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Exotic atoms & molecules offer a unique windows to study the nucleus, and the
1 fundamental particles and interactions of nature!
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[ Precision laser spectroscopy ]
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[ Precision laser spectroscopy ]
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Nuclear Charge Radii

Imultaneous reproduction of charge radii and binding energies has been a long-

standing challenges for nuclear theory.
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[ Charge radii of calcium (Z=20) isotopes ]

[R.F. Garcia Ruiz et al., Nature Physics 12, 594 (2016)]

The charge radii of Ca isotopes present additional challenges
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[ Charge radii of calcium (Z=20) isotopes ]

[R.F. Garcia Ruiz et al., Nature Physics 12, 594 (2016)]

The charge radii of Ca isotopes present additional challenges

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
-0.1
-0.2

L | ] T T ] T | | | J
= | Exp =—ap— -
C 1 1 L 1 I
20 22 24 26 28 30 32 N
40C a 48C a 52C a

NNLOsat - - 4 - -PRC 91,051301 (2015)
Nature Physics 12, 180 (2016)

PLB 522, 240 (2001)
7BM2 —e— PRL113,052502 (2014)
PRC 92, 014305 (2015)

DF3-a —e— NPA 676, 49 (2000)
UNEDFO ---&-- Nature 486,509 (2012)

Wang et al. —&— PRC88,011301(R) (2013)

?Ca- S, [Wienholtz et al. Nature 498, 346 (2013)]
%Ca- E2 [Steppenbeck et al. Nature 502, 207 (2013)]




B<r®s [fm?]

0.7
0.6
0.5
0.4
0.3
0.2
0.1

-0.1
-0.2

[ Charge radii of calcium (Z=20) isotopes ]

[R.F. Garcia Ruiz et al., Nature Physics 12, 594 (2016)]

Much larger than expected!

NNLO,_, -- - --PRC91,051301(2015)
Nature Physics 12, 180 (2016)

PLB 522, 240 (2001)

- ZBMD —e— PRL 113, 052502 (2014)
PRC 92, 014305 (2015)

DF3-a —e— NPA 676,49 (2000)

UNEDFO ---&-- Nature 486,509 (2012)

Wang et al. —e— PRC88,011301(R) (2013)

- 3¢Ca- <r?> [Miller et al. Nature Phy., 15, 432 (2019)]
?Ca- S, [Wienholtz et al. Nature 498, 346 (2013)]

B . " " . i B 7| °‘Ca- E2[Steppenbeck et al. Nature 502, 207 (2013)]

TR B '

. o . MAGIEWONENTS
il S

o 1 i



5“-2}4?.,&. (fm2)

0.6

0.4 1

0.2

0.0 1

| |
o ©
£ [\
1 [

Charge radii of K (Z=19) isotopes

B7Ti

545c  BBSc  BGEC

58Ti

57 Sc

BT

BE3C

60T

B35z  B05c €

61Ti €

BlCa B3Ca 5B4Ca

BEBCa

ESCa b5FCa

EBCa

3. B4E.  BEK

49AT  BODAT B2ZAT B3AT

Systematic error

—{}- Experiment

16 18 20 22 24 26 28 30 32
Neutron number

Koszorus et al. Submitted to Nature Phys. (2020)

BEE

R (fm)

33K ~ 100 ions/s
™~ 110 ms

A. Koszorus

3.35

—{ I~ Experiment

Systematic error

-..,‘. "
-.';.‘_..;f--‘am NLOgo(450)
-,‘ .

18 20 22 24 26 28 30 32 34
Neutron number



5{ rQ)SS,A(fm 2)

Charge radii of Cu (Z=29) isotopes
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[ Nuclear charge radii across closed-shells ]

Strong Z dependence

Neutron number, N

Similar trends for neutron-rich

[Garcia Ruiz & Vernon EPJ A 56, 136 (2020)]



Nuclear structure around *°Sn (Z=50) and *32Sn |

Doubly “magic” 1°°Sn?
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Doubly “magic” 132Sn
[Hinke et al. Nature 486, 341 (2012)] [Jones et al. Nature 465, 454 (2010)]
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[ Evolution of collectivity towards 1°°Sn and 132Sn? ]

[ Sn (Z=50) region: Forefront of theoretical developments! ]

Theoretical progress around 1%Sn:
[Gysbergs et al. Nature Phys. 15, 428 (2019)]

