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See Living Review (Del Zanna & Mason 2018, Springer) 



Atomic data for astrophysics 
SCATTERING CALCULATIONS: 

UK APAP Network  http://www.apap-network.org/ 
funded by STFC has become the main ion  
atomic data provider for fusion and astrophysics  
(cf. Badnell+2017, Mao+poster) 

STRUCTURE CALCULATIONS: 

COMPAS group (GRASP2K)  
cf. Jonsson+2017, K.Wang poster 

BENCHMARK: 

 line identifications (novel) and benchmark 

 
DISTRIBUTION: 
CHIANTI (www.chiantidatabase.org), with over 3000  
citations, main database for ions. 
 
Common open-data policy on  
published codes and atomic data.  
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Non-thermal electrons ? 
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CHIANTI v.9  
(Dere, Del Zanna et al. 
2019) includes main Li-like 
ions + satellites of Fe ions 

Hitomi, Perseus cluster 

Using UK-APAP cross-sections, we found evidence of non-Maxwellian e in AR 
using EUV  Hinode EIS spectra (cf. Dudik+2017 review). 

Best diagnostics are in the X-rays 

Relevant for Hitomi follow-up 
and Athena  
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The populations are modelled with a two-
ion matrix, with improved rates 

For Fe ions, DC from (populated) excited 
states is present, hence Ne-dependent 

spectra  
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 G. Del Zanna - April Fools’ Day - NAM 2008 

Te from line ratios – same ion 

•  Loch et al. (2006) 

Skylark rocket 1971  

(Parkinson 1973) 

New R-matrix 
Ne-like Fe 

Old DW cross-
sections 

2s2 2p5 3d  

2s2 2p5 3s  

Del Zanna(2010) 

Many examples of ‘new’ 
diagnostics in the X-rays and 
EUV, where excitation rates 

make a difference of factors ~2 
 

2020: first X-ray imaging 
spectroscopy with a sounding 

rocket (MaGIXS) 



Heating in solar active regions ? 

Fawcett Fe XIV: 91.27 Å 
 
New identification of the 93.61 Å line with Fe XIV  
(Del Zanna 2012) confirmed by GRASP2K 
(Ekman+2017)  

SDO AIA  94 Å images show 
ubiquitous presence of Fe XVIII 
(e.g. Warren et al. 2012) 
7 MK plasma in active regions !?  

Quiet Sun Solar spectrum 
(Manson 1972) 
 unidentified line at 93.61 Å 
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NASA SDO 



Soft X-rays à EUV,UV, infrared ! 
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No scattering data was available for these transitions until a series of  
R-matrix calculations for Fe ions (Del Zanna+). Cascading from higher 

levels and increased cross-sections significantly increase the populations of 
the lower levels, affecting diagnostics in the EUV and intensities of the 

forbidden lines up to factors of 2, from the UV to the infrared 
 



3s2 3p5 2P3/2  

94 Å 

3s2 3p4 4s 2P1/2, 3/2   3s2 3p4 4s 2D5/2  

3s2 3p5 2P1/2  

Red coronal forbidden line 
(M1) 6376 Å  

 

93-97 Å 

3s 3p5 4s 2P3/2  

 96 Å 

3s 3p6 2S1/2  

The soft X-rays and the forbidden lines 

Fe X identifications in the soft X-rays from Edlen in 1930’s 
 New scattering calculations show stronger transitions,  

identified by Del Zanna (2012) 
 

Edlen (1936) 
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Fe XII 

3s2 3p2 3d 2F7/2  3s2 3p2 3d 4P5/2  

3s 3p4 2D5/2  

195 Å 186.8 Å 

Del Zanna (2012): the population of the 3s2 3p3 2D5/2 is 50 % higher than 
previous models (Storey et al. 2005; Del Zanna & Mason 2005)   

3s2 3p3 4S3/2  

3s2 3p3 2D5/2  
3s2 3p3 2P1/2  

1349 Å 

3s2 3p3 2P3/2  
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Fe XII 
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The new ion model reduces the densities from the EUV lines. 

