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Laser spectroscopy and hyperfine structure

« Hyperfine structure links atomic and nuclear

properties
C, plB/2ACC+1)—20(I+1)J(J+1)
hve o + A T+ B2 12 — 1)J(2J — 1)

* Nuclear model-independent extraction of:

5<r> | |A= ”;—JBJ B=eQV,

provided the atomic parameters are known (e.g.
knowing mass and field shift is required)
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Laser spectroscopy and hyperfine structure

« Hyperfine structure links atomic and nuclear

properties
C, plB/2ACC+1)—20(I+1)J(J+1)
hve o + A T+ B2 12 — 1)J(2J — 1)

*  Some nuance:

/  First-order expansion does not stop at 2"
multipole order!

/  Second-order perturbation theory: hyperfine mixing

/ Hyperfine anomaly
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Laser spectroscopy and hyperfine structure

IP A
« Hyperfine structure links atomic and nuclear . ‘ - AA M)}
< = A A

properties

C 1(3/2)C(C+1) —20(I + 1)J(J + 1) Y .
hv ~ Vo + A 5"‘ BZ I(ZI—]_)J(ZJ—]_) +CHij(I,J,F) < o

*  Some nuance:

/ First-order expansion does not stop at 2" C = —-Q(J Tée) 1J])
multipole order!

/  Second-order perturbation theory: hyperfine mixing

/' Hyperfine anomaly i(«“!m)))’



Figure by Jacek Dobaczewski

Magnetic properties of the nucleus
« Magnetic dipole moment: (((((“I’)))))’
« Exceedingly useful probe of nuclear configuration '

* j.e. what orbit is a valence nucleon in?

» Long chains of radioactive isotopes: study evolution of nuclear

properties }“= 1

« Comparison with nuclear theory informs on wavefunction composition,
purity, ... and thus can test interactions, model spaces, ...

« Over 800 measurements of magnetic dipole moments to date!!
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Figure by Jacek Dobaczewski

Magnetic properties of the nucleus
« Magnetic dipole moment: '((((“Il;))))’
« Exceedingly useful probe of nuclear configuration '

« Comparison with nuclear theory informs on wavefunction composition,
purity, ... and thus can test interactions, model spaces, ...

« Over 800 measurements of magnetic dipole moments to date!! - 1

A=
« Magnetic octupole moment: 4( I )‘
« A meas.ure .of ‘deviation from spherical symmetry’ of the distribution of li ,,
magnetization
« Sofar... only 20 measurements. '

A=3



Figure by Jacek Dobaczewski

Magnetic properties of the nucleus

4 \
« Magnetic octupole moment: ' I ’
« A measure of ‘deviation from spherical symmetry’ of the distribution of magnetization
« Sofar... only 20 measurements.
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Dipole vs octupole |

Interpretation from theory?

Single-particle estimates

= moment is determined by the
valence nucleon .

» Global agreement with

effective single-particle model 5.0

« Example: longer indium chain
with near-constant magnetic
moments
= textbook case?

5.5

5.0

J. Eberz et al, Nuclear Physics A Volume 464, 1, 1987, 9-28
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Dipole vs octupole

Interpretation from theory?
Single-particle estimates

» Single-particle picture works
quite well for dipole moments

» Octupole moments: not so
much

» Higher sensitivity to
configuration mixing?

—j=1+1/2
—j=1-1/2
o Experiment
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Some caution...

« Systematic effects in the measurements
 Measurements in lit. are all precise, but are they accurate?

« Atomic structure
« C/Omega
» Second-order hyperfine structure

Critical survey of literature through the lens
of current theory would be of interest.
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A textbook case of single-particle structure?

DFT HF core coupling
5 @ Experiment reees [T= 2%
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A. Vernon et al, accepted to Nature
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A textbook case of single-particle structure?

