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KILONOVA

Radioactive decay

Merger Mass ejection R-process )

nucleosynthesis

Photons Optically
diffuse out thin
fime
-
t=0 O<t<100ms <l1s ~1day >10day
10km 10-100km <0.1R_ 10AU >100AU

—  Opacity of the ejecta dominated by photon absorption by atfomic lines
—  Kilonova light curve and spectra modeling strongly depends on atomic opacities

CompAS Lund Jun 2025 Ricardo F. Silva



NUCLEOSYNTHESIS SITES
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ATOMIC DATA NEEDS

LTE modelling (first few days):
— energy levels and E1 radiative transitions

required:
Saha & Boltzmann equations > Available Experimental Data -
2 i 13 14 15 16 7 e
— bolometric light curves: grey opacities from el s O i relovart levels & ransitions known Bt b L
) Li |Be ost levels & transitions known BlcIN|[O/|F|[Ne
uncalibrated data good enough o |wee | [0 Veryincomplete levels & transitions data | s | o | e | e | |
| dels: f calib d icd Na | Mg AI‘SiPSCIAr
— spectral models: use of calibrated atomic data o | P S S A N N S T o g P I
essential for line identification and obtaining the K |Ca|Sc I; v [cr Mg "Fe [Co [ NiCu|2zn 99 e = e
relevant spectral features Rb|'Sr 'Y | Zr [Nb|Mo|Tc |Ru|Rh | Pd[Ag(Cd|In|Sn Sb Te [ 1 [Xe
Cs|Ba|..|Hf|Ta "w 'Re [Os [ Ir [ Pt [Au[Hg [ TI [Pb|Bi [Po[At Rn
NLTE modelling (after a few days):

) - . . Fr [Ra] == Rf Db Sg|Bh|Hs|Mt|Ds|Rg|Cn|Nh| Fl (Mc|Lv | Ts |Og
— requires additional atomic data: electron-ion — Bl ol Rl - Kl el ol ol el el -

impact cross sections, photoionisation &
recombination cross sections, forbidden (M1 and %%%%%E%E

E2) transitions
— due to lack of atomic data only possible using Credit: A. Flérs
approximations

CompAS Lund Jun 2025 Ricardo F. Silva



ATOMIC DATA NEEDS

Significant progress on the atomic structure side since 2017!

We now have:
e All relevant energy levels and transitions/opacities for r-process elements

e Data for multiple ionisation stages (neutral fo ~4 fimes ionised)
e Individual important ions investigated in detail

e Calculations from several atomic structure codes

e Most of the data publicly available

Kasen+13, Kasen+17 AUTOSTRUCTURE - Lanthanides

Fontes+ 20, Fontes+ 22 Los Alamos Atomic Physics and Plasma Code - Lanthanides and Actinides (I-1V)
Tanaka +20, Domoto+22, Banerjee+23, Kato+24 HULLAC - Multiple r-process elements (I - IX)
Gaigalas+19, Gaigalas+20, Radzitté+20, Radzitte+21 GRASP - Multiple lanthanides

Carvajal +22, Deprince+22, Deprince+25 HFR - Multiple Lanthanides and Actinides,

Silva+22, Flérs+23, Silva+25, Flérs+25

CompAS Lund Jun 2025 Ricardo F. Silva



ATOMIC DATA NEEDS

Energy levels

Central potential -
Wavefunctions

Radiative rates
(E1 transitions)

Calibration

Recombination
rates

Radiative rates
(M1, E2 transitions)

Electron-impact
excitation rates

CompAS Lund Jun 2025

Detail in the modelling
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ATOMIC CODES

General use codes - multiple atomic processes High accuracy structure codes

e  Usually user-input dependent parameters e  Fully ab-initio using MC(D)HF or MBPT approaches

e Able to calculate alarge number of processes e Focused on structure and some radiative properties

e Limited accuracy e High accuracy

e Fastand efficient e Computationally demanding

o 100 000+ levels and transitions in o Cantake months for large scale calculations
hours/days depending on the ion
e E.g.-FAC, Hullac, Autostructure , Los Alamos e E.g - GRASP*, ATSP*, MCDFGME*, AMBIT,
Suite, JAC ... CI-MBPT...

