Getting NSHAPE

Combining laser spectroscopy with
muonic atoms of exotic nuclei to reveal
exciting features of the nuclear landscape
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Outline

U Nuclear charge radii as probes of nuclear structure
U Accuracy limit in extracting charge radi

U muX and ReferenceRadii: absolute charge radii with microscopic
samples of (radio)isotopes
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Nuclear charge radii as probes of
nuclear structure
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U How do nuclei and nuclear matter
emerge from the underlying
fundamental interactions?

U What shapes can nuclei take,
how do nuclear shells evolve, and
what role do nuclear correlations

U Nuclear charge radii reveal changes in
nuclear shapes across the nuclear

play? e landscape.

U What are the limits of the R e U From spherical nuclei near closed shells to
existence of nuclei, and what =z T prolate and oblate deformations.
phenomena arise from OPClg S 0 T (| And to revealing exotic forms of matter like octupole
quantum systems? deformed nuclei or investigating proton-unbound nuclei.
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Nuclear structure
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The nucleons produce their own nuclear

potential. This Is best described by a mean el
field generated by all nucleons. Each
particle can be considered as being bound

In this mean field.

This leads to the description of nucleﬁr
structure in shells, similar to the afm.
However, the different potentjiafresults in a
difference series of levels,

The spin-orbit strength ifnucleons is also
strong enough to reorganise the shells and
results in the known magic number.
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The multifaceted puzzle of experiments

There are many ways to address f

. . Decay from any
the nu(?leus, none of V_VhICh gives \ possible parent /
a full picture, all of which are

I Delayed parti
needed to shed light on the Joayee Al
nuclear puzzle.

> A

Nuclear reactions Inelastic scattering
Gamma decay

There are many ways of breaking
It down: - ——

A Ground-state vs excited stat Groundstate properties o |
wlk RAdzA S Y 4 & 5 -7 2 Dgyiprapertiex
A Low-energy vs fast beams Branching ratios, 7,2
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Laser spectroscopy: probing the nucleus
with bond electrons

r Nuclearadius:few x 10 m
Atomicradius:few x 101°m

Potentialis slightlydeeperfor the
smallerisotope s-electronsmore
tightly bound

Isotope shift of
S —— T— ----- atomic level

Pointnuclearcharge
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Medium -mass nuclel: ;oK vs ,,Ca

LCRIS

The binding energies suggest there might be a new magic number at
N=32 and 34.

Charge radii show a large kink at N=28 but nothing at N=20 or 32,34.
The radii of (K are plagued by large systematic uncertainties.
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LCRrRIS,
Medium -mass nuclel: ;oK vs ,,Ca

: +| Radil measured up to N=33 probing the N=28
R '+ shell closure and N=32 subshell.

ADb initio models reproduce small variations
well while DFT captures the global trend much
better.

Limited precision on extracted radii induced by
systematic uncertainties from the radii
extraction from isotope shift, especially when
evaluating absolute radii with respect to 394K,
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LCRIS

,oCU: Jumping up & down
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The same observations held at the next
magic number: while the Fayans
functionals perform well at describing
the global scale, they do poorly with the
finer details, which are well captured by
ab initio models.

A flatening Is found approaching N=50.

Odd-even staggering Is another
observable that is challenging for the
models to reproduce.
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Shape coexistence around g2Pb
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RILIS

.oHg-5,Pb-4,P0: this is not all the same! 1~

e  Po, ground states 't
OF a4, a Po,high-spin states | ¥
I v Po, low-spin states ]
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T.E. Cocolios et al. PR16(2011) 052503.
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In-source laser spectroscopy:
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RILIS

In-source laser spectroscopy: goHQ [

Neutron number
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Monte Carlo Shell Model .@
calculations on the Super K
computer in Japan revealed = —eooco—r—ooooco—

new insight on the shape RS —RRSRS—

Magnetic moments were used ..~ _ o
to guide the selection of the Jos0
correct shell model states

amidst the high degeneracy.

It takes many particle-hole %ﬁ

pairs to create those shapes!
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‘Octupole deformation

&

Nuclel are deformed by default, spherical being the
39 most found in nuclear ground states. Prolate is AR A A
#1, oblate is #2.
Other identified shapes are triaxial nuclel and Resonumbert
OCtUpOle deformed nUCIe|. 0.06 ___Odd-even staggering of 5(r* )"

. . . . . . ® .Fr(Literature) ®
Their assymetric profile provides orientation to the 5 el v
nucleus, and thus is ideal when exploring parity po *x+ '
violating effects in atoms. E oo , ’
This effect is most prominent near N=136 1 where L T
nothing Is stable! And knowing the radius is crucial. S I T e
Octupole-deformed nuclei show a peculiar reversal R
of the odd-even staggering, that can be used to et
reveal whether or not their belong to that family. B L R R

18
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ion current (fA)
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a4P0: Decay spectroscopy

This study enabled the first
investigation of 2°Po and a
detailed look at ?1°Po.

