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MOTIVATION




Why investigate heavy, unstable, and artificial
elements?

(Exotic) nuclear and electronic structure and properties

Information about new elements, assignment in Periodic Table

Behaviour and trends in lower part of the Periodic Table =

Benchmarks for atomic theory (e.g. contribution of QED
effects)
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Why investigate heavy, unstable, and artificial
elements?

* Promising systems to search for physics beyond the Standard
Model (e.g. violation of fundamental symmetries)

* Heavy systems, effects scale as Z%

* Possible strong further enhancements due to the nuclear
structure

* Versatile: sensitive to eEDM, hadronic EDMs, nuclear anapole
moments, nuclear magnetic quadrupole moments, etc.

https://phys.org/news/2021-03-
Search for new physics with atoms and molecules radioactive-molecules-mystery-

M. S. Safronova, D. Budker, D. DeMille, Derek F. Jackson Kimball, A. Derevianko, and Charles W. Clark antimatter.html
Rev. Mod. Phys. 90, 025008 — Published 29 June 2018




Challenging experiments!

Dealing with small amounts of unstable, short lived elements

Combined with the challenge of achieving unprecedented sensitivity needed to detect the
tiny effects of new physics

Alongside specially developed experimental techniques, theoretical studies become crucial



How can (atomic and molecular) theory be of use?

(Important to remember: for us the practical considerations do not play a role!)

Parameters for planning the experiments (predictions of transition energies, laser-
cooling schemes, etc.)

Parameters for the interpretation of the results (HFS parameters for extraction of
nuclear properties, coupling parameters for new physics phenomena, etc.)

Investigations where experiment is not yet possible



How can (atomic and molecular) theory be of use?

(Important to remember: for us the practical considerations do not play a role!)

Parameters for planning the experiments (predictions of transition energies, laser-
cooling schemes, etc.)

Parameters for the interpretation of the results (HFS parameters for extraction of
nuclear properties, coupling parameters for new physics phenomena, etc.)

Investigations where experiment is not yet possible

Thus we need:
* Reliable predictions based on high accuracy calculations
* Possibility of assigning uncertainties
Choice of computational method becomes important



COMPUTATIONAL METHODS
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What do we need?

Atomic and molecular parameters needed in experiments
Heavy (radioactive) systems, hence relativistic methods

Coupling parameters describing the effect of P(T)-violating phenomena (or
variation of constants) on electronic structure

Relativistic in nature, hence relativistic methods
High accuracy

State-of-the-art treatment of correlation, large basis sets
Uncertainty estimates

Robust, transparent methods



Relativistic coupled cluster

CCSD(T) - single reference coupled cluster
FSCC — multireference Fock space coupled cluster

Open shell systems, excited states, bond dissociation (good example:ThO 3A; or any
atomic spectrum)

Large, converged Dyall’s basis sets

(K.G. Dyall, Theor. Chem Acc. 2002, 2004, 2006, 2007, 2009, 201 1,2012, etc.)



Relativistic coupled cluster
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What can we calculate?

Atomic properties: energies, IPs, EAs, spectra, hyperfine structure parameters, polarisabilities

Molecular properties: geometries, spectroscopic constants, electronic structure, Franck-
Condon Factors (FCFs), transition strengths

Specific properties:
W, WV, (eEDM experiments)
W, (NSD-PV, nuclear anapole moments)

Wy (nuclear magnetic quadrupole moments)

Sensitivity to variation of a

CCSD(T), FSCC (applicable to different systems/states)
Expected accuracy: ~10 meV for energies, single % for properties

Systematic investigation of effect of computational parameters and uncertainty evaluation



APPLICATIONS

Electron affinity of At: benchmark accuracy and uncertainty
evaluation

SHE: Nh and Og




ELECTRON AFFINITY OF AT




* Measurement at ISOLDE by laser-photodetachment
spectroscopy

* Knowledge of EA important for targeted alpha cancer therapy

* Calculations before the experiment
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* Accuracy: ~10s of meV
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Reaching meV accuracy

v | EA 1 A

“Golden Standard” DC-CCSD(T), d-aug-ae4z  3.010 2.372

Exp. 3.059038(10)



