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General remarks |

UNIVERSITY OF JYVASKYLA

* Interrupt me any time to ask questions
or clarifications. If | cannot answer, | will
pass the question onto Ruben....©

o Hopefully this will be relaxed...after all, |
will use Comic Sans font instead of
Times New Roman!

» Afew topics | will discuss have already  E&{Yll!
been presented. At a school it’s good to il
hear things several times in different L
flavors:

“Repetitio est mater studiorum™
“Practice makes perfect™ ...

Since 1863. 1.D. Moore, EJC 2021



Additional reading for enthusiasts |

UNIVERSITY OF JYVASKYLA

LASER SPECTROSCOPY
. W. DemtrOder, Laser Spectroscopy Basic Concepts and Instrumentation, 3rd

Edition Springer-Verlag (2003)
RESONANCE IONIZATION

. V.S. Letokhov, Laser Photoionization Spectroscopy, Ac. Press, (1987)
ISOTOPE SHIFTS IN ATOMIC SPECTRA
. W.H. King, Isotope shifts in atomic spectra, Plenum Press, (1984)

Review of field of laser spectroscopy for radioactive nuclei
o P. Campbell, 1.D. Moore, M. Pearson, Prog. in Part. and Nucl. Phys. 86 (2016) 127

Electromagnetic moments for nuclear structure research
* G. Neyens, Rep. Prog. Phys. 66 (2003) 633

Recent progress in laser spectroscopy of the actinides
M. Block, M. Laatiaoui, S. Raeder, Prog. in Part. and Nucl. Phys. 116 (2021) 103834

Future review paper to appear we hope in 2022 (Ruben and myself)?1?

Since 1863. 1.D. Moore, EJC 2021
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Outline of my two lectures

Lecture 1:
— A little history

— Nuclear fingerprints on atomic spectra (from a simple
“experimentalists” point of view)

— What can we learn from nuclear shapes and charge radii?

Lecture 2:
— A short introduction to radioactive ion beam production
— Laser resonance ionization

— Optical spectroscopy and the "achilles tendon”

— Doppler-free approaches




A historical note on atomic spectroscopy I

UNIVERSITY OF JYVASKYLA

o 1704: release of Newton’'s "Opticks”.
Sun’s light can be dispersed into a "spectrum”

[+
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wavelength |n nm

OP T I C K S
N=oo
R E A T ISE N;é
iREFLE\IO\S REPR&CTIO\S
I\FL]:XIO\ and COLOURS N=2 ,
L1 G M| Balmer Series
I Two TREATISES I
[sPECIES = o \I\G\I‘ILDF‘
Cury zlmeal Fjgu;cs, ‘
i . N=1 L

Lyman Series
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Fine structure

* Increasing the resolution by
a factor of ~5000 reveals
a fine structure splitting of
hydrogen

3s
N=3

=3/
1

j=3/2 _
=112 2p N=2

A further factor of 1000 in

resolution reveals a finer

splitting due to the coupling

of the nucleus with the
electronic orbital

— Hyperfine structure (ueV perturbations)

Since 1863.

UNIVERSITY OF JYVASKYLA

A=656.279 nm (N=3 — N=2 in Balmer series)

/N

, —
2 o —
P3/2 — - - E— Fj
~ —
P1/2 —
2 _ - -—
Sypp m—<l__ F F=J+|

Magnetic description

- Pauli 1924

Electric (quadrupole)

- Schuler & Schmidt 1934

1.D. Moore, EJC 2021




Hyperfine interactions (in free atoms) |

UNIVERSITY OF JYVASKYLA

Hyperfine interaction = the interaction of nuclear magnetic and electric
moments with electromagnetic fields (which are produced at the nucleus
by the orbiting electrons)

Lets consider the effect on an atomic orbit of spin J

The atomic and nuclear E'ecf]ron Spin
spins couple to form the E

F=1+] J e :
Each state J has

several F-states: /

B 04 [ [-J|<KF<I+J

States of the same | and J but coupled to different angular momenta
have slightly different energies

Since 1863. 1.D. Moore, EJC 2021



Nuclear magnetic dipole moment |

UNIVERSITY OF JYVASKYLA

H

fir = (giki + g.8:) = glun

Contributions from orbiting charge and intrinsic spin

Protons: g =+1 g = +5.586

Neutrons: g=20 g = -3.826

I_:u

" The magnetic dipole moment of a state of spin I = expectation
value of the z-component of the dipole operator p :

() =(hm=1{z|l,m=1)=glu,

The magnetic moment (or g factor) therefore tells us about
the valence nucleon orbits and couplings (tests of Shell Model).

