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(Some of the) Topics to cover:

* Introduction — frontiers of nuclear landscape and nuclear structure
(E(27), S,, systematics, radii)

» Experimental techniques for RIB production (ISOL, in-flight)

» Laser spectroscopy (radii, moments, pure isotopic/isomeric beams)

« Shape coexistence in the lead read region

« Ca chain in “all details™. E(27,), radil, masses

» Superallowed alpha decays

» Coulex of post-accelerated RIBs (e.g. octupole shapes)

» Superheavy Elements
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Four Frontiers for Modern Nuclear Spectroscopy

Nucl Land  Black: 283 stable
uclear Landscape ectones
-7 AV ~3500 known

stable nuclei

Isotopes (mostly man-
made)

« Green: ~7000isotopes
can theoretically exist
(we concentrateon
‘key’ ones!)

* Proton-rich nuclei: “small” N/Z ratio, e.g. N/Z=0.33 for 8C(Z=6,N=2)
Recall, stable 1°C (Z=N=6) has N/Z=1

* Neutron-rich nuclei: “large” N/Z ratio, e.g. N/Z=2.66 for 2°C (Z=6,N=16)

« Super-heavy elements, the heaviest known 2240g(Z=118,N=176)

 The Evolution of Nuclear structure between these boundaries (isospin-
dependence of nuclear properties)



Quiz: Characterize the nature of these 3 nuclei (e.g. rotational,

vibrational, spherical?). Explain your reasoning.

g+ 1560
6+t 1470
4 1430 0 1295
+ 1180 K 1283
2 4+ 1184 g+ 1024.5
6" 614
2+ 487
4+ 299.5
2+ 91.4
0* 0 keV 0* 0 keV 0+ 0 keV
210pq (Z=84, N=126) 118Cd (Z=48, N=70) 164Er (2=68, N=96)
Spherical, near-doubly-magic Vibrational pattern 1ph/2ph  Well-deformed rotor
High E(2*,) Relatively high E(2+,) Low E(2*;)

Ratio E(4*)/E(2+,)=1.2 Ratio E(4*,)/E(2+,)=2.4 Ratio E(4+,)/E(2+,)=3.28



One of the key questions:
Old/New Magic Numbers at the Limits

Nobel Prize 1963
126
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s N/Z What are experimental evidences of a
s 52 | magic number (or of deformation)?
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around the valley neutron-rich Kinks in Masses, Qou SZn'Values
R oo et DIty oy Kinks in radii

Magnetic/quadrupole moments
B(E2) values

» Mean-field near stability
 Strong spin-orbital coupling
* Magic numbers N,Z=2,8,20,28,50,82,126...7




S,,-values as the indicators of magic numbers

S,(Z,N) = BE(Z,N+2)-BE(Z,N)
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S,,-values as the indicators deformation!

S,(Z.N) = BE(Z,N+2)-BE(Z,N)
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« Akink at magic numbers N=28,50,82
 Also a non-smooth trend at N=60 and A~100 (evidence for onset of deformation)
* However, difficult to measure masses for very exotic nuclei (with sufficient precision)




Power of Complementarity of Different Approaches/Observables

S,,, Radii and E(2*,) as evidence of onset of deformation around N=60
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All three observables clearly confirm an onset of deformation at N=60




Introduction to Evolution of Collectivity:
Systematics of E(2*;) energies

OXFORD STUDIES IN NUCLEAR PHYSICS = 23

140 (z=6,N=8)
7.01 MeV
71 %0 @=N=8) Nuclear Structure from
| 6:92Mev a Simple Perspective

57 Second Edition
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@ Ca (Z=N=20) RICHARD F. CASTEN
= 3.90 MeV 132G (Z=50,N=82) 208pp (Z=82,N=126)
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Mass Number A OXFORD SCIENCE PUBLICATIONS
Fig.2.12. Ez'l" values for all even—even nuclei (Raman, 1987).

Systematics of E(2*,) energies: Except for very Invited comment  Hjgh|y-recommended to read!
high values for doubly-magic nuclei, not simple The evolution of collectivity in nuclei and the
to see systematic features if plotted against proton—neutron interaction

mass number A=>plot as a functionon N and Z RF Casten'” and R B Cakirli’




Introduction to Evolution of Collectivity:
Systematics of E(2*;) energies
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Fig.2.12. Ez'l" values for all even—even nuclei (Raman, 1987).

Systematics of E(2*,) energies: Except for very
high values for doubly-magic nuclei, not simple to
see systematic features if plotted against mass
number A=> plot as a function on N and Z



Introduction to Evolution of Collectivity:

Systematics of E(2*;) energies

R F Castenand R B Cakirli 2016 Phys. Scr. 91 033004
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Figure 3. E (2) energies for nuclei in the Sn region within the
N = 50-82 shell showing the lower values (greater collectivity) for
given neutron number the greater is the number of valence protons.

Proton Number

NB: High E(2*;) values at doubly and singly-magic nuclei
(however, the argument is not fully valid for light nuclei)
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Disappearance of N=20 and N=28 in the Mg-Ca region?

R F Castenand R B Cakirli 2016 Phys. Scr. 91 033004
54Ca: D. Steppenbeck et al., Nature 502, 207 (2013)
40Mg: H. Crawford et al., Phys. Rev. Letts, 122, 052501 (2019)
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Figure 6. 2, energies in the Mg—Ca region showing the breakdown

of N = 20, 28 as magic numbers for certain elements: Mg at N = 20
and for Si (and partially for S and Ar) at N = 28 [1].

- *N=20 is good for#4°Ca(z2=20), but absent for 3?Mg(Z2=12)
10 3() 50 70 90 110 130 150 *N=28 Is good for48Ca(Z:20), absent for 7=12,14,16,18

Neutron Number *However, what happens for >°Ca (N:32)— again a high
value, followed by a smaller value in >*Ca (N=34):
evidence fora new magic number at N=327? (We will
look in all this via other observables, e.g. charge radii
and masses)




Proton Number

Introduction to Evolution of Collectivity:

Systematics of E(2*;) energies and the 4*,/2*; ratios
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R F Castenand R B Cakirli 2016 Phys. Scr. 91 033004
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» Disappearance of N=20 magic number around 32Mg (Z=12, N=20), also seenin E(2*,) value

Figure 1. E(2[") (left) and Ry /> (right) for the entire nuclear chart. The color coding varies from brown for nuclel near closed shells (large
E (27) and small R4 >) to dark blue for well-deformed nuclei (small E(2{))and R4 /> near the rotor value of 3.33. Note that the boundaries of

these colored contours become blurred in light nuclei as new research in nuclei far from stability reveals the breakdown of the traditional
magic numbers. Here and in many figures below, the data on level energies and B(E2) values are taken from reference [1].



Why Some Magic Numbers change at the Limits?

Nuclear Shell
Structure
Nobel Prize 1963
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It IS expected that the nuclear structure
might change far from stability, for
example for extremely neutron-rich
nuclel. e.g. classical magic numbers
may disappear (or weaken), while
‘new’ magic numbers appear.

Quiz: What could be the
reasons for such changes

(e.g. why N=20,28 might
weaken or disappear at all in
some nuclei)?

» Mean-field near stability
« Strong spin-orbital coupling

* Magic numbers N,Z=2,8,20,28,50,82,126..

Mean-field change?
Weak spin-orbital coupling?
Diffuse surface?

? Tensor interaction?



Possible Effects at the Drip Lines?
Coupling to channels R F Castenand R B Cakirli 2016 Phys. Scr. 91 033004
. | Halo/Skin Nuclei
Low density, diffuse, extended,

early pure neutron amplitudes

vin Localized \
A sy
Density|
,' (log)
0 10 20
Radius (fm)
1 r
T e | Weak binding || Quiz: What are the possible
L P effects of the diffuseness of
. _ the potential? (a hint: what
anges in single particle i
energies, magic numbers happens to LS-coupling?)

(Homework!) Cartoon of some new features in exotic nuclei with proton/neutron ratios far from those near stability
and with one kind of particle filling to the top of the independent particle model potential. The weak binding leads
to diffuse nuclear surfaces that can change the potential itself, and therefore shell structure. An excess of one kind
of weakly bound particle can also lead to halo structure extending to very large radii. In heavier nuclei, neutron
skins may develop. The figure also indicates the importance, near the drip lines, of taking into account coupling to
the continuum. In addition to these effects, residual interactions, such as the pairing and proton—neutron
interactions can have a major effect on structure, magic gaps, and collectivity.



Change of the neutron central potential?

