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Conclusion

The aim of our program is to provide evaluated sets of transition
data with realistic uncertainties for selected atoms and ions with a
range in wavelength, strength and excitation potential.

Laboratory measurements and calculations can provide the data

needed to analyse the expensively required astronomical
observations.



Optical vs near-IR observations

Visible

M16 = Eagle Nebula
Hubble Space Telescope » WFC3/UVIS/IR

NASA and ESA ST5cl-PRC15-01c
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near-IR stellar spectroscopy, 1-5 ym

Motivations for near-infrared observations:

= Several orders of magnitude less extinction
= Atmospheric transmission bands

= Cool stars
Consequences:

= Astronomical observatories are designed for
this region.

Coming ELTs deigned to observe 1-2.5 um.

= The atomic data base above 1 micron is
sparse.

= Numerous atomic lines in the stellar spectra



near-IR atomic transitions

near-IR transitions from an atomic physicists point of view:

= High-excitation transitions; Rydberg states
= Lower excitation transitions in complex atomic spectra

= Resonance lines in heavier elements, e.g. third spectra of
rare-earth elements
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Low excitation lines-Scl, YL, Lal
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Low excitation lines-Scl, YL, Lal

25

n
=)

Energy (10° cm™)

4s 4p
L L
r 17 1
4s 2 — 2F0
D0 =
2p0
2p
— 26 _2F0
4p 2po
5 —
o apo 2po

4621.03cmr’= 2164

F

5672.56 co! = 638 nm.

3d 48 3d” 3d4s

The energy level structure for
Scl,Yland Lal are similar with
the energy levels for
nd(n+1)s? and nd?(n+1)s

Sc1:3d4s?, 3d%4s
Y |:4d5s?, 4d?%5s
Lal:5d6s?, 5d26s

Infrared transitions between
nd?(n+1)s - nd(n+1)s(n+1)p



Experimental transition rates

The A-values is derived
from the measured
quantities branching
fraction (BF) and radiative
lifetime (7) of the upper

level.
BF,
Aul _ ul
Tu
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BF, = U

Z[ Iul



Experimental transition rates

The A-values is derived
from the measured
quantities branching

4s 4p
fraction (BF) and radiative — [P
. . 25 S 2p0 =
lifetime (7) of the upper . v
P
level. " ce
o w P - "
BFu[ £ - D0 _2p0
Au[ = 7— % ® 462103;":2164 “:FD
u %’ _ 4p
fin] 4F
where ? .
/ [ °
BFy = ——
Z/ lut oz

3d 4s° ad” 3d4s



Experimental transition rates

The A-values is derived
from the measured
quantities

- branching fraction (BF)
and

- radiative lifetime (7) of
the upper level.

_ BFy
=

Aul

where

Iu[

Z/ Iu[

BF, =

| Decay region | BF spread | lifetime
only optical | narrow 1-20 ns
optical +nIR | wide 1-20 ns
only nIR narrow 1-10us
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Experimental transition rates

The A-values is derived
from the measured

quantities
- branching fraction (BF)
and
- radiative lifetime (r) of | Decay region | BFspread | lifetime |
the upper level. only optical | narrow I’5 | 1-20ns 5
BF,, optical +nIR | wide Iz | 1-20ns I’E
Ayl = only nIR narrow 1-10us
Tu
where
/
BFy = <2

Z/ Iu[



Experimental transition rates

The A-values is derived
from the measured

quantities
- branching fraction (BF)
and
- radiative lifetime (r) of | Decay region | BFspread | lifetime |
the upper level. only optical | narrow I’5 | 1-20ns 5
BF,, optical +nIR | wide Iz | 1-20ns I’E
Ay = onlynlR | narrow IS | 1-10us K2
Tu
where
/
BFy = <2
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The Edlén laborator

FTS Bruker IFS125

Coverage: 4000 A-5 um

HC lamp produces neutral and
singly ionised atoms and ions.
Resolving power 106

Lifetimes measured at Lund
High Power Laser Facility
(closed 2018).




FTS spectrum of Scl
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Results for Sc |
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Results from Sc | : Pehlivan et al. (2015)
Lifetimes and branching fraction for Y 1 and La | have been measured, and

are being analysed.



