Big Peak Time Evolution (IRVISUV) N Il Time Evolution (IRVISUV)

2000
—e— 700V —&— 700V 2.27 kA
700V 1750 - - 650V 2.16 kA
5000 - —e— 650V 600V 2.07 kA
o ooov —@ 550V 1.92 kA
—e— 550V 1500
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High lonized lons

C lll triplet: 464.742, 465.025, 465.147 nm (UV: AA=0.17 nm)

UV Spectrometer:

1280 UV#47109 1 Il C Ill (Triplet: 464,742; 465,025; 465,147)
P Linear Fit 46994
P o
2601 | C |1l (464.794) nm [~ | i—(465.025)nm |
| Al [ J
1240 - o\ Y\ (465.101) nm
46999
1220 - Bo 'y
- 47001 N
¥ 1200 2 .
= > 55 -
S -
S 1180+ i 47000 47002”
o ¢ ¢
1160 - £ 507 46298
1140 ;
45
11201 ‘
4
oo i o 42%3?
462 463 464 465 466 467 : : : : : : : :
Wavelengths [nm] 350 400 450 500 ¥ 550 600 650 700
/
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N lll doublet ?: 463.413 nm

UV Spectrometer:

UV #37092 N 11l (463.413 nm)
1280 :
Z69TT
28 4 Linear Fit °
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He II? Previously: VIS: AA=0.15 nm

IRVISUV #46991 ms [f3,r]

16000 - VIS #46993
1000

140001 0] He ll (656.02 nm)?
120001 H_1(656.279 nm)?
sooo: He Il (656.02 nm)? _— \

H 1(656.279 nm)?

500 -

Counts
Counts

2000 1
400 T T T T T T T
654.0 654.5 655.0 655.5 656.0 656.5 657.0 657.5 658.0
0- Wavelengths [nm]
640 645 650 655 660 665 670 675 680

Calibrated wavelength axis [nm]
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Comparison with HB(486.135 nm)

Time Evolution Halpha or Hell with IRVISUV (lIp) Time Evolution Hbeta with IRVISUV (Ip)
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Comparison with He | (667.8 nm)

He | time evolution

Time Evolution Halpha or Hell with IRVISUV (lp) 10000 —®— 800V 2.80 kA
= 000 —e— 700V 2.27 kA
4000 - .\ 700V —o— 650V 2.16 kA
; 600 V 2.07 kA
8000 ~8— 550V 1.92 kA
e 500V 1.76 kA
~8— 450V 1.57 kA
3000 - 6000 —%— 400V 1.34 kA
2 i b —— 350V 1.10 kA
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2 2 6 8 10 12 14 Time [ms]
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He Il (656.02 nm) FOUND!

VIS Spectrometer:
H alpha or He Il (656.181 nm)

Linear Fit Zgaéi
200 [
46997
®
175 A
46999
’,

- 150
2 47201
2
- 125
c
-
E 100 47200

Increases with the plasmp current — ion
46998 f

s~ He Il ?|["Z

46993

201 46896

350 400 450 500 550 600 650 700
U,



SUMTRAIC 2025

EMTRAIC (CABLE) VS SUMTRAIC (NO CABLE) [N

No Transition:

Transition:
uv (700V) 1300 uv (350V)
—— #47092(EMTRAIC 2024) —— #46993(EMTRAIC 2024)
1350 Ol ~— —— #49599(SUMTRAIC 2025) Ol —— #49615(SUMTRAIC 2025)
H|I CII 1250
1300 1 Disappears j H |
He | j
— Ol ,» 1200
£ Ol £
= =
(=] []
v \ \ )
1200 - 1150 -
1100
1100 -
360 380 400 420 440 460 360 380 400 420 440 460

Wavelengths [nm] Wavelengths [nm]
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EMTRAIC (CABLE) VS SUMTRAIC (NO CABLE)

|
Transition: -

No Transition:
VIS (700V)

1000
—— #47092(EMTRAIC 2024) 650 VIS (350V)

—— #49599(SUMTRAIC 2025) —— #46993(EMTRAIC 2024)
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EMTRAIC (CABLE) VS SUMTRAIC (NO CABLE) -