* Accuracy: ~10s of meV

Can we do better?
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Reaching meV accuracy

“Golden Standard” DC-CCSD(T), d-aug-ae4z  3.010 2.372
Extrapolated to CBSL  DC-CCSD(T) 3.040 2.402

Exp. 3.059038(10)
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Reaching meV accuracy e
“Golden Standard” DC-CCSD(T), d-aug- 3.010 2.372
aedz
Extrapolated to CBSL  DC-CCSD(T) 3.040 2.402
Higher order +AT 0.004 0.003
correlation effects* +(Q) 0.004 0.004
Exp. 3.059038(10)

*mrcc program, M. Kallay



Reaching meV accuracy
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Hpc = zi:/n)(l) +i;i(l/rij) Breit correction:  p; _ %[a, oy (ci r,\.,-;léfxlf Ty),
hp(i) = cau - pi+ 2B+ V(i)
Lamb shift: Padtie? ; |
Reaching meV accuracy (a) (b)
“Golden Standard” DC-CCSD(T), d-aug-  3.010 2.372
aedz
Extrapolated to CBSL  DC-CCSD(T) 3.040 2.402
Higher order +AT 0.004 0.003
correlation effects +AQ) 0.004 0.004
Relativity +Breit™* 0.003 0.003
+QED (VP+SE)** 0.003 0.003
Final
Exp. 3.059038(10)

*Tel Aviv atomic program
**Model Lamb shift operator (MLSO) of Shabaev (Comput. Phys. Commun. 189, 175 (2015))



Reaching meV accuracy

“Golden Standard” DC-CCSD(T), d-aug-  3.010 2.372
aedz

Extrapolated to CBSL  DC-CCSD(T) 3.040 2.402

Higher order +AT 0.004 0.003

correlation effects +AQ) 0.004 0.004

Relativity +Breit 0.003 0.003
+QED (VP+SE)* 0.003 0.003
Final 3.055 2414
Exp. 3.059038(10)

*Model Lamb shift operator (MLSO) of Shabaev (Comput. Phys. Commun. 189, 175 (2015))



Uncertainty evaluation
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Uncertainty evaluation

Higher order QED effects: smaller than vacuum polarization+self energy
contributions

Higher excitations (full quadruples and higher): smaller than (Q)

Basis set: half the difference between CBSL and d-aug-ae4z basis results

Higher order QED 0.003 0.003
Higher excitations 0.004 0.004
Basis set 0014 0.015

Total (eV) 0.015 0.016
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Extrapolated to CBSL
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ATOMIC PROPERTIES OF NH (Z=113)




* Accurate predictions of IP and EA

Periodic Table
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Figure 1. Contributions of the different sources of uncertainty: HOC stands for higher order correlation.

* Accurate predictions of IP and EA

¢ Similar calculations for the lighter homologues as a test

* Uncertainty estimates
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ATOMIC PROPERTIES OF OG (Z=118)
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Similar calculations for the lighter homologues as a test
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Accurate predictions of IP and EA

Similar calculations for the lighter homologues as a test
New basis set extrapolation scheme (diffuse functions)

Og confirmed as having a positive EA (in agreement with

other recent works, 0.096 eV' and 0.076(4)?2 )

Lackenby, B. G. C., Dzuba, V. A. & Flambaum, V. V. Atomic structure
calculations of superheavy noble element oganesson (Z = 118). Phys.
Rev. A 98, 042512 (2018).

; Rn Og
Bl e P, 1P, 1P, 1P, A
cv3z 10.465 18.683 8.627 15.922 2.994
cviz 10.629 18.857 8.755 16.079 -2.092
aedz 10.624 18.854 8.756 16.084 -2.085
(1-aug)-cvdz 10.659 18877 &8.791 16.092 -0.223
(1-aug)-aedz 10.655 18.875 8.791 16.097 -0.221
(2-aug)-cvdz 10.659 18.877 &8.791 16.092 0.040
(3-aug)-cvdz 10.659 18877 &8.791 16.092 0.069
(3-aug)-CBS-cvNz 10.772 19.001 8.882 16.197  0.078
oo-CBS-cv Nz 10.772 19.001 8.882 16.197 0.082
Sources fn Og
P, 1P, IP, IP, EA
A(T) 680 72.1 1031 952 15.9
AT 151 VO =By =173 2.8
AQ 27 08 40 28 \4%
Breit 1.7 -9.0 14 -18 03
QED 3.1 53 6.5 14.0 3.0