Since 1863. 1.D. Moore, EJC 2021



The magnetic dipole interaction ol
201|_|g The interaction energy depends on angle 6
Nuclear spin 1=3/2 /72 E=-u4.B,= -uB,cos 0
Atomic spin J=1
S12A A= lul Be(o)
=) 1.3
B. (0) = magnetic field at nucleus
F=3/2
3/2 A Access to nuclear spin | (number of
hyperfine components) and [,
F=1/2

The original fine structure level E(J) is perturbed so that
the final energy due to the magnetic hyperfine effect:

E(F)z?C

where C=F(F+1)-1(1+1)-J(J +1)

Since 1863. 1.D. Moore, EJC 2021



The electric quadrupole moment |
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The electric quadrupole moment provides a measure of the
deviation of charge distribution from sphericity:

e} = f pn(r)(32° — r?)dr

Experiments measure the maximum ”projection” of the
intrinsic quadrupole moment along the quantization axis

Using angular momentum algebra, we get

3K? —I(I+1) this assumes a well-defined deformation
(I +1)(21 + 3) axis (not always a good approximation)

Qs:QO

Note for nuclear spin 1=0 and 1=1/2 the spectroscopic quadrupole moment
vanishes even if the intrinsic shape is deformed.

Since 1863. 1.D. Moore, EJC 2021



Quadrupole deformation |
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The intrinsic moment can in turn be related to the quadrupole deformation
parameter 3,

YA

Qo ~ NG (B2)(1 + 0.36(032)) Prolate

Oblate Spherical

Since 1863. 1.D. Moore, EJC 2021



How common is quadrupole deformation? |
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One might even ask how "uncommon” spherical nuclei are ©?

(=]

°
o = N WA OO N O =

20

FRDM(2012)

0zs- 140 £ Ground-State Quadrupole Deformation
0.26 —
' 24 - 1B
020 - :
—— = 0.35
Q_é 0.121 ltl 100 ;— 0.30
"3, - . ——Th (z=90) | | (15 = 0.25
T 2 Py —=—U (Z=92) o) — 0.20
é /_}J,,A- ::Plrjn (2294) E E : . !
& o008 ,.»f'/‘ +§O gjg)z) | = 80 = 0.15 =
e e _— = 0.10, . i 2
136 138 140 142 144 146 148 150 152 154 -
Neutron number c -
L 60F
S. Raeder et al., PRL 120 (2018) 232503 o) = F 1
s - L
40 &

3

40 60 89 100 120 140 160 180 200
Neutton Number N

o
N
o

Rodriguez and Egido, PLB 705 (2011) 255 See later ©
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The electric quadrupole interaction o
201Hq | 1748 A - 2B (0)
—_— 1.J
Nuclear spin 1=3/2 F=sl2 I B. (0) = magnetic field at nucleus
Atomic spin J=1 _
5/2 A 5/2A+5/4B Access to nuclear spin 1 (number
e of HF components) and |,
V)
F=3/2 T ______ N B =eQ.\V,,(0),
3/2 A 3/2A-9/4B V,, (0) = electric field gradient
/ _+5/4B at nucleus
F=1/2 Access to Q.
A SCC+D)-1(1+1)J(J +1)

+

E(F)=—-C+BA—
(21 —1)(23 =1)1-J

where C=F(F+1)-1(1+1)-J(J +1)

Since 1863. 1.D. Moore, EJC 2021
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Eye-watering higher orders...... I
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PHYSICAL REVIEW A 103, 032826 (2021)

Magnetic octupole moment of 1*Yb using collinear laser spectroscopy

R. P. de Groote®,!-* S. Kujanpii 0, A. Koszoris®,2J. G. Li®,? and I. D. Moore®!
! Departinent of Physics, University of Jyvéiskylid, PB 35(YFL) FIN-40351 Jyviskyld, Finland
2Department of Physics, University of Liverpool, Liverpool L69 7ZE, United Kingdom
3Institute of Applied Physics and Computational Mathematics, Beijing 100088, China

Defining K = F(I' + 1) —I(I + 1) — J(J 4 1), this can be written as (truncated at the octupole (kK = 3) term):
g+§K(K+1)—I(I+1)J(J+1)
2 4 I2I — 1)J2J —1))
S5CK?+4K>+ 3K(=3IA+ DI+ D)+ 1T+ D)+ T +1)+3) =4I + 1)J(J + 1)
4 II—1)Q2I—-1)JJ —-1)2J —-1)) ’

with hyperfine constants

(1) _
EP =

n é P" e
A = HUNGP I UITONT) = T UL,

B = AT IJI\T\IT) =2eQ(JJ|T2|1J),
C = (TN I T = —QUT|TENT).