DFT HF core coupling
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There is complimentary value in exploring this A. Vernon et al, accepted to Nature

next-order magnetic observable
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Moving forwards: highly precise and accurate
hyperfine structure measurements

nAA M;}

» ‘Standard’ laser spectroscopy is not sufficiently precise Ex -

« Example 4°Sc: Ca core + 1 proton

» Linewidth: MHz level (limited by lifetime of excited state)

454.9276 nm

—
F=1 :

402.3678 nm

F =_ 6 T T T T T T T T r -
5 : -2000 -1000 0 1000 2000 -1500 -1000 -500 0 500 1000
F=1 Frequency detuning (MHz) Frequency detuning (MHz)
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Moving forwards: highly precise and accurate
hyperfine structure measurements

‘Standard’ laser spectroscopy is not sufficiently precise _ -
Ex <z

Example 4°Sc: Ca core + 1 proton ~

Linewidth: MHz level (limited by lifetime of excited state)

Direct excitations within hyperfine manifold with rf/microwave required
* Linewidth ~ 1/ interaction time

atoms TTThY T - .
B : , d
899.5 nm
4
= = ____ |
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E.—/ J— p
™ Signal élz - 6 H |
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F=1 y ' 2
- 2 e
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to vacuum
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RF scans: (F, m) -> (F’, m) resonances

Ds/2 |16 0.82G 0.82G 16
Hyperfine constants ~ 100x more precise
Expt. this work
Uncorrected Corrected

634.85 634.90 634.95 635.00 543.6 543.8 544.0 4440 4445 4450 3389 3391 3393 D3/, A [MHz]  269.55817(5) 269.55844(7)|3]
RF frequency (MHz) B [MHz] -26.3531(9) -26.3596(5)[5]
T o a Cod D C [kHz]  -0.010(22) 0.039(28)[2]
Qunb]  017(38) -0.68(49)[6]
Ds)> A[MHz] 109.03275(7) 109.03297(5)[3]
B [MHz] -37.3954(12) -37.3745(8)[15]
C[kHz]  0.31(8) -0.062(59)[17]
Qunb]  -1.92(51) 0.39(37)[11]
1378.6 = 1329.0  1329.4 1085 1085.5 1086 1086.5 826.5 827.0 827.5 828.0 828.5
\ RF frequency (MHz) Y,
20 kHz width

Many resonances due to Zeeman splitting

R.P. de Groote, J. Moreno, J. Dobaczewski et al., Physics Letters B 827 (2022) 136930 KU LEUVEN



1.0 A
RF scans: (F, m) -> (F’, m) resonances
0.5 - Schwartz
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Many resonances due to Zeeman splitting Uncorr. Corr. Final Corr.

DFT calculations by Jacek (talk Friday)
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Future perspectives

* ‘Conventional’ laser double-resonance experiments
 Room to explore stable elements!
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Future perspectives

» ‘Conventional’ laser double-resonance experiments
 Room to explore stable elements!

» Implementations optimized for radioactive species
(e.g. in collinear geometry)

C 2
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Proof-of-concept experiments
coming soon (?) @ JYU ACCLAB
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Future perspectives

* ‘Conventional’ laser double-resonance experiments

* Room to explore stable elements! 1.0
* Implementations optimized for radioactive species £ 038
(e.g. in collinear geometry) E
= 0.6
2
« Experiments in atom and ion traps j% 0-4
* Precision ~ 1/interaction time... E‘J 0.2
« Demonstration with stable barium :

0-0 77750 100 150 200 250 300 350 200 450

Frequency (Hz)
Q (137Ba+DB/2) — 0.05057(54) (ux x b),

QO (137Baf]55/2) = 0.0496(37) (ux x b)),

19 Optics Express Vol. 20, Issue 19, pp. 21379-21384 (2012) SO precise it Herz. | kyLeuven



Future perspectives

1 T T m,
Pal3/2 +13/2
- ‘Conventional’ laser double-resonance experiments PEu: S, o7z
M1
 Room to explore stable elements! 5 f
: . . . . . i F=11/2 iz
* Implementations optimized for radioactive species T o — .2
. . 9 1400 r -
(e.g. in collinear geometry) 3
1300 ]
E
g 1200 —
« Experiments in atom and ion traps 1100 | .
] [ ] [l [l U
* Precision ~ 1/interaction time... g 1000 - |
« Demonstration with stable barium, europium £ 900 wwwww W
Fit hfs 151 By + 153gy + £ 800 ! ! ' '
No. constant (Hz) (Hz) SIEu*:153 Eu* 0 100 200 300 400 500
VI 4 1540297 394(13) 684 565 993(9) 2.250034 927(35) rf Frequency + 10 017 200 (kHz)
B — 660 862(231) —1752868(84) 0.37702(13)
C 26(23) 3(7) 9(22)
D —6(5) —5(2) 1.2(1.1)
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Future perspectives