Electron affinity of oganesson

M. Y. Kaygorodoy, L. V. Skripnikoy, I. I. Tupitsyn, E. Eliav, Y. S. Kozhedub, A. V. Malyshev, A. V. Oleynichenko, V.
M. Shabaey, A. V. Titov, and A. V. ZaitsevskKii

Phys. Rev. A 104, 012819 — Published 30 July 2021



= RS- Rn Og

Category Error source P, P, 1P, P, EA
Basis set core corr. functions 4.4 1.6 0.3 4.5 1.9

CBS 57.1 65.2 432 48.9 3.2

augmentation 0.0 0.0 0.0 0.0 1.8
Correlation  virtual cutoff 0.1 0.0 -0.1 -0.1 0.2

higher excitations 2.0 0.9 31 4.3 2.4
Relativity QED 3.1 5.3 6.5 14.0 3.0)
Total 574 654 438 51.3 o7

Accurate predictions of IP and EA

Similar calculations for the lighter homologues as a test
New basis set extrapolation scheme (diffuse functions)
Og confirmed as having a positive EA

Uncertainty estimates



Rn
DC(B)-CCSDT(Q)+QED  10.761(57) 18.990(65) -
Exp. 10.7485  21.4(19)
Og
DC(B)-CCSDT(Q)+QED 8.888(44) 16.195(51) 0.080(6)

Accurate predictions of IP and EA

Similar calculations for the lighter homologues as a test
New basis set extrapolation scheme (diffuse functions)
Og confirmed as having a positive EA

Uncertainty estimates

Prediction for the IP2 of Rn
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Rn
DC(B)-CCSDT(Q)+QED 10.761(57) 18.990(65) -
Exp. 10.7485 21.4(19)
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present value —ill—
DC(B)-CCSDT(Q)+QED  8.888(44) 16.195(51) 0.080(6)
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Volume 83, 2021, Pages 107-123
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CONCLUSIONS

State of the art high accuracy computational approach
Versatile method: many possible applications
Reliable predictions, uncertainty estimates possible

Close collaborations with experimental groups (where possible)

Uncertainties often limited by basis set: development of 5¢ basis sets in
collaboration with Ken Dyall

Expanding FSCC applicability (Mass shifts, more complex systems)
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https://www.researchgate.net/institution/Schroedinger_Inc

RELATIVISTIC COUPLED CLUSTER

Based on the 4c Dirac Hamiltonian

Exponential wave operator:

52
U = exp(S)V) = (1 + 5+ o + - ) Uy

S is the excitation operator:

_ 2 : [
S vt SN-. Sl — E Sz aaaf S) ?J}a‘k'labajag

a 1jab

CC energy equations:
(flﬁg‘(H — ECCSD) E‘-}{p(sl -+ SQ)|(I)[}> = ()

Accurate, all-order in PT, size-extensive, and size-consistent



Energy

Reaching meV accuracy

Complete basis set limit extrapolation

Energy vs Cardinal Number

440

A0 Az - — Extrapolation Function
@ Reference Values
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CBS Limit Value ‘
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-A40 87 ‘
- i

L]

Cardinal Number

V.Vasilyev, http://sf.anu.edu.au/~vvv900/cbs




Why look for physics beyond the Standard Model (SM)?

The SM is currently the best fitting physical description of
the world around us.

So far successfully explained the majority of observed
natural phenomena and has strong predictive power
(Higgs boson, top quark, tau neutrino)

L - - - ®!| @ H
But... it is incomplete : g9

up charm top gluon E‘r;«gsgrs\
4 3 Ne'WVe? ~45 MoV ~ 1B G 0
"va d AR s -0 b 0 o
~ [ 2 2 ’ 1 w
down strange bottom photon
0571 MWW 105.7 eVt 1.777 GaVWe* 91 2 GaVie*
e -1 A T 0 Sy
electron muon tau Z boson
<22 eV <017 MW <155 N B) 4 GeVi*
0 0 - 2 :‘
O v . I @
electron muon tau

neutrino neutrino neutrino W boson



Why look for physics beyond the Standard Model (SM)?