Measurements of the magnetic octupole constant C and moment (2 are scarce!

Since 1863. 1.D. Moore, EJC 2021






Let’s return to the Balmer series .

A=656.279 nm (N=3 — N=2 in Balmer series)

’!- j=3/2
j=1/2
: ki - - H. Urey (1932)

Neutron discovered (1932)

Chemistry Nobel Prize
1934 ("heavy” hydrogen)

Hay ox
Hydrogen Deuterium H. Urey et al,. Phys. Rev. 39 (1932) 164

The isotope shift is the frequency AA A A
difference in an electronic transition oV =V -V

between two isotopes of mass A and A’

Since 1863. 1.D. Moore, EJC 2021



Isotopic shifts of electronic transitions |
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The shift in the atomic transition frequency between different isotopes
of the same element arises due to changes in nuclear mass and size.

OVig = OVyg T OVeg

Nuclear mass

» Techniques of measuring the mass were discussed by Matthias!
« Adriana went into more detail regarding these two contributions to the mass shift

Since 1863. 1.D. Moore, EJC 2021



The nuclear volume effect (field shift) |

UNIVERSITY OF JYVASKYLA

The finite spatial extent (volume) of the nucleus gives an electrostatic
potential difference to that of the Coulomb potential

— this perturbs the electron wavefunction ¥ (r)

Lte ettt a1 o ¢ Nuclear radius: few x 1015 m
Atomic radius: few x 1019 m

Potential is slightly deeper for the
smaller isotope: s-electrons more

| tightly bound
V(I’) - l ~ Isotope shift of
— - 1 —————— atomic level
| Ze? 2 2\ A,A’
//[i' Point nuclear charge: 0E = Ben | (0) [ o(r7)™
® J'€oulomb potential (-1/r) °
N

Since 1863.

1.D. Moore, EJC 2021



Isotopic shifts of electronic transitions |

UNIVERSITY OF JYVASKYLA

103'; - ® Mass Shift 3
BVIS SVMS + BVFS ? —f—;i:l:tiizi?ccnn'a:ﬂnn ;
N E 10° = —
Ze2 : :
2 é 10" o E
he, AV 3(r?) § ;
? *E 10° 4 r
3 z
% 10_13 T
EXPERIMENT || THEORY 2 :
g 10°
To evaluate IS data: mj . j
1 10 100
- mass data from Atomic Mass Evaluation (2021) Atomic Number

- SMS either calculated (ab-initio, MBPT, coupled cluster...) or
evaluated via non-optical data (elastic e scattering, muonic atom X-rays)
- Field shift factor from non-optical, semi-empirical, atomic theory (accurate to ~10%)

* Anastasia discussed the role of relativistic corrections on the heaviest elements and nicely
summarized computational methods!

Since 1863. 1.D. Moore, EJC 2021



Using non-optical data to extract atomic factors T

UNIVERSITY OF JYVASKYLA

When the mean-square charge radii has already been established between at least
3 isotopes, we can determine atomic factors for an optical transition:

A=A ,
5V{4'A = WML' + Fi5<T2>A’A

We multiply our isotope shift by a modification factor, K, to remove the
dependence on the nuclear masses:

P e
A=A ApghL, ~ A-A

Ay — A
L KAy =TT TN g AT () AT
ArefAres
y = C + mx

W.H. King, Isotope shifts in atomic spectra, 1984 (Plenum Press)

Since 1863. 1.D. Moore, EJC 2021



Example using stable isotopes of Pu (Z=94) T

UNIVERSITY OF JYVASKYLA

Transition | Lower Upper SECEIISE  The charge radii for all stable
configuration configuration (GHz/fm?) isotopes of Pu were measured