*Can be (usually) coupled to R-matrix codes for
computation of other properties

CompAS Lund Jun 2025 Ricardo F. Silva



METHOD - FAC

e Allows for a complete set of data for plasma modelling with speed and utility in mind
> Structure, radiative and collisional processes

e Uses a Dirac-Fock-Slater Hamiltonian with a local central potential, computed for a
fictitious mean configuration (FMC) with fractional occupation numbers

> Orthogonality is ensured automatically = Speed increase
> Potential not optimized for a single configuration — Accuracy issues

> Choice of FMC is mostly arbitrary and usually constructed by hand — Major
source of uncertainty

CompAS Lund Jun 2025 Ricardo F. Silva



FAC (CURRENT IMPLEMENTATION) aoinensos 22 cuzs priate com

FAC takes a DHS like potential

3724 Y3
Z Yﬁﬁ - ag —p(r) with  rV(r) = N as 71— o0
| - N —1Y
p(r) = 3 D “ebaa V(r)=min [ V(r), .
mr o Latter (1955)
*differences in recent FAC versions comes from different cut-off
formalisms introduced
User input:

1. User provides a set of configurations (and weights) and the (weighted) mean of the
occupation numbers w_over all the configurations is taken

2. User provides a setf of occupation number w_ via afictitious mean configuration (FMC)

CompAS Lund Jun 2025 Ricardo F. Silva



OPTIMIZATION PROCEDURE

—
.

Get a set of initial points

2. Fit asurrogate model for a specific loss
function

3. Compute acquisition function -

dynamically chosen between El, Pl and

GP-UCB
4. Evaluate new point
5. Repeat 2. - 4. until convergence of loss

function evaluation (exploitation) or
chosen number of iterations
(exploration)

6. Make recommendation

Sequential Model-Based Optimization
(SMBO)

CompAS Lund Jun 2025

RMS difference (cm™1)

8000

7000

6000

2000

1000

Ricardo F. Silva

@ Evaluation points
Setts ---- Surrogate function
95% confidence interval
—— Acquisition function
—— Surrogate - Acquisition

0.0 0.2 0.4 0.6 0.8 1.0
Ocupation weights (norm.)

Example optimization for 1 parameter (4f)
(5d, s, 6p) fixed at (0.357,0.0714,0.0714)
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OPTIMIZATION PROCEDURE

—
.

Get a set of initial points

8000
2. Fit asurrogate model for a specific loss ¥ Eyaliiation ponts
. ---- Surrogate function
fu nCh on 7000 95% confidence interval
- ey . —— Acquisition functi
3. Compute acquisition function - — sumogate . Acquistion
. 6000
dynamically chosen between El, Pland
GP-UCB £ 5000
4. Evaluate new point s
5. Repeat 2. - 4. until convergence of loss g 4000
function evaluation (exploitation) or £
. . » 3000 7
chosen number of iterations =

(exploration)
6. Make recommendation

Sequential Model-Based Optimization

CompAS Lund

Jun 2025

(SMBO)

Systematic Bayesian Optimization for Atomic Structure Calculations of Heavy
Elements RFS+25 10.48550/arxiv.2502.13250

Ricardo Ferreira da Silva®,2:* Andreas Flors ®,3 Lufs Leitao®,2

José P. Marques ®,'2 Gabriel Martinez-Pinedo ®,%4 and Jorge M. Sampaio

! Laboratério de Instrumentacdo e Fisica Experimental de Particulas (LIP)
Av. Prof. Gama Pinto 2, 1649-008 Lisboa, Portugal
2Faculdade de Ciéncias da Universidade de Lisboa
Rua Ernesto de Vasconcelos, Edificio C8, 1749-016, Lisboa, Portugal
3GSI Helmholtzzentrum fiir Schwerionenforschung
Planckstrafie 1, D-64291, Darmstadt, Germany
4 Institut fiir Kernphysik (Theoriezentrum), Technische Universitit Darmstadt
Schlossgartenstrafie 2, D-64289, Darmstadt, Germany

1,2

Ricardo F. Silva 1



POTENTIAL OPTIMIZATION WORKFLOW

e General optimization procedure can be applied to
multiple codes requiring direct user input for
determining local central potential

o Sequential Model-Based Optimization (SMBO)
procedure applied to FAC- RFS+ 25
(10.48550/ARXIV.2502.13250)

o  Similar application had been done already in
AUTOSTRUCTURE (M. Mendez PhD Thesis
(2021); RFS+ (in prep.)

o  Similar application done for HULLAC (Kato+24)

e Flexible loss function - can be adapted to optimized
for different needs
o Energy levels, transition rates, cross sections...

