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A\ LKB Outline

® [ntroduction: many body calculations in atoms and ions

= txemple of applications to new high-precision experiments

- tew-electron uranium ions

- medium-/ few electron ions

~- |ong-lived metastable states
» [onclusion and perspective
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Many body effects

principles and exemples
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A/l LKB MCDF method

HOP "y (o oris o) = EmgWPrgm (- ris - ),

N
HYP =N " Hp(r) + > V(ri—rl), V(i —rjl) = ATTVATT,
=1

1<j

n

Ynm) =) clv. 11, J, M)

v=1
¢y 0btained by diagonalisation of Hamiltonian matrix

v Wi e g ()

T m) e Y ()
di obtained by diagonalisation of JZ and J;
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A/l LKB MCDF method

(Om,a,m l7‘l"° "‘”1 Vn,s,m)
(¥n,s,m|¥n,s,m)

(1% wahlin) () 1

Inhomogeneous Dirac equation
— o [ Filr) Xp(r) 3 P;(r)
— a/\;,g ( Qi(r) ) + (Xg(r) ) + o AJ,t ( Q;(r) )

Engm = Minimize
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A/ LKB MCDF method

= Bui

» add the magnetic and retardation integrals

d the energy expression with all one-electron and F, G, R integrals

* [iagonalize the hamiltonian matrix

= solve each differential equation in turn up to all have reached some
yredefined accuracy (10- to 10-5)

» [iagonalize again and start an iterative solving cycle several times

» [heck the energy numerical accuracy by evaluating it with two different
expressions that give the same value only if wavefunction and energy are
well converged

ISSIPM 2023



A\ LKB Electron-electron interaction

9 h :l_a,'a

cos wR —1
COS wR+(a, °81)(a2 '62)( - )

w*R

|:|| Coulomb: definition of the wave function

Magnetic interaction (w=0): perturbation or

“ . average potential in differential equation
a complex operator involving exponential functions of the one
electron Hamiltonian.
s o, o cos wR —1
“m + +.,. = lR 2(CQS wR '|) + (e 9))(a; 32)( IR )

Retardation: the rest with w=Es-Et
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;\/\ LKB

many-body effects in few (=3)-electron ions

-4

IMBPT or MCDF or RCI (1/Z expansion!)

+|| ”++ +++

not included
in any calculation

not included
in any calculation

not included
in any calculation

&

Challenges:
= numerical convergence of very non-
linear differential equation system

|| ” || || = evaluation of higher-order effects

(three-body for example)

+ means remove below —.—

ISSIPM 2023

include double and triple excitations
include all single excitation

How to take into account high-order
retardation? (value of o, numerical
instabilities)

Brillouin single excitations to get
correct fine structure at low-L..
Huge number of Coulomb and Breit
integral for cases with many open
shells with d, f, g orbitals



One electron BSQED corrections

QED, nuclear size corrections...
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ISSIPM 2023

one electron QED at order «

Self Energy Vacuum Polarization
&
Y3

H-like “One Photon” order (o/m)

Many calculations, very accurate down to Z=|

a(Za)

AEsp = T ns3

2
Eng = (Znaz)

F(Za).  2=23x1073
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;\/\ LKB

Closed fermion loops 2nd order diagrams

terms of order (ot/ 77)?

SE-SF Q& % 2@

SE-VF
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(b)

RN
@@59@

. “ ypap S(VP)E
elhin
in Diraﬁl:; Fq. Kallén & abri potential
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\\LKB

All-order: the charge distribution is included exactly in the wavefunction and in the operator,
when relevant. Higher order Vacuum Polarization contribution included by numerical solution
of the Dirac equation

v o

Nonperturbative evaluation of some UED contributions to the muonic ﬁydrngen n=2

Lamb shift and hypertfine structure, P. Indelicato. Phys. Rev. A 87, 022301 (2013).




Two-electron BSQED corrections

QED, nuclear size corrections...