388 nm 5f67s?7F, 5f67s7p -22.8(23) using muonic atom X-ray

385 nm 5f67s2 7F, 5f56d2 7s -7.1(7) spectroscopy affording a
363 nMm 57655 8F, 1=1/2 +7.9(6) calibration of the atomic
factors.
: : Gradient
50531.9cm:! tele Ty
IP: 48601(2)cm-! SN ' ' ‘ : —__pitow ,
407nm 5g67<T 436nm e X2y = 0.1
5f:’6g278__ szpiﬁ)?gl 161cm-! 2000 ) ?.‘M‘
PU(|) = | 25959.849cm! e
385nm i s
5£07s2 R, 56072 "F— L 9903.606cm! N~
Ocm-t —~2000} W, — Sageo :
= 2 s 0g210.239) X =02
- 2 4000} W
=i —— % L5 -
T —6000} o an]
Pu(ll : A. Voss et al., Phys. Rev. A | [ B, ‘
(1) s69m 95 (2017) 032506 %000T |+ B1S, 3850m . o
-+ ¢ RIS, 388nm . L o Yo =01

10050 01 0270 g4 W5 06
5f67s 8F1 o KA @ [fm]2
Since 1863. 1.D. Moore, EJC 2021



A summary of our nuclear perturbations I
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Point nucleus + Finite size + Magnetic dipole + Electric quadrupole

F=5/2 .
Example: sotope A
sotope

J=1, 1=3/2 P o F=3/2

/ /" Isotope (A-1) F=1/2

Isotope (A-1) 7/ + higher order multipoles “generally” too small
‘ to consider in laser measurements
Isotope A

Mass shift + Field shift — /B, coséd +%eQOVJJ P, (cos @)

These energy shifts of may be only a few parts per million of the energy of an
optical atomic transition. Optical techniques provide the sensitivity and precision
required to measure these effects.

Since 1863. 1.D. Moore, EJC 2021
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What can we learn from the charge radii? |

From a simple droplet model approach — we
can expand a deformed charge distribution in
terms of spherical harmonics.

(1) =() | o 2o )

=2

Quadrupole deformation parameter (shape)

Radius of spherical nucleus of the same volume

Note: the sign of the deformation cannot be obtained!

Since 1863.

UNIVERSITY OF JYVASKYLA

N=50 shell closure

1.D. Moore, EJC 2021



We can see trends in the raw data |
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96,96m ]

ol ESWé"""""@Y'z p — - —
T | *f ~ S it
o b w1 NE1T e J=1f .
o T t
J=0 J=0
f 200 - . 97,97m,97m2Y m k J k — J

< M A E Prolate Oblate

g 15k : I'_‘ﬁ ! —_—

S 30

3 peaks maximum for each nuclear state

g Isf JL;..« By
% “BE e " e Yttrium contains many isomeric (long-lived)
O | «F 'ML o nuclear states
s =4« Note that laser spectroscopy can identify
200 new states

9().9()mY I M_.L
89.89mY N:50 She” CIOSJUre‘A\

0F
:_ 38.88mY 'Iq

e The %Y is at a "critical point” whereby the
ground state exhibits a weakly oblate shape,
the isomer a rigid prolate shape — a
"coexistence of shapes” in one nucleus

87.67my, ‘JL - IH _J’L:

1 I 1 | 1 | I l 1 | 1
-5000 -4000  -3000 -2000 -1000 0

; 89
Frequency relative to Y ground state resonance (MHz)

Since 1863. 1.D. Moore, EJC 2021
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Isotope shifts to charge radii the "simple way” |
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Neutron-rich

~] o0 \O _— ) O\ p—t _— NI —_— DD p—
1 QO OOWNO OO Lo o [V JNLN DN AN —m WL WO NN WD
NO OOOO OO oo o O o O S OULNO LN OULOOO OO OO0
§|I|I I|I| IIIIIIIII I|I |I| III I|I| III IIIlIIII I|I| I|I|
ey = g| 8| 8 - S gt
o) - - > o0 O ' .
(¢) o o0 S
S | g F| FI|.F < =
g Sl~< |~ [< |~
& K
Neutron-deficient

P0) oA

"éaoos

/A

NS

P 1 6 0 5 0 0 50 5 0 ol 5 0511

(ZHIN) 20UBUO0SAI 9)e]S DXl

O
=
]
N =i )
A o) *
2| 3| 2| ¢ 3| =
= > =) = =
=< =< | =< = o I
5 p bbb bbb b e b b b T
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Charge radii systematics (Kr to Ru)
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- Kro—m-— N=50 N=60 :
Rb —e Ru (only stable g
Sr isotopes) e > i
| Y — N |
& i / A JYFL
Nb —« 97-99T¢ (U-Mainz) e B (gas cell)
| Mo —»>— i o /'/v " ] g
Ru /”V ; VAV A e
=) >y . Ce V/VJ
= | Due to increase in mean- . . « W, A
&t , square deformation v/r--/ i )
c o 080 e ISOLDE
B A i 4 & / al
e SR Lo (ISOL)
e ¥
[ ,__.,t"’. = P = -
dhdich B o® o=
//'l -I!Q.'t.’./‘j'tl
Shnkiial= = = e |
N=Z="*Rb**_~ l< ks N=60 shape change
superallowed p N=Z=36 (72Kr) >
emitter . . | - N=50 shelll closure |
(TRIUMF) a5 40 P 55 = = P
N