Data
(Ab initio / Experimental)

Initial guess of FMC

1

1

| |

! Calculation of energy levels
(restricted basis set)

Evaluation of results Update surrogate model

compared to data = = - - - -

(Expected Improvement)

Convergence?

Yes

Full calculation using
optimized FMC and
extended basis set

CompAS Lund Jun 2025 Ricardo F. Silva

Calculate new FMC based
on surrogate model
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POTENTIAL OPTIMIZATION WORKFLOW

Término
25218
252p°P
2s2p P
253539
283515
2021
253pP
2% 9P
2s3p P
2s3d3D
253d'D
Total 252 1S

© 00 O ULk WN — =,

— =
=)

Tabla 4.2: Energia de excitaciéon (en Rydbergs) de los primeros 11 términos espec-
troscopicos de Be relativos al estado fundamental 2s21S.

CompAS Lund Jun 2025

NIST
0,0000
0,2003
0,3879
0,4746
0,4983
0,5184
0,5368
0,5440
0,5485
0,5655
0,5871
-29,3369

Sin opt.
0,0000
0,2040
0,4225
0,4732
0,5016
0,6598
0,5376
0,5595
0,5574
0,5665
0,5322

29,2342

Powell
0,0000
0,1966
0,3921
0,4670
0,4917
0,5149
0,5292
0,5432
0,5518
0,5572
0,5859
-29,2355

GP
0,0000
0,1998
0,3952
0,4714
0,4991
0,5181
0,5368
0,5537
0,5493
0,5639
0,5877

-29,3377

Ricardo F. Silva

Error relativo %

M. Mendez PhD Thesis (2021)

10! F

100

10~k

8 Sin opt. I Powell I GP

Términos



ATOMIC DATA NEEDS

Energy levels

Central potential -
Wavefunctions

Radiative rates
(E1 transitions)

Calibration

Recombination
rates

Radiative rates
(M1, E2 transitions)

Electron-impact
excitation rates

CompAS Lund Jun 2025

Detail in the modelling
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ENERGY LEVELS - LANTHANIDES

800001 — = EvenP| [ 49 104

7000049 —

60000

u
o
=3
o
1=}

[

40000

Energy [cm™!]
I I
il 1
I
Energy [eV]

300001

HE T I
|

([ R
Il

200004

IRRUIRIT A
LI e

10000 -

1172 1312 1572 1712 1972 2112 0 5 10 15
—— Cs3  — NIST

12 32 502

80000{  — =— - = OddP| L1010
70000 == - == = —
T L = == = T R
60000 =
T — —
£ 50000 le T 6
= =
240000 4 — — o
= [
o =t — o = c
& = = = - ta w4

30000 = — - == = ==

20000

100004 = =

0 T T T T T — 0 0= T T
12 3/2 5/2 712 9/2 11/2 13/2 15/2 17/2 19/2 0 5 10 15 20

# of levels/0.50 eV

Calculations for all singly Gnd doubly ionized lanthanides have been achieved

CompAS Lund Jun 2025 Ricardo F. Silva

w N o] o
S S 3 3

Relative difference to NIST (\%)
N
S

—e— Pril

—e— Prill

Optimization has
the biggest impact
in the accuracy of
energy levels

Further calibration
(using Term
Matching) is then
achieved
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ENERGY LEVELS OF ACTINIDES

I S |

[R. F. Silva, in prep.]

50000 (== === — ==

6.3 12.08 0.54, 0.08 w000 = 2=t =E_SZ S_ TS -= =
— ' ' ' ' 2 s S= === 2 . o> B -
CVGdII _4f 5d 68 6p 530000 ;E 254 Z = = = ;E: ; - Ei— %E ;: =

Ezoooo = e

() — _

000D o e e SR e

pred __ ¢ 6.3, 32.08~ _0.54~, 0.08 -2 =-- P=0
Qo = 0f 76d°"Ts™ > Tp -

(AExp = 8.4%)