Hyperfine structure

The interaction with the nuclear spin splits the fine structure. More
important for near-IR lines.

- Observed
120 —Synthetic

45388 4539 45302 45304 45306 45308
Wavenumber (cm ')

Spectrum of Sc | observed with the IRFTS at Edlen laboratory, van Deelen 2017.



Hyperfine structure

Physica Scripta. Vol. 53, 28-32, 1996

Hyperfine Structure of Scl by Infrared Fourier Transform
Spectroscopy

A. Aboussaid,* M. Carleer,* D. Hurtmans,* E. Biémont® and M. R. Godefroid**

* Laboratoire de Chimie Physique Moléculaire, CP160/09, Université Libre de Bruxelles, 50, av. F.D. Roosevelt, B-1050 Bruxelles, Belgium
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Fig. 1. Observed and fitted hyperfine patterns for the ScT3d4s(‘'D)4p*D3,;  Fig. 2. Observed and fitted hyperfine patterns for the Sc1 3d4sCDYp*Ds,,
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ing to the final fit of the line profile. ing o the final it of the line profile.



Hyperfine structure

Omitting the inclusion of the hyperfine structure can result in
significant deviations in the abundance.
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Omitting the inclusion of the hyperfine structure can result in
significant deviations in the abundance.

D =TT
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Simulations by Thorsbro+, ApJS (2018).



Approach for Mg, Si and Al

Approach to retrieve an evaluated set of infrared Mg |, All and Si |
transition data:

Experimental data Theoretical data
FTS measurements combined ATSP2k calculations for
with lifetime data additional states

Stellar spectra

For benchmarking and application

Combined with collisional data by P Barklem and J Grumer
(Uppsala) to provide ‘atomic data to the limit’. Calculations by P
Jonsson, A Papoulia, J Ekman.



Results for Magnesium

0.0 r x Q x X
X o ®
® x o
o -0.5 « o)
on
=)
o
-
-1.0 ¢
-15 ¢
O Exp
5 + Theory
X Kurucz 09
-2.0

3p-4s 3p-3d 3p-5s 4p-5s 3p-4d 4p-4d 3d-4f 3d-5f 4d-5f
Results from Mg | : Pehlivan et al. (2017)

Studies for Silicon (Pehlivan Rhodin et al., in review) and Aluminium (Papoulia et al., 2018 and Burheim et al., in
preparation). See Posters.

Note that the uncertainty in the data directly translates to an uncertainty in derived stellar abundance.



Systematic and statistical effects

Remember: . .
contribute to the uncertainty.
BF, ' - * '
Ayl = Sbl
Tu
5p%(°*P)5d *F,
where E
%‘
! g
BFu = <] .
Z/ UI J=52 J:3/2 J=7/2
t=78ns 1=195ns 1=54ns
and
fOC A2 A 0 100 200 00 200

Time /ns



Sources of uncertainties for experimental data:
- Branching fractions: calibration, self absorption (radiative
transfer), unobserved lines. 0-30%.

- Radiative lifetime: statistical and systematic errors. 5-15%

Experimental /~values can be obtained with uncertainties down
to 5%.



near-IR forbidden transitions

(E2 and M1), observed in nebula and low density plasmas.

= Low transition rates (~ 1s71)
= Long radiative lifetimes
= Sensitive to collisions

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

http://www.desiree-infrastructure.com



= near-IR atomic data is crucial to meet the demands from
new observatories.

= Lab spectroscopy and calculations can provide evaluated
sets of near-infrared atomic data with uncertainties down

to 5%
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Nailing fingerprints in the stars

Laboratory-based experiments are sorely needed to complement the rapidly proliferating spectral
data originating from observations by the latest space telescopes.

hat are stars made of? After astronomers detected a bright-
yellow, unknown spectral line in sunlight in 1868, they

named the new element helium after the Greek Sun god

quantum mechanics. But heavier elements have many electrons that
can participate in transitions — iron has 26, making the probabilities
of possible transitions between levels too complex to calculate accu-
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PERIODIC TABLE

