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Motivation

To maximise the discovery potential of APV measurements
| Push state-of-the-art atomic calculations to 0.1% precision"
| Development of precision atomic theory"
| Improved benchmarking of atomic theory#

| Remove nuclear structure uncertainties to enable atomic theory
tests below 0.1%
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Atomic parity violation

Cs 6S-7S APV amplitude,
0.35% uncertainty

Carl Wieman group (1997)

Image: T. Andrews, University of Colorado
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Atomic parity violation

Cs 6S-7S APV amplitude,
0.5% uncertainty

Most precise calculations:

¥ Dzuba, Flambaum, Ginges, PRD (2002);
Flambaum, Ginges, PRA (2005)

¥ Porsev, Beloy, Derevianko, PRL (2009);
Dzuba, Berengut, Flambaum, Roberts,
PRL (2012)
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Weak operator

Hpy = Z(hPV)i
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Energies
E

Recent calculation: Sahoo and Das [Sahoo, Das, Spiesberger, PRD(L) (2021)]*

Working towards 0.1-0.2% precision:

¥ Precision Atomic Theory group @ UQ
¥ DereviankoOs group [Tran Tan, Xiao,

DereviankpPRA (2022)]
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Atomic parity violation

PERIODIC TABLE

Atomic Properties of the Elements lerztﬁ‘:.:?b!":ﬁ&“}‘«fmw
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Benchmarking atomic theory

//\\ {P\ 10/ 50

106 104 1072 N/ \b/ 0

Upper radial component, Cs 6s:

radius (a.u.)

By =Y (751/2|D|nPy o) (nPr 2| Hpy[651/2) Ly (75172 Hpy [Py /2)(nP1 /2| D651 2) 0w

n E651/2 _EnP1/2 n E7Sl/2 _EnP1/2
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Benchmarking atomic theory

Upper radial component, Cs 6s:

hyperbne structure E1 amplitudes
= = /\ < S
>
10° 10~ 1072 N/ \ / 1 \ 10/ 50
5

< > <€ _ \/
weak matrix elements energies

radius (a.u.)

¥ hyperbne structure, few 0.1% - 1%
¥ energies, 0.1%
¥ E1 amplitudes, few 0.1%

By =Y (751/2|D|nPy o) (nPr 2| Hpy[651/2) Ly (75172 Hpy [Py /2)(nP1 /2| D651 2) 0w

n E651/2 _EnP1/2 n E7Sl/2 _EnP1/2
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Benchmarking atomic theory

Upper radial component, Cs 6s:

hyperbne structure E1 amplitudes
= = /\ < S
>
10° 10~ 1072 N/ \ / 1 \ 10/ 50
5

< > <€ _ \/
weak matrix elements energies

radius (a.u.)

¥ hyperbne structure, few 0.1% - 1% <+—
¥ energies, 0.1%
¥ E1 amplitudes, few 0.1%

By =Y (751/2|D|nPy o) (nPr 2| Hpy[651/2) Ly (75172 Hpy [Py /2)(nP1 /2| D651 2) 0w
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HyperbPne structure

NIST-F2 Atomic clock

Primary standard for the Sl unit
for time, the second

Hyperbne splitting in cesium

F =14

6 *51 /2

< 9192.63177 MHz

F=3
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Hyperbne structure

Modelling the hyperPne structure nuclear magnetic moment
. a(r! !
Interaction Nhis = — H F(r) |
C r3 +~ describes the nuclear

magnetization distribution

For a point-nucleus F(r) =1
Ball, F(r)=(r/r n)° Fermi distribution

Pm 4 pm 4

Standard ways to model
— .
| F(r), until recently:
> T

'm

> T

I'm

Hyperbne splitting quantibed by hyperPne constanA

A= Ap(l+ 1)+ "ARED

)
Many-body result,

Pnite nuclear charge effect included
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Hyperbne structure

Modelling the hyperPne structure nuclear magnetic moment
. a(r! !
Interaction Nhis = — H F(r) |
C r3 +~ describes the nuclear

magnetization distribution

For a point-nucleus F(r) =1
Ball, F(r)=(r/r n)° Fermi distribution

Pm 4 pm 4

Standard ways to model
— .
| F(r), until recently:
> T

'm

> T

I'm

Hyperbne splitting quantibed by hyperPne constanA

A= Ap(l+ 1)+ "ARED

)
Bohr-Weisskopf (BW) effect N

Pnite nuclear magnetization contribution
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HyperbPne structure