[T. Morris et al. Phys. Rev. Lett. 120, 152503 (2018)]
11 [Togashi et al. Phys. Rev. Lett. 121, 062501 (2018)]




Nuclear structure around °°Sn (Z=50) and *32Sn
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Nuclear structure around °°Sn (Z=50) and *32Sn
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| Exotic atoms: Our recent highlights ]
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A bright future ahead!
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A bright future ahead!
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[ Parity violation ]

P- violation
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[Safronova et al. RMP 90, 025008 (2018)]
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[ Parity violation ]

P- violation
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~Z3  ~Z2APR(Z)

(P-odd|H, |P-even)

Epnc ~
E_—E.
[Safronova et al. RMP 90, 025008 (2018)]

Atoms: (E-E)~1eV [Wood et al. Science 275, 1759 (1997)]

Molecules: (E,- E)) ~10° ev
p (P-odd )
—E. E Molecular enhancement > 10
s (P-even) H,
E+

Demille’s group@ Yale
[Phys Rev Lett 120, 142501 (2018)] ;
13 [Phys. Rev. Lett. 119, 223201 (2017)] B
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[ Parity & Time reversal violation ]
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eEDM Limits
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[ Parity & Time reversal violation ]

P.T- violation P- violation
EDM 1. Sschjff
dﬁu P di P i
~Z3R(Z A
@ ppp, /e E) ~ZAR()

[Gaffney et al. Nature 497, 199 (2013)]
[Parker et al. Phys. Rev. Lett. 114, 233002 (2015)]
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Exotic nuclei
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Exotic molecules: Best of all worlds




[ Recent Results (RaF) ]

Collinear resonance ionization spectroscopy of RaF molecules
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]
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Collinear resonance ionization spectroscopy of RaF molecules
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]
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Collinear resonance ionization spectroscopy of RaF molecules
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]
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Collinear resonance ionization spectroscopy of RaF molecules
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]
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Collinear resonance ionization spectroscopy of RaF molecules
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]
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[ Opportunities: Nuclear structure ]

—> New opportunities for nuclear structure

-
o

Nuclear charge radii:
[Koszorus et al. Submitted to Nature Phys. (2020)]
[Miller et al. Nature Phys. 432, 15 (2019)]
[Garcia Ruiz et al., Nature Phys. 12, 594 (2016)]
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L ®2Ca(N=32) - S, [Wienholtz et al. Nature 498, 346 (2013)]
%Ca(N=34) . E2 [Steppenbeck et al. Nature 502, 207 (2013)]
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[ Nuclear Q-moments ]

2 [ Q-int=>0 ]
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L ®2Ca(N=32) - S, [Wienholtz et al. Nature 498, 346 (2013)]
%Ca(N=34) . E2 [Steppenbeck et al. Nature 502, 207 (2013)]

S<ri=AN

Nuclear Q-moments
K(Z=19)?

- Molecules could do
the job!

[Paquette et al. J. Mol. Struct. 190, 143 (1988)]

» | Q-int=>0 | | |Qeint]>0 |




[ Opportunities: Astrophysics

* Quantum chemistry, astrophysics, ....

nature LETTERS

Astronomical detection of radioactive molecule
26AlF in the remnant of an ancient explosion

[Kaminski et al. Nature Astronomy 2, 778 (2018)]

“Spectroscopic laboratory studies of rare radioactive materials such
as “°AIF would be very challenging”

(T. =7.17 10° years)
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Exp Cal.
27A119F 26A119F
B x 10 1.64883599(17)  1.67485239(18)
D x 102 3.1398(59) 3.2399(61)
H x 10° -9.14(28) -9.58(29)
eQqo(Al) -37.53(9) -67.8(83)

er(Al) x 103 8(6) 3(2)
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[ Exotic atoms and molecules ]

Nuclear EM

structure

S 0.30
n
(z=50) 0.25
L)
R + R 0.20
v + 0.15
0.10
Ir"(z=49) }

0.05

0.5 ) ¢

50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82

-
o

=2
wn

B m————————

28,50,82 (fm2}

o
o

|
o
n

s<ri>AN

|
-
o

36 40 44 50
Neutron number, N

16 20 24 28 32



Summary and Outlook

[ Exotic atoms and molecules ]
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[ * First ever laser spectroscopy of a short-lived radioactive molecule (RaF)! ]
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[ this is just the beginning! ]
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