**E. Mane et al., PRL (2011) 212502

*T. Kron et al., Phys. Rev. C 102 (2020) 034307
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Coexistence of nuclear shapes |
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Shape coexistence appears to be unique in the realm of finite many-body quantum systems
States with different shape/deformation at low energy
Interplay between stabilizing effect of closed shells and mid-shells for proton-neutron interactions

|
. | Mean field picture:
i Region of Pb, Po, Hg.... — ST Several minima
I
I

In energy surface
— ; vs deformation

(64) -
= i
5
3 .
= _ Region of Zr
E sop- neglono
=
5
E (40) —
u
28 A N
< I D .
L Y « eP<y W < |
R O
A 1
T L L | | ! ! L
28 20 28  (40) S0 82 s
i 28{}7(0* 2 oq" 5.-' w'v T z 20 2% 30
K. Heyde and J.L. Wood, Rev. Mod. Phys. 83 (2011) 1467 —— Neu oy B,c0s(1+30)

Since 1863. 1.D. Moore, EJC 2021



Staggering in the charge radii of Hg isotopes I
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& Neutron deficient  Neutron rich =2

075 B E /// //T
< < -0,
O N
|—|: |—|: Re
0.50 [ I : .-~ .| Huge increase in
=i ?.-" | charge radius around
025 i the neutron mid-
= shell (N=104);
= 0.00 |
> 161,163,185
I -0.25 F
< .
8 7 Shape coexistence
= -0.50 established in 18Hg!
-0.75 g
g
-1.00 ¢~ gt data in 1986 [§
.,/’f,/’. | ] ] ] ] ] ] ] ] ] ] |

98 100102104106108110112114116118120122124126
Neutron number
J. Bonn et al., Phys. Lett. B 38 (1972) 308
G. Ulmetal., Z. Phys. A 325 (1986) 247
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After 30 years of developments... 1
0.75 : 0 e
. -~ -79;
=t oA
0.50 : : :/
025
€ o000}
T -025F .7 ’
T -~ :
L al Excellent agreement :
5 00 . with older data
l ,//r,’/| | l l l l l l l l l l |

98 100102104106108110112114116118120122124126

Neutron number
End-point of staggering observed, Hg

isotopes return to more spherically-
shaped trend.

Rich playground for testing theoretical calculations!

B. Marsh et al., Nature Phys. 14 (2018) 1163, S. Sels et al., Phys. Rev. C 99 (2019) 044306
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Take home message(s) from lecture 1 |
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Fine structure Electronic hyperfine structure
. F=1
N :
> [ J :
4 :
F=8
/ F=1
s
Electrons \_\““5‘-::‘.22?: F=8
excited
y o Photon |1=7/2
\ Detector >
30000 30500 31000 31500 32000 32500
4 V Frequency [MHz] (wrt 238U)
11 Be(0) 0" Ve
1J 0z
Magnetic dipole interaction  Electric quadrupole interaction Nuclear spin Mean-square charge radii
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Back up material for lecture 1



Magnetic dipole interaction

The interaction energy depends on angle 6

E=-u4.B,= -uB,cos 0

Since W =gluny and B.=-(=

then the interaction Hamiltonian can
be expressed as

UNIVERSITY OF JYVASKYLA

Electron spin

J

Nuclear spin

B,
Hy = (Z2HN 1T = ALD
J
The different energy shifts of _ _
the different F-states are then AE = (IJF [ Hp | ITF) = A{LJ)
1 1
where (LJ) = §(F2 —I'—J) = §[F(F+ 1) —I(I+1)—J(J+1)]

Be can be calibrated by measuring the energy shifts for an isotope of a

known magnetic moment.

Since 1863.
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Electric quadrupole interaction T
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E = 1/4 e QO VJJ Pz(COS 6) Elec'eron spin

%

Electric field gradient
along J-direction due to
atomic electrons.

