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Atomic cascade computations for (nuclear) astrophysics 
                             

… & atomic code“

„astrophysics & atomic data“ – last 30 years
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Established codes:  Ambit, BSR, Cowan, FAC, GRASP, RATIP, …Most often, Fortran (or C, C++) codes    … quite technical & with little use of the underlying 'physics language' as developed in atomic & plasma theory;difficult to extent towards new processes, coding is typically cumbersome.
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Jena Atomic Calculator (JAC)

(Fully) relativistic atomic structure code 

with focus upon continuum processes & cascades;

for (almost) all shell structures  and elements;

user-friendly, open & features on demand.
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A few simple atomic processes:

Jena Atomic Calculator (JAC)

(Fully) relativistic atomic structure code 

with focus upon continuum processes & cascades;

for (almost) all shell structures  and elements;

user-friendly, open & features on demand.



  

Quiz:  Atomic processes in a nutshell
-- for “intermediates” in atomic and astro physics 

              

  Indeed, these and many other processes (> 30) frequently occur in atomic spectroscopy, 

    also in astro and plasma physics as well as at various places elsewhere.

  Often, these processes occur as „atomic cascades“ with increasing complexity.

  Which support should and can atomic theory provide ?

  Which tools are simple, suitable & readily available ?



  

A few simple atomic processes:
Features:
  Necessary:            … for many modern applications in astro physics & elsewhere.

  Useful:                     … consistent data for different systems, processes & interactions.

  Large:                      … sizeable toolbox & code for a wide range of applications.

  Suitable:                 … for spectroscopy (experiment), theory and code developers.

  Open software:    … new features by demand & search for collaboration.

   Is such a common „computational suite“ possible, desirable & feasible ?

               How much help is needed by experiment & observations ?
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Jena Atomic Calculator (JAC)

(Fully) relativistic atomic structure code 

with focus upon continuum processes & cascades;

for (almost) all shell structures  and elements;

user-friendly, open & features on demand.

Plan … or what is left for today
  Motivation:  No. & variety of atomic processes
  JAC @ work: Getting started, RR + DR + …
  Need & callenge of atomic cascades
  Customer’s view: How to make use of JAC ?
  Summary



  

(I)  JAC@work:  Level structure of Th2+
-- SCF + CI computations; QED estimates, ... 

              

https://www.github.com/OpenJAC/JAC.jl

„atomic level structures“ – used in opacity computations



  

(I)  JAC@work:  Level structure of Th2+
-- SCF + CI computations; QED estimates, ... 

              

Example:      Low-lying levels of Th2+ (Z=90)  from the excited configurations    
                              [Rn]  (5f6d + 5f7s + 5f7d + 6d7p + 7s7p + … )
                       … together with QED corrections and jj → LS transformation

 > comp = Atomic.Computation("Th^2+ QED estimate + jj-LS level transformation",  Nuclear.Model(90.); 
                        configs=[Configuration("[Rn] 5f6d"), Configuration("[Rn] 5f7s"), Configuration("[Rn] 6d7p"), 
                                        Configuration("[Rn] 7s7p"), ... ],  
                         asfSettings=AsfSettings(true, false, "meanDFS", "hydrogenic", ..., [1],   0, 1.0e-6, 
                                                                      Subshell[],  true, false, Petersburg(), LSjjSettings(true),
                                                                      false, [ i for i=1:10 ], false, LevelSymmetry[] ) ) 

  > perform(comp)

        ... in perform('computation: SCF', …)   
       

https://www.github.com/OpenJAC/JAC.jl

„atomic level structures“ – used in opacity computations



  

Quiz:  Atomic processes in a nutshell
-- for “intermediates” in atomic and astro physics 

              

  Indeed, these and many other processes (> 30) occur in atomic spectroscopy, 

   also in astro and plasma physics as well as at various places elsewhere.

  Often, these processes occur as „atomic cascades“ with increasing complexity.

  Which support should and can atomic theory provide ?

  Which tools are simple, suitable & readily available ?