Modelling the hyperPne structure nuclear magnetic moment
. a(r! !
Interaction Nhis = — H F(r) |
C r3 +~ describes the nuclear

magnetization distribution

For a point-nucleus F(r) =1
Ball, F(r)=(r/r n)° Fermi distribution

Pm A Pm 4

Standard ways to model
— .
| F(r), until recently:
> T

'm

> T

I'm

Hyperbne splitting quantibed by hyperPne constanA

A= Ag(L+ 1)+ "ARPP
0

Quantum electrodynamics
radiative correction

THE UNIVERSITY
NS OF QUEENSLAND

AUSTRALIA



Hyperbne structure

Modelling the hyperPne structure nuclear magnetic moment
. a(r! !
Interaction Nhis = — H F(r) |
C r3 +~ describes the nuclear

magnetization distribution

For a point-nucleus F(r) =1
Ball, F(r)=(r/r n)° Fermi distribution

Pm 4 Pm 4

Standard ways to model
— .
| F(r), until recently:
> T

'm

> T

I'm

Hyperbne splitting quantibed by hyperPne constanA

A= Ap(l+ 1)+ "ARED

1 | 4\

contains factor
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HyperbPne structure

HyperbPne comparisons

ASPL T AL+ 1)+ "AREP

Provides test of atomic many-body theory in the nuclear vicinity only if
¥ Nuclear magnetic moments M

¥ Bohr-Weisskopf effect !

¥ QED radiative corrections ! AQEP

are known well (contributing < 0.1% uncertainty to hyperbne constants)
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Hyperbne structure

QED corrections

Self-energy and vacuum polarisation
corrections evaluated for:

¥ lowest states of alkali-metal atoms;

4 {4 1=

O =

¥ ground-states of Rb, Cs, Fr, Ba*, Ra* “’@"4

- O

QED corrections (%) to ground state hyperbne constants

Cs Ba* Fr Ra*

Reference

-0.38(6) -0.37(4) -0.60(1) -0.55(8)

-0.42 -0.6

Ginges, Volotka, Fritzsche, PRA (2017)

Sapirstein and Cheng, PRA (2003)

THE UNIVERSITY
OF QUEENSLAND

AUSTRALIA



Hyperbne structure

QED corrections !

Self-energy and vacuum polarisation
corrections evaluated for:

¥ lowest states of alkali-metal atoms;

4 {4 1=

O =

¥ ground-states of Rb, Cs, Fr, Ba*, Ra* “’@"4

- O

QED corrections (%) to ground state hyperbne constants

Cs Ba* Fr Ra*

Reference
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HyperbPne structure

F(r)/2 for francium

Bohr-Weisskopf (BW) e$ect 0.05 —
S ’ Pointlike
" I'm & 004+ 0 Ball — _
o (; qrf (N)g(r)[F(r)! 1)r ? = Single-particle: .
I o = B 211l o R _
o drf (Ng(r)/r 2 SO e \
= 002} ‘ ]
Single-particle model: = 001 / |
gs found from measured nuclear 0 e e
magnetic moment using Lande factor 0.1 % (fm) 10
po37 bropy L 2011 2001 7
= - | | —_
F(r) — 1! 3In T u 81+ Os+ —5— 0 forl=L+1/2
nuclear model 133Cs 135Ba+  211Fr  225Rat .
BW corrections
ball -0.71 -0.74 27  -2.8 (%) to s-state
_ _ hyperbPne
single-particle -0.21 -1.0 -1.3 -2.8 constants
single-particle (WS, spin-orbit) -0.19(14) -1.3(4) -1.4(5) -4.3(13)
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Expression for F(r): Volotka et al., PRA (2008)
Ginges, Volotka, Fritzsche , PRA (2017)



HyperbPne structure

F(r)/2 for francium

Bohr-Weisskopf (BW) e$ect 0.05 —
S ’ Pointlike
" I'm & 004+ 0 Ball — _
| — (; drf (r)g(r)[F(r)! 1Jr ? E Single-particle: B
. = ] = B 211 ") _
o drf (Ng(r)/r 2 SO e \
= 002} ‘ ]
Single-particle model: = 001 / |
gs found from measured nuclear 0 e e
magnetic moment using Lande factor 0.1 % (fm) 10
po37 bropy L 2011 2001 7
= - | | —_
F(r) — 1! 3In T u 81+ Os+ —5— 0 forl=L+1/2
nuclear model 133Cs 135Ba+  211Fr  225Rat
BW corrections
ball -0.71 -0.74 2.7 -2.8 (%) to hyperIDne
single-particle -0.21 -1.0 -1.3 -2.8 constants
single-particle (WS, spin-orbit) -0.19(14) -1.3(4) -1.4(5) -4.3(13)
Difference 0.5% 1.3%
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Ginges, Volotka, Fritzsche , PRA (2017)