Proton-rich 19905n (N=Z=50) vs Neutron-rich 190Zr (Z=30, N=70)
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FIG. 1. Top: Single-particle nucleonic densities of the NL1
RMF model for the A = 100 drip-line nuclei, °°Sn and '®Zn
(neutrons: solid line, protons: dashed line). Middle (bottom):
corresponding single-particle densities (central potentials) of
the SkP HF approach.

J. Dobaczewski et al, PRL72 (1994)
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*Nearly identical densities/potentials for protons and neutrons in 1°Sn (N=2=50), (Coulomb

needs to be accounted for protons, of course)

*Shallower neutron potential in neutron-rich 10Zn (cf to 1°°Sn!)
*Development of halo-like tail for neutrons in 19Zn (see insets in log-scale on the RHS)




Neutron Skins/Halos?
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* Note the constancy of proton radius/density
» Gradually increasing neutron tail (halo) for
more neutron-rich isotopes
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We will discuss charge radii measurements later on (can
W. P&chl et al, PRL79 (1997) also discuss matter radii measurements, if time allows)



Topic I: Radii, Shapes and
Shape Coexistence

Or is R=r Al3?
(as It Is said in all textbooks)



RIBs: Breaking Old Rules in Nuclear Physics: is R=r,A1/3 ?

11Li

ensi
(log)

If R=r,A/3 then D(48Ca)/D(1lLi)=2*(48/11)13~3.2

Quiz: How can one measure the radius (matter or charge) of a
nucleus? (How was it done in the past, how we can do it now?)



Traditional Techniques to Measure Charge Radii/Densities of Nuclei
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* Measurements of Muonic X rays — also charge distributions
» Optical Isotope Shift (IS) measurements for stable isotopes — provide radius
 Electron scattering/Muonic X rays provided absolute charge radii/densities for all stable

Isotopes, but both methods require large amount of material (often ~ many milligrams)
 Modern experiments with RIBs allow the use of Isotope Shifts measurements for short-

lived nuclides, up to ~ a few ms (depends on intensity), up to 0.01 pps!

Also. the electron scatterinad on RIBs in collidinag geometry started (SCRIT@RIKEN)



RIBs: Breaking Old Rules in Nuclear Physics: is R=r,A1/3 ?
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Shapes and Deformations

of Atomic Nuclei

Moller Chart of Nuclides 2000
Ground state S, deformation
http://ie.Ibl.gov/systematics

OBLATE

Deformation
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Superdeformation
Hyperdeformation

Triaxial shapes
3-dimensional rotation

Higher-order shapes
(with high-rank symmetrie)
tetrahedral, octahedral

Shape coexistence

dynamic deformation
vibrations efc.




Pear-Shaped Nuclei?

I

Studies of pear-shaped nucleiusing accelerated radioactive beams
L. P. Gaffney et al. Nature 497, 199 (09 May 2013)



Shape Coexistence in Nuclei

(a brief introduction)




Spherical Doubly-Magic 1O (Z=N=8)
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H. Morlnaga Phys. Lett.,, 101, 254(1956)

Ground State Op-0Oh Spherical configuration
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Rotational Band in Doubly-Magic 1O?

Ground State Op-0Oh Spherical configuration
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1. Morinaga, Phys. Lett., 101, 254(1956)



Shape Coexistence in Doubly-Magic 10 (Z=N=8)

intruder states
_ 0* Ground State Op-Oh Spherical configuration
K =0 % e Protons =« Neutrons v
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Shape Coexistence: coexistence of two or

more configurations in the same atomic
nucleus (so, the same N and Z)

1. Morinaga, Phys.



3 coexisting shapes in Doubly-Magic “°Ca (Z=N=20)
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Shape coexistence around closed proton

and/or neutron shells (and subshells)

» spherical and deformed structures co-exist in the nucleus at low energy
» jts study can contribute in finding a unified description for atomic nuclei
» suppliesinformation about the mixing between these configurations
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Experimental Probes

Fusion evaporation, Fragmentation,
Fission, Deep inelastic scattering,
Knock-out ...

AEnergy

T/ ™
AY

I

Gamma spectroscopy-

e trar%: } Radioactive decay

AX(,P) coulomb excitation \
|71:

Laser spectroscopy, —T—> Mass spectroscopy

. AX
Magnetic/quadrupole
moments

< <




Case 1: Laser-assisted Nuclear Spectroscopy Studies
in the Lead (Z=82) Region at ISOLDE-CERN

(nice physics with modern experimental techniques)

Z= 82—> W'hﬁiﬁlﬂuﬂhﬂ Sk
K g LR ARG
Z=80—»" Wrﬂwa,‘ 5 s

N 104

« Shape coexistence around N~104 (coexistence of several shapes)
« Sphericity around N=126, kink in radii, high-spin isomers
« Octupole effects around N~132, inverse odd-even radii staggering



Progress in Particle and Nuclear Physics 86 (2016) 127-180

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

journal homepage: www.elsevier.com/locate/ppnp

Review

Laser spectroscopy for nuclear structure physics
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The chart of the nuclides according to optical spectroscopy. Black squares indicate the stable or very long-lived nuclei, red
squares indicate optical measurements of radioactive isotopes/isomers. Isotopes coloured green are measurements for
which data as of July 2015 are currently unpublished.



Pre-2003: Charge Radii in the Lead Region
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« Shape coexistence around N~104
« Sphericity around N=126, kink in radii, high-spin isomers
« Octupole effects around N~132, inverse odd-even radii staggering



Thick Targets ISOL Method:

RIBs Production Reactions at ISOLDE (CERN)

induced by p(1 6eV) on a thick Uranium Target

238 (1 A GeV) + 'H

spallation ———= i

g == e2

fission

fragmentation

20 mb

T mb
05mb
0.1 mb
0.05 mb

* 0.00mb
-+ 0.005 mb

0.001 mb

@)
; 00000 @p
G ] 0 "o
spallation ::"333'2 t oe 8 g (88008
SS3SE2 O

fission
@ 8- -

144CS Y

* One can use different (lighter) targets, e.g La,W to produce lighter elements
« Chemically-selective - not all elements can be extracted (e.g. refractory elements are
difficult)

 Half-life limitations (>10-20 ms, often >100 ms), limited by diffusion through thick target
« Hundreds of isotopes produced simultaneously, need a separator!

Similar method is used at TRIUMF (Vancouver, Canada), they use 500 MeV protons



In-flight RIBs Production at GSI facility

induced by 238U beam (1 AGeV) on a ‘thin' H target
(similar methods at RIBF@RIKEN and FRIB@NSCL but lower energies)

28U (1 A GeV) + H

20 mb
I mb
0.5 mb
0.1mb

28 ==
20—

o
—Bﬂgﬁﬁ’ﬁ | 0.05 mb
8 == - ) * 0.01mb
P o ©0.005 mb
0.001 mb

2 8

* Physics-wise: similar production mechanism as at ISOLDE and TRIUMF
« But very different experimental techniques, e.g. in-flight separators

« Relativistic RIBs energies (shortest half-lives from ~100 ns possible)
 Chemically independent (all isotopes/elements can be studied)



ISOLDE Facility (CERN, Geneva)

(example of a surface-ionization ion source)

Quiz: What are typical ionization energies of an atom? (e.g. H atom)
How are they compared to e.g. typical proton/neutron separation energies?




ISOLDE Target Unit

Phys. Scr. T152 (2013) 014023 Y Blumenfeld et al

| Quartz tube p
4

¥/ Proton beam

Tantalum tube with the target material

\\,{gg‘
iR
=

/
/ -
A Ja

Figure 16. A photo of the ISOLDE target unit. The tantalum target container is ohmically heated. The radioactive atoms are transported to
the ion source via the transfer tube. Part of the tube contains a quartz container that absorbs the rubidium atoms. This configuration was
used to produce zinc beams using laser resonant ionization. Adapted from [48].
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Keywords for Modern Nuclear Spectroscopy:

Selectivity (laser spectroscopy!)
Sensitivity




Selective Resonance Laser Spectroscopy of an Atom

non-resonant excitation of field ionization of
R ionization auto-ionizing states Rydberg-states
onization extraction
(;gs\x potential ﬁﬁw ﬁeld
higher excited
states
V)
S first excited oo
o [ 1 §v~1:108(tiny, but measurable frequency shift,if lasers are used!)
ol e~ ks
L 7
Vi Vi A4
0 eV mmt= g:;)und E —————
182Hg (N= 102) 184Hg (N=104) 186Hg (N=106)

lions

* lonization Frequency shift dv=v;-v,’: Isotope
Shift (IS) or HFS
IS/HFS proportional to the charge radius

A;’ + F8(r2)""
Mass shift Field shift

617‘4"4 = Mi



Schemes of Atomic Resonance Ionization

used with Cu-Vapor Laser

Available lasers: visible light, 2-3 eV energy: Multi-step lonisation!

