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Precision tests of Quantum 
Electrodynamics

Very wide scope of AMO new physics searchesVery wide scope of AMO new physics searchesVery wide scope of AMO new physics searchesVery wide scope of AMO new physics searches

Atomic parity violation

Time-reversal violation: 
electric dipole moments and related 

phenomena

Tests of the CPT theorem: 
matter-antimatter comparisons

Searches for exotic forces

Search for variation of 
fundamental constants

Searches for light dark matter 

Search for violations of 
quantum statistics

General relativity and 
gravitation

Lorentz symmetry tests



Atomic Parity ViolationAtomic Parity ViolationAtomic Parity ViolationAtomic Parity Violation

E1

7s

Cs atom

6s

l=0

l=0

This electric dipole transition is forbidden

Even (l=0) to even (l=0) transition not allowed 



Atomic Parity ViolationAtomic Parity ViolationAtomic Parity ViolationAtomic Parity Violation

E1
This transition becomes very weakly 

allowed due to parity violation:

Even ns (l=0) to odd np (l=1) is E1 allowed

7s

Cs atom       + Parity Violation

6s

l=0  + small admixture of l=1 np states

To study parity violation in atoms: measure this transition amplitude.



Atomic Parity Atomic Parity Atomic Parity Atomic Parity Violation (APV)Violation (APV)Violation (APV)Violation (APV)

Cs atom       +  Hyperfine Interactions
Cs nucleus: spin I=7/2

6s

7s
F=4

F=3

F=4

F=3

1
2

Both 6s and 7s states are split to two with total angular momenta F=3 and 4

Optical transition scheme

6s F=4

F=3

Microwave transition scheme



#1: Main Sources of Atomic Parity Violation#1: Main Sources of Atomic Parity Violation#1: Main Sources of Atomic Parity Violation#1: Main Sources of Atomic Parity Violation: Z: Z: Z: Z0000 exchangeexchangeexchangeexchange
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Nuclear spin-independent interaction

Electron-quark parity violating interaction 

(exchange of virtual Z0 boson)
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Optical 

transition 

scheme

only!

6s F=4

F=3

No effect of the Z0

exchange on the

microwave transition 

scheme
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Electronic sector:
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Neutron density function

inferred
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theory

PNC PNC
E QE =

Extraction of weak the charge:

Measured 
value

Theoretical calculation of 
PNC amplitude

What do we want extract from PNC amplitude? What do we want extract from PNC amplitude? What do we want extract from PNC amplitude? What do we want extract from PNC amplitude? 

WWeak Charge QW
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Valence 
nucleon 
density

Parity-violating nuclear moment

Anapole moment

Nuclear anapole moment is parity-odd, time-reversal-even 

E1 moment of the electromagnetic current operator. 
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7s
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F=3

F=4

F=3
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#2: Main Sources of Atomic Parity Violation#2: Main Sources of Atomic Parity Violation#2: Main Sources of Atomic Parity Violation#2: Main Sources of Atomic Parity Violation: : : : 

Weak interactions inside the nucleiWeak interactions inside the nucleiWeak interactions inside the nucleiWeak interactions inside the nuclei

Need theory to extract 
anapole moment from experiment



C.S. Wood et al. Science 275, 1759 (1997)

0.3% accuracy
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NEED ATOMIC THEORY TO GET QW and ANAPOLE MOMENT
FROM THIS EXPERIMENT

MMMMeasurement easurement easurement easurement of of of of APV amplitude in cesiumAPV amplitude in cesiumAPV amplitude in cesiumAPV amplitude in cesium



Nuclear Nuclear Nuclear Nuclear 

Spin Spin Spin Spin ---- independent independent independent independent APVAPVAPVAPV

Weak Charge QW

Nuclear Nuclear Nuclear Nuclear 

spinspinspinspin----dependentdependentdependentdependent APVAPVAPVAPV

Nuclear anapole moment
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Analysis of Cs Analysis of Cs Analysis of Cs Analysis of Cs APV APV APV APV experimentexperimentexperimentexperiment
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Electric-dipole matrix elements

PNC matrix elementsEnergies

Sum is separated to n=2-5 part, main n = 6 - 9  part, 
and the tail n>9

1. Main part – Coulomb interactions

2. Other small corrections:

Breit, QED, Neutron skin, e – e weak interaction

Calculation of PNC amplitudeCalculation of PNC amplitudeCalculation of PNC amplitudeCalculation of PNC amplitude