Transition: No Transition:
VIS (700V) VIS (350V)
2000 T 1000
—— #47092(EMTRAIC 2024) —— #46993(EMTRAIC 2024)
He | —— #49599(SUMTRAIC 2025) He | —— #49615(SUMTRAIC 2025)
1800 - N || o060
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1600 - .
800 - N ||
1400 - N || \ He |l & Ha
()]
£ £
£ | S 700- dll
g 1200 N | 8 \
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/ 500 k
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400 560 580 600 620 640 660

Wavelengths [nm]

560 580 600 620 640 660
Wavelengths [nm]
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CO nc I USiO n e Found e Spectroscopy diagnostic system should

e Noftfound? be updated—not enough QE of high

resolution spectrometers .
Neutral | lonization | 1stionic | lonization 2nd o . : 5
.. ° ccasional presence of power cord —
(I) energy [eV] state energy [eV] lonic Impurity influx + Edge condition
() state (lll) change — Repeat experiment
He 24.59 He* e Similar improvements in particle
confinement were reported by Finken
13.60 et al. (2007) in TEXTOR, where opening
of flux tubes connected deeper
C 11.26 Cc* 24.38 Cc?t rational surfaces to the wall led to
edge cooling, core density peaking,
13.62 O* 35.12 02t and barrier formation.
N 14 .53 N* 29 60 N2+ e Ourresults suggest that even in a small
device like GOLEM, analogous
Cl 12.97 Cl* 23 8 CJ?* barrier-formation mechanisms may be
at play, with impurities serving as

tracers of changing edge topology.
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He Il & Ha peak —» **

Fit of both peaks
not possible
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Absolute Calibration
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Fractional abundance
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Big Peak Time Evolution (IRVISUV) C Ii'Time Evolution (IRVISUV)
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Cl lll doublet: 460.425, 460.768 nm

UV Spectrometer: UV Spectrometer:
Cl 11l (460.425 nm) Cl 11l (460.768 nm)
Linear Fit Linear Fit
27.54 e 36 46911
4 °
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Color transition

Camera components in #46994

A T L4

Plasma overview from cameras in #46994 1.00

Pixel Position

o
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Color ircmsmon MHD

Plasma overview from cameras in #47000

B shift

Pixel Position
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B Plasma overview from cameras in #47008
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IRVISUV

[ X J
o: |PP 2 comPass (S
e Specira
Spectra before the transition (Red range) Spectra after the transition (Blue range)
5000
—— 700V 2.0-4.0ms —— 700V 6.0-8.0ms
15000+ ‘—He | —— 350V 6.0-8.0ms —— 350V 14.0-16.0ms N ||
14000 - 4000 - \
12000
N 1+O Il (+C IIl)
,, 10000 H? | 5, 30007 - He |
s £ N 11+
3 8000 He | 3 ( ) H l(ﬁ) Cll
S l 8 He | Sl Cl
2000 - He | /
6000 -
so00] NIl Ha\ e
e 1000 |
2000 - 1 N |l U | O |
U ~Ode g !
0 . , , , , , , , , , ,
550 600 650 700 750 800 %50 375 400 425 450 475 500 525 550
Wavelengths [nm] Wavelengths [nm]
Working gas: He |
Impurities:
HILNILCILCIILOI OII
https://creativecommons.org/licenses/by-sa/4.0/ 59 I|nes, 2ms eéxposure time hitps://creativecommons.org/licenses/by-sa/4.0f
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Y |PP % coMPAss (1 Ip scan:

Time evolution of specira

He | (667.8 nm) |Intensity ~n_*n_ *C_(n,T)

He | time evolution

Plasma overview from cameras in #46994 10000 —®- 800V 2.80 kA
—o— 700V 2.27 kA
g —&— 650V 2.16 kA
] 600 V 2.07 kA
A : 8000 e 550V 1.92 kA
& e 500V 1.76 kA
3 -~ 450V 1.57 kA
I 2 . 6000 —%— 400V 1.34 KA
P & o —*— 350 V 1.10 kA
16 25 34 43 52 61 70 79 88 97 106 S
t [ms] S T,
4000 N
Plasma overview from cameras in #46996 ®
6 350V
o 2000 1
=
0n
0
a
- %
X 0]
= 2 4 6 8 10 12 14 16
Time [ms]

4.2 5.5 6.7 8.0 9.3 10.5 11.8 13.1 144 15.6 16.9
t [ms]

Source: Working gas
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Ip scan:
Time evolution of specira
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Ha (656.3 nm)

Ha time evolution

Plasma overview from cameras in #46994 —&— 800V 2.80 kA
- 700V 2.27 kA
c
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Source: Atmosphere (H,0O), in-vessel materials, previous shots, PVC
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Ip scan:

Time evolution of specira

C Il (657.80nm) Cll?