Li (5.39 eV)
Na (5.14 eV) Mg (7.65 eV)
Sr (5.69 eV) Mn (7.43 eV)
é;(?égfleg/&) Ce (5.54 eV) Ay = Aoyt ) Co (7.86 eV)
Ga (6.00 1) Nd (5.52 eV) Pt Ni(7.64 eV)
I (5.79 &) = Aowt =, Sm (5.64eV) Cu (7.73 eV)
YREY e Eu (5.67 eV) Ay =2o, Y (6.22 eV)
(6.11 eV)
A= Iy, Gd (6.15 eV) Ag (7.58 eV)
L Tb (5.86 eV) 1 Tc (7.28 eV)
A==, Ho (6.02 eV) A==, Sn (7.34 eV)
2 A =L Tm (6.18 eV) 2 Pb (7.42 eV
( )
Yb (6.25 eV) — Bi (7.29 eV)
Lu (5.43 eV)
Actinides... (at Mainz)
1
Be (9.32 eV) Ay ==7p.
1 Cu (7.73 eV) 2o =2 Zn (9.39 eV) 2 Be (9.32 eV)
A, = E/IDL Cd (8.99 eV)
1
Sy 1
. A 37 A ZElDL
/11 = E/im_

39



Resonance Laser Spectroscopy of an odd-A nucleus

« Asingle peak in ‘optical/frequency’ spectra for even-even nuclei

« More complex in odd-A (odd-odd-A) cases, need to consider Hyperfine Splitting (HFS),
due to coupling of nuclear | and electron spin J, giving a total atomic spin F=I+J

 This often results in many peaks in the frequency spectrum

178Hg (Iz(vaon—resonant 179Hg (|:7/2)

ionization step

179H
Y IPP797% 99994 g
3 532 nm (Nd:YAG)

D,

313.18 nm Freauencv

- F=5/2 Fatom — Inuclear + ]electron
3p oo F=7/2
1 A T F=9/2 AF =0, +1
Transition used
/ \ / for spectroscopy
253.65 nm

1

Sy ———t— - F=7/2

3 _
A g B4C(C+l) I+ 1DH)J(J+1)

; 2021 — DT — DHiJ
) 4V
Jij,-{) (0 B E(J.,Uj \

*

- IJ - )%z

The method allows to deduce magnetic (W) and quadrupole (Q;) momenta of the nucleus!

.£



Our tools for in-source Laser Spectroscopy at ISOLDE

B. A. Marsh et al., 20013 EMIS conference, NIM B317, p.550 (2013) Pro ons
WM: A.Andreyev et al, Phys. Rev. Lett 105, 252502 (2010)_
MR-ToF MS: R. N. Wolf et al, N*, A686, 82 (2012) == @ e -~
z z " ‘
®, &, 7% ' i S
% % % Hot lon Source “%
- Py D
78 ‘ @
7
. f
1SOL _
)IRAP( s
= i «v:‘m:‘f/””a B - &
e M=
W««“‘g/k MR-ToF + MCP ™
OOy S windmill
Faraday cup a, B3, y-decay spectroscopy



Windmill System at ISOLDE

measurements of a, [
A. Andreyev et al., PRL 105, 252502 (2010)

LEGe

LEGe
Pure 30-60 keV A .
beam from
ISOLDE + RILIS
Pure 30-60 keV
beam from
ISOLDE + RILIS
Cfoils _—

(20 pg/em?)

Si3

Si4

Setup: Si detectors both sides of the C-foil

» Simple setup & DAQ: 2 Surface barrier detectors (1
of them — annular) and 2 PIPS detectors.

» 34% geometrical efficiency at implantation site.

* Alpha-gamma coincidences

* Digital electronics




Multi-Reflection Time-of-Flight (MR-ToF) Spectrometer

for measurements

*The WM technique requires waiting for the decay of the isotope. Not practical
for long-lived or stable isotopes.
Alternative — to use ‘counting’ions (instead of waiting for decay)

Laser-1onized MR-ToF MS: R. N. Wolf et al, NIM, A686, 82 (2012)
207At with isobaric ~ Time-of-flight separation of the ions
contaminants 207+ [on detector
207Fr+ 207 o4+ {1 |

.......

.................

1sobaric
A=207 1ons First electrostatic
mirror

5000 i— z
4000 - =
3000 é

=5 -
2000 O
1000 F-

=15 -10 B Frequency [GHz] 10 . 20 34.628 34.629 34.630

Time of flight / ms



180Hg@W indmiill

__| Alpha-decay spectrum at A=180 (lasers on 18%Hg) Py
w 1 note the purity of the spectrum! oo o
10— Iaantons WPy
— Ovearflow 4
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20 £t 180
- 9
o E-
gr.\:. T ‘e:) T "-” T 5&. = I SA00 — * -'c‘.-(i‘:\- I L nztl.‘-() I I I a-d:k.‘
L2500= |
R f Optical spectrum (even-even case, 1=0%)
£ i (number of o decays as a function of laser frequency)
© B ' II
1500}
1000_— !
L [}
500:— s
D:\ 1 |II o J L0 4 \ | 1 I‘ 1 ‘ 1 1 1 ‘ 1 | - | 1 .\ * ol o 1 1 7 1 1 ‘

761.146 761.148 761.15 761.152761.154761.156 761. 158 761 16 761. 162 761 164
wavenumber, k (cm™)



179,185,207, ZOBHg

180 ' R ' ' ' ' ]
160 , 1794g, 1=7/2", p=-0.94(2) n.m. |
‘]40—-
1204
‘10-[):-
= 80 4
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4D:
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Isotopes with N>126
O 20’'Hg HFS spectra@MR-ToF, 1=9/2
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HFS spectra and Charge radii for Hg isotopes

ﬁ MR ToF Ms
1
5] 3 MR- TOF MS
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MR TOF MS
i
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B. Marsh, Nature Physics 14, 163 (2018)
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DFT Potential Energy Surfaces (even-even Hg's)

E* [MeV]

UNEDEF1

E [MeV]
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MCSM for Hg isotopes (Y.Tsunoda, T.Otsuka et al)

B. Marsh, Nature Physics 14, 163 (2018)

« Largest calculation of its kind, avoids diagonalization of >2x104?>-dimensional H matrix
» Radii are well reproduced.
* Results show an increase of >2 protons promoted into the h9/2 intruder state.

Neutron number
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nature LETTERS

pllySICS https://doi.org/10.1038 /541567-018-0292-8

B.A. Marsh et al., Nature Physics, 1745-2481 (2018)
Characterization of the shape-staggering effect in

One for the  mercury nuclei

fu n d IN g B.A.Marsh©™, T.Day Goodacre'?'®, S.Sels 3%, Y. Tsunoda“, B. Andel ', A.N. Andreyev®’,

coun Ci IS N N.A.Althubiti?, D.Atanasov®, A.E.Barzakh?®, J.Billowes?, K.Blaum?, T.E.Cocolios?*?, J.G.Cubiss "¢,
J.Dobaczewski®, G.J.Faroogq-Smith?3, D.V.Fedorov("% V.N.Fedosseev "', K. T.Flanagan?, L.P.Gaffney 73,
L.Ghys?, M.Huyse?, S.Kreim®, D.Lunney", K. M.Lynch', V.Manea®, Y.Martinez Palenzuela?®, P.L.Molkanov®,
T.Otsuka®*'2134 A Pastore®, M.Rosenbusch™"*, R.E.Rossel', S.Rothe'?, L.Schweikhard™, M.D.Seliverstov®,
P.Spagnoletti'®, C.Van Beveren?®, P.Van Duppen?, M. Veinhard', E.Verstraelen?, A. Welker'¢, K. Wendt",
F.Wienholtz"®, R.N. Wolf?, A.Zadvornaya® and K.Zuber"

S. Sels et al., Phys. Rev. C 99, 044306 (2019)

Shape staggering of mid-shell mercury isotopes from in-source laser spectroscopy

One Wlth the compared with Density Functional Theory and Monte Carlo Shell Model calculations

Interestl N S. Sels,! * T. Day Goodacre,>3 B. A. Marsh,® A. Pastore,* W. Ryssens,” Y. Tsunoda,® N. Althubiti,2 B. Andel.”
g A. N. Andreyev,*® D. Atanasov.® A. E. Barzakh,'© M. Bender,” J. Billowes,? K. Blaum,? T. E. Cocolios,* J.
WOrk |n s G. Cubiss,* J. Dobaczewski,* ! G. Faroog-Smith,! D. V. Fedorov,!° V. N. Fedosseev,®> K. T. Flanagan,” L.

