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Asking big Asking big Asking big Asking big ---- picture questions in atomic theorypicture questions in atomic theorypicture questions in atomic theorypicture questions in atomic theory

How to maximize the potential of atomic quantum technologies to discover new physics?

How to accurately compute any atomic properties and make them easily available?

Beyond the Standard Model
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Numerous applications that need precise atomic dataNumerous applications that need precise atomic dataNumerous applications that need precise atomic dataNumerous applications that need precise atomic data
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Atomic clocks

Particle physics:
Searches for dark matter and 

other “new” physics

Image credit: Jun Ye’s group

Ultracold atoms
Quantum computing and
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Methods: 

Coupled-cluster (all-order) LCCSD, CCSDvT, CCSDT (new), new OpenMP codes

Configuration interaction CI (new MPI CI code)

Configuration interaction + valence PT (MPI CI+PT code)

Hybrid configuration interaction and coupled-cluster approaches: 

CI+MBPT and CI+all-order (CI+LCCSD and new CI+CCSDT)

Capabilities: 

(1) accurate calculations of a very wide range of atomic properties for atoms and positive and 

negative ions with a few valence electrons (currently tested up to 6 valence electrons) 

(2) new capabilities to calculate more complicated systems with MPI CI 

Intrinsically relativistic, QED (can choose among 4 potentials) and full Breit interaction is included

Codes that write codes

Codes that write formulas

Codes that analyse results and 

estimate uncertainties

Codes that analyse results and 

estimate uncertainties

Codes that put our data into 

and online database

Development of new methods for highDevelopment of new methods for highDevelopment of new methods for highDevelopment of new methods for high----precision atomic calculationsprecision atomic calculationsprecision atomic calculationsprecision atomic calculations
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Good news: 
Only a “small” subset of these configurations 

need to be included, but which ones?

Use configuration interaction (CI) method to treat valence correlations 

One-electron basis functions 

n = 1, …, m
= number of valence e—

Why treating many valence electrons is hard?Why treating many valence electrons is hard?Why treating many valence electrons is hard?Why treating many valence electrons is hard?



How How How How cancancancan we trust theorywe trust theorywe trust theorywe trust theory????

1. Calculate properties of  similar “reference” systems where experimental 

data exist. Compare all computed quantities with all available experiments. 

2. Use several different methods of increasing precision and compare results.

3. Calculate all major corrections separately, check for possible cancelations 

– use to estimate uncertainty.

4. Test the methods of evaluating uncertainties on “reference” systems.

How to estimate what we do not know?

We can provide theory values with error bars!



Example 1: Astrophysics: solving 3C/3D puzzleExample 1: Astrophysics: solving 3C/3D puzzleExample 1: Astrophysics: solving 3C/3D puzzleExample 1: Astrophysics: solving 3C/3D puzzle

Summer school: Search for new physics with low-energy precision tests 

June 2019, Ameland Island, Netherlands

José R. Crespo López-Urrutia

Heidelberg, MPIK



NASA’s Chandra X-ray Observatory, and other space 

telescopes, detects radiation emitted by the hot astrophysical 

plasmas that lie in supernovae or galaxy clusters.

Some of the strongest x-ray emission lines originate from a 

highly ionized iron species called Fe XVII

Its two strongest x-ray lines 3C and 3D are used in 

astrophysicists use to determine the plasma’s temperature, 

density, and other conditions. 

3C/3D puzzle in Fe XVII3C/3D puzzle in Fe XVII3C/3D puzzle in Fe XVII3C/3D puzzle in Fe XVII

For decades, the measured intensity ratio 
of these lines has disagreed with 
theoretical models.

https://physics.aps.org/articles/v13/s69

3C

3D

Phys. Rev. Lett. 124, 225001 (2020)
New measurement: 3.09(8)(6)

New theory: 3.55(5)



New Measurement Resolves Key Astrophysical Fe XVII Oscillator Strength Problem, 
Steffen Kühn et al., Phys. Rev. Lett. 129, 245001 (2022)

Experiment R=3.51(2)stat(7) sys

Theory R=3.55(2)

3C

3D

3C/3D puzzle in Fe XVII 10 3C/3D puzzle in Fe XVII 10 3C/3D puzzle in Fe XVII 10 3C/3D puzzle in Fe XVII 10 

electronselectronselectronselectrons

New measurement agrees perfectly 
with theory predictions!



First optical atomic clock based on a highly charged ion

Steven King et al, Nature 611, 43–47 (2022)

Uncertainty: 
2.2×10-17

Picture credit: PTB-Mitteilungen 119 (2009),  2

Example 2: Predicting clock transitions in highly charged ionsExample 2: Predicting clock transitions in highly charged ionsExample 2: Predicting clock transitions in highly charged ionsExample 2: Predicting clock transitions in highly charged ions

Piet Schmidt



Example 2: NiExample 2: NiExample 2: NiExample 2: Ni12+12+12+12+ clock transitionclock transitionclock transitionclock transition 16 electrons

3s23p4 3P2

3s23p4 3P1

3s23p4 3P0

19542 cm-1

Expt: 20060(100) cm-1

498(3) nm
G=0.008 Hz

3s23p4 1D2

47346 cm-1

3s23p4 1S0

98860 cm-1

Can we predict clock transition 
energy to 10 cm-1?