ISSIPM 2023
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A\ LKB Self-energy screening

R

(4) (B)

FIG. 1. Feynman diagrams for radiative corrections to the
electron-electron interaction. (A) represents the wave function cor-
rection, and (B) is the vertex correction.

Direct QED calculation, e.q. Approximation: Welton model
Coordinate-space approach to the bound-electron MCDF studies of two electron ions |I: Radiative
selt-energy: Self-Energy screening calculation, P.  corrections and comparison with experiment., P.

Indelicato et P.J. Mohr. Phys. Rev. A B3, 0523007 Indelicato, 0. Gorceix et J.P. Desclaux. J. Phys. B
(2001). 20, Bal (1987).
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\/\L LKB Self-energy screening

Until recently:
» Welton model  SHge = AV, (#)(6r)Dyucuum

(1] A Up(r)|nos
(AUl

O0Egg = Z, 8(Esg Hyd)nr«

(P. Indelicato, 0. Gorceix, and J. P. Desclaux, J. Phys. B: Atomic 20, Bal (1987).)

* Model potential: calculate the self-energy in a non-coulomb, screened
potential




A/ LKB

Self-energy screening: new method

A model operator has been defined:

This operator can be easily incorporated in any calculations employing the
Dirac-Coulomb-Breit Hamiltonian.

WF = Vok + ) 1¢i) Bie (.

i.k=|

The model operator reproduces very precisely exact evaluation of the Self-
energy values for one-electron ions

Now implemented since the 2016 version of the MCOFGME code (Indelicato and
Desclaux)

Shabaev, V. M., |. |. Tupitsyn and V. A. Yerokhin (2013),Physical Review A88(]):
012513,




High-precision measurements An=0
few-electrons U ions

Crystal spectroscopy at ESR

ISSIPM 2023
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;\[\ LKB

Highly-charged U ions

Theory
= Past experiment
4 This work

—t—y

(a)

Drake 1988
Chen 1993
Plante 1994
Artemyev 2005
Kozhedub 2008
Kozhedub 2019
MCDF

2009 [10]

4509,0 4509,5 4510,0 45105 45110 45115
Energy [eV]

® Theory
= Past experiment ™ Kozhedub 2008
4  This work 1o Malyshev 2023
—o— MCDF
- 2009 [10]
[Ee]
(b)‘ 1 2 1 2 1 " 1 2 1 " 1 2
495 50,0 50,5 51,0 91:5 52,0
o
" ;22? g(periment s Cheng 2000
A This work o Sapirstein 2011
ot Malyshev 2023
———y MCDF
= Beiersdor1993
(C) 1 A l'.‘1 A 1 L A
41,5 420 425 43,0 43,5
Energy [eV]

R. Loetzsch, H.F. Beyer, L. Duval, U. Spillmann, D. Banas, P. Dergham, F.M. Kriiger, J. Glorius, R.E. Grisenti, M. Guerra, A. Gumberidze,
R. Hel, P.-M. Hillenbrand, P. Indelicato, P. Jagodzinskil, E. Lamour, B. Lorentz, S. Litvinov, Yu.A. Litvinov, J. Machado, N. Paul,
[.G.Paulusl.B, N.Petridis, J.P.Santos, M.Scheidel, |. Uschmann, G. Weber, Th. Stihlker, M. Trassinelli, accepted to Nature (2024)

ISSIPM 2023
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A\ LKB Spectroscopy of Intrashell He-like U transition

Comparing two states of charges allows to bypass the nuclear uncertainties

He-like U

1s2p P, . Be-like U
4509 71620020 eV 152p P, R",'f"ke v
1828'S 1s2p P, (Reference) 1s22p 2P
162878, 1520 P, g P*Paz 4501853+, 040 eV 570 P
4459 80016 eV / 1s22p %P, me et
S |s22s2p 3P/
UUET6.81 eV 13223 2S112 |82282 |S|]
175 triples to Bk triples only to 4f
accuracy reached for accuracy reached for accuracy reached for
correlation orbitals up to /i gopeglation orbitals up to 8k correlation orbitals up to 7i
Is 2s 331 33 configurations, {52 75 2S/5: 21.7k config. 2 2sZp 'Pr: 8.1k configurations,
1.6k Coulomb integrals 102M Coulomb integrals 17.4M Coulomb integrals