P. Gaffney,'®! L. Ghys,'®! P-H. Heenen,'? M. Huyse,! S. Kreim,? D. Lunney,'® K. M. Lynch.® V. Manea,?
Y. Martinez Palenzuela,! T. M. Medonca,? P. L. Molkanov,'° T. Otsuka,% %1 J. P. Ramos,> ! R. E. Rossel,? '8
S. Rothe,? L. Schweikhard,!® M. D. Seliverstov.!? P. Spagnoletti,'? C. Van Beveren,! P. Van Duppen,!

M. Veinhard,? E. Verstraelen,! A. Welker,?° K. Wendt,!® F. Wienholtz,'® R.N. Wolf,? and A. Zadvornaya!



Example of Spin Determination from HFS measurements for 177.179Au isotopes

Based onthe numberof HFS componentsand their intensity ratio,the gs spins of "71°Au are
experimentally determined as 1/2

J.G.Cubiss et al, PLB, 786, 355, 2018 50 -
] 5 179AuU narrowband 451 77Au narrowband
1200 404
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Example on Isomer Selectivity in 1783s.mAy

J.G. Cubiss (York) et al., in preparation
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Opens up atotally new area of reactions studies with isomerically-clean beams! (e.g. spin-dependence of
reactions,in this case with low spin ground state or with high-spinisomeric beam)




Lead Region: Summary/Status for 2019
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* IS/HFS/charge radii for >70 isotopes (and isomers) for Au,Hg,Pb,Bi,Po, At

* Back to sphericity” in the lightest Au and Hg isotopes

* Magnetic/quadrupole moments will be deduced

» Large amount of by-product spectroscopic information on for many isotopes



Case 2: Ca Puzzles probed by:
E(2%))
Radi
Masses

(and further examples of modern experimental approaches!)



Isospin (N/Z-dependence) of Nuclear Properties

34-60Cq Isotopic Chain (as just one example)

120}

NUCLEAR LANDSCAPE
B Stable nuclei
100 Observed nuclei :
Terra Incognita : -y

80+

PROTON NUMBER
o)
O
T

4}O 6‘O 810 1OIO 1210 14‘0 1éO 15;0
NEUTRON NUMBER
« Calcium isotopic chain: at present, spans 26 isotopes with N/Z=0.7-2
« 2 doubly-magic spherical isotopes: 40Ca(Z=N=20), 48Ca(Z=20, N=28)
 60Ca (Z=20,N=40), recently (2019) discovered at RIBF, only 2 events
« /0Ca (Z=20, N=50) could exist (according to some theories), would it be
doubly-magic/spherical?



Reminder on E(2*;) energy systematics in Ca isotopes

4

l L] l L] L] I L L]
- MgZ=12 ﬁoca ?48Ca |
i n
Illl II

EQ2,) (MeV)

12 16 20 24 28 32 34
Neutron Number

 High E(2*,) values for 4°48Ca — signatures for N=20,28 shell closures
* Low value at >°Ca(N=30)
* 5254Ca(N=32,34): again high values. An evidence for a new magic number at N=32 and double-magicity of >2Ca?

This should be seen/probed via other observables, e.g. radii and masses

R F Castenand R B Cakirli 2016 Phys. Scr. 91 033004
54Ca: D. Steppenbeck et al., Nature 502, 207 (2013)
40Mg: H. Crawford et al., Phys. Reuv. Letts, 122, 052501 (2019)



Charge Radii of 40-48Ca

The radius of a ‘typical’ calcium nucleusis ~ 3.5 fm, and the isotopic variations are
much smaller! Still can measured by laser spectroscopy!

B(E2: 0T = 2T) e%b?

0.010 0.042 0.047 Q.0l8 0.008
= = |
,_‘:i —0
+
Q 2
N —= 2 2
m —_
= T T e « Radii of 4048Ca are nearly equal, and smallest: a
signature for shell closures at N=20,28 (dueto
stronger binding, see discussion on masses)
ozp T T T T T T T « Maximum of radii at mid-shell 4Ca
0 Charge radii 1 - Odd-even staggering (as expected... homework!)
0sr 1 ¢ Directcorrelations between radii and E(2*,)/B(E2)
0.4 -
o 44 values
E osf Ca -
L o2} -
. o1p -
' 48
ok Ca -
o1} 4°Ca -
02 " Il L 1 L L 1L L "]
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Neutron Number

So, what happens below N=20 and above N=28? Can radii confirm the inference from E(2*;) on the
double magicity of >2Ca?



COLlinear LAser Spectroscopy (COLLAPS) at ISOLDE

for charge radii of n-rich 4°-51.52Cqa isotopes

R.F. Garcia Ruiz et al., Nature Physics 12, 594 (2016)
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Resolution in Collinear Laser Spectroscopy vs

source laser ionization
s, Hot cavity 1S
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Ca Charge Radii Beyond N=28?

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

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

PLB 522,240 (2001)
PRL113, 052502 (2014)
PRC92, 014305 (2015)

DF3-g —e— NPAG676,49(2000)

UNEDFO - - - -- Nature486,509(2012)

ZBM2 —6—

Wang et al. —e— PRC88,011301(R)(2013)
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The large and unexpected increase of the size of the neutron-rich calcium isotopes beyond N=28
challenges the doubly-magic nature of >2Cal

40 42 44 46 48 50 52
A
P.-G. Reinhard and W. Nazarewicz

Phys. Rev. C 95, 064328




Ca radii below N=20: BEam COoler and LAser spectroscopy

(BECOLA@NSCL, MSUV) for charge radii of n-deficient 36-38Ca isotopes

A. J. Miller et al., Nature Physics, 2019

ECR ion BECOLA I
@ sources o o >
'\Detection regions
RFQ Scanning
@ Coupled cooler/buncher potential Slow “°Ca beam
40C cyclotrons \ 1z Fast “°Ca beam
a . T Fragmentation products
140 AMeV ior?;fn!:(rece mmn Fast Ca ions of interest
——Be fail 29,850V Slow Ca ions of interest
f 'I' ! Laser s
Resonant photons s = m s
— 1
Detector detail
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,:-'.-n Elliptical
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Ej:L N
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/ PMT
Gas stopper ;ﬁ
-2,000 -1,000 0 1,000 2,000
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30 keV 36-39Cq, 17
 Projectile-fragmentation method, breaking of 4°Ca (140 AMeV) beam in variety of lighter isotopes on a
Be target (356 microns thickness)
» Separates the desired isotopes in-flight by A1900 fragment separator
« Stops them in a gas-cell stopper, thermalisation in the He gas results in 1+ charge state
» Extraction at 30 keV, the rest is ‘similar’ to ISOLDE’s experiment
e Scannina of the HFS bv tunina the ‘scannina potential’ at the constant laser freauencyv




Charge Radii for 36-52Ca isotopes

A. J. Miller et al., Nature Physics, 2019
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Continues decrease of Ca radii below 4°Ca(N=20) — follows ~Al3 dependence




Charge Radii Systematics around N=28-36
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0-61\Mn (Z=25) > [H. Heylen et al, Phys. Rev. C 94, 054321(2016)]
40-52C3 (Z=20) - [R.F. Garcia Ruiz et al., Nature Physics 12, 594 (2016)]
38-51K (Z=19) - [K. Kreim et al, Phys. Lett. B 731, 97 (2014)]

44-30g¢ (Z=21) > [In preparation (2018)] .

~ COLLAPS/ISOLDE

48-52K(z=19) -> [In preparation (2018)] } CRIS/ISOLDE

« Seems that all isotopic chains for Z=18-26 (where data are available) demonstrate a continues
increase beyond N=28, with no apparent evidence for any magicity at N=327?
« Similarly, no kink at N=20 in Z=18,19,20 (Ar,K,Ca)



Summary from E(2*;) and Radii above %8Ca

E2,) (MeV)
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» The high values of E(2*;) for >254Ca suggested the double-magicity of >2Ca

 This is contradicted by the radii measurements, which demonstrate the large increase

for >2Cal

So, let's try masses?