50000

opt = 6.884 12127 0m 0 = Eg 15 o= =<
o, = 5O 2TOT o P = = -
é i — == - = = - — B
(B, =7.8%) S = Z=- =z- == === B
Xp 3 o o == ==_ =-=- = -
220000 [—==—==-—-2 -Z_ === - —
© v B et B

e Ability to provide improved 10000 e e - =
data for where no experimental - --  —-

data is available 1.0 3.0 5.0 7.0 9.0 11.0 13.0 15.0 17.0 19.0 21.0 23.0
2

SCASA - Selected constants, energy levels and atomic spectra of actinides (Blaise and Wyart 1983)
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ATOMIC DATA NEEDS

Energy levels

Central potential -
Wavefunctions

Radiative rates
(E1 transitions)

Calibration

Recombination
rates

Radiative rates
(M1, E2 transitions)

Electron-impact
excitation rates

CompAS Lund Jun 2025

Detail in the modelling
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CALIBRATION

e P, J& spectroscopic term known for FAC & some NIST
levels (using the grasp/jj2lsj module by G. Gaigalas)

e Match NIST levels with corresponding FAC levels

FAC levels without NIST data: use combination of mean

correction from P-J group and mean correction from

configuration

|
¥ I/I'IW vy
all

Consistency
Check

Al
r N\

[ CI+AO ]_'[ Jorrao = Inisr ]_’ TjT(_JImo =Tyigp >~ ves 4’{ Cerrao = Crasr H Best Match ]_ -

no

T

crra0= T

NIST

for it NIST state, loop

over all CI+AO states Step I Step II Step III Step IV Step V

A. Kiruga et al. arXiv:2506.08170
—— FAC Ce lll uncalibrated —— FAC Ce lll calib xmatch — NIST

CompAS Lund Jun 2025 Ricardo F. Silva 18



TRANSITION RATES

log(gf) Voith+25
log(gf) Den Hartog+24

log(gf) FAC log(gf) FAC

e log(gf) in agreement between calculations, but less so with available experimental

data - especially for stronger lines

CompAS Lund Jun 2025 Ricardo F. Silva
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TRANSITION RATES
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ATOMIC DATA FOR LTE MODELLING

103

E ; § T T L) T  § Ll L) T T T T Ll T Ll T Ll L T 103 ! ! !
=102 - =10 N P e I SR
o E M o \ e\ | :
E [ £ 1 i
10! B g - = ! k-4 2 10! AN i Y L
> g H 2
3 g ' : ©
S 100 | T | S . .
c 3 H 1 <
o 2 ' | o
%) - 1 1 [ (%)
@ ) . . . : g .\t
@ 1071 HFR FAC uncalib o L Bl e T B R TR Y,
X g —— HULLACvl —— FAC calib X ‘
X HULLAC v2  —— FAC Nd calib 54
65 - =
10-2 | |®Tb T=5000K| __ Graspak w2 L6 T 5°°°Kl-r .............. : E— t l'
|4 I R S S S ——— i el IIIH
0 5000 10000 15000 20000 2500! 0 5000 10000 15000 20000 25000
wavelength [A] wavelength [A]
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ATOMIC DATA FOR LTE MODELLING

CompAS Lund

Jun 2025

10% |

Planck mean opacity [cm? g~!]
[}
o

100 |

I I I 1 I 1 I I I 1 I I I I

|

HFR =@= GRASP2K (lI) + FAC (III)
=@= HULLAC vl FAC uncalib
-.- HULLAC v2 =@- FAC calib

57 58 59 60 61 62 63 64 65 66 67 68 69 70
atom number Z

Ricardo F. Silva




ATOMIC DATA FOR LTE MODELLING

La lll Celll Pr il Nd Il Gd Il Tb 1l
Z=57 Z2=58 Z=59 Z=60 Z2=64 Z=65
2 ' ' | . S— |
4f25d —/——— apsd 4 4f55d
— — 3 — 1 =
% I — S —
‘9; 5ps4f af5d —— — - —
2 1f
5 re— a8
—— E—— S o
5p°sd ar__ | 4 4 arsd | af
0 .—1—_.

