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Principle of abundance analysis



Binary merger and kilonovae



Different needs of atomic radiative data
The need of atomic data in terms of parameters and quality is dependent on the application: 

Stellar abundances - individual lines: wavelength, accurate oscillator strengths, line 
structure (hyperfine structure)

Exoplanet atmosphere detection - wavelength, approximate line strength

Kilonova light curves - broad opacity, completeness

Kilonova spectra - rather accurate wavelength, rather accurate strengths

The near-infrared region (1-5 microns) is particularly empty of atomic data. 
This was the case for the ultraviolet region before the Hubble Space Telescope launch in 1990s.



Oscillator strengths f and transition rates A

The important parameter for quantitative astrophysical analysis is

❖ oscillator strength f for absorption (e.g. stellar atmospheres) or 

❖ transition rate/probability A (emission sources, e.g. nebulocites and 
low-density plasmas)

Experimental measurements of f and A are similar: 

❖ Oscillator strength f can be measured from absorption in a plasma from 
Absorption

❖ transition rate A is measured from emission measurements and derived 
from Emission

❖ To derive absolute f and A, the population must be known.

∝ nl ⋅ gl ⋅ f

∝ nu ⋅ gu ⋅ Au
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Our Laboratory Astrophysics program

Soleil synchrotron
VUV absorption

FTS and HCDL, 
emission

LIF laboratory, Physics@LU
Lifetimes

Eta Carinae, HST and JWST 
Forbidden lines

DESIREE Stockholm University 
Metastable lifetimes



Emission intensity measurements
Light source
Hollow cathode discharge lamp

Detector
Fourier transform spectrometer

Plasma with neutral and singly ionized atoms Near-IR and optical wavelengths
Resolving power R=106

Wavelength calibration about 1:107



Emission spectrum of a Cerium discharge

Spectra by  M.Burheim 



Laser induced plasma probed with short pulses (1ns)

Hartman et al, (2010)
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Results for Sc I 

A. Pehlivan et al.: Laboratory oscillator strengths of Sc  in the near-infrared region for astrophysical applications
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Fig. 3. Comparison between log(g f ) values of this work and the semi-
empirical Kurucz (2009) log(g f )K09 values. Upper panel a) includes the
lines with semi-empirical lifetimes, whereas the lower panel b) includes
lines with experimental lifetimes.

uncertainties for the oscillator strengths derived from the semi-
empirical lifetimes. They could be improved with laboratory
measurements.

We derived oscillator strengths for 63 lines from 4p
4Fo

3/2,5/2,7/2,9/2, 4Do
1/2,3/2,5/2,7/2, 2Do

3/2,5/2, 2Po
3/2, 4Go

5/2,7/2,9/2,
2Go

9/2, and 4s 2P1/2,3/2, 2S1/2 levels with uncertainties in the
f -values between 5% for the strong lines and 20% for the weak
lines or for the lines with high uncertainty in their radiative life-
time. These results together with their branching fractions, tran-
sition probabilities, and previously published log(g f ) values are
presented in Tables 1 and 2. The first column of the previously
published log(g f ) values is the semi-empirical calculations of
Kurucz (2009) and the other two columns are experimental val-
ues of Parkinson et al. (1976) and Lawler & Dakin (1989). These
previous measurements only included lines for the optical region
and to our knowledge this is the first time that the experimen-
tal log(g f ) values of Sc  lines in the infrared region were mea-
sured. Table 1 shows our results derived from the experimental
radiative lifetimes and Table 2 from the semi-empirical radiative
lifetimes.
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Fig. 4. Comparison between log(g f ) values of this work derived from
the experimental radiative lifetimes and the previous experimental
log(g f )PRK values of Parkinson et al. (1976) and log(g f )LW values of
Lawler & Dakin (1989), in subplot a) and b), respectively. These stud-
ies do not include infrared transitions.