OLD 
(2005) 

NEW 
(2012) 



 EUV High-resolution spectroscopy – Hinode EIS 

Hinode/EIS 
Unidentified lines 

in 2006 

B.Fawcett 166 – 212 Angstroms 

1) 50% of the lines unidentified; factors of 2 problems in predicted intensities 

Improvements in line ID using atomic rates and laboratory data: 

Fawcett plates (EBIT Livermore useful) – lack of availability of old lab data 

 2) Calibration 

3) Opacity effects 
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Mostly Fe VII-Fe XIV  



Fe XI 
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Fe XI benchmark: Del Zanna (2010) 
31 (out of 60) new line identifications, 

later confirmed by GRASP2K 
(Wang+2018)  

 

Gabriel et al.(1966) 

Hinode EIS  
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Wang+ 2018 



Solar coronal abundances? 
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Connection with heating processes (cf. Laming 2015, Living Review) 
Useful for Solar Orbiter 
Improved atomic data and models have changed completely the previously-
accepted scenario (see Del Zanna & Mason Liv.Rev.).  
 
SDO EVE: the solar quiet corona has photospheric abundances! 

Black: 2008 solar 
minimum  

Red: CHIANTI v.10 
Grey: 16 May 2010  

Del Zanna (2019, A&A)  
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Abundances in the TR: anomalous ions! 

`normal’ ions Li-, Na-like 

Del Zanna+(2002): first to show that the problem is present also in stars (Hubble HST). 

The strongest lines in the UV, from Li-like and Na-like ions are stronger  
(factors of 2-5) than predicted. 

Si IV and C IV  

EMLoci =
Iobs

Ab (X ) Gji (Te )
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 Maxwellian (black) 
and non-Maxwellian 
kappa distributions 

(colours) 

 IRIS  

Anomalous Si IV intensity: 
1)  non-equilibrium ionisation  

(cf. Bradshaw, Del Zanna & Mason 2004) 
2)  Non-Maxwellian electrons  

(Dudik, Del Zanna et al. 2014) 
3)  But.. 

NASA 
SMEX 

 



C-R Modelling: Level-Resolved 

Continuum 

Continuum 

C III (C2+) 

C IV 
(C3+) 

A new approach – a complete level-resolved collisional-radiative model  
 
1) New: level-resolved CI from ground and metastable levels. 
2) DR from ground and excited states from the  
DR-project (Badnell). Suppression at high Ne 
important (Burgess and Summers 1969) 
4) (new) photo-ionisation from ground and excited levels 
5) RR, Charge exchange, photo-excitation,etc.  
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Metastable levels 



Carbon 
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Dufresne & Del Zanna (2019, A&A): increase of C IV solar intensity by a factor of 2.5 
 

Significant effects in high-density plasmas (e.g. AGN) and in Oxygen 



Relevant for Solar Orbiter  

EUV images and 
magnetograms 

SPICE 
spectrometer has  
two UV channels, 
mostly low-T lines 
affected by issues 
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First ESA M-class, launch: Feb 2020. A suite of in-situ (as close as 0.3 AU) and remote-
sensing instruments to study the solar wind.  

Chemical abundances to trace the origin of the solar wind 



DKIST: next-generation 4m solar telescope 
First high-resolution spectroscopic 
observations (1-5 microns) to  
measure coronal magnetic field 
 
First complete benchmark study  
(Del Zanna & DeLuca 2018)  
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visible and NIR nearly unexplored ! 
Atomic rates for forbidden transitions 

need improvement   

Air-Spec 

Mao+ 
poster 

Only 300m+ USD 



Coronal forbidden lines  - DKIST 
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Primary DKIST lines are Fe XIII and He I for 
density and B measurements. Issues: 
 
1)  New Fe XIII model (Del Zanna) requires 

a large number of levels 
2)  Modelling the photo-excitation is non-

trivial 
3)  The He I  collisional-radiative modelling 

is complex (work in progress) 



NIR coronal S abundance: photospheric! 
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EIS 

Air-Spec 

nearly isothermal and photospheric abundances (Asplund+2009) 

Madsen+2019, ApJ 

Air-Spec: first near-infrared spectra 
(after Olsen+1971)  2017 eclipse  

from a high-altitude airplane 

Incorrect Fe IX id 
(Samra,Judge+2018) 



Conclusions 

High-resolution spectral imaging is requiring improvements in  
atomic rates, line identifications, and proper modelling with 
more physical processes included.  
 
Significant advances in atomic structure, more work on 
scattering and line ID needed. 
 
The next challenge is to improve the modelling of the 
chromosphere-corona transition by including all processes 
(radiative transfer, time-dependent NLTE) for DKIST and 
Solar Orbiter 
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