Extensions to the SM attempt to fill these knowledge gaps.
Grand Unified Theories, String Theory, SUSY, ...

These extensions predict new physical phenomena beyond
the SM.

Variation of fundamental constants (VFC)
Violation of fundamental symmetries (CP,PT)

(non) discovery of these phenomena allows to discriminate
between extensions or new theories.



Why look for physics beyond the SM with atoms and molecules?

Accelerator research (LHCb, T2K, etc.)

Table-top experiments

- e - !
A panoramic picture of the four meter long traveling-wave decelerator that has been built in
Groningen. It is in use for decelerating packets of the heavy diatomic molecule SrF, which is a
prototypical system for the investigation of broken symmetries.



Why look for physics beyond the SM with atoms and molecules?

Table-top experiments: promising alternative to high energy research
Versatile, sensitive to different phenomena
Parity violation
EDMs (electron, hadronic)
Variation of fundamental constants

Dark matter

‘w

e e i

pr hELy
Various enhancement effects—> high sensitivity &= -*"-..\.-.—E\t_

T

Small scale

(Relatively) inexpensive

A panoramic picture of the four meter long travelin.g-wave decelerator that has been built in
Search for new phySiCS with atoms and molecules Groningen. It is in use for decelerating packets of the heavy diatomic molecule SrF, which is a

prototypical system for the investigation of broken symmetries.
M. S. Safronova, D. Budker, D. DeMille, Derek F. Jackson Kimball, A. Derevianko, and Charles W. Clark
Rev. Mod. Phys. 90, 025008 — Published 29 June 2018



And now

for something
completely different...




PARITY VIOLATION IN CHIRAL
MOLECULES




Is there a difference in the properties of the right- and the left
handed enantiomers?

PV is firmly established in nuclear and atomic physics

In chiral molecules, the weak neutral current between the electrons and
the nuclei is predicted to result in a tiny energy difference between the
enantiomers.

If detected, this could help explain the origins of biohomochirality




Is there a difference in the properties of the right-
and the left handed enantiomers?

So far, no detection!

The search continues: in electronic transitions, NMR
spectroscopy, and in vibrational spectroscopy



Search for parity violation in vibrational spectroscopy.

Measure hv -hv,

Measurements performed at Laboratoire de Physique des Lasers
(LPL), on the C-F stretch vibration in CHFCIBr



Search for parity violation in vibrational
spectroscopy.

Measure hv-hvg

Measurements performed at Laboratoirede Physique des
Lasers (LPL), on the C-F stretch vibration in CHFCIBr

Upper limit of 1013 /
pper limit o | ‘ N
Theoretical estimates of the effect ~10-!7 o’ Vg, J ol O
(Phys. Rev. Lett. 84, 3807 (2000); Phys. Rev.A 71,012103 (2005); ®) .
Phys. Rev.A 103, 042819 (2021); Phys. Rev. Lett. 125, 123004 (2020) B
© =————
e B iy T e
=

18 C. Daussy, T. Marrel, A. Amy-Klein, C. Nguyen, C. J. Bordé
and C. Chardonnet, Physical Review Letters, 1999, 83, 1554.




Search for parity violation in vibrational spectroscopy.

Better candidate molecule needed!
Shopping list:

* Stable, commercially available

* Can be separated into pure enantiomers
* Can be brought into the gas phase

* Should contain heavy elements (absolute PV energy predicted to
scale as Z°)

* Should have strong vibrational transitions in the range of the
lasers (4-15 um)

Relative effects of the order 10-!> can now be detected at LPL



Search for parity violation in vibrational spectroscopy.

Better candidate molecule needed!

Shopping list:
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Search for parity violation in vibrational spectroscopy.

Better candidate molecule needed!