CompAS Lund

Jun 2025
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Courtesy of Salma Rahmouni
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ATOMIC DATA FOR LTE MODELLING

Flux (10 B ergs T ecm™@ A )+ C

CompAS Lund

300 T | T T T T | T T T T | T T T T T T T T
unsmoothed spectrum
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|
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200

150
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Courtesy of Salma Rahmouni
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ATOMIC DATA NEEDS

Energy levels

Central potential -
Wavefunctions

Radiative rates
(E1 transitions)

Calibration

Recombination
rates

Radiative rates
(M1, E2 transitions)

Electron-impact
excitation rates

CompAS Lund Jun 2025

Detail in the modelling
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FORBIDDEN LINES

e Doubly ionised lanthanides sufficiently
well studied experimentally
(exception: Pm llI)

e Most permitted & forbidden transitions
up to 20 000 - 30 000 cm™' energy

calibrated

e Higher number of transitions for singly
ionized ions makes the fraction of
levels calibrated lower

CompAS Lund

Jun 2025

Singly lonised — FEl —_— F2

—_— M1 Doubly lonised

La

SRS S

N
i

Ce

Yb

1
5000

L L L L L L L
10000 15000 20000 25000 30000 35000 40000 5000
maximum upper level energy [cm~!]

L L L L L L
10000 15000 20000 25000 30000 35000 40000
maximum upper level energy [cm™!]

Flors et al. (in prep.)

Ricardo F. Silva
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FORBIDDEN LINES

CompAS Lund

Jun 2025

Flors et al. (in prep.)

FAC calib. below Ejqp

ITon #config #levels #Ellines #lines El calib. #E2lines  #lines E2 calib. # M1 lines  # lines M1 calib.
Lan 44 472 17743 1239 17277 1335 16551 1286
Lam 23 41 219 219 232 232 125 125
Cen 40 2829 408 639 14592 387677 20456 499746 15873
Cem 24 295 7083 3680 8140 4638 5736 3182
Pru 18 3689 571453 881 687044 1012 708795 848
Prm 15 1105 63935 9436 77435 12855 54138 8389
Ndu 27 9994 3336077 5434 3284715 6512 4100622 5215
Nd x 21 4580 667 955 3675 720857 4718 848074 4228
Pmu 7 4990 913018 0 1355037 93 1303516 66
Pm 14 5526 797829 s 0 1046 057 0 1267671 0
Smu 6 6145 1111875 1106 1776 621 1038 1767334 1033
Smx 16 11177 1911972 95 2189469 237 2835854 206
Eun 10 6781 888 646 224 2281580 271 2430630 198
Eu 11 8470 1308810 893 2218726 934 2640346 821
Gdu 8 12394 3070318 2909 5926 233 4333 6533689 3295
Gd 1x 10 6298 814002 85 1665995 94 1844924 64
Tbu 8 16092 5245495 445 9641783 526 10486 628 433
Tbm 9 8385 1335501 928 1886633 1071 2546384 806
Dy 9 12493 3580925 4617 7062482 5456 7117517 4836
Dy m 6 3910 355148 1246 863920 1223 747452 960
Hon 8 1517 86 064 101 141936 107 125433 104
Hom 14 4658 462551 1162 601531 1617 696321 1149
Ern 16 5072 838067 983 1153835 1272 1416125 1016
Erm 18 2837 195156 216 234072 238 238953 163
Tmu 17 1517 114318 7307 172834 6911 152396 7406
Tm 11 650 16361 1200 24834 1792 18229 1461
Ybu 34 348 8849 3711 11223 3963 11052 4414
Yb 14 916 1585 202 2457 347 1987 264
total 143181 I28 129594 66586 45440635 83281 50416228 67841 I

Ricardo F. Silva
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ATOMIC DATA NEEDS

Energy levels

Central potential -
Wavefunctions

Radiative rates
(E1 transitions)

Calibration

Recombination
rates

Radiative rates
(M1, E2 transitions)

Electron-impact
excitation rates

Detail in the modelling



ATOMIC PROCESSES WITH THE CONTINUUM

Two main methods: (Pradhan and Nahar, “Afomic Astrophysics and Spectroscopy”, Cambridge 2011)

EIE
+n ) +n
e Distorted Wave (DW) [ e+X ] [ e+X ]

o Neglects interaction between channels 1
(resonances) Pl Al

o Fast and efficient
o FAC, AUTOSTRUCTURE, HULLAC [ (X =) ]

e R-maftrix bR
o Resonances are treated consistently \

o  Very computationally demanding

o GRASP°%+DARC kk i > LX*‘”“th

Progress so far...