93.54Ca Masses with MR-ToF Spectrometer at ISOLDE

F.Wienholtz et al, Nature, 498,346,2013
3.5 h measurement aftel‘ MR-ToF
1 LI =

a 104: T 7 A T

iszca :

- o 1 *MR-ToF provides clear separation from isobaric >3Cr
] i i *Allows to measure the masses by ToF

1 o 139K and 53Cr serve as reference masses

§10?—: 4 *(Typical) Resolving power: 105 (in ~tens ms)

° - i+ Rate limitation: ~1 pps (~tens ms half-life)

10" 5
10° /i :
3715 4,330 4,331 MR-ToF 5305
Time of flight, ps Beg
Aoy A
Separated
bunches
Reference ion source Mixed
bunch
RFQ cooler and buncher MR-TOF mass spectrometer TOF detector

30_ke(\j/ I [ 1 19 4 0 0 0 0 O é
mixe > ) —_— _>UUD:
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ISOLDE ion beam '
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93.54Ca Masses with MR-ToF Spectrometer at ISOLDE

F.Wienholtz et al, Nature, 498,346,2013
Table 1 | Results of the calcium mass measurements

Isotope Tio Meas. type Ref. nuclide(s) ncr Cror Mass excess (keV/c?)
ISOLTRAP TITAN TRIUMF
Sloy 10.0(8) s ICR 39K 1.3079136760(144) NA —36332.07(0.58) —~36338.9(22.7)
%2Ca 46(3)s ICR 39K 1.3336358720(184) NA —-34266.02(0.71) —34244.6(61.0)
MR-TOF 39K, 52Cr NA 0.501632110(785) —-34271.7(10.2)
55Ca 461(90) ms MR-TOF 39K, 53cr NA 0.50184761(309) —~29387.8(43.3) —
54Ca 90(6) ms MR-TOF 39K, S4cr NA 0.50210648(323) —-25161.0(48.6) —

T1 /2, half-life*®; measurement (meas.) type (ICR, ion cyclotron resonance; MR-TOF, multi-reflection time-of-flight mass spectrometry); reference (ref.) nuclide(s) used for the calibration; ricr, experimental
frequency ratio; Cror, TOF constant; mass excess, Mey. = (M—Au), where M is the atomic mass, A is the atomic number and u is the unified atomic mass unit. For comparison, the TITAN? values are also listed. The
mass values of the reference nuclides are m(*°K) = 38963706.4864(49) uu, m(*>Cr) = 51940506.26(63) pu, m(>>Cr) = 52940648.17(62) uu, m(>*Cr) = 53938879.18(61) uu (ref. 28). NA, not applicable.

a T T T T T T T T T T
1 The pronounced decrease in S,, for -
0] >>*Ca is similar to the decrease ]
1 beyond the doubly magic “Ca and -
| establish magicity at N=32 in Ca |
18- isotopes —
I 4
—\\ \‘\ —
s 1
s '] ]
mc% - -
53,54 -
10 Ca -
1 = Experiment AN )
6 O ISOLTRAP =
| —— NN+3N (MBPT) X |
— — - CC (ref. 5)
-~ KB3G ~
5] GXPF1A -
| I I T I I I | I I I
28 30 32 34 36 38

Neutron number, N

From the paper: We note the advantages of the
MR-TOF method as compared to Penning-trap
mass spectrometry will also be important for new
experimental facilities, which will provide even more
exotic ion beams.

The present and future developments of low-energy
beams at facilities for the study of exotic nuclides
such as ARIEL, CARIBU, FAIR, FRIB, HIE-ISOLDE,
RIBF and SPIRAL 2 will considerably extend the
available range of rare isotopes towards the nuclear
driplines. The minute production rates of isotopes
with half-lives in the millisecond range and
substantial iIsobaric  contamination pose
experimental challenges that are barely met by
Penning traps now, but can be overcome with
the MR-TOF method.



99-57Ca Masses with Time-of -Flight Magnetic Rigidity ToF-Bp

Method at BigRIPS@RIBF (RIKEN)

I T T T I T T T I T T T T T I I T

PHYSICAL REVIEW LETTERS 121, 022506 (2018)

Magic Nature of Neutrons in *Ca: First Mass Measurements of 35'Ca ”Tg 10* = @
= 41
S. Michimasa,"” M. Kobu_vushi.l Y. Kiyokuwu.l S. 0w D.S. Ahn” H. Baba G. P.A. l:’»t:rg.3 M. Dozono.' N. Fukuda,’ -E 10° 1Sa9, %P 42553(:3' *Ca ’ 42
T. Furuno.* E. [deguchi,5 N. Inabe,® T. Kawabata,* S. Kawase.® K. Kisamori,! K. K()huyasl‘ji,7 T. Kubo,* Y. Kubota % 3bgj Lo 875 385 | o5 P
C.S. Lee.'? M. Matsushita,! H. Mi_vu,1 A. Mizukami,'” H. Nugukuru,7 D. Nishimura,'' H. Oikawa,'"” H. Sakai,® 8 102 38p | | .Ca || 49p r|=<a | a0g;
Y. Shimizu.” A. Stolz.” H. Suzuki,> M. Takaki.,! H. Takeda.® S. Takeuchi,'? H. Tokieda,' T. Uesaka.®> K. Yako.' E | ‘I\ L ‘ 19 { {35Ca ‘
Y. ‘(umaf_guﬁ:hi.1 Y. ‘(unugisuwu.2 R. ‘(ok()_vunm.H K. Yoshida,” and S. Shimoura' ;_f 101 h ‘ " \ } ‘\ | | 5'[ ‘
E | ‘ t 57ca E
707Zr, 345 AMeV fragmentation on °Be target o WEEE L B e
- C (b) 42p .
\ Fn E 20 :_ 39p 395i ]
e - = C 41 42g 5304 38gj 40g; 3
Y | Production target (*Be) BigRIPS 3T ofpn 2;5 p | =
L gl == gy E C I'sacy 40p 54C5 41 3
! .E:a.:" s ":-"..-'::‘ H:‘:CT H i h-' I t. . -20 -_?gpl 3165i| I L1 i lP I - L IP L1 I L1 [_-
e o _  High-resoiution 25 26 27 2.8 29
_ - / /
F 1 FS Rt}.h beam IInE TABLE I.  The atomic r[:ai S{Teiei)determined in the present
Wedge degrader I:Hﬁ.'} Timing {CVD diamond) w{h 52 experiment and the AME2016 database [38].
Mﬂl “-P'Mwnq i Tiﬂ"lll" ':WD dfamnnd] Nucleus Present (keV) AME2016 (keV)
Ca =7370(990)
50 ot Eﬂuuﬁ;ﬂsﬁm %Ca11(2)ms | —135 10%250)
- ! neg C —18650(160 e
Magnetic rigdity (DL-PPAC) i { ( i ar =) 330%120; ~22280(310)
Delayed y-ray |plastic stopper, e ~13700(110) ~13860(210)
| HPGe, plastic veto) (| —20540(110) —20380(140)
_ 2p +1100(100) +1010(310)
40p ~8150(100) —8110(150)
SHA HA.Q "(I;:I 408 +5700(130) +5430(350)
SPRCIIOIMOTE g 3379 events 55Ca
619 events — %6Ca
. . . . 57
*A “cocktail” of many isotopes! (but good for mass calibration) 29 events —>'Ca
*Allows to access much shorter half-lives (>100 ns) m  Bp Bp o\ 2
*ToF is measured between F3 and S2 (~105 m, ~540 ns flight time) — = a I =— 7))~ I,
«Magnetic rigidity Bp 9 7 ¢



23-57Ca Masses from ISOLDE and RIKEN
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3-pointbinding-energy differences Az, (N)=(-1)Nx[B(N+1)+B(N-1)-2B(N)]/2
By observation of the mass evolutionin Ca isotopes beyond N=34, the magic nature at N=34
in the neutron-rich Ca region became evident

51.52Ca, TITAN@TRIUMF, A. T. Gallant et al, PRL109, 2012
23,54Ca, ISOLDE, F.Wienholtz et al, Nature, 498, 346, 2013
55-57Ca, RIKEN, S. Michimasa et al, PRL121, 2018




60Ca Experimental Setup and PID at BigRIPS

0Zn beam @ 345 MeV/u
<I> = 200 pnA (1.25e12pps)

* New isotopes search

* Production cross
section and momentum
distribution
measurement

« Secondary reactions
yield measurement as
target thickness

« Newisomerssearch

BigRIPS

PID by TOF-Bp-AE-TKE method: = Z, A/g, Q

Thick Fe
collimato
:

TOF(p) :
2"d stage Plastic, PPAC

N

Plastic
AE 6 x Si (1 mm)
B0 : Plastic, PPACs TKE : Csl
(position measurement) \kto: plastic

Total Experiment : 7 days

New isotopes search : 100.9 h (4.2 days)

68




0Ca PID Plot and Identification of 8 new isotopes

PHYSICAL REVIEW LETTERS 121, 022501 (2018)

Discovery of ®Ca and Implications For the Stability of Ca

0. B. Tarasov,'*? D.S. Ahn,” D. Bazin,' N. Fukuda,” A. Gade.'"* M. Hausmann,” N. Inabe.” S. Ishikawa.’

N. Iwasa.® K. Kawata,” T. K()nmt.sulmm,2 T. Kubo,” K. Kuxuku,J D.J. l\durrisxuy.“K M. (',‘lhlzll\'L"J H. Otsu,”

M. Portillo,” T. Sakakibara,” H. Sakurai,” H. Sato,” B. M. Sherrill,"* Y. Shimizu.” A. Stolz,' T. Sumikama,”
H. Suzuki,” H. Takeda,” M. Thoennessen,"* H. Ueno,” Y. Yanagisawa,” and K. Yoshida®

8 new isotopes including °Ca (+5k)
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Green color : observed at the first time
Red color : particularly interesting isotopes



The region of the chart of nuclides studied in this work

. 7=20 | §§¢ NS¢ MSc NS¢  HBSc 7S¢ WSe NS 0S¢ 61Sc Red background :
5 this experiment
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Doubly-Magic "°Ca (Z=20, N=50)?