Standard Model [1] :

[1] C. Amsler et al. (Partical Data Group), Phys. Lett. B 667, 1 (2008)
[2] S. G. Porsev, K. Beloy and A. Derevianko, PRL 102, 181601 (2009),

Phys. Rev. D 82828282, 036008 (2010)

SM 73.16(3)WQ = −

inferred
expt theory73.16(29) (20)WQ = −

2009 result for Cs PNC Expt/Theory:

Atomic physics [2] :

No deviation from the Standard Model

2009 Cs 2009 Cs 2009 Cs 2009 Cs APV: Comparison APV: Comparison APV: Comparison APV: Comparison with the standard modelwith the standard modelwith the standard modelwith the standard model



Confirms fundamental “running” (energy dependence) of the 
electroweak force over energy span 10 MeV  100 GeV

Figure is from Bentz et al. Phys. Lett. B693, 462 (2010).



Coulomb interaction

Core, n = 2 - 5 -0.0020   

Main part, n = 6 - 9 0.8823(18)

Tail 0.0195(18)

Total 0.8998(25)

Corrections

Breit -0.0054(5) Derevianko, PRL 85, 1618 (2000)

QED -0.0024(3) Shabaev et al., PRL 94, 213002 (2005)

Neutron skin -0.0017(5) Derevianko, PRA 65,  012016 (2000)

e-e weak interactions 0.0003 Blundell et al., PRL 65, 1411 (1990)

Final 0.8906(26) Porsev et al., PRL 102, 181601 (2009)

Units:
11( / ) 10B Wi e a Q N− × No deviation

Contributions to PNC amplitude

Cs APV : 2009 statusCs APV : 2009 statusCs APV : 2009 statusCs APV : 2009 status



Cs APV:Cs APV:Cs APV:Cs APV: 2012 corrections2012 corrections2012 corrections2012 corrections

Coulomb interaction

Core, n = 2 - 5 -0.0020   0.0018  0.44%change

Main part, n = 6 - 9 0.8823(18)

Tail 0.0195(18) 0.0242(30) 0.58% change

Total 0.8998(25)

Corrections

Breit -0.0054(5) Derevianko, PRL 85, 1618 (2000)

QED -0.0024(3) Shabaev et al., PRL 94, 213002 (2005)

Neutron skin -0.0017(5) Derevianko, PRA 65,  012016 (2000)

e-e weak interactions 0.0003 Blundell et al., PRL 65, 1411 (1990)

Final 0.8906(26) Porsev et al., PRL 102, 181601 (2009)

Final 0.8980(45) Dzuba et al, PRL 109, 203003 (2012)

Units:
11( / ) 10B Wi e a Q N− ×

V. A. Dzuba, J. C. Berengut, V.V. Flambaum, and B. Robets, PRL 109, 203003 (2012)

1.5σ deviation

Confirmed
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G. Gwinner and L. A. Orozco Quantum Sci. Technol. 7 024001 (2022)





Past and future measurements of the Weinberg angle

G. Gwinner and L. A. Orozco Quantum Sci. Technol. 7 024001 (2022)



Atomic parity violation experiments with chains of isotopes 

Neutron skin and Neutron skin and Neutron skin and Neutron skin and Atomic Atomic Atomic Atomic parity violationparity violationparity violationparity violation



The relative neutron skin correction to the APV amplitude is independent from 

electronic structure and is given by:

( )
2PNC

PNC

3
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∆∆
= −

rms radius of proton distribution

Difference between rms radii of 
neutron and proton distributions

Neutron skin correction is 0.2% for Cs, but 0.6% for Fr and Ra+

Therefore, neutron skin can be extracted from APV studies

if their uncertainties are smaller than these values.

Pollock et al., PRC 46, 2587 (1992), Brown et al., PRC 79, 035501 (2009)

Neutron skin correction to Neutron skin correction to Neutron skin correction to Neutron skin correction to APV APV APV APV amplitudeamplitudeamplitudeamplitude



Alex Brown, 2008 PREX workshop, Brown et al., PRC 79, 035501 (2009)

Different isotopes for a given element are connected by lines. 
The filled circles show nuclei of interest for atomic PV.