Electron impact excitation:
McCann+21, Bromley+23, Mulholland+24, McCann+25 GRASPO + DARC - Pt + Au (I- 1), Sr I, Y II

Recombination:
Barnerjee+25 Hullac - Se, Rb, Sr, Y, Zr (I- 1V)

CompAS Lund Jun 2025 Ricardo F. Silva



IMPACT OF OPTIMIZATION ON EIE

Level 1 5d? J=5 --> Level 21 5d%6p |=7 Pl

—— FAC default 40
—— FAC opt

1.0 35
30
Y oy Y ncy
- 0.9 *g‘,
@ o 25
n 7y
g 0.8 .5 20
0 @
3 3 15
O
ullY))
10
Levels are calibrated in both
0.6 default and optimized .
0

5 10 15 20 25
Scattering Energy (eV)

CompAS Lund Jun 2025 Ricardo F. Silva

Level 2 5d%6s J=9 --> Level 21 5d%6p |=7

—— FAC default
—— FAC opt

5 10 15 20 25
Scattering Energy (eV)
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IMPACT OF OPTIMIZATION ON EIE

Seccién eficaz (Mb)
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Ricardo F. Silva

Similar optimization
procedure for improved
central potential have shown
similar effects on collisions
strengths

M. Mendez PhD Thesis (2021)
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IMPROVING EIE COLLISION RATES e

PEC; ., =
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R-matrix calculation: Mulholland+ (2024)

DW seems to provide significant improvements to the current

> Empirical approximations produce PECs
status, based on empirical formulas (VRA):

(“line intensities”) much lower than current
calculations

— Van Regemorter for allowed, f_ >103

DW provide a much better estimate at a

- -3
— Axelrod 1980 for forbidden, fOSC <10 very low computational cost
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IMPROVING EIE COLLISION RATES
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R-matrix calculation: McCann+ (2021)
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Wavelength (nm)

Ricardo F. Silva

DW shows an improvement
when compared to just
using the VRA
approximations -even
without the inclusion of
resonances.

“Comparable” to R-Matrix -
but at a much lower
computational cost

Calculations for multiple
lanthanides have been
achived
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INCLUDING RESONANCES

A e Resonances can be
accounted for in the
Independent-Process,
Isolated-Resonance
Distorted-Wave (IPIRDW)

. Method (see. e.g. L.Xia et al..
— ¢ 2017)

5>

\V)

Y | o _______

m N

3 X

dl —=> direct EIE e While not as accurateis
—> clectron capture much more computationally

V41 efficient
9 autoionization . . .
X Aretenzatie o  Autoionization and
EIE can be computed
Resonant EIE corresponds to elecron ca(ature_ + autoionization in p0r0”e|
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INCLUDING RESONANCES (PRELIMINARY)
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e Calculation of Resonant EIE for multiple lanthanides ongoing

CompAS Lund

Jun 2025
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CONCLUSIONS

e \We computed the atomic structure of all singly and doubly ionised lanthanide ions
— total of 28 ions (27 of them calibrated to experimental datq)
— 120 million (E1 + E2 + M1) transitions, of which 220 000 have calibrated wavelengths

e Inaccurate wavefunctions can have major effects in all atomic data parameters computed
— Large configurations sets and optimization to available data (when possible) is essential
when ab-initio calculations are not feasible

e Ongoing calculations of EIE under the DW approximation (DE and RE) for all singly and

doubly ionized lanthanides
— Accuracy of wavefunctions can have a strong impact in collision strengths

CompAS Lund Jun 2025 Ricardo F. Silva
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OPTIMIZATION PROCEDURE

—
.

Get a set of initial points

2. Fit asurrogate model for a specific loss
function

3. Compute acquisition function -

dynamically chosen between El, Pl and

GP-UCB
4. Evaluate new point
5. Repeat 2. - 4. until convergence of loss

function evaluation (exploitation) or
chosen number of iterations
(exploration)

6. Make recommendation

Sequential Model-Based Optimization
(SMBO)

CompAS Lund Jun 2025
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8000

7000

6000

2000

1000

Ricardo F. Silva

@ Evaluation points
Setts ---- Surrogate function
95% confidence interval
—— Acquisition function
—— Surrogate - Acquisition

0.0 0.2 0.4 0.6 0.8 1.0
Ocupation weights (norm.)