We need to be sure we included 
everything at that level!

Our prediction:
20081(10) cm-1

Finding the ultra-narrow 3P2→
3P0 electric quadrupole transition in Ni12+ ion for an optical clock, 

Charles Cheung, Sergey G. Porsev, Dmytro Filin, Marianna S. Safronova, Malte Wehrheim, Lukas J. Spieß, Shuying
Chen, Alexander Wilzewski, José R. Crespo López-Urrutia, Piet O. Schmidt, Phys. Rev. Lett. 135, 093002 (2025) .

New experiment:
20078.984(10) cm-1

Piet Schmidt





We are building 

atomic clock

degenerate quantum gas microscope

tweezer arrays 

quantum simulator with atoms

precision measurement experiment for 

new physics searches

…

We need [transition rates, branching ratios, lifetimes, polarizabilities, …]

We found some data in your papers – will it be possible to provide ….? 

with

Li, K, Rb, Cs, Ca, 

Al+, Ca+, Sr, Sr+, 

Yb, Yb+, Ti+, Th+, 

Th3+, Ag, Lu+, Ti, 

Cr, Y+, La-, Fr, 

Ra+, Pr10+,  Ni12+ ,  

….

Would you collaborate with us on the interpretation of our measurements?

We have measured … but the values differ strongly from the existing literature values. Will it be 

possible for you to calculate these? 

Atoms are missing from the trap, no expected signal observed, …

Numerous fantastic collaborations with  experimental colleaguesNumerous fantastic collaborations with  experimental colleaguesNumerous fantastic collaborations with  experimental colleaguesNumerous fantastic collaborations with  experimental colleagues

We plan to measure [….]. Will these quantities be useful in testing your new codes? 

What else will be useful to measure?





To boldly go where no one has gone before …

Computer, calculate!Computer, calculate!Computer, calculate!Computer, calculate!

Automating all codes for massive data generation
Turn research codes into software!



Classify atomic calculations by difficulty levelClassify atomic calculations by difficulty levelClassify atomic calculations by difficulty levelClassify atomic calculations by difficulty level

Group 1

Calculations we can 

do “routinely”, with 

default parameters

Automated

1 – 3 valence

electrons

Group 2

Calculations that 

require expert 

knowledge

4 - 6 valence

electrons, special hole cases, 

up to 10 - 16 electrons in 

highly charged ions

Only calculations of wave functions 

requires expert knowledge, could 

automate some

Group 3

Exponential scaling 

with the number of 

valence electrons

New MPI code

Machine learning

Half-filled shells and 

holes in shells 

Method development in progress, 

need new ideas – machine learning

Efficient memory distribution in MPI code



i i

i

cΨ = Φ Problem: too many configurations!

Bilous et al., PRA 110, 042818 (2024) , CPC 315, 109731 (2025)

Selecting the important configurationsSelecting the important configurationsSelecting the important configurationsSelecting the important configurations



MLCI vs Exact CI
0.02% difference

~3X LESS CONFIG-S
~3X LESS MEMORY
~4X LESS RUNTIME
~4X LESS TOTAL RUNS

A MLCI user just make a configuration list. 
The neural network handles the rest!

Example: Ni12+ clock transition
Basis set upscaling

Pavlo Bilous, Charles Cheung, Marianna Safronova, PRA 110, 042818 (2024)
Pavlo Bilous, Charles Cheung, Marianna Safronova, CPC 315, 109731 (2025)

Machine learning for configuration interaction (MLCI)Machine learning for configuration interaction (MLCI)Machine learning for configuration interaction (MLCI)Machine learning for configuration interaction (MLCI)



2015

CI-MBPT package 

by M. Kozlov et. al.

2018

2022

dynamic load balancing (~99% efficiency),

improved usability and interface, 

Online Portal for Atomic Data

2024

Future

pci tutorials/workshops,
all-order package release,

improved portability,

new portal version releases, 

AI portal interface

Completely new parallel CI 

code?

From research codes to data for all

static load balancing (~75% efficiency),

dynamic memory allocation,

MPI I/O, code documentation

Kozlov et al.,

CPC 195, 199 (2015)

Neural network interface 

to run CI code

Public release of pci

Cheung et al.,

Symmetry 13(4), 621 (2021)

Cheung et al., CPC 308

109463 (2025)

Cheung et al.,

Phys. Rev. Lett. 124, 163001 (2020)



Features:
Designed for use on HPC platforms (scalable to many nodes/cores via MPI)
Python helper scripts to automate workflows
Methods: Pure CI, CI+MBPT, CI+all-order, +RPA, +QED
Observables: energies, g-factors, multipole transition data, 

A and B hyperfine constants, polarizabilities, and more..!
Available on GitHub: https://github.com/ud-pci/pCI
Read the Docs: https://pci.readthedocs.io/en/latest/



Quantum  

computing 

Atomic 

clocks 

Quantum 

gases 

Astrophysics 

Plasma 

Physics 

Precision 

Expt. 

Fundamental 

Physics 

Computer Physics Communications 319, 109951 (2026)



Collaboration with Manas Pandey and Dima Budker



NLP: Natural Language Processing

LLM: Large Language Models
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