In Figs. 3 and 4, we graphically compare our data with pre-
viously published studies. Figure 3 shows our results compared
with Kurucz (2009) semi-empirical log(g f )K09 values and Fig. 4
presents our results compared to experimental log(g f )PRK of
Parkinson et al. (1976) and log(g f )LW Lawler & Dakin (1989).
The log(g f ) values in Fig. 3a were derived from the semi-
empirical radiative lifetimes, and in Fig. 3b they were derived
from the experimental values. As seen in Figs. 3a and b, the
log(g f ) values measured in this work agree with the semi-
empirical values for high log(g f ) values. For lower values the
scatter is larger. This can be explained by the difficulties in cal-
culating spin-forbidden lines theoretically, uncertainties in the
semi-empirical calculations and by the fact that weaker lines
have larger uncertainties than strong lines in the experiments.
In Figs. 4b and a, we compared our results derived from the ex-
perimental lifetimes with the previous experimental log(g f )PRK
values of Parkinson et al. (1976) and log(g f )LW values of Lawler
& Dakin (1989) in the optical region. Comparisons with ex-
perimental values show very good agreement, especially with
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Pehlivan et al., (2015)

The experimental results are compared
 to the calculations by Kurucz (2009)

Lifetimes and spectra for Y I and La I 
have  been measured are being analysed 
They share a similar atomic structure



Results for Magnesium, Mg I

Mg I (Pehlivan Rhodin, et al., 2017)



Results Si I and II

C. Sneden, private communication 
Pehlivan Rhodin et al.,  2024



Radiative transfer effect in the discharge - self absorption

Al I 

Burheim et al. 2023



Absorption measurements using synchrotron light



Parity forbidden lines: M1 and E2
An important class of infrared lines are parity forbidden transitions (E2 and M1), observed in 
nebula and low density plasmas.

     Low transition rates ( A is around 1 s-1)

     Long radiative lifetimes (several seconds)

     Sensitive to collisions

Have relied on calculated transition rates, but can be measured using Laser Induced 
fluorescence methods at storage rings (e.g. DESIREE @ Stockholm university, Sweden) 
combined with astronomical observations of low-density plasmas (Eta Carinae).

A =
BFul

τu
where BF = 

Iul

∑l Il



Eta Carinae - a true astrophysical laboratory

Hubble Space Telescope provide UV and optical spectra, and an accepted proposal 
for JWST will provide infrared spectra of the full nebulosity next year. 



DESIREE - electrostatic storage ring

https://www.desiree-infrastructure.com/

Ions input 



Laser Probing Technique
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Figure 4. Decay curve for b4F9/2 (left) and b
4
F7/2 (right) metastable states.

Table 1. Summary of experimentally measured energy level lifetimes for Fe II
ions, compared to theoretical calculations. Lifetime calculations were based on
transition probabilities given by (Quintet et al. 1996) through 2 calculation methods,
Superstructure (SST) and Relativistic Hartee-Fock (HFR).

Term SST calc. (s) HFR calc. (s) Exp. val. (s) Reference

a
6
S5/2 0.262 0.220 0.23(3) (Rostohar et al. 2010)

b
4
D7/2 0.568 0.501 0.53(3) (Rostohar et al. 2010)

a
4
G11/2 0.774 0.706 0.75(10) (Gurell et al. 2009)

b
4
D1/2 0.616 0.550 0.54(3) (Gurell et al. 2009)

a
4
G9/2 0.755 0.694 0.65(2) (Hartman et al. 2003)

b
2
H11/2 6.59 5.20 3.8(3) (Hartman et al. 2003)

b
4
F9/2 0.974 0.878 0.99(7) This work

b
4
F7/2 1.140 1.025 1.11(8) This work

Snickeris et al (in prep)



Laser Probing Technique
Ba II

Martini et al, in prep



Uncertainties

Uncertainties for experimental data:
     Branching fractions: 0-30%
     Radiative lifetimes: 1-15%

Experimental A- or f-values can be obtained with uncertainties down to 5%, both 
for optical and near-IR E1 transitions and forbidden M1/E2 

Aul =
BFul

τu
Remember: 



Summary
Accurate experimental line data is derived for selected sets of transitions, to an accuracy down to a 
few percent.  Different techniques are used and combined. The majority of line intensities are to 
be provided by calculations, and the combination is important to provide accurate, ’complete’ sets 
of data for astrophysical applications.

Near-infrared (and optical) experimental  
data has  been provided for Mg I, Sc I, Al I and Si I+II 

Analysis in progress: Y I, La I, Zr I and Zr II. 

Metastable lifetimes : Ba II, Sr II, Fe II are measured,  
and Ca II, Ni II, Ce II planned

We investigate an approach to apply a tuning  
technique to merge the theoretical and experimental  
linelists.