Nuclear spin

Energy shifts of the B3C(C+1)=2I(I+1)J(J +1)

AEg =2
F-states are then 74 1(21 —1)J(2J — 1)

where C=[F(F+1)—-I(I+1)—J(J+1)]

o2V
The hyperfine factor “B” is measured by B = 6Q3<ﬁ> =eQ,V;;
experiment

The electric field gradient V,; may be calibrated with an isotope
with known Q.

Since 1863.

1.D. Moore, EJC 2021



The nuclear charge distribution |
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Expanding the charge distribution in multipoles:

n 47[ n n
Q; =eZ‘/2n+l<I |ran (Hn,gon)|l>

« Electric monopole = er/E<I ‘YOO‘ |> =eZ

4
. Electric quadrupole: Qg =eZ,/?r2Yq2

1.D. Moore, EJC 2021



How “’soft” or "rigid” are nuclei? |
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I T ° T 7 I ? — T T T T 1 )
2" Experimental radii . : Qs — (B2)
Estimates (rigid deformation) Lt W (B5) ~ (Ba)* 5 5
| [ | o(r") = 6(B3)
1.5 %Y —example of shape coexistence
E |
g; 1— " | B Brms
NA [ ,,’ -
A B o .
S 1 B
0.5 - %
I 5 ] &
[ : Suddenonset | E
- p 2o : of deformation] 2
o s : at N=60 -
P ——N=50 shell closure : B Bms
(I I (RN (NN (R T R R . -
86 88 90 92 04 96 98 100 102 Deformation, B>
Mass Number, A

The difference between <B,> and <B,%> gives the “softness” / “rigidity”.
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Complementarity: the nuclear mass surface I
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B ".:x:::'\ Pd to Sn 2016
Ny |
t.“‘v AW Son = B(A,Z) — BA - 2,2)
- M: — M®A—=22)+2My —M @A, 2) 2 1
| N=82 shell closure 1

S, (MeV)

N=60 shape change

50 60 70

T. Eronen et al., PPNP 91 (2016) 259

Neutron number N
Since 1863.
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Nuclear level systematics & coexistence o1
Prolate Oblate
/
s000F .. j : v Coexistence of different
%3 128, ! 5 bands in Hg isotopes
2500 ™ 8+ D O O /. 1w § : 7
i ! S ” Prolate “intruder” states
Q (/ .
2000k @ 8 come down in energy
< 66 - Of 9 t d ..
3 i \ . owards minimum
> 1500} 45 . s Ao aro_und N=104 mid-shell
o Y 4 gt region
I.ICJ - o+ I e A /5 4 ”
1000 |- R No—~ = <> _
» N .s’ z Studied by many nuclear
i ® @ .
sl g—¥ 9 spectroscopy techniques
U = )
ok : o* Ground state (probed by
I T TR NN T N N N NN N NN MR NN SR N BN \ laser spectroscopy).
174176178 180 182 184 186 188 190 192 194 196 198 200 202 204 206 Charge radius difference
| Mass Number A linked to the odd neutron
N=104 mid-shell driving deformation.
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Finally, even more exotic deformation |
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A

dan * Most nuclei have quadrupole deformation .l
T * Octupole deformation originates from strong

o2 correlations between single-particle orbitals

hsiz <) ) e

"2 %134 around the Fermi surface with Al = Aj =3 7=88
__ Y~ « Largest set of evidence around 2%2Ra = 2

Pir2 : =, -

]

Y388 [ -
712 Z=56 :

Z=50

12 - ' b2 144
Ja 56 Z=34 Ba

955 -~ =28 I

, N=56 220Rn
@ Z=20 N=S0  agF—T—T T T T T T = beF T T T T T T T

o N=34

P
g vs34 — 1 “nN=28
a M| “N=20

s
®

Top 10 breakthrough in physics in 2013 (Physics World)

“Pear-shaped nuclei discovery challenges time travel hopes” L.P. Gaffney et al. Nature 497 (2013) 199

Since 1863. 1.D. Moore, EJC 2021



A "pear-shaped” actinide region? |
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- Isotopes of Rn, Ra, Th and U are predicted to have the M. Bender, contribution to Workshop on Laser

strongest octupolar “correlations” Spectroscopy as a tool for Nuclear Theories™ (Oct. 2019)

- Constraint of candidates for experimental studies of
electric-dipole moment (EDM), and thus existence of

_ New experimental and theoretical efforts are
physics Beyond the Standard Model X

required to systematically explore this question!
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