1 T T m,
Pal3/2 +13/2
- ‘Conventional’ laser double-resonance experiments PEu: S, o7z
M1
 Room to explore stable elements! 5 f
: . . . . . i F=11/2 iz
* Implementations optimized for radioactive species T o — .2
. . 9 1400 r -
(e.g. in collinear geometry) 3
1300 ]
E
g 1200 —
« Experiments in atom and ion traps 1100 | .
] [ ] [l [l U
* Precision ~ 1/interaction time... g 1000 - |
« Demonstration with stable barium, europium £ 900 wwwww W
Fit hfs 151 By + 153gy + £ 800 ! ! ' '
No. constant (Hz) (Hz) SIEu*:153 Eu* 0 100 200 300 400 500
VI 4 1540297 394(13) 684 565 993(9) 2.250034 927(35) rf Frequency + 10 017 200 (kHz)
B — 660 862(231) —1752868(84) 0.37702(13)
C 26(23) 3(7) 9(22)
LD —6(5) —5(2) 12(11)
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r\
In conclusion... ODYSSETH%“TZ\?/%)}{

« Higher-order moments have only scarcely been explored

5
, | [Qad-proton nuclei | « Significant potential for new information on the nucleus
, » Lots of experimental opportunity
é@mm * Nuclear theory ready for the challenge(?)
2 ? 15in « Atomic theory required for accurate results and to find most
~ 1 -, .
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AtO m | C th e O ry | S PHYSICAL REVIEW A 92, 052506 (2015)

. Appraising nuclear-octupole-moment contributions to the hyperfine structures in >'Fr

B. K. Sahoo”
Theoretical Physics Division, Physical Research Laboratory, Ahmedabad-380009, India

(Poraivad 10 Tonly INTS: nuhlichad 2 Navambar 20180

Hyperfine structure of '>Yb*: Toward resolving the '>Yb nuclear-octupole-moment puzzle

Di Xiao®,! Jiguang Li (FFL)%) ©,?> Wesley C. Campbell,> Thomas Dellaert ®,? Patrick McMillin®,? Anthony Ransford,?
Conrad Roman,® and Andrei Derevianko® '
! Department of Physics, University of Nevada, Reno, Nevada 89557, USA
2 Inctitute of Annlied Phycics and Comnutatinnal Mathematics Reiiine 100088 Ching

Hyperfine structure of the metastable P, state of alkaline-earth-metal atoms as an accurate |lifornia,
probe of nuclear magnetic octupole moments

K. Beloy and A. Derevianko
Physics Department, University of Nevada, Reno, Nevada 89557, USA

W. R. Johnson
Physics Department, University of Notre Dame, Notre Dame, Indiana 46566, USA

Relativistic coupled-cluster-theory analysis of the hyperfine interaction of Ra™
isotopes

Fei-Chen Li,"? Yong-Bo Tang,>* Hao-Xue Qiao,"* and Ting-Yun Shi®
' Department of Physics, Wuhan University, Wuhan, 430072, China
2College of Engineering Physics, Shenzhen Technology University, Shenzhen, 518118, China and
3State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics,
Wuhan Institute of Physics and Mathematics, Innovation Academy for Precision Measurement Science and Technology,
Chinese Academy of Sciences, Wuhan, 430071, China’
(Dated: March 16, 2021)

Hyperfine-structure constants of odd Ra™ due to the interactions of nuclear magnetic dipole, elec-
tric quadrupole, and magnetic octupole moments with the electrons are investigated in the frame-




Thanks for your attention!
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Doppler cooling Optical pumping Raman transistion

(a) (b) (c)
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