2bk Breit Integrals too many Breit Integrals 3.BM many Breit Integrals

19
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Sindls
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Absolute value (eV)

Contributions
101 10° 101 102 103 10% 10~ 100 107°
' 5.5 N ORTR J85.2.11 SR N £ RIS R A T ) - | b)
. _ Experimental accuracy . o
He-like | He-like-Li-like
R 7 \ 2e radiative QED
9 le 2-loop QED
le 1-I QED | |
e 1-loop
Y a8 - o
i % ‘ 2e non radiative QED
‘ 2e Breit approximation I BE-likE-l_i-likE
Dirac equation I
10T 100 10T 102 10° 107 102 100 102
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Medium-Z few-electron ions

Reference-free measurements in 2-5 ions
comparison with theory and astrophysics benchmarks

ISSIPM 2023
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The Source "SIMPA” for highly-charged ion production

i-—-

e W
¥ |4.5GHZW=N guide |

__FI-

) QX'J’SCUOI’I

ECRIS magnet
L ® =
.

+ Direct connection to plasma, 50um thick Be window
* In the plasma the ions are trapped in the space charge of the electrons (~|0!! e-/cm3), ~ few eV trapping depth

L g\ LKB

Microwaves : 14.5 GHz
Extraction voltage: 0V to 25 kV

_Permanent_
© magnets

L

f"llsacc:ic':l;:;r:e Plasma Extraction
— e
........................ .
_‘_::?_\__‘ y —— —_
777777 = lon beam
Gas inlet .

Intense source, provides access to forbidden transitions, narrow linewidths

ISSIPM 2023
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The Paris Double Crystal Spectrometer

floor

| Control electronics Coentrol electronics

« Siii erystals from NIST, lattice spacing (d) known to [0-8
« Angular encoder for second axis: Heidenhain RON 905 with AYWE 1024

interpolator —0.2" of arc angular accuracy

* Detector : LAAPD (large area avalanche photodiode) cooled at -10°C

23




The Paris Double Crystal Spectrometer

Parallel
Energy
Non-dispersive

Antiparallel
Energy Dispersive

ISSIPM 2023

> 2 104 rad width :

DCS response function

. ~v2 3 . Aﬂ.

First Crystul

Detector

b) _, CONRLS

width :

. intrinsic line width
Doppler broadening
h‘r A8 DCS response function

eC"g !

5 oc
Xoray source First Crystal
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\]\ LKB

DCS Recent Results

Li-like Sulfur, 2032 1,2-15 . Li-like Argon, 2p:sz-s2-1s

‘ Exprerirant

sArrnAnt
12— sl math L 0 maV .
e rabural widtt < 0 melf

= eeeeees aurel width « 40 eV 19 b= ' o

B AL WEH « U Me Lo ratural wilth o 40 maV
10— Tt DTSN« 50 MY S 12;_ sreemes PR WA S ) sy i

= < = naurtl Wath « 250 maV . ooeesens raturad wikth = 120 eV 1

A
|

o« reaturad widt = 220 eV

5 &
C

41— ' '
- [, A
| ' . _/‘

. s i 4 i i - i - i 4 i s l - 4 - l 2 2 . 2 . . I s l
W4 A% ar L7y . (IR ey 500 c0ns £na TS
Angle (deg) o o Anglo (deg) o

Highest precision, reference-free measurements in core-excited
Li-like ions

Sulfur peak ratio : 0.46 [theory], 0.627(22) [exp]
Argon peak ratio : 0.4 [theory], 0.397(14) [exp]