Example optimization for 1 parameter (4f)
(5d, s, 6p) fixed at (0.357,0.0714,0.0714)
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OPTIMIZATION PROCEDURE

—
.

Get a set of initial points

2. Fit asurrogate model for a specific loss
function

3. Compute acquisition function -

dynamically chosen between El, Pl and

GP-UCB
4. Evaluate new point
5. Repeat 2. - 4. until convergence of loss

function evaluation (exploitation) or
chosen number of iterations
(exploration)

6. Make recommendation

Sequential Model-Based Optimization
(SMBO)
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@ Evaluation points
---- Surrogate function
95% confidence interval
—— Acquisition function
—— Surrogate - Acquisition

R="_
Method described in RFS+ 25

(10.48550/ARXIV.2502.13250)

/ V v

0.0 0.2 0.4 0.6
Ocupation weights (norm.)

\

1.0

Example optimization for 1 parameter (4f)
(5d, s, 6p) fixed at (0.357,0.0714,0.0714)
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SENSITIVITY OF THE OPTIMIZATION

Optimization results for Cell (for 100 trials) [R' F. S”VO' n prep.]

40 4f'| 43 5d'l .05 650 .24

I I l l I . -

Rand 20% Rand 50% First 10 First 10 First 10 First 30 First 30 First 30 First 30 First 30
+ Rand 10% + Rand 40% + Rand 30% + Rand 40% + Rand 50% + Rand 70% + Rand 90%

20

Average difference to NIST (%)
=
o

All exp levels

e Onlyvery small changes to FMC after including more than 50% of the available data for Ce |
- maintaining a relative accuracy of ~8%

e Close fo ground state levels have the most impact (~10-30 levels)

e Provides confidence on it’s predictive value for non-measured levels and robust to low
amounts of data
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OPTIMIZATION IN AUTOSTRUCTURE

Pril

£y

o

o

o

o
ERIN I

= 40000 5
E 30000 -
Sy pri<s
20000 —
()]

{ @

© 10000

CompAS Lund

CF 8 TEREE Wmn e

Jun 2025

R R L LT R

FOEE PO MEEETCE RO e {0

I (AN RAT L RTEIR AR |

R 1Y

(I T

L R

(8 FJCEUTIEE IR o

RN TRt AT

|

A

WEr Ty

S

AW A %

8.0

fault

(L R RN R

(]

LR R R R L

LR

o | |

AR TR

N

COEEREI PORERE Ty FERE LT 1

>

(AR TR
FECO TI0 THMIEE CYrnmm e o

[
N

bl 4

[e]
T
~

ST

|
=
|
et

14.0 16.0

Ricardo F. Silva

|1

P=0

Faster and better
memory handling than
FAC

Not fully relativistic

“AS default” uses one of
multiple built in ways to
optimized the potential -
possible better result if
tweaked

No extrainput needed

in “AS opt” -
optimization in this work
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ASSESSMENT OF ATOMIC DATA - ENERGY LEVELS

Smil

~ FAC  — JP-IT database(Tanakaetal) -~ AS  — NIST e Systematic discrepancy
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e Calibration to experimental data helps but is not sufficient
— Lack of experimental data
— Possibly inaccurate wavefunctions
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COMPLETENESS/ACCURACY DUALITY

Uranium opacity at 6000 K

Uranium opacity at 6000 K
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e Necessary to ensure convergence e Differences in atomic data can have

significant effect in opacity
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OPTIMIZATION IN AUTOSTRUCTURE
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Faster and better
memory handling than
FAC - allows for larger
computations, essential
for CIE, Pland DR
(active development by
Prof. Nigel Badnel)

Not fully relativistic

“AS default” uses one of
multiple built in ways to
optimized the potential -
possible better result if
tweaked

No extra inpuf needed
in “AS opt” - optimization
in this work
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ROADMAP TO OPACITY

Wavefunctions, level energies (¥,, E;)

Transition wavelenghts, oscillator strenghts (), gf)

High T, t <1 day Low T, t ~ 2 days - weeks
Equilibrium Non - Equilibrium
Maxwell-Boltzmann Rate equations

Atomic level populations (n;)

Opacity (k;()))
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ASSESSMENT OF ATOMIC DATA - TRANSITION
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