C Il time evolution 1600 - Oll (46388nm)

3000 | = oV \ O H (463.901 nm)
~e— 700V 2.27 kA 1400 - N I (463.413 nm)?
—o— 650V 2.16 kA
2500 s1i0 5 07 K oo C |“||A£ﬂb4f74 nm)?
o 550V 1.92 kA \
o 500V 1.76 kA
2000 —® 450V 1.57 kA
—%— 400V 1.34 KA
2 —%— 350 V 1.10 kA
£ 1500
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Source: Atmosphere (CO,), PVC, Steel, pumping

43

EMTRAIC 2024 - IPP Prague - 13/12/2024




INSTITUTE OF PLASMA PHYSICS ASCR

. IPP %~ COMPASS (8 Ip scan:

Time evolution of specira

Cl 1l (479.46 nm)

Cl Il time evolution

Cl Il dependence on |,
—o— 800V 2.80 kA
—e 700V 2.27 kA ®
—o- 650V 2.16 kA
2000 600 V 2.07 kA
- 550V 1.92 kA
e 500V 1.76 kA
iEo0 | —%— 450 V 1.57 kA
—%— 400V 1.34 kKA
2 —«— 350 V 1.10 kA
-
[}
Y 1000
500
01 ' ' , ‘ T ' 7 ' 1.25 1.50 1.75 2.00 2.25 2.50 2.75
2 a 6 8 10 12 14 16 1, [kA]
Time [ms] R .
Source: PVC — cable insulation!
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BT shift scan:
Breakdown conditions, effect of BT

B shift

SHOT time U (Current |1, .. [KA] | B(atl; ..,)
NUMBER | delay drive) [V] [T]
[ms]
47000 0 450 1.6 0.27 S 101
47008 1 450 1.8 0.35 §' 5
-
47005 2 450 1.7 0.37 04
t [m's]

47007 3 450 1.7 0.39
Table of shots with similar current drive values but different -
toroidal magnetic field shift. 5 1

_9.
0 o
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SPECTROSCOPY / SPECTROMETER SET-UP

HR2000+: crossed Czerny-Turner specirometer
observing plasma using opftical fibre

é Detector collection lens
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1 Slit

SMA connector for optical fiber
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Collimating
mirror

Focusing
mirror

Czerny-Turner set-up

exit slit
focusing
> mirror
diffraction
grating
collimating
mirror
entrance slit
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wavelength, nm
IR 20 us, VIS 3us, UV 50 us, Halpha 20 ys
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wavelength - color

https://www.agcled.com/blog/basic-information-of-the-visible-light.html

https://www.pythoninformer.com/computer-science/colour/rgb-colour/

rgb(0%, 0%, 0%) rgb(50%, 0%, 0%) rgb(100%, 0%, 0%)

rgb(0%, 50%, 0%) rgb(50%, 50%, 0%) rgb(100%, 50%, 0%)

rgb(0%, 100%, 0%) rgb(50%, 100%, 0%) rgb(100%, 100%, 0%)

rgb(0%, 0%, 50%) rgb(50%, 0%, 50%) rgb(100%, 0%, 50%)

rgb(0%, 50%, 50%) rgb(50%, 50%, 50%) rgb(100%, 50%, 50%)

rgb(0%, 100%, 50%) rgb(50%, 100%, 50%) rgb(100%, 100%, 50%)

rgb(0%, 0%, 100%) rgb(50%, 0%, 100%) rgb(100%, 0%, 100%)

[ | 1 |

rgb(0%, 50%, 100%) rgb(50%, 50%, 100%) rgb(100%, 50%, 100%)

rgb(0%, 100%, 100%) rgb(50%, 100%, 100%)  rgb(100%, 100%, 100%)
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Illred

orange

(nm)
380450
450-485
485-500
500-565
565-590
590-625
625-750

(TH2)
670-790
620-670
600-620
530-600
510-530
480-510
400-480

Wavelength  Frequency Photon energy

(eV)
2.75-3.26
2.56-2.75
2.48-2.56
2.19-2.48
2.10-2.19
1.98-2.10
1.65-1.98
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