Cannot be explained by known contaminant lines

J. Machado, [5. Bian, N. Paul, et al,
PRA 101, 067505 (2020)

ISSIPM 2023

He-like Sulfur

K70

25

é‘ 0

15
3
<]

10

)

- — .. ‘o X 1 1  w—
3625 JE.3D 36,35 J5.40 3.4
Angle (deqreas)

reslduals

3625 ) %6.35 a0 T

First ppm measurements of the relativistic
magnetic dipole transition in He-like S

Test of 2e UED effects, sensitive to crystal form
factors

J. Machado, N. Paul, et al,
PRA 107, 037821 (2023)
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A\ LKB Comparison theory-experiment for He-like ions

n=2—n=|
[* dependence claimed for fit B

1 O ’ ! 1 T

O "Ilf"‘n_j_;z(][)l:} ........ Fit A

O Drace G55 Fit B -
08 VFante1994 | = = = [i{ C

O
o

deviation at

[=37 ~1b.6 eV

=
N

o
o

lllllllll lll'llllllll]lll[l]

Difference from Artemyev2005 (eV)
o
N

-0.2
_0.4 * weichted mean of cll exoeriﬂentcl w, X, y & 7 _:
19 20 25 30 35 40

Atomic Number, Z

C T Chantler et al. 2014 New J. Phys. 16 125037
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Comparison theory-experiment for He-like ions

n=2—n=|
10 100
—— f35(Z2) = (1.4 x 107%) x3-> (Power Fit Pre-2012)
“““ fa5(Z) = (1.6 x 1078) x*> (Power Fit)
> 50
)
"
§ 0 )
= 0
=
2 51,
g s
(@F
Lﬁ )
—101,
0.4 | | | { —100
15 20 25 30
130 20 30 40 50 60 70 90 92 94

ISSIPM 2023

Atomic Number (Z)

with new measurements (LKB DCS, MPIK Heidelberg, Livermore) reduced deviation
next improvement; He-like Ul improved (analysis in progress)

L. Godinho, J. Machado, N. Paul, M Guerra, P. Indelicato and M. Trassinelli (2023, unpublished)
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A\ LKB Comparison theory-experiment for He-like ions

An=[]

50 20
—— f35(2)=1(9.2 x 10-9) Z*3 (Power Fit)
1.5 :
10
-3

Experiment - Theory (V)

—0.5 5
o0ne | i .
1.0 0000 it 2 ,_. A= : —10
—L00S ‘ | ‘
~1.5- —13
=000 : 15
20 10 20 30 40 50 60 7090 92 94_20
Atomic Number (Z)
28
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weak constraint on 5t force

particle of charge: ege and mass

a

Uehling approximation

creation of a virtual pair my* my

29




;\/\ LKB

Comparison theory-experiment for He-like ions

An=0 constraints on dark matter interactions

100t

_ Ent_'—)rgy'shifj[ for_milli_char'ged_part_icle VP f'or the 1s2p ?TPZ—T']SZ'S 38_1 tra_nsiti'on .

milliCharged Particle mass 1 keV, q=10"3q,

ISSIPM 2023

?Eo, of 2 - | 5 - = milliCharged Particle mass 2 keV, q=10"3q,
£ ' ' . ' ] . miliCharged Particle mass 5 keV, g=10-3q,
? sl — Massis 5 keV az® fit, i‘a_—_]__7_2>_<_1Qf? b*—213 e _______ s milliCharged Particle mass 10 keV, 4=10"q,
o - Mass 10 keV azb ﬁt 2=3.72x1076. b _3.18 , : v milliCharged Particle mass 100 keV, g=10"3g,
: , 1 o Yukawa boson mass 1 eV, qyq.=0.2
_100'__T__'\_’!?ﬁ?’__1_99_K‘?_\_/_ﬁ_z_t?_f.'_t__?___2__?_5_"_?9_'_8_“*?__‘_‘__39_________i__________________ b
| Mass 1eV Yukawa aZb fit, a=—4. 3ax1o-7 b=4.19 A
...... F|t Theo Exp | . .
20 —20 60 8 100
Z
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Few-electron ions for astrophysics