With N=136, %?°Po is at the heart
of the octupole region. Yet, its
radii and decay pattern suggest
that it iIs not behaving in any
exceptional way.

A detailed study of the beta
decay to 219220At is on the way to

explore the properties of those
Isotopes.

Counts per hin

Counts per bin

Energy_Si

0000000000000000000000

eeeeeeeeeee

Energy_Si

000000000000000

220Po & friends

| L1l

0000000000

21 PhD work Jack Shaw (KU Leuven).
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RILIS

89A(: where theory led
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Decay spectroscopy of 22°Ac

The LIST technology enables the
production of very clean beams,
and in particular “>>Ac, a promising
radionuclide for medical
application.

a L
10~ 10 10°* 107! 10°

At ISOLDE, we are mvestl%atlng for
the first time the decay of “*°Ac,

221Fr, 213Bj, and 2%°Tl as pure
beams using plastic scintillators, Si
PIN diodes and HPGe clover
detectors to resolve discrepancies
In the decay scheme that have
recently been uncovered.
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Accuracy limit in extracting charge radil




Probing the nucleus through its electrons

Extract isotope shifts’ h A Infer] i h

" ‘ - Pl . - . a a
Use lasers to scan for transition 1T 1 —O(w b )
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King plot against absolute radii
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From isotope shift to charge radil
an A —A
VY

Many elements; all oddZ &
heavy elementg do not

mel —+ MSMS -+ F (7‘2>AA’ possess 3 stable isotopes to

work with!

0

1 0 stable element

°
/ / H 2 stable elements He
v =M+ F 6 (r2)A4
MAA! MAA! Li 3+ stable elments B C N O Ne
AA’ E Mg Si S Cl  Ar
HAaa = A—A E 6 b K Ca Ti Vo Cr = Ni Cu Zn Ga Ge Se  Br Kr
§' Rb  Sr Zr Mo Tc Ru Pd Ag C In Sn Sb Te Xe
Ty A7
o Ba Hf Ta W Re Os |Ir Pt Hg Tl Pb Po At Rn
< er Fr  Ra Rf Db Sg Bh Hs Mt Ds Rg Cp Nh Fl Mc Lv Ts Og
|
% -19 +
= I la Ce Nd Pm Sm Eu Gd D Er Yb Lu
< -20L y
(8}
2 . Ac Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
— 1 . L 1 . 1 L I

-1500 -1400 -1300 -1200 -1100
6(,2)192.:4’ [1 92AI1(192 - A')] (fmz U)

08 A. Kellerbauer et allsotope shift of the electrdipole transition ir0O$, PhysicalReviewA 84 (2011)062510. | KU LEUVEN éw

T.E. Cocaolios, A new perspective on charge radii around Z = 82, Hyperfine Inte288t{20%7) 16.




Absolute size of the heavy elemeg® &+

this picture

EXxploring isotonic chains across Z= 82 O

N=104
‘a_\
o3

A A Last known magic proton number o
st / A No anchor point between g,Bi and ¢,Th prevents to investigate
o b these isotopes extensively

A Input needed to support other fields that use th @ TSI RINETE
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Pb standard model
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Muonic X -rays as probe
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A 2016: 2HPGdrom Leuven
A 2017/18: the Death Star Array
MiniBallCluster + detectors from PSI & IPNO
A 2019:MiniBall@ PSI campaign
A 2020+: GIANT Array with MIX&uXand muon capture

A. Adamczak et al, Nuclear structure with radioactive muonic atoms, EP93{Z0D18) 04014. 3 PS| | T 6%

A. Skawraret al, Towards nuclear structure with radioactive muonic atoms, || NGouento42 C(2019) 125.



>-atomic spectroscopy witmuXat PSI

A 2020+: GIANT Array with MIX&uXand muon capture

33  L.Gerchowet al.,GermanlumArray for Nordestructive Testing (GIANT) setup, Review of Scientific Instruédgi@ia23) 045106. a PSI | KU LEUVEN éw