The neutron skin calculations, The neutron skin calculations, The neutron skin calculations, The neutron skin calculations, Skxs20Skxs20Skxs20Skxs20



(1) APV isotopic chain experiments should allow to largely cancel dependence on atomic theory. 

(2) Errors due to neutron skin in two isotopes are correlated. This should allows to extract new 
physics from such experiments

(3) The sensitivity to neutron skin effect is the largest for the lightest and heaviest pair of isotopes 
in the chain. It may be possible to extract neutron skin from such experiments. 

np
R∆

Atom A

Yb (Z=70) 168 0.141(35) -0.0031(8)

176 0.215(67) -0.0046(14)

Fr (Z=87) 209 0.121(36) -0.0038(11)

221 0.206(53) -0.0064(16)

np
R∆

PNC PNC

ns
E E∆

Brown et al., PRC 79, 035501 (2009)

Isotopic chain APV experimentsIsotopic chain APV experimentsIsotopic chain APV experimentsIsotopic chain APV experiments



K. Tsigutkin, D. Dounas-Frazer, A. Family, J. E. Stalnaker, V. V. 

Yashchuk, and D. Budker, Phys. Rev. Lett. 103, 071601 (2009)

Observation of a Large Atomic Parity 

Violation Effect in Ytterbium

APV 

transition

The parity-violating amplitude is found to be 

2 orders of magnitude larger than in cesium.



Isotopic variation of parity violation in Isotopic variation of parity violation in Isotopic variation of parity violation in Isotopic variation of parity violation in 

atomic ytterbiumatomic ytterbiumatomic ytterbiumatomic ytterbium

D. Antypas, A. Fabricant, V. V. Flambaum, J.E. Stalnaker, K. Tsigutkin, and D. Budker, Nature Physics 15, 120 (2019)

APV effect was measured  in four 
nuclear-spin-zero isotopes (170Yb, 172Yb, 
174Yb and 176Yb, with abundances of 3.1, 
21.9, 31.8 and 12.7%, respectively).

The single-isotope accuracy in this 
experiment is approximately 0.5% for 
three of the Yb isotopes measured.

Further upgrades will enhance the 
measurement sensitivity to a level that 
allows high-precision isotopic comparison 
to probe the neutron distributions in the 
Yb nucleus.



Nuclear Nuclear Nuclear Nuclear spinspinspinspin----dependentdependentdependentdependent

parity parity parity parity violation effectsviolation effectsviolation effectsviolation effects
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Parity-violating nuclear moment

Anapole moment

Nuclear anapole moment is parity-odd, time-reversal-even 

E1 moment of the electromagnetic current operator. 
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ParityParityParityParity violation in atoms: violation in atoms: violation in atoms: violation in atoms: 

weak interactions inside the nucleiweak interactions inside the nucleiweak interactions inside the nucleiweak interactions inside the nuclei

Need theory to extract 
anapole moment from experiment



W. C. Haxton and C. E. Wieman, Ann. Rev. Nucl. Part. Sci. 51, 261 (2001)

Meson exchange picture
Building blocks: 

nucleon, mesons,  and

their couplings

From: Cheng-Pang Liu

Constraints on nuclear weak coupling constants: Constraints on nuclear weak coupling constants: Constraints on nuclear weak coupling constants: Constraints on nuclear weak coupling constants: 

Cs parity violation diasgrees with nuclear experimentsCs parity violation diasgrees with nuclear experimentsCs parity violation diasgrees with nuclear experimentsCs parity violation diasgrees with nuclear experiments



*M.S. Safronova, Rupsi Pal, Dansha Jiang, M.G. Kozlov,
W.R. Johnson, and U.I. Safronova, Nuclear Physics A 827 (2009) 411c

Need new experiments

The constraints obtained from the Cs experiment
were found to be inconsistent with constraints
from other nuclear PNC measurements, which 

favor a smaller value of the133Cs anapole moment.

All-order (LCCSD) calculation of spin-dependent PNC amplitude:

k = 0.107(16)  [ better than 5% theory accuracy ]

No significant difference with previous value k = 0.112(16) is found.