  

(II) Radiative recombination (RR)

              

Example:     Calculation of the Fe14+  1s2 2s2 2p6 3s2    RR cross sections

> setDefaults("unit: cross section", "Mbarn");     setDefaults("unit: energy", "eV")
> phSettings = PhotoRecombination.Settings([E1], [UseCoulomb], [1000.], [0.], 
                                                                   false, true, false, false, true, 3, LineSelection() )

> grid    = Radial.Grid(Radial.Grid(false), rnt = 4.0e-6, h = 5.0e-2, hp = 1.0e-2, rbox = 10.0)
> name = "Computation of the Fe^14+:  1s^2 2s^2 2p^6 3s^2  RR cross sections"

> comp = Atomic.Computation(Atomic.Computation(); name = name, grid = grid,
                      nuclearModel = Nuclear.Model(26.), processSettings=phSettings,
                      initialConfigs  = [Configuration("[Ne] 3s^2)“],
                      finalConfigs    = [Configuration("[Ne] 3s^2 3p)“), Configuration("[Ne] 3s^2 3d)“)] )

 > results = perform(comp; output=true)
SF, CPC 240 (2019) 1-14
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 > wb   = perform(wa; output=true)
SF, CPC 240 (2019) 1-14

Great astrophysical interest

Radiative (photo-) recombination are crucial for rate

equations and ionization balance in dynamical mergers.

Saha equation & beyond;

tables of improved opacities and „line lists“.
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Desired features 
Intuitive (user) interface for quite different computations 
                           … similar to the user’s research work + readily understandable output;
 Features for dealing with open-shell configurations and applications by just selecting 
                suitable configurations & classes of virtual excitations (excitation & capture);
 Simple selection & control of physical units, both at input and output time;
 Access to different models and approximations.
 Default values, whenever feasible.       
 ...
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Example:     Calculation of the Fe14+  1s 2s2 2p6 3s2    RR cross sections

> setDefaults("unit: cross section", "Mbarn");     setDefaults("unit: energy", "eV")
> phSettings = PhotoRecombination.Settings([E1], [UseCoulomb], [1000.], [0.], 
                                                                   false, true, false, false, true, 3, LineSelection() )

> grid    = Radial.Grid(Radial.Grid(false), rnt = 4.0e-6, h = 5.0e-2, hp = 1.0e-2, rbox = 10.0)
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                      NuclearModel = Nuclear.Model(26.),  grid = grid, processSettings=phSettings,
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Why Julia ?
  (Very) fast, high-level language (from MIT, since ∼ 2012).
  Combines productivity „and“ performance (not „either“).
  Multiple dispatch ... to distinguish generic code, still dynamic.
  Powerful data type hierarchy: Abstract types.
  Just in-time (JIT) compilation, fast loops.
  Rapid code development: no linkage; in-built benchmarking.
   Most code & macros are written in Julia.
   Extensive list of packages.
   No storage management, little declaration; type stability.
   Easy documentation, ...



  

   

SF, P. Palmeri & S. Schippers, Symmetry  13 (2021) 520.

(III) Atomic casades
          – key to many astrophysical observations

Atomic spectroscopy
  Ion distributions
  X-ray & photon spectra
  Electron spectra (for different energy regions)
  Coincidence spectra (?)
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(III) Atomic casades
          – key to many astrophysical observations

plasma processes &

rate coefficients



  

(III) Atomic cascade computations

              

   

SF, P. Palmeri & S. Schippers, Symmetry  13 (2021) 520.

Physics/
stabilization

Technical 
realization

> ? Cascade.Computation



  

(III) Atomic cascade computations

              

   

Example:     Calculation of the Mg  1s 2s2 2p6 3s2 decay cascade after 1s ionization

> decayScheme = Cascade.StepwiseDecayScheme([Auger(), Radiative()], 3, …)

> grid = Radial.Grid(Radial.Grid(false), rnt = 4.0e-6, h = 5.0e-2, hp = 1.0e-2, rbox = 10.0)
> name = "Computation of the Mg  1s 2s^2 2p^6 3s^2 decay cascade after 1s ionization"

> comp = Cascade.Computation(Cascade.Computation(); name = name, 
                           nuclearModel = Nuclear.Model(12.),  grid = grid, 
     approach = Cascade.AverageSCA(), scheme = decayScheme,
                           initialConfigs = [Configuration("1s 2s^2 2p^6 3s^2")] )

> wb   = perform(comp; output=true)

SF, P. Palmeri & S. Schippers, Symmetry  13 (2021) 520.
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(III) Atomic casades
          – key to many spectroscopic observations

plasma processes &

rate coefficients

Recent applications
  Multiple photodetachment of atomic anions:   Schippers et al., JPB 53 (2021) 192001.