Laboratory astrophysics

ISSIPM 2023
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Sulfur in astrophysics

= Absorption or emission of
sulfur

» black hole binary Cyg X-1/
HDE 226868

= Bumps or holes are
signatures from
inhomogeneities in
temperature and densities in
the stellar wind powered by
the accretion

ISSIPM 2023

3814 Wavelengih [A]

M. Hirsch, N. Hell, V. Grinberg et al, AGA 626, AB4 (Z2018)
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Sources of Highly Charged Ions

1 3 T T T T
12 -
11 .
10 .
9 -
ONeutron star crust
8
=
o 7 l
o
A -
5F i
4 o Jupiter core -
3 . usty plasmas -
2 g F: -
1 . ! 1 1 ] ] ]
0 5 10 15 20 25 30 35 40 45 50

log n/em™

Temperature and electron densities of different
plasmas

Donko, Hartmann and Kalman. (2007). Strongly
Coupled Plasma Liquids.
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3814 Wavelengih [A]

Ratio

1 : : Nondip '
| | '

' ol ' P '

LR LI B

Ha il
3 -""‘II“|§“L|W”

- - e - - - - -

Pra |

' '

'

'

J

] ] 1
L] . .
' ' '
|

&

Weak cip '
'

wwwmw i

1 'S ' 4

2
-

'
L ] !

Ratio

Strung dip

24 2.45 2.5 2.55 2.6 2.65
Fnergy [keV]

M. Hirsch, N. Hell, V. Grinberg et al, AaA 626, Ab4 (2013)




/L LKB B-like S

B-like S, Fit with simulations Run 1

60 4 —— Dartsz 0.800
—— Best hit
| IJS 0.700 |

0.600 |

= = «a polanization
e 2 polarization

40
0.500 |

0.400 |

Cps

w

o
Reflectivety

P L .

0.000 = o . e e —
.03 -0.02 .01 0.00 0.01 0.02 0.03

32.0 2.7 32.8 32.9 33.0 33.1 a-0B (degrees)
a&ngle (°)

Bayesian evidence suggests only
a single peak for the large one

Bayesian analysis to determine the number of components in each peak.

Louis Duval, Jorge Machado, Martino Trassinelli, Nancy Paul, Paul Indelicato

34
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B-like S

B-like S, Fit with simulations Run 1

60
50 IJBH

p? P4

0 - |J|

— Datz
—— Best fit

Po

32.6 32.7 32.8

a&ngle (°)

2332.9 eV 723955 gV

32.9

33.1

23334 eV

5.20

800

600

400

200

i

| ] |

e) B-like

RaARER

11

LABORATORY MEASUREMENTS OF THE K-SHELL TRANSITION ENERGIES IN L-SHELL IONS OF ST AND S, N. Hell, G.V. Brown, J. Wilms et al. The
Astrophysical Journal 830, 26 (2018). using NASA/GSEE Calorimeter ~4.0 eV resolution

ISSIPM 2023
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A/LLKB B-like S

peak energy (e¢V) width (meV)

pl  2392.979(11) 456(35)
p2  2393.778(4)  156(46)

Tabl . P
able run per run: o a0s 462(5)  182(8)
pd  2397.128(4)  153(25)
p5  2399.405(9) 136(17)

peak energy (eV) width (meV)

pl  2392.940(11) 256(35)
Tuble with sote: P2 2393.778(4)  154(30)
able WIth 868" 53 2395.462(5)  192(3)
pd  2397.126(4)  140(17)

p5  2399.405(7)  208(28)

each spectrum analyzed
independently
weighted averaging

all spectra fitted together

Louis Duval, Jorge Machado, Martino Trassinelli, Nancy Paul, Paul Indelicato

ISSIPM 2023
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A\ LKB B-like Ar