Cs, Fr, Yb, Ra+, molecules

Nuclear anapole moment:Nuclear anapole moment:Nuclear anapole moment:Nuclear anapole moment:

Test of hadronic weak interationsTest of hadronic weak interationsTest of hadronic weak interationsTest of hadronic weak interations



Cs

W.C. Haxton and B.R. Holstein, Progress in Particle and Nuclear Physics 71, 185 (2013)

Cs extraction

of anapole

moment

atomic theory

accuracy

better than 5%

Expt.: 15% 



G. Gwinner and L. A. Orozco Quantum Sci. Technol. 7 024001 (2022)

Towards measurements of atomic parity 

non-conservation in francium

Fr: both 7s hyperfine 

and 7s-8s experiments



Figure by Luis Orozco

209Fr

210Fr

Projected constraints of couplings from Projected constraints of couplings from Projected constraints of couplings from Projected constraints of couplings from 

measuring two francium isotopesmeasuring two francium isotopesmeasuring two francium isotopesmeasuring two francium isotopes



Other APV measurements

Ra+ at UCSB (Laser cooled and trapped)

C. A. Holliman, M. Fan, A. Contractor, S. M. Brewer, A. M. Jayich, PRL 128, 033202 (2020)

Cs at Purdue

Measurement of the lifetimes of the  and  states of atomic cesium G Toh, et al. Physical Review A 100 

(5), 052507 (2019)

Determination of the Scalar and Vector Polarizabilities of the Cesium  Transition and Implications for 

Atomic Parity Nonconservation, G Toh, A Damitz, CE Tanner, WR Johnson, DS Elliott, Physical Review 

Letters 123, 073002 (2019)

ZOMBIES: Measuring strong-force induced modifications of 

electroweak interactions (molecules) Dave DeMille’s group



Recent Developments in Recent Developments in Recent Developments in Recent Developments in AAAAttttoooommmmiiiicccc    tttthhhheeeeoooorrrryyyy    ffffoooorrrr    

fundamental physics and other applicationsfundamental physics and other applicationsfundamental physics and other applicationsfundamental physics and other applications



3D

Image: Ye group and Steven Burrows, JILA

Atomic clocks

Particle physics:Particle physics:Particle physics:Particle physics:

Searches for dark matter and other Searches for dark matter and other Searches for dark matter and other Searches for dark matter and other 

“new” physics“new” physics“new” physics“new” physics

Image credit: Jun Ye’s group

Ultracold atoms

Quantum simulation 

AstrophysicsAstrophysicsAstrophysicsAstrophysics

Plasma physicsPlasma physicsPlasma physicsPlasma physics

Iter.org

Illustration by Sandbox Studio, 
Chicago with Ana Kova

Nuclear and hadronic physics -

extracting nuclear  properties

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



Development of new methods for high-precision atomic calculations

Method and code developers:

Charles Cheung (University of Delaware, USA)

Sergey Porsev (University of Delaware, USA, PNPI, Russia)

Mikhail Kozlov (PNPI, Russia)

Ilya Tupitsyn (University of St. Petersburg, Russia)

Andrey Bondarev, (St. Petersburg Polytechnic University, Russia

Marianna Safronova (University of Delaware, USA)

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+CCSDvT)

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 and MPI CI+PT

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

L: linearized

CC: coupled-cluster

S: single excitations

D: double excitations

T: triple excitations

vT: valence triple excitations

PT: perturbation theory

MPI: message passing interface



Development of new methods for high-precision atomic calculations

Method and code developers:

Charles Cheung (University of Delaware, USA)

Sergey Porsev (University of Delaware, USA, PNPI, Russia)

Mikhail Kozlov (PNPI, Russia)

Ilya Tupitsyn (University of St. Petersburg, Russia)

Andrey Bondarev, (St. Petersburg Polytechnic University, Russia

Marianna Safronova (University of Delaware, USA)

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+CCSDvT)

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 and MPI CI+PT

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



Atomic calculations: closed shells vs. valence electrons

Single valence 

electron

7s for Fr

5f for Th3+

Closed shells

Can be approximated by 

a mean field

Atomic physics can 

use a “mean field” –

nucleus + inner 

electrons.

If the number of 

“valence electrons” is 

small computations 

can be done with high 

precision. 