  Near L-edge photoionization of Fe2+:  Schippers et al., ApJ 908 (2021) 52.

   L-shell single/double core-hole production of Ar+:   Müller et al., PRA 104 (2021) 042505.

   Multiple photodetachment of Si-:   Sassmannshausen et al., PRA 104 (2021) 053101.

   DR strength & plasma rate coefficients:    Fritzsche, A&A 656 (2021) A163.

   Near K-edge photoionization of Feq+ ions:  Schippers et al., ApJ 908 (2021) 52.

   Multiple photodetachment of oxygen anions:  Schippers et al., PRA 106 (2022) 013114.

   Super Coster-Kronig transition of Xe 4s-1:  Hikosaka and SF, PCCP 24 (2022) 17535.

   Strong CI contributions to the Xe 4p-1 decay:  Kosugi et al., PRA 107 (2023) 022814.

   Double core Ar 2p-2 hole states:  Röhrig et al., in preparation (2024).

   Double core Xe 4d-2 hole states:   Hikosaka and SF, just started (2024).

   Multiple photoionization of La+ ions:  Schippers and coworkers (2024), onging.

                    Cascades for astrophysics ?



  

(III) More atomic casades:  Recent work
          – classification of different cascade schemes

  Dielectronic capture (scheme)  ... for just the (dielectronic) capture & the formation of               
                                                                            doubly-excited levels.
  Dielectronic recombination   … for the (dielectronic) recombination of electrons. 
  Electron-excitation          … for modeling the direct (EIE) & resonant impact excitation                      
                                                          (re-autoionization).
  Electron-ionization          ... the same but for ionization (EII + REDA + EIE/autoionization). 
  Expansion-opacity          ... expansion opacity of an ions in their ground levels. 
  Hollow-ion                            ... decay of hollow ions.
  Impact-excitation             ... (direct) electron-impact excitation via collision strength.
  Impact-ionization              ... (direct) electron-impact ionization, obtained by empirical models.
  Photoabsorption               … for synthetic photoabsortion spectra (direct + resonant).
  Photoexcitation                 … initial photoexcitation, based on inner-shell excitations.
  Photoionization                 … for direct photoionization.
  Radiative recombination       … for the  radiative recombination (REC).

  Stepwise decay           … standard decay via numerous radiative and Auger transitions.
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  Expansion-opacity          ... expansion opacity of an ions in their ground levels. 
  Hollow-ion                            ... decay of hollow ions.
  Impact-excitation             ... (direct) electron-impact excitation via collision strength.
  Impact-ionization              ... (direct) electron-impact ionization, obtained by empirical models.
  Photoabsorption               … for synthetic photoabsortion spectra (direct + resonant).
  Photoexcitation                 … initial photoexcitation, based on inner-shell excitations.
  Photoionization                 … for direct photoionization.
  Radiative recombination       … for the  radiative recombination (REC).

  Stepwise decay           … standard decay via numerous radiative and Auger transitions.

3Important for astrophysics; very different complexity;

systematic treatment of cascades, ...



  

https://www.github.com/OpenJAC/JAC.jl

„just very briefly“
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https://www.github.com/OpenJAC/JAC.jl

~ 850 pages



  

Community platform for atomic computations

ionization potentials

level energies

isotope shifts for nuclear moments

electron affinitiesplayground for 
electronic structure theory

energy shifts in plasma

polarizibilities

atomic form factors

Zeeman splittings & Lande factors

transition probabilities

parity non-conservation
Electron-impact processes

DR plasma rates

plasma diagnostics

electric dipole moments

alpha-variations Coulomb excitation & ionization

autoionization & cascades

(multi-) photon ionization

Rayleigh & Compton

bremsstrahlung

double (auto-) ionization

internal conversion

Rydberg matter

dispersion coefficients

hyperfine splittings

pair productionpair production electron capture



  

https://www.github.com/OpenJAC/JAC.jl

„stimulus“

Features:
  Necessary:            … for many modern applications in astro physics & elsewhere.