Group q 5 et of
) Atomic Properties of the Elements Sondors e Telosy
FGuARTE Physical Measurement Standard
boratory Reference Data
1scond 9 152 631 770 periods ofraditon corosponing o the gansion st govipl ‘st govisrd =
& yperng lvels o h round St of s
eodotbptinvensn 3 . [ solids 13 1415 16 7 | 4R
Planc constant b [ Liquids WA WA VA VIA VIA | s
ety crare o s 5 F.[6 7|7 _Su[8 R[S 0
=0 [ Artificially C Ne
m o | caton | borne | Neon
Tresmctre constant " ey oar | 2ot |k ressios) zuir0r
SR H iy | s | it | gt | |
9 = Sam | s | tassn | s | i 2
A 13 Pl (14 % [15 ‘si,[16 »,[17 P18 S,
Boltzmann constant K i
s | Sion
4 5 6 7 8 0 1 12 [amssisss | znoes
IVB VB VIB VIB ———VIl——— B B | iy | "ehert
22_7,|23_%,|24 5|25 5,26 D27 .28 R.[29 %530 '3 P32 %,
3 C n | Fe o i | Cu | Zn a
2 4| roin | comun | santn | Tamun | viadun woogmase | poo | cot | nol | cape | ze | ool |cumm
S| WO | Gom | Wi | Wmsr | Gosww | Siweer | Siois | otams | sssoor | sesssr | oo | e | oofm | rms
IAiHs 3 wpos | s’ | ansess | apdtes | asdes® | e wisa'ss | aiadss’ | ama®ss | agss st | s ssiap | isaste
Ll | onn | SR | W | e | G | e | Thes | Thwo | Yhew Sosz | "5 | ot
37 5,(38_ 5,39 0,40 |41 0,42 5|43 ‘S|4 T, 45 .46 'S, @
Sr Ni o | Tc D,
Abdon | Swotum | ium | 2 | Nabion |V | Todwotu | Rution | Rocton | Pabcion
£ cziosy | "o | o | Morar | tazssso | 1o
id'ss | oec’ss | oue’ss’ | kiad’ss s
| oo | iier | Sheos | Sl
T3 7|74 0,75 '5,|76_ 0,77 %,
T e | Os | Ir
T | g | oo yeun
o i oo
| rop“sc’es’ Vm u ‘«n‘iu’ epa'sa'ss’ xsm"m”s: et “sa6e’
705 [0 [T07 09
Db | Sg | Bh M u,
7| Frcim | Rasum Rubstocin| Ourin | Ssboun | Botm | Hssian | Mefgrm[Dams Ununtium | Ferovium | Unanpentian | Lvemorum | Unansepu | Usanoctum
| @ e | G | B | M " 2 I = o)
[Rnj7s (Refrs’ [Relsi"6a"7s’| (Rl “66"7s” | [Rels1 676" \knvs«‘ iu 767 IRolst “e*7s'|
B | G o 75
1[50 560 1|61 |62 T L[64_ 0:[65 ..[66_ L[67 ,[68 .69 |70 [T,
Sm | E Dy | Ho'| Er | Tm s
Prassosmun| Nestynim | pometium | Serarim | Euogom | Gacorum | Tevum | Opordun | doum | Emum | Trum | Yaewm | Luebon
T | e | PR " | o | Sevaey | T | vnesms | “ierees 1onasia | Vragmn | iresess
motes | pented | ponfes’ | potes | e | parses | poifes’ | e et | s’ | e
s | "t | oo | "chiyr | “sirae | “hae | 'seeow | Paser oy Yoo
% 0397 %, g AT, (1025, [103 1|
Pa | U Md Lr
Pracin | Uanum un | Cafrium | Ensoiom | Femium | Nengeevi | Nobekum | Lawancm
L o i | L I B = = B i
Eoniuaion  Enugy o) ol “damra | "miers | ey | “haers | “Hs* | "He [ Mot s ”

"Based upon 7,

For a description of the data, visit physics.nist.govidata

NIST SP 966 (Soptember 2014)



Rare-Earth Elements - Lallll

5
3
)
S La III
== T
90l Ts
— 6d
0L Ts
70
60 -
50
6p
40
30
20
— ©6s
0
n ni