Code and method development I Code and method development I Code and method development I Code and method development I 

Example: Th3+

Development of full CCSDTDevelopment of full CCSDTDevelopment of full CCSDTDevelopment of full CCSDT rrrreeeellllaaaattttiiiivvvviiiissssttttiiiicccc    ccccoooouuuupppplllleeeedddd    cccclllluuuusssstttteeeerrrr    mmmmeeeetttthhhhoooodddd

Systems with single valence electron Systems with single valence electron Systems with single valence electron Systems with single valence electron 

First inclusion of core triples!



• We determined the magnetic dipole µ µ µ µ = 0.360(7) µµµµN and the electric quadrupole Q = 3.11(6) eb

moments of the 229Th nucleus.

• We find that the previous value µ µ µ µ = 0.46(4) µµµµN [Gerstenkorn et al., J. Phys. (Paris) 35, 483 

(1974)] is incorrect by 25%. 

• We report a method for determining the accuracy of theoretical hyperfine constants B/Q and 
demonstrate that it can be used to extract the electric quadrupole moment Q with a 1%–2% 
uncertainty for a large number of nuclei. 

• This approach allowed us to identify 40% inconsistencies in measurements of Ra+ hyperfine 
constants B.

LCCSDpT level + fit



(0) (0)exp( )v v vSΨ = Ω Ψ = Ψ DHF wave function

1S 2S

1 2 3exp( )S S S+ +

core excitation

valence excitation

core
excitations

core - valence excitations

CCSDT single-double-triple coupled-cluster

1 2 3vS S S+ + LCCSDvT coupled-cluster

Coupled-cluster method ( CCSDvT )

1 2 3exp( )vS S S+ + single-double- valence triple

3S

core
excitations

Sv3 core - valence excitations

Nonlinear terms: 2 2
1 2 1 2, ,S S S S  , ... 

New work: 

CCSDT with core triples is now fully implemented (OpenMP)

valence triples accelerated by a factor of 10

ALL excitations (300-1000 orbitals)



Energies of TEnergies of TEnergies of TEnergies of Th3+:3+:3+:3+: comparing various version of CC methodcomparing various version of CC methodcomparing various version of CC methodcomparing various version of CC method

S. G. Porsev, M. S. Safronova, and M. G. Kozlov, 

Phys. Rev. Lett. 127, 253001 (2021).

First inclusion of core triples!



Hyperfine constant A and extracting 229Th nuclear magnetic dipole moment

Bohr–Weisskopf effect

A real nuclear magnetization can differ from the 

uniform magnetization.

Yu. A. Demidov et al., Phys. Rev. A 103, 032824 (2021).

A0 is the theoretical value calculated at the point-like 

magnetization of the nucleus 

dnuc and y are the parameters depending on the nuclear 

and electronic structure, respectively

Calculate

nuc

0.1465(24)

1.7(2.1)

0.366(6) N

d

Iµ µ

≈

≈

= ≈

g

g

Need realistic magnetization distribution and 

more precision hyperfine measurements!
S. G. Porsev, M. S. Safronova, and M. G. Kozlov, 

Phys. Rev. Lett. 127, 253001 (2021).



Hyperfine constant B and extracting 229Th nuclear electric quadrupole moment

Different contributions to the electric quadrupole hypefine constants B/Q (in MHz/(eb)) for 229Th3+



Code and method development II Code and method development II Code and method development II Code and method development II 

Examples: Ac, No, Th+, Th2+, U+ and U

Combining configuration interaction and coupled cluster methodCombining configuration interaction and coupled cluster methodCombining configuration interaction and coupled cluster methodCombining configuration interaction and coupled cluster method

First tests for 6 valence electrons

More valence electrons: 2 to 6



Configuration interaction

Use configuration interaction (CI) method to treat 

valence correlations 

i i

i

cΨ = Φ

Number of configurations blows up exponentially 

with the number of valence electrons!

2

4

6

22 500

150 506 250 000

150 11390 625 000 0

150

00

 

=   

=     

=150 orbitals in 

the basis set

Good news: only a small subset of these configuration needs to be included, but which ones?