(Neutron Drip Line in the Ca Region from Bayesian Model Averaging)

PHYSICAL REVIEW LETTERS 122, 062502 (2019)

UNEDFO + GP
14 g 10} stsrtssape—tre— —omr UNEDFO
V-min + GP ek
—o— FROM-2012
12 FROM-2012 + Gp 0.8]

Using a Bayesian machine
learning analysis of
extrapolations via Gaussian

. . . ~ . . . & experiment 0.6/ Leven-N
Neutron Drip Line in the Ca Region from Bayesian Model Averaging n.lél | — ..
0.4 i

< , 2 v, 3w s 4 2 S
Léo Neufcourt,"? Yuchen Cao (¥ /2).> Witold Nazarewicz.* Erik Olsen,” and Frederi Viens'
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Department of Physics and Astronomy and FRIB Laboratory, Michigan State University, East Lansing, Michigan 48824, USA

L. Neufcourt, Y. Cao, W. Nazarewicz, and F. Viens,
Phys. Rev. C 98, 034318 (2018).

® (Received 12 September 2018; revised manuscript received 15 November 2018; published 14 February 2019)
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Using weights Wy = {J(M;(PZCL 3Ar, S exist)



Case 3 Back to basics: Superallowed Alpha decay

r'-H-I-Ij Yellow color - alpha decaying

=5 _
. . N =82 nuclei
n ...
[ ] I |

N=28 N (Number of neutrons)

Quiz: Several regions of alpha decay, some of them are always slightly above
magic neutron numbers N=50, 82 and 126? Why?




Systematics of Q, values in the Pb-Hs region

« Typical Q, values are in the range of 2.5-12 MeV

Not a smooth trend (as one would expect from SEM
N=126 nuclei (Po-Th) {j

B Q:\
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Larger separation between Pb(Z=82) and Bi(Z=83), due to proton magic number Z=82

F)

180
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Mass WNumber A

Sharp drop an N=126 — due to the neutron magic number N=126 (e.g. ?°°Bi)



A Reminder to (simplified) Alpha Decay Theory

Historically, the alpha decay rate (decay constant i ) was introduced as

Ao =FPxFxT
FP- formation probability of alpha particle inside the parent nucleus (a
complex thing to derive theoretically, need to produce an alpha particle from 2
neutrons and 2 protons inside the nucleus, in most cases they are in different
shell model orbitals)
F- ‘assault’ frequency of this alpha particle on the barrier (easy to calculate)
T- tunnelling of alpha particle through the barrier (“easy” to calculate)

Penetrability through the barrier
depends exponentially on Q, value

’ 1/2
2M(ZQZD8 'Qa] dr
I

0 R 2R2

Distance from the center of nuleus, » T f
- h
R1
Potential
well
= T

2 mistakes in the plot

above! Which ones?



Detailed Example for 212Po (from Hyperphysics)

http://hyperphysics.phy-astr.gsu.edu/hbase/Nuclear/alpdet.html#c1

212Po alpha decay, E,=8.78 MeV, T/, o,,=0.3 ps

| forbidden. 1. First, consider a rectangular barrier (as Gamow).
0 region
E al -
particle energy 2. Al pha Dau_g hter = 1.2[4”3+2{}3”3]= 9.01 fm
separation distance

ncoming parice | 3. Coulomb barrier; Z=24 - 20 HELIN _ 5601 Mev
wavefunction | ! r 9.01 fm

particle wavgfunction . . .

i past the barrier 4. The distance at which the Coulomb potential drops

to the level of energy of the observed alpha
2(82)1.44MeV - fin

lpe}(il//

Reduced probability, 8.78MeV = . r=269fm
but not reduced r
energy! 5. Thus, the width of the barrier; 26.90fm—9.01fm =17.9 fm

6. The alpha emission rate depends upon how many times an alpha particle with this

energy inside the nucleus will hit the walls. The velocity of the alpha:

2 e
878MeV =" = S12TMeV-v" Y 00686; v=2.06 x 10'm /s

2¢? C

v 206 x 107m/s

s . _v _ _ 21
7. The frequency of hitting the walls is then 7= 20.0Lm)10m 7 fm) .14 x 107 /s

8. The tunneling probability for a rectangular barrier of height 26.2 MeV and width 17.9

fmis Tunneling probability=4 x 107~ (use: http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/barr.html#c1)
- .. 29 20y~ _ _=dN /dt
9. The probability per second for alpha emission 4 * 107114 x 107/5)=4.57 x 107/ s =

: : w693 693 .5 :
10. Finally, half-life N=Ne™: Ti,=—== == 5—=15 x 10’s~1013 times too long? Why?




What is the Formation Probability FP?

» Consider the ‘text-book’ case of 212Po(Z=84,N=128)

« Wave-function for the o decay:

Y (?1°P0o)—Y(?°%Pb)x¥(a) —¥(?*ePb)>
So, one has a doubly-magic spherical
to calculate theoretically) and 2 valenc
neutrons coupled to it, from which ar
formed on the surface of the nuclel

* The problem is, however, that these
occupy different orbitals: hg, for pl

.__Fu_ll___
l sHelld

Protons

Neutron



What is the Formation Probability FP?
 Consider the ‘text-book’ case of ?1°Po(Z=84,N=128)

« Wave-function for the o decay:

Y (?2P0o)—Y(?P8Pb)x¥(a) —¥(?°*Pb)x¥(vvrr).

So, one has a doubly-magic spherical 2°®Pb core (probably, “easy”
to calculate theoretically) and 2 valence protons and 2 valence
neutrons coupled to it, from which an alpha particle must be
formed on the surface of the nucleus (¥(a) value).

* The problem is, however, that these 2 protons and 2 neutrons
occupy different orbitals: hy, for protons and gy, for neutrons.

» Still, it works and due to very large Q, value, the alpha decay
of 21?Po was the fastest known alpha decay, if measured via
the so-called ‘reduced decay width §_~:

5,2=\ /P



Superallowed Alpha Decay of 194Te(Z=N=52)

(or, does p-n pairing exist?)
« Now, what happens is we consider the decay of 1%4Te (Z=N=52)

« Wave-function for the o decay:

Y (1%4Te) P (190Sn)x¥(a) —¥(1°Sn)x¥(vvnr).
So, one has a doubly-magic spherical °°Sn core (probably, “easy”
to calculate theoretically) and 2 valence protons and 2 valence
neutrons in the same orbitals! don

._‘_Eull_ _____ Full__.
5hélls'

sheII

Ve N
Protons Neutrons

f?;‘ 2




Superallowed Alpha Decay of 194Te(Z=N=52)

(or, does p-n pairing exist?)
« Now, what happens is we consider the decay of 1%4Te (Z=N=52)

« Wave-function for the o decay:

Y (1%4Te) P (P0Sn)x¥(a) —»P(F0Sn)x¥(vvrn).

So, one has a doubly-magic spherical °°Sn core (probably, “easy”
to calculate theoretically) and 2 valence protons and 2 valence
neutrons in the same orbitals!

 Naively-speaking, one expects that the a particle formation
should be easier, also due to the possibility of p-n pairing!

* This phenomenon was proposed in 1965 (R. D. Macfarlane and
A. Siivola, Phys. Rev. Lett. 14, 114 (1965)) and is dubbed
'superallowed’ alpha decay.

* If confirmed, %4Te should be the fastest known alpha decay,
with a higher ‘reduced decay width §_° than that of 2?Po.



Superallowed Alpha Decay of 194Te(Z=N=52)
(or, does p-n pairing exist?)