  Useful:                     … consistent data for different systems, processes & interactions.

  Large:                      … sizeable toolbox & code for a wide range of applications.

  Suitable:                 … for spectroscopy (experiment), theory and code developers.

  Open software:    … new features by demand & search for collaboration.

   Is such a common „computational suite“ possible, desirable & feasible ?

               Sure, just try and enjoy !!



  



  



  

What do we need in atomic structure and collision theory ?
          – a descriptive language for doing atomic computations ...

Requirements:
 Data types close to atomic physics.

         Shell, Subshell, Configuration, Orbital, Basis, Level, Multiplet, Cascade, Pulse, …                 
  Implementation and comparison of different models.
  Support a coarse-grained decomposition of most computational steps.                               
      A pseudo-code description should allow summarizing & decomposing the major problem.
  Simple to learn and apply.

          With  a simplified control; standard vs. advanced                                                                                                            
             computations, complete active spaces;                                                                                                                            
             atomic cascades; …

S. Fritzsche, Comput. Phys. Commun., 240 (2019) 1-14.
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Why Julia ?
  (Very) fast, high-level language (from MIT, since ∼ 2012).
  Combines productivity „and“ performance (not „either“).
  Multiple dispatch ... to distinguish generic code, still dynamic.
  Powerful data type hierarchy: Abstract types.
  Just in-time (JIT) compilation, fast loops.
  Rapid code development: no linkage; in-built benchmarking.
   Most code & macros are written in Julia.
   Extensive list of packages.
   No storage management, little declaration; type stability.
   Easy documentation, ...
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Jena Atomic Calculator (JAC)
– a descriptive language for doing atomic computations ...

              

JAC ... Jena atomic calculator provides tools for performing atomic (structure) calculations at various 
degrees of complexity and sophistication. 

What do we need in atomic structure and collision theory ?
 Design of a high-level language with data types close to atomic physics.

         Shell, Subshell, Configuration, Orbital, Basis, Level, Multiplet, Cascade, Pulse, …                 
  Implementation and comparison of different models & approximations.
  Simple to learn and apply.
     With  a simplified control; standard vs. advanced computations, complete active spaces; atomic cascades; …
  Simple access to graphical interfaces and representations.

  Support a coarse-grained decomposition of most computational steps.                                       
      A pseudo-code description should allow summarizing  the major problem.  
  Framework for implementing future code      … and for modelling (even more) complex processes.
 open-source, readily extentable.       Encourage help, suggestions, requests &  improvements to the code.

https://www.github.com/OpenJAC/JAC.jl

S. Fritzsche, Comput. Phys. Commun., 240 (2019) 1-14.



  

Jena Atomic Calculator (JAC)
-- A fresh approach to the computation of atoms, ... 

              

JAC ... Jena atomic calculator provides tools for performing atomic (structure) calculations at various 
degrees of complexity and sophistication. 

What do we need in atomic structure and collision theory ?
 Design of a high-level language with data types close to atomic physics.

         Shell, Subshell, Configuration, Orbital, Basis, Level, Multiplet, Cascade, Pulse, …                 
  Implementation and comparison of different models & approximations.
  Simple to learn and apply.
     With  a simplified control; standard vs. advanced computations, complete active spaces; atomic cascades; …
  Simple access to graphical interfaces and representations.

  Support a coarse-grained decomposition of most computational steps.                                       
      A pseudo-code description should allow summarizing  the major problem.  
  Framework for implementing future code      … and for modelling (even more) complex processes.
 open-source, readily extentable.       Encourage help, suggestions, requests &  improvements to the code.

https://www.github.com/OpenJAC/JAC.jl
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