HyperbPne structure

F(r)/2 for francium

Bohr-Weisskopf (BW) e$ect " 0.05 —
S ’ Pointlike
" I'm & 004+ 0 Ball — _
| — (; drf (r)g(r)[F(r)! 1Jr ? E Single-particle: B
. = ] = B 211 ") _
o drf (Ng(r)/r 2 SO e \
= 002} ‘ ]
Single-particle model: = 001 / |
gs found from measured nuclear 0 e e
magnetic moment using Lande factor 0.1 % (fm) 10
po37 bropy L 2011 2001 7
= - | | —_
F(r) — 1! 3In T u 81+ Os+ —5— 0 forl=L+1/2
nuclear model 133Cs 135Ba+  211Fr  225Rat
BW corrections
ball -0.71 -0.74 2.7 -2.8 (%) to hyperIDne
single-particle -0.21 -1.0 -1.3 -2.8 constants
single-particle (WS, spin-orbit) -0.19(14) -1.3(4) -1.4(5) -4.3(13)
Difference 0.5% 1.3%
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Expression for F(r): Volotka et al., PRA (2008)
Ginges, Volotka, Fritzsche , PRA (2017)



Hyperbne structure

Calculations of hyperbne intervals and comparison with experiment. Units: MHz

133Cs 135B g+ 211F ¢ 225R gt

Many-body 9229.5 7286.8 45374 -29113
BW -17.0(131) -91.8(275) -641(244) 1267(380)

QED -35.1(58) -27.1(30) -273(56) 159(23)

Total theory 9177.4 7167.9 44460 -27687

Experiment 9192.6 7183.3 43570 27731

Difference -15.2 -15.4 890 44
Difference (%) -0.17(16) -0.21(38) 2.0(6)(20) -0.2(14)
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Ginges, Volotka, Fritzsche, PRA (2017)



Hyperbne structure

Nuclear magnetic moments

How well do we know %7 133Cs, 135Ba, Frisotopes, 22°Ra

\ 7

uncertainties:

Our atomic theory uncertainty is
better I can Pnd %Fr)!

ASPE AT (e ) (WK )

Test/control BW e$ect using:"

| ratios of A for di$erent states"

| Empirical BW value extracted
from H-like 209Bij

Determined %with an uncertainty of 0.5%

<
<

X
<

negligible

1.7

7.5

!

1-2%

!

0.2%

A(7s)/A(7p12) vs atomic mass for francium

76 |

Ball

——— Experiment i
Single-particle
SP (corrected)
207 208 209 210 211 212 213

A

THE UNIVERSITY
NS OF QUEENSLAND

AUSTRALIA

Roberts and Ginges, PRL (2020)



Hyperbne structure

Nuclear magnetic moments |

How well do we know %7 133Cs, 135Ba, Frisotopes, 22°Ra

\ 7

uncertainties:

Our atomic theory uncertainty is
better I can Pnd %Fr)!

ASPE AT (e ) (WK )

Test/control BW e$ect using:"

| ratios of A for di$erent states"

| Empirical BW value extracted
from H-like 209Bij

Determined %with an uncertainty of 0.5%

<
<

X
<

negligible

1.7

7.5

!

1-2%

!

0.2%

A(7s)/A(7p12) vs atomic mass for francium

76 |

Ball

——— Experiment i
Single-particle
SP (corrected)
207 208 209 210 211 212 213

A
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Hyperbne structure

Nuclear magnetic moments |

How well do we know %7 133Cs, 135Ba, Frisotopes, 22°Ra

\ 7

uncertainties:

Our atomic theory uncertainty is
better I can Pnd %Fr)!

ASPE AT (e ) (WK )

Test/control BW e$ect using:"

| ratios of A for di$erent states"

| Empirical BW value extracted
from H-like 209Bij

Determined %with an uncertainty of 0.5%

<
<

X
<

negligible

1.7

7.5

!

1-2%

!

0.2%

A(7s)/A(7p12) vs atomic mass for francium

76 |

Ball

——— Experiment i
Single-particle
SP (corrected)
207 208 209 210 211 212 213

A
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Bohr-Weisskopf elect

Properties

- 2
Relative BW correction ! = -° O\rf (r)g(r)[F(r) ! 1)r

o drf (r)g(r)/r 2
In the nuclear region, the electrons see the unscreened Coulomb beld of the nucleus.