é B 57

1ga: p. [mga| |ga| |oga| 56

11\2fs 113Cs 114Cs 1’5Cs 55
&

58Nj+54Fe —112Xe*—5108Xa+4n +
1 P 10830 i | 109y 110385, 111 112 113
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~20 100 n S ""Te 1057 106 107Te 108To 19Te 110Te "Te .

............ V4
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Proton Number

The problem: a very short half-life of 194Te is expected, of the order of ~20-100 ns,
thus the most plausible option to study its decay is to produce it via the decay of
108Xe(Z=N=54), with expected half-life of ~a few ms



Superallowed Alpha Decay of 194Te(Z=N=52)

at Fragment Mass Analyzer (FMA) at ANL

PHYSICAL REVIEW LETTERS 121, 182501 (2018)

Superallowed a Decay to Doubly Magic '"Sn

K. Auranen,"” D. Seweryniak,' M. Albers,' A. D. Ayangeakua.]‘% S. Bottoni, " M P. Carpenter C.J. Chldl‘d = p, Copp,” !
H. M. David,"/' D. T. D()hcrtyfl‘. J. _Hur]".(:r,"2 C.R. Hoffman,' R. V. F. Janssens,”* T. L. Kho() S. A.Kuvin,"" T. Lauritsen,'
G. Lotuy,H A. M. Rogers."? J. St:lhi,"2 C. Scholey,(J R. Talwar,! W. B. Wdl[el'\ P.J. Woods," and S. Zhu'

108xe+26,27
from FMA

58Ni(>*Fe,4n)198Xe reaction, ~5 days , ~30 pnA

PPAC )

108Xe+ av
> N
58N| — " . o
” — ‘@
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B
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Mass slits 160X160 DSSD
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Recoil -alpha correlations in DSSD
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TWO fast high energy decay events (Expected 0.09 random events)

BOTH events where in coincidence with the Si box (1 out of 400)

« The same total energy for both events - £E,=9.3(1) MeV

« Compared to o emitters different energy split

N

000

E,(1%4Te)=4.9(2) MeV, E_(1%8Xe)=4.4(2) MeV



DSSD traces for the 198Xe-104Te pile-up events

(a) (b) |

JL_/_F At=0ns ﬂw At=0ns

W at=tons | ST At=1oms
% At =20 ns w
waiglfﬂ At=30ns MFBO ns
L. At=40ns ~7 T At=40ns
% At = 50 ns Imﬁl\/ At =50 ns
| 7L M=60ns _,q,,;ﬁL;“HL_Jﬂr_ﬁ_ At =60 ns

100 200 300 400 100 200 300 400
Time (ns)

NO noticeable delay
TWO decays faster than 20 ns each imply T,,<18 ns

i 2 2(212
Nuclide E, (keV) T, b, (%) Ratio 8,8,(““Po)
108X e 4400(200) 587050 us 100° ~3.7°
104Te 4900(200) <18 ns 100" >13.1°

Indeed, alpha decay of 1%4Te is much faster than of 212Po: superallowed! ‘



DSSD traces for the 198Xe-104Te pile-up events

(a) (b) |

JL_/_F At=0ns ﬂw At=0ns

W at=tons | ST At=1oms
% At =20 ns w
waiglfﬂ At=30ns MFBO ns
L. At=40ns ~7 T At=40ns
% At = 50 ns Imﬁl\/ At =50 ns
| 7L M=60ns _,q,,;ﬁL;“HL_Jﬂr_ﬁ_ At =60 ns

100 200 300 400 100 200 300 400
Time (ns)

NO noticeable delay
TWO decays faster than 20 ns each imply T,,<18 ns

i 2 2(212
Nuclide E, (keV) T, b, (%) Ratio 8,8,(““Po)
108X e 4400(200) 587050 us 100° ~3.7°
104Te 4900(200) <18 ns 100" >13.1°

Indeed, alpha decay of 1%4Te is much faster than of 212Po: superallowed! ‘
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Studies of pear-shaped nucleiusing accelerated radioactive beams
L. P. Gaffney et al. Nature 497, 199 (09 May 2013)
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Direct Evidence of Octupole Deformation in Neutron-Rich '*Ba The observation of vibrating pear-shapes in radon
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Macroscopically...

Octupoles: Vibrations vs Deformation?

® Nuclei take on a “pear” shape
® Reflection asymmetric

Signatures...
'Ii.l_.l'
® Feeding to low-lying 1- states in o decay 1
® Odd-even staggering of states, -ive parity
® Parity doublets in odd-A nuclei
® Collective B(E3) transitions
® Inverse odd-even staggering in radii
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(rotation)



Octupole Correlations

Microscopically driven: presence of proton and neutron orbitals near the Fermi surface
which differ by Aj,Al = 3 (e.g. proton f , i13, and neutron gy, ji5, In Z>82 region)
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Enhanced at “ octupole magic"
numbers 34, 56, 88, 134

PRL 116, 112503 (2016) PHYSICAL REVIEW LETTERS 18 MARCH 2016

Direct Evidence of Octupole Deformation in Neutron-Rich '*Ba
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What is Coulomb Excitation (Coulex)?

Beam Projectile Scattering

velocity v / angle 6

Impact
parameter b

of collision Target ‘

o 1>

Coulomb Deexcitation
excitation y-ray

li>



Coulex with Miniball and CD detector (ISOLDE)

HIE-ISOLDE post-accelerated:
6 x 10° pps %%?Rn (8 h)

1.1 x 10° pps 2?*Rn (16 h)

2 x 103 pps 22°Rn (24 h)

Miniball Ge detector

T,

224RN
8-
5.08 MeV/u

CD detector

target 129Sn

2 mg/cm)\@’

Double sided

silicon strip
detector



24 6-fold segmented Ge detectors (8 triple
clusters)
flexible geometry

Efull energy(@ 1.33 MeV) =~ 7%

fully digital electronics + pulse shape analysis
(PSA)

electronic segmentation and PSA: 50-100 fold
increase in granularity

p from central core

¢ from induced charge in neighboring segments

80 mm

ik

il o

70 mm

low-multiplicity g-ray experiments with weak exotic
beams

J. Eberth,- Prog. Part. Nucl. Phys. 46 (2001) 389



AGATA Ge Tr'ackmg Array (US)

Advance GAmma Tracking Array

* six-fold azimuthal segmentation
« six-fold longitudinalsegmentation




Octupoles at MINIBALL(ISOLDE) via Coulex Excitation

8 triple cluster Ge detectors

Double-sided Si
strip detector

® Coincident detection of particles (Si) and y-rays (HPGe)
» Well-known electromagnetic interaction - B(E3) o<|Q4|?
» Large cross-section: suited to RIBs
» Unparalleled energy resolution
» Currently only method for Q5 in exotic nuclei

N. Warr etal., EPJ 49 (2013)



Actinides:

220Rn & 224Ra

=S _é.\l 224R - 107 1100 224Ra b ]
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L. P. Gaffney et al., Nature 497, 199 (2013).
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E2 and E3 moments for Heavy Nuclei

LP Gaffney et al 220rn, 22/Ra HJ Wollersheim et al 2sra
Nature 497 (2013) 199 NP A556(1993) 261
radioactive  radioactive
beams targets
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224.225Rn — Virgin nuclei

® Previously unobserved positive- and negative-parity states in 224226Rn
® New data from HIE-ISOLDE at 5.1 MeV/u

10°F X rays 2'—=p"
- - Y *_ ot
< - K, &2 22200
& 3 i K, . ﬁ*—-4'. 22 1H N
"g L i 9 —-g' 5 4" N
3 = - 2260
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-0 10'~g' 32
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Energy (keV)
P. A. Butler et al, Nature Communications 10, 2473 (2019).



Vibrational or deformed?

® Are 221.223225Rn good candidates for the EDM measurements?

a 1
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et al, Nature Communications 10, 2473 (2019).
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Case Study 6: Quest for SuperHeavy Elements

Chart of nuclides

249cf+48c 3|
11.66]
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* Very active research field at JINR (Dubna), Berkeley, RIKEN, GSI and other places
» Large international collaborations



Dubna Gas-filled Separator (DGFS)

3 detectors\\\\
Time-of-flight

i,

;*i "&:’3-‘3:., G
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-y lenses
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Dipole
magnet
BpMit 31 Im

Faraday cup .

Projectile/s . B
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An example: Element Z=104 (Flerovium)

244p+43Ca
242pu+48(‘;a

F1287 F1288 F1289

o—o, correlation method 240py+48Ca
048s | 066s| 1.9s 105

F1285
0.15s | 0
1041] 1021/ N1003] (993 | [9.84 |

— / — - -

0.1k
3 L
2 1
c E
.0 [ ;
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1 :::: . 3
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Excitation functions & Cross bombardments: Excitation energy (MeV)

285-287F| 281-283Cp — the same reaction channel



Thanks for your attention!