B-like Ar, Fit with simulations Run 2

25.0 1
— Data

— Best fit
22.5 1

20.0 A IJB

{

| Bayesian evidence
21 P3 2 suggests two
& 15.0- lines for the large peak

12.5 A

10.0 -

7.5 1

48.70 48.75 48.80 48.85 48.90 48.95 49.00 49.05 49.10
Angle (°)

energy sd_energy amp sd_amp gamma sd_gamma

495258
. 055544
. 730654

998118
. /83640
.349237

.052857
. 825286
.010460
.015824
. 282822
.093624

. 027862
. 119467
. 352798
093331
030394
. 110213

. 031746
. 123285
. 259878
. 224209
. 117646
. 146690

. 104780
. 351441
.241471
. 156352
. 208913
.571780

. 000005
. 000008
.000002
. 000002
. 000052
.000048




A\ LKB Theory becomes very challenging!

Example: s Zs? 2p2 2Py

- 40000 configurations with single, double and triples excitations up to n=a
— 14| Million Coulomb Integrals

- obliged to neglect non-diagonal Breit integrals

- new 218 machine to test larger cases

Convergence:

- |n many cases convergence is hard or impossible up to now up to even n=4, because of the
presence of up to 4 simultaneous holes

- even worse for |s Zs Zpé level
Line identification
- pa peak for & not identified yet

- Ar seems 0K within the calculation accuracy

ISSIPM 2023

38




p/\ LKB Understanding the plasma and cascade processes

» [ole of excitation process in the ECRIS plasma?
~ ions are normally in their ground state
- B-like level s Z2s? Zp? hole created by Is ionization of C-like ions
- what about |s Zs Zp37 ionization and excitation? lonization+Auger from N-like?

ISSIPM 2023
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A\ LKB Exemple X-IFU simulations

1 ' ] 1 1 1 1] 1 1 1]
[ = st 85 sns yre s g g
1OHEE Fooaas 3w 23 ¥Z3 Y Z 2
E R XZZ XX 55 >E> EoS = L 2
E2 2 2% aXR TN L
1013 2
- !
+2 ‘ ! 2
10§ | } t |
a ‘ 3 ;a [ 1a Gory = 0.50
— I8 } 1 I8 i : § | L] LI © '
I (I { 8 = o =
} " 4000 = 2 = o>
% 100l (L 25 % S
=4 5 EEE B 1§ 1k X :
o n i 200.0 = §7 BE 3
E — ' { * -
© 10¥ t iy E
i a it + ‘ =
P C | L4 o+ 400.0 3
L 1 ~H [ U
= : 200.0
5 107 _ =
. 1.8 1.9 2 R
ol Vela X-1 @ Athena/X-1FU (1 ks) |
1072 ) I : — t—t—t——+7
’, —
10" ‘ .- .
| { v 1 APT Poms = 0.00 (eclipse) |
‘AN |
’“*‘&—\h_‘; FIGURE 1 Simulations of 1-ks
L observation with Athena X-IFU of the
) 1 P S T HMXB Vela X-1 at three orbital phases.
5 10 The inset compares the Si region of the

Energy (keV) spectra for 1-ks and 50-s exposures

Highly charged ions in a new era of high resolution X-ray astrophysics, N. Hell, P. Beiersdorfer, (.V. Brown et al. X-Ray Spectrometry 439, 218-233 (2020).
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Evaluation of long-lived metastable states

Future high-precision atomic clocks?