Since the binding energies ! ! V(r) , wave functions with the same angular
dependence are proportional.
¥ " " ks T os radialwavefunctionstor H! like andneutralCs
V(I’) # C(&/r (r) 2 fn& =0 Largeradialcomponen
c(&r+ () V(E)" #" 2¢¢ 0w :
o 0.30
BW effect is independent of 095
principal quantum number! 090
! bt = Tt 0.15
0.10
Also, in the nuclear region, for 0.05.
heavy systems: . Radiugau’
f | f | 0.00% 0.01C 0.01%
S1/2 - gpl/Z , Tpya b Usyyo

BW effects in atoms related to BW matrix element for 1s state of H-like ion

THE UNIVERSITY Skripnikov, J. Chem. Phys. (2020)
OF QUEENSLAND Roberts and Ginges, PRA (2022)

AUSTRALIA



Bohr-Weisskopf elect

Correlation corrections (%) to hyperbne intervals for statess

To remove or extract?

351 | | | Cs —— -
Ratio method 30 |
25
By taking a ratio of two states with |
different principal quantum z 15‘\\
number, the dependence on the R
BW effect may be removed! 10+
. 5t
AN = Agn AZPIA gL ol
6
Principal quantum numbern
Ants (MHZ)
Experiment Theory This may be used to make
State This work Prior expt. Ref3f] Ref.[1§ high-precision predictions of

|
12s  26.318(15)  26.31(10pK] 2628  26.30 (2 the hyperbne constants!

13s 18.431 (10)  18.40 (11pH 18.42 (1)
Ratio method: Ginges and Volotka, PRA (2018)
THE UNIVERSITY _
OF QUEENSLAND Ref. [16] Grunefeld, Roberts, Ginges, PRA (2019)
W AUSTRALIA Experiment: Quirk et al., PRA (2022)



Differential hyperbne anomaly

Bohr-Weisskopf elect

Ratio of hyperbne constants of different isotopes of the same element,

AD/AD = gD yg@ (1411 2)

and typically for nuclei of different spin,

L) 2

(1) (2

Gives the difference in the BW effect for different isotopes.

Isotope 1 Isotope 2 Differential anomalty 2 (%)
A 1% Vgan (%)  !sp (%) A I# Vgan (%)  !sp (%) Ball SP Expt. 9
37Rb >0 85 52 ' 0.306 0.044 87 % 10306 ! 0278 ! 0.001 0.323 0.35142(3(
86 2 1 0.306 ! 0.139 0.000 0.183 0.17(9)
47AQ SSIP) 107 12 1 0.497 1 4.20 103 72° 10493 10347 ! 0.018 ! 3.88 1 3.4(17)
109 12 10498 | 3.78 0.007 ! 0.431 ! 0.41274(29
55CS 651/ 2 133 12" ' 0.716 ! 0.209 131 2" 1'0.716 ! 0596 ! 0.001 0.389 0.45(8)
135 72¢ 10716 ! 0.247 0.002 0.039  0.037(9)
134 & 1'0.716 ! 0.371 0.000 0.163 0.169(30)
seBa’ 6Sy/2 135 32f’ 1 0.747 1 1.03 137 327+ ' 0.747 ! 1.03 0.001 0.001 ! 0.191(5)

THE UNIVERSITY
OF QUEENSLAND

AUSTRALIA

Roberts and Ginges, PRA (2021)

Expt. data from: Persson, At. Data Nucl. Data Tables (2013)



Bohr-Weisskopf elect

From H-like experiments to heavy atom calculations

Accurate empirical BW effect from H-like ion measurements,
1s —_ 1s 1s np ls
Aexpt - AO (1+ | )+ AQED '
Magnetization radius from H-like ion BW

: | 10 ..
BW effect with ! 1% precision from effect and neutral atom differential anomaly

measurements with H-like 203,205T]| 207P 209Bj,

1.095 ——
H-like ion result may be used to determine L0 :
the BW effect in many-electron atoms! B ;
’ 1.085 - -
A= Ag(l+ Xger !13) + "Agep =
& :
T ~ 108" ]
electronic = !
screening factor E 1075 i
For s states, Xsor ! 1, the uncertainty is - H6—Iike o
negligible, and Xscr is independent of the 107 vz
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Summary

Accurate modelling of the Pnite magnetization distribution
In atomic nuclel Is Important for

¥ Hyperbne comparisons

- Tests of atomic wave functions in the nuclear region
- Reducing APV theory uncertainty to 0.1%
¥ Nuclear structure theory

¥ Determination of nuclear moments
¥ Probing the neutron distribution

¥ Tests of quantum electrodynamics
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