Shopping list:
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v’ Stable, commercially available %;o/
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v" Can be separated into pure enantiomers

Fig. 1 Chemical structure of A-Ru(acac)s

v"Can be brought into the gas phase

a) Propelier-like chirality
v'Should contain heavy elements (absolute PV energy predicted to oy
scale as Z°) S
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v'Should have strong vibrational transitions in the range of the
lasers (4-15 pm)

Relative effects of the order 10-!>?



Search for parity violation in vibrational
spectroscopy.

Better candidate molecule needed!

Relative effects of the order 10-1°?

Relativistic calculations, DFT method

modeno. v(ecm ') IRint.(KM/mol) Avpy(mHz) |Avpy/v|
17 182.0 0.009 -448.7 7.22E-14
19 200.8 1.718 -297.9 4.57E-14
20 222.9 0.065 279.2 3.80E-14
29 327.2 7.884 325.3 3.40E-14
52 952.6 9.564 -30.4 1.04E-15
53 953.7 1.793 -33.0 1.13E-15
100 1586.0 453.5 -83.0 1.70E-15
102 1612.3 44.22 -110.9 2.25E-15

logio(Av/v)

Fig. 1 Chemical structure of A-Ru(acac)s;
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Fig. 3 Plot of all calculated relative parity violating frequency shifts
(Avpy /v) of several vibrational transitions in Ru(acac); as a function of
the indicator (sum of moduli of Ru-O displacement, see text). The larger
dots highlighted in blue correspond to the modes shown in Table 1, and



Search for parity violation in vibrational

spectroscopy.

Better candidate molecule needed!
Relative effects of the order 10-'? Yes!

Relativistic calculations, DFT method

modeno. v(ecm ') IRint.(KM/mol) Avpy(mHz) |Avpy/v|
17 182.0 0.009 -448.7 7.22E-14
19 200.8 1.718 -297.9 4.57E-14
20 222.9 0.065 279.2 3.80E-14
29 327.2 7.884 325.3 3.40E-14
52 952.6 9.564 -30.4 1.04E-15
53 953.7 1.793 -33.0 1.13E-15
100 1586.0 453.5 -83.0 1.70E-15
102 1612.3 44 .22 -110.9 2.25E-15

Fig. 1 Chemical structure of A-Ru(acac)s
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Fig. 3 Plot of all calculated relative parity violating frequency shifts
(Avpy /v) of several vibrational transitions in Ru(acac)s as a function of
the indicator (sum of moduli of Ru-O displacement, see text). The larger
dots highlighted in blue correspond to the modes shown in Table 1, and



Search for parity violation in vibrational

spectroscopy.

Better candidate molecule needed!

Relative effects of the order 10-!>? Yes!
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Fig. 1 Chemical structure of A-Ru(acac)s;
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Relativistic calculations, DFT method — . T

Fe | Co| Ni |C

Even better: Os(acac); effects of 10-!3 “Ru 'Rh|Pd|A

Scaling better than Z° predicted for total PV energies Os| Ir | Pt A

. ‘Hs | Mt |Ds | R

Practical challenges to be solved e el e
mode Os corresp. mode Ru overlap vpy (0s) (Hz) vpy (0s)/vpy (Ru) v(em ) IR int.(KM/mol) |Av/v|
16 17 0.996 -0.72 217 191.4 0.091 1.51E-12
19 19 0.961 -9.59 32.2 210.9 2.356 1.44E-12
20 20 0.948 4.30 15.4 224.2 0.013 5.86E-13
29 29 0.838 3.09 9.5 307.6 2.392 3.39E-13
52 52 0.830 -1.47 48.4 952.2 0.464 5.00E-14
53 53 0.831 -1.32 40.1 954.0 1.272 4.48E-14
100 100 0.955 -1.04 12.7 1562.5 245.6 2.16E-14
102 102 0.985 -0.31 3.6 1589.2 102.2 6.29E-15

Table 2 The PV shift of vibrational modes in Os(acac)z and a comparison to Ru(acac);. Modes in the two compounds were matched to each other
according to their overlap as defined in section 3.



Search for parity violation in vibrational spectroscopy.

|

Better candidate molecule needed!

Relative effects of the order 10-'3? Yes!

Relativistic calculations, DFT method

Even better: Os(acac); effects of 10-'3
Scaling better than Z> predicted for total PV energies

hallet
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