ISSIPM 2023
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\/\ LKB Example of HCI transition (non HFS)

®| nok for reverse level ordering

% [round configuration of Sm-like ions (62 electrons)

*onoHa'8, m/q: 1.2, close to Be* (9)
* Relativity changes the ground state; 418 7Fg

hf8 TFs Lifetimg 4.0 ms

hf8 TE hifewine 7600 s, quality factor 3.6x1018
MI'575.23 nm NARA.B3 nm

4B TF N l Binding energy of 4f; 602 eV

Blackbody radiation at 300K: 2.6xI0-Z eV

Stockholm September 2012



A/\ LKB Other ideas, and uncertainties

Looking at ground state level crossing like 4d-5s (Z=39,Y2%), 4f-5s (Nd13+)...

SN

J.C. Berengut, V.A. Dzuba, V.V. Flambaum et A. Ong. Phys. Rev. A 86 (2012) '“nghly charged ions with E1, M1, and E2 transitions
within laser range” z

TABLE XI. Scaling dcpendences fo@‘ls for various sources of
systematic shifts in optical cloc &Q

Second-order Stark shift ~ 1/ Z:
Blackbody shift Q)Q ~1/Z:
Second-order Zeei t suppressed®
Electric quadrup % ~1/Z2

Fine blruclurt\> ~ 2223 (Zin + 1)

Hyperﬁn@oeﬁment ~ ZZ [(Zin + 1)
The % an shift is sensitive to the specific fine and hvperfine

s\ of the transition, but may he suppressed in HCIs due to
larger energy denominator

Stockholm September 2012 43



A/ LKB

Pd-like 187Re

Measurement of the total mass to | eV accuracy performed for 87Re (/=74 Pd-

like) and '870s (Z/=7b, Ag-like) pertormed with PENTATRAP at the MPIK in Heidelberg

(for neutrino mass measurement)
Pd and Pd-like ions have a closed she
During the '7Re2* measurement, it a
trapped ion had a different mass

| ground state 4d'0 1S

npeared that around all% of the time the

t snon appeared it was not an experimental problem of some sort
The measurement time in the PENTATRAP is a couple of hours
Three methods where independently used to look for possible cases of (very long-

lived) metastable states without knowing the value of this mass difference

Detection of metastable electronic states by Penning trap mass spectrometry, R.X.

schiissler, H. Bekker, M. Brall et al. Nature a8l, 42-4b (2020).




;\/\ LKB

Pd-like 187Re

lower level energies, relative to the 4d!° 'S ground state

1000+~
800+
600~

400~

Theoretical energy(eV)

200~

ISSIPM 2023

4d9 4f J=0 1

| — 4d9 4f J=1 1
| _ 449 4f J=2 111
| 4d9 4f J=3 11
| 4d9 4f J=4 H1
| _ 449 4f J=5 11
| 4d9 4f J=6 H1
| 4d9 5p J=0 H1

4d9 5p J=1 H1
_ 4d9 5p J=2 H1
4d9 5p J=3 H1
_ 4d9 4f J=2 12
_ 4d9 5p J=1 H2
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A/LLKB Pd-like 187Re

300
280"

260-

N
N
T o T T

220¢

Theoretical energy(eV)

200~

180~

160
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Pd-like 187Re

Pd and Pd-like ions have a closed shell ground state 4d'0 1§

280"
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N
AN
T o T T
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Theoretical energy(eV)
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180~

160

W

| 4d9 4f J=0 11
| 4d9 4f J=1 11
_ 4d9 4f J=2 1

" | 4d9 4f J=3 11
,. | 449 4f J=4 11
y ,

| — 4d9 4f J=5 H1
Level 4d¥ 4t 9H | 4d94f u=6

unperturbed litetime 239 days | — 40950 =0

(2107 s)
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Pd-like 187Re

Excitation energy (eV)

4d3 4t 3Hs unperturbed lifetime 239 days

\
AN

9
Kr 40°4f D, o, 3G,
205 - ——— "+,
3H
3P2 "I;o 2
5/2 <F<15/2
200 -
3p
3p ES + hyperfine-induced
195 |- ! 7~130d
Hyperfine-
: quenched
i 3= 0,78 V¥ Experiment
- A  Quanty
ol Y —e— MCDHF 1
Kr 4d10 1S = MCDHF 2
|9 | 1 1 | 1
0 1 2 3 4 5 6

Total angular momentum, J

48




ISSIPM 2023

Pd-like 187Re

4 4t 3R

8/Re has a nuclear spin: |1=a/7Z and a nuclear (I-pole moment

AR}
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< I 2 VY o i
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= A  Quanty
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Total angular momentum, J
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going for Pd-like 1900s?

