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Slide titleOutlook

• Provide an overview of published experimental EUV spectra for code 
benchmarking.

Disclaimer: I have not covered all publications reporting EUV spectra.

• Compare ARCNL 1 μm laser-produced plasma experimental spectra to 
radiation-transported spectra generated for Problem 2.
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1.  Charge-state resolved EUV spectra for benchmarking 
atomic codes



Slide titleEUV spectra: Vacuum spark discharge
Charge-state resolved spectra are essential for benchmarking spectral calculations from  

complex atomic & plasma physics codes.

Atomic Spectroscopy group (ISAN, Moscow).

https://iopscience.iop.org/article/10.1088/0031-8949/73/6/014/pdf

https://link.springer.com/article/10.1134/S0030400X06080017
https://link.springer.com/article/10.1134/S0030400X08120060

https://link.springer.com/article/10.1134/S0030400X06050043

• Experimental spectra recorded in a vacuum spark discharge. 

• Papers report wavelengths of 4p64dn – (4p64dn-14f + 4p54dn+1) transitions.

Wavelength (Angstroms)



Slide titleEUV spectra: Electron beam ion trap
Charge-state resolved spectra are essential for benchmarking spectral calculations from  

complex atomic & plasma physics codes.

EUV Plasma Processes group (ARCNL, Amsterdam) & Highly Charged Ion Dynamics (MPIK, Heidelberg).

• Experimental spectra recorded in an electron beam ion trap. 

• Papers report wavelengths of 4p – 4d transitions in Sn13+ – Sn15+.

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.101.062511

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.95.042503

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.94.012506



Slide titleEUV spectra: Electron beam ion trap
Charge-state resolved spectra are essential for benchmarking spectral calculations from  

complex atomic & plasma physics codes.

EUV Plasma Processes group (ARCNL, Amsterdam) & Highly Charged Ion Dynamics (MPIK, Heidelberg).

• Experimental spectra recorded in an electron beam ion trap. 

• Papers report wavelengths of 4p – 4d transitions in Sn13+ – Sn15+.

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.101.062511

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.95.042503

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.94.012506



Slide titleEUV spectra: Charge-exchange spectroscopy
Charge-state resolved spectra are essential for benchmarking spectral calculations from  

complex atomic & plasma physics codes.

Atomic Physics group (TMU, Tokyo) & Spectroscopy group (UCD, Dublin).

• Experimental spectra recorded from collisions of Snq+ ions with He/Xe gas.

• Papers report wavelengths of 4p64dn – (4p64dn-1 (4f,5p,5f) + 4p54dn+1) transitions.

https://iopscience.iop.org/article/10.1088/0953-4075/43/6/065204

https://journals.aps.org/pra/abstract/10.1103/PhysRevA.79.042509

https://iopscience.iop.org/article/10.1088/0953-4075/42/16/165207https://iopscience.iop.org/article/10.1088/1742-6596/163/1/012071



Slide titleEUV spectra: Large Helical Device
Charge-state resolved spectra are essential for benchmarking spectral calculations from  

complex atomic & plasma physics codes.

High temperature Plasma Physics division (NIFS, Toki) & Spectroscopy group (UCD, Dublin).

• Experimental spectra recorded from low-density magnetic confinement fusion plasma.

• Papers report wavelengths of 4p – 4d transition in Sn XIX, XX, XXI (also 4d – 4f) XXII.

https://aip.scitation.org/doi/10.1063/1.3585803

https://iopscience.iop.org/article/10.1088/0953-4075/43/7/074027
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2.  EUV spectra from laser-produced plasmas (ARCNL data)



Slide titleEUV spectra: 1 μm laser-driven plasmas

https://iopscience.iop.org/article/10.1088/1361-6455/aba3a8/meta

1. “Long-wavelength” out-of-band emission

• Experimental spectra recorded in an electron beam ion trap
and laser-produced plasmas (1 μm Nd:YAG). 

• Papers reports wavelengths of 4p – 4d & 4d – (4f, 5p, 5f, 6p, 
6f) transitions in tin ions.



Slide titleEUV spectra: 1 μm laser-driven plasmas
2. “Short-wavelength” out-of-band emission

• Experimental spectra recorded from a laser-produced 
plasma (1 μm Nd:YAG). 

• Papers reports wavelengths of 4p – 5s, 4d – 5f/6p 
transitions in tin ions.

https://iopscience.iop.org/article/10.1088/1361-6455/aaa593

4p64dm – 4p54dm5s
4p64dm – 4p64dm-15f
4p64dm – 4p64dm-16p



Slide titleEUV spectra: Laser-produced plasmas
1 μm (Nd:YAG) laser-produced tin plasma spectra

https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.12.014010



Slide titleEUV spectra: Laser-produced plasmas
1 μm (Nd:YAG) laser-produced tin plasma spectra

https://aip.scitation.org/doi/full/10.1063/1.5117504

Radiation transport through a 1D single temperature, single density plasma
in LTE with a wavelength-specific optical depth 𝝉𝝉𝝀𝝀

Spectral radiance Planckian

Can reproduce an experimental spectrum “i” using a reference spectrum
and the so-called “relative optical depth” 𝒂𝒂𝝀𝝀,𝒊𝒊 = 𝝉𝝉𝝀𝝀,𝒊𝒊/𝝉𝝉𝝀𝝀,𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓



Slide titleEUV spectra: Laser-produced plasmas
1 μm (Nd:YAG) laser-produced tin plasma spectra

8+9+10+

What are the dominant charge states in the plasma? –> Look at the short wavelength emission!!

Let us compare the orange spectrum to the code comparison problem “radiation transport through a uniform tin sphere”



titleRecall: Radiation transport problem
Problem 2a

This problem investigates radiation transport through a uniform sphere of tin plasma.

The plasma temperature (for both electrons & ions) is set to 25 eV and the mass density and 
sphere radius are defined below.

Goal: Obtain a self-consistent radiation field & material properties throughout the sphere 
under the assumption of steady-state non-LTE conditions.

Requested quantities: Gross plasma parameters (mean ion charge, energy density, etc.), 
emission & absorption coefficients and the spectral power:



Slide titleProblem 2: Radiation transport
1 μm (Nd:YAG) laser-produced tin plasma spectra

• Radiation transport through a uniform sphere

• Te = 25 eV, ρ = 0.01 g/cc, Radius = 10 μm

Mean ion charge as a function of “normalised distance” in the sphere 

Mean ion charge ranges between 
Sn8+ and Sn9+

Center of sphere Edge of sphere



Slide titleProblem 2: Radiation-transport 
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• Radiation transport through a uniform sphere

• Te = 25 eV, ρ = 0.01 g/cc, Radius = 10 μm

Experimental spectrum



Slide titleEUV spectra: Laser-produced plasmas
2 μm (Nd:YAG) laser-produced tin plasma spectra

Droplet target, Gaussian temporal & spatial profiles

https://iopscience.iop.org/article/10.1088/
1361-6463/ac0b70/meta

https://journals.aps.org/prres
earch/abstract/10.1103/Phy
sRevResearch.3.013294

https://opg.optica.org/oe/full
text.cfm?uri=oe-29-3-4475&id
=446982

https://iopscience.iop.org/article/10.1088/
https://journals.aps.org/prresearch/abstract/10.1103/Phy
https://journals.aps.org/prresearch/abstract/10.1103/Phy
https://opg.optica.org/oe/fulltext.cf
https://opg.optica.org/oe/fulltext.cf
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