[1s2 ... 4f145d106s26p6] 6d2 7s2  3F2 ground state

1s2...6p6 6d2 7s2

core

valence
electrons

Example: Thorium Z = 90

Four valence electrons outside of a closed core

Electron-electron correlation separates into two problems

Problem 1: core-core and core-valence correlations

Problem 2: valence-valence correlations 

Orbital angular 

momentum l

s l=0

p l=1

d l=2

f l=3



1s2...6p6 6d2 7s2
core

valence
electrons

Thorium Z = 90

Core

valence

Use configuration
interaction (CI) method to 

treat valence correlations Use all-order (coupled-cluster)

method to treat core and 

core-valence correlations

i i

i

cΨ = Φ
1 1 1

2 2 2

eff

eff

H H

H H

= + Σ

= + Σ ( ) 0effH E− Ψ =

Electron-electron correlation separates into two problems



Detection of missing low-lying atomic states in actinium
K. Zhang et al., Phys. Rev. Lett. 125, 073001 (2020) 



We carried out isotope shift calculations in Th+ and Th2+.

Combined with experimental measurements of PTB for isotopic shift between 229Th2+ and 
232Th2+ to extract : +

Using the recently measured values of the isomer shift of lines of 229mTh, we derive the value for 

the mean-square radius change between 229Th and its low-lying isomer 229mTh to be                                                    

Previous value: 0.33(5) fm2.



Extraction of No nuclear properties from laser spectroscopy

Isotope shift

Probing sizes and shapes of nobelium isotopes by laser spectroscopy, 

S. Raeder et al., Phys. Rev. Lett. 120, 232503 (2018)



151,000,000 determinants

1600 CPUs

24.2 TB memory!

Energy levels of UEnergy levels of UEnergy levels of UEnergy levels of U++++ and Uand Uand Uand U

Test of CI+LCCSD for 6 valence electrons!

Calculation of energies and hyperfine structure constants of 233U+ and 233U, 

S. G. Porsev, C. Cheung, M. S. Safronova, arXiv:2204.13214 (2022)



Code and method development IIICode and method development IIICode and method development IIICode and method development III

Configuration interactionConfiguration interactionConfiguration interactionConfiguration interaction

New fast New fast New fast New fast MPI MPI MPI MPI codecodecodecode

bbbbroadly roadly roadly roadly applicableapplicableapplicableapplicable

Example: Th35+

Even more valence electrons



Performance Performance Performance Performance test of the parallel codetest of the parallel codetest of the parallel codetest of the parallel code

From 2 weeks to 15 minutes!

Ir17+ , 52 basis functions, 30 valence e-, 25K conf-s, 17.4M det-s, 27.7B matrix elements

Number Memory Time (seconds) Speedup

nodes cores per core Construct Solve Total Construct Solve Total

1 64 9.1GB 4h 32m 28m 56s 5h 3m 1 1 1

2 128 5.5GB 2h 15m 16m 27s 2h 32m 2.02 1.76 1.98

4 256 3.7GB 1h 7m 9m 57s 1h 18m 4.05 2.91 3.84

8 512 2.8GB 33m 27s 6m 18s 41m 31s 8.13 4.59 7.30

16 1024 2.4GB 16m 41s 4m 33s 23m 3s 16.29 6.36 13.14

32 2048 2.1GB 8m 21s 4m 2s 14m 57s 32.55 7.17 20.26

Serial code: Serial code: Serial code: Serial code: 2 weeks of runtime2 weeks of runtime2 weeks of runtime2 weeks of runtime



Low-lying energy levels of 229Th 35+ and the electronic bridge 

process, S. G. Porsev, C. Cheung, M. S. Safronova, Quantum 

Sci. Technol. 6, 034014 (2021)

New MPI code, 120 million determinants, code tests to 1500 CPUs!

Next step: selection of configurations with neural networks

Figure: Bilous et al., Phys. Rev. Lett. 124, 192502 (2020)

New: 8.31(4) eV

New: 4.62(12) eV

A pathway to excite a nuclear transition: electronic bridge in A pathway to excite a nuclear transition: electronic bridge in A pathway to excite a nuclear transition: electronic bridge in A pathway to excite a nuclear transition: electronic bridge in Th35+



To boldly go where no one has gone before …

www.film.ru

COMPUTER, COMPUTER, COMPUTER, COMPUTER, CALCULATE!CALCULATE!CALCULATE!CALCULATE!

Automating all codes for massive data generation

Turn research codes into software!



Community – driven project: there is enormous need for data

Version 2 was released on April 2022https://www.udel.edu/atom
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