A3 4f 3Hs
W0[Js (Z=7h) has a nuclear spin |=0 so no hyperfine quenching
187s: 1.6% abundance, '880s: 16.1 % abundance, '¥'0s: 24.6% abundance

Excitation energy (eV)

two-photon
decay
~oo [ifetime
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A/ LKB Final result for 187Re and 187Qs

» Three difterent calculations have been performed to check the convergence
- [RASP 2018" (Zoltan Harman):

= |ayer by layer optimisation
= excitation of the n=4 orbitals up to 3h

s \E=202.2(3) eV
- MCDFGME 2020 (P1)

= smaller set
* Fully relaxed orbitals

= Jelf-consistent magnetic and retardation interaction

= higher-order OED
o \E=202.1(27) eV

- (JUANTY™ (M. Haverkort)

= multi-Slater-determinant states constructed from relativistic Kohn-Sham single-electron orbitals
* |ocal spin density functional

s \E=202.41 eV to 203.26 eV




\/\ LKB MCDF issues for 187Rg29+

= [87ReZ3+ Pd-like (=70, 4b electrons) [Kr]4dU J=[1

» tptal correlation energy double excitations:

— from Is to 4f: 477 configurations
- fromIs to ag: 4 897 configurations
- from Is to Bh: 17 694 configuration. Why not?

= cannot index all retardation coefficients > 23-[=2xI0° integrals =ab b memory, integer overflow
= qoing to b4 bit (1.7 |07 TB!) integers will lead to huge computer time for the large cases and require huge RAM

to be efficient
= cannot hold all the coefficients in memory=> calculation duration problem...

* |imit to excitations from 4s, meaning one assumes inner core orbitals below 4s are
weakly affected by the outer shells

52
ISSIPM 2023



ISSIPM 2023

Nb-like lead

Energy (eV)

o0

30
20
10

1
Py o

—<— Pentatrap
—e— MCDIIF1
—— MCDHEF2

4.31(87) x 10~7 g™
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A/\LLKB Conclusions

= Experimental progress and astrophysical needs require improved accuracy for
transition energies, lifetime, Auger rates...

= [urrent methods reach their limit pretty fast due to physics (large number of
configuration and interaction integrals), methods and computer limitations (RAM,
speed...)

* High-accuracy measurements on highly charged ions with more than d electrons,
leads to the need of accurate theoretical calculations for complicated systems
- complex outer-shell structure

- many holes

= [Ither challenges:
~ |aser spectroscopy, in particular of super-heavy elements (Z2103)

- use of long lived-metastable states for Atomic clock insensitive to black body radiation and with
high quality factors

- improve transition energy calculations to manipulate the clock HEI (shelving...)
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\/\ LKB

Perspectives

= Precision x-ray measurements and predictions needed for astrophysics

applications, in particular with the new satellites with micro-calorimeters

—  XRISM launched in September
— New China x-ray satellite (2030)

—  ATHENA with XIFL (>2030)
» |mprovement of the Paris DCS for faster setup and change of energy (done)

MIVOC method for generating metallic ions of astrophysical interest in the SIMPA
I0n SOuUrce

* [ode developments

full parallelisation (complicated gestion of RAM exchange between processors)
self-energy screening self-consistent

use Al for initial condition (machine learning?) and convergence (neural netwaorks?)
global convergence methods like "nested sampling”

ISSIPM 2023

55




Thank you for your attention