(An example) Modern ‘state-of-the art’ beyond
mean-field calculations in the Pb region (SLy6+GCM)

J.M.Yao, M. Bender, P.-H. Heenen, PRC87,034322(2013)
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FIG. 4. (Color online) Quadrupole deformation energy surface
for '*Hg, normalized to the absolute minimum and projected on
particle numbers. Each contour line is separated by 0.2 MeV. The
inset shows the energy as a function of y deformation along the path

joining the two axial minima.
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FIG. 13. (Color online) (Upper panel) Variation of the charge
radii §(r2,) for the lowest 0% states in Hg [normalized to the ground
state (g.s.) of '"*Hg], Pb (normalized to the g.s. of '*Pb), Po
(normalized to the g.s. of ?'°Po), and Rn (normalized to the g.s.
of 2%Rn) isotopes, compared to the the experimental data for ground
states taken from Refs. [18.49].
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R. Julin, K. Helariutta, M. Muikku, J. Phys. G 27 (2001)
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Neutron single-particle levels (MeV

--03 A2 A0 00 002 03 04 05 03 402 400 00 0 02 03 04 0
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Around Z=82 and neutron mid-shell N=102-108, protons and neutrons
coherently produce low-lying coexisting oblate and prolate shapes

Prolate

Spherical ) Oblate




Density Functional Theory (DTF)

Potential Energy Calculations
(York-Lyon-Brussels Collaboration)

Extensive Density Functional Theory blocked calculations
performed by York-Lyon-Brussels Collaboration (14
parametrizations of Skyrme functional were probed)

UNEDFO, UNDEF1, UNDED1>°, SLy4, SkM*, SGil|
8 parametrizations of SLy5sX

Variation of pairng strength and other parameters

Full account in S.Sels et al, accepted to PRC, November 2018



DFT Potential Energy Surfaces (even-even Hg's)

E* [MeV]

UNEDEF1

E [MeV]
E [McV]




Charge radii for Hg isotopes

(reduced pairing and blocking for odd-A)

Courtesy A. Pastore and J. Dobaczewski (York)
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Mean field Theor'y summary (AP+JD):
The phenomenon of the radii staggering in Hg is a subtle effect of an
interplay between (i) shape coexistence, (ii) pairing strength, and (iii)
deformed shell structure
~» The presently available functionals do not allow for reuniting these
~ three aspects in a consistent way (e.g. spins are hot reproduced),
although the essential features of the effect can be reproduced...”



Emerging!: Charge Radii via Electron scattering

from RIBs

e.g. electron scattering from unstable nuclei (colliding accelerated
electrons and low-energy radioactiveions!)
SCRIT at RIKEN (Japan) and ELISe at GSI (Darmstadt, Germany)

SCRIT@RIKEN

detectors

L
—



’8Ni(Z=28, N=50) revealed as a doubly magic stronghold against nuclear deformation

A« % R Taniuchi et al., Nature 569, 53 (2019)
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High E(2+,)=2600(33) keV
confirms the doubly-magic

nature of 78Ni (initial hint came from S,

values of n-rich Cuisotopes, A. Welker et al,

PRL119, 192502, 2017)
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« The same total energy for both events - £E,=9.3(1) MeV
« Compared to a emitters different energy split

E, (1%4Te)=4.9(2) MeV, E,(198Xe)=4.4(2) MeV



Selective Resonance Laser Spectroscopy of an Atom

non-resonant excitation of field ionization of
ionization auto-ionizing states Rydberg-states
t extraction
ionization .
;gi\x T potential fleld
higher excited
states
L1l
|
? first excited E I
state 1
- La-er
@) V |
1 L N)
~ 0 Mass
Separator
OeVv state Eo o N L




RILIS: Resonance Ionization Laser Ion Source

60KV Laser lonization

®
— :: 0 +
-—-—
laser
Laser beam& beams
'r_'_’ ...... T ! ...............................................
atom ion
Extraction —
Electrode = %_szg%rg];t °°"ti"““mr 7 /a% i
’i
- D.C. + ionization ™ excited states
energy ]\
< 9-10 eV "
f
BN
. ground state )
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gsurface - 0.1% '2% - In, Ga, Ba,

Element (Z2) — selective!

lanthanides
<0.1% - others Elaser = 2% - 30%



An example: Charge radii from Charge Changing Cross

Sections with RIBs

Sum of all reactions that decrease proton number of the projectile
A . Carbon
TS L}v) AZ 3.2 [ %
1» _/ L
A7 » [
) 30 B §
target P C) - g
(a) Setup for Charge-Changing = [ 3.
Cross Section Measurements o 2.8} 4
FRS provides fully identified TPC TPC TPC a y % -
exotic nuclei - i ¢
HEH . l N | | g 26 fi
F2 SC Veto R i /
L MUSIC MUSIC [ , -
A F4 Sads 3 :
S B
‘ ToF NsameZ i g
6 D e
Nill B (h) 104 r\hlthrll ;; <tion lnl tll (C) 2.2 -_ ..........................
Before target 10° ' After target I
- ’\u"“ g L /v .'\‘ 20 b v 1
MK Y, | GBS y R 10 12 14 16 18 20 22
3 O O 10 * 'h [ Mass Number (A)
: - el
28 3 32 34 36 38 1 2 38 4 . g
AQ . * Consistent with Rp from
electron scattering
Carbon R. Kanungo et al., Phys. Rev. Lett. 117 (2016) 102501 oot imeat v prow and toatics sl deved fras the data
for the carbon isotopes.
Boron A. Estrade et al., Phys. Rev. Lett. 113 (2014) 132501 woope | LA e RRo RV RR
2¢ 937 733(7)  2.32(2) 2.33(1)  2.35(2)
o . e 828 T726(7 2.30(4 2.32(1 2.28(4)
Beryllium S, Terashima et al., Prog. Theor. Exp. Phys. (2014) 101D02 o ow ;ﬂiﬁ ;..3(;13 2372) %‘2:1&?
16C 907 745327; 2:210::1; 234?3:
7c 979 754(7) 2.42(4) 2.76(3)
5C 895 747(7) 2.39(4) 2.86(4)
Courtesv R Kanunqo lel 895 749(9)  2.40(3) 3.16(7)
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Around Z=82 and neutron mid-shell N=102-108, protons and neutrons
coherently produce low-lying coexisting oblate and prolate shapes

Spherical Oblate | Prolate




Resolution for In-source Laser Spectroscopy with RILIS

Main limitation for the resolution:
Doppler broadeningdueto hotion source configuration
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Alessandro Pastore & Jacek
Dobaczewski:

* The phenomenon of the radii :
staggering in Hg is a subtle effect (.4}
of an interplay between: !

E* [MeV]

(i) shape coexistence
(i) pairing strength

(ii1) deformed shell structure

The presently available
functionals do not allow for I
reuniting these three aspectsin a 12
consistent way (e.g. spins are not
reproduced), although the
essential features of the effect can

DFT and Hg radii
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MCSM and Hg radii..
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S,,-values as the indicators of magic numbers

s,.(Z.N) = BE(Z,N-2)-BE(Z,N)

- 2220 (Fel &~
: 22 Z§28 NiO) ke
Systematic trend of mass ‘, 28l T
. . , S 20¢. . 2231 83}::@';: '
difference is a direct indication gt el =R

of the ground state property.

Two-neutron separation energy,

S,,, are shown. Sudden drops _
above N = 50 gap are evident.

It's hard to reach exotic region. 63840 45 44 46 48 S0 53 B4
Neutron number

Instead, the excitation energy works as a good indicator of shell
closure and single particle energies.

The energy of first 27 state of even-even nuclei is rather commonly
used for a first clue of shell-closure.



93.54Ca Masses with Penning Trap at ISOLDE

Reference ion source

6.5cm

F.Wienholtz et al, Nature, 498,346,2013 Towards
Penning traps

RFQ cooler and buncher MR-TOF mass spectrometer TOF detector
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93.54Ca Masses with Penning Trap at ISOLDE

F.Wienholtz et al, Nature, 498,346,2013
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Useful Web-sites for Alpha decay theory/calculations

(fry them at homel)

Tunneling model of

30 - alpha emission Penetrability through the barrier
depends exponentially on Q, value

1/2

dr

20

2% ZaZn€’
mlﬁllﬂnl T 6" [ ( - - -Qa]

|'| ||
|.|||.I

Energy (MeV)

0 20 30 40 NB: integration between R1 and R2
Separation of centers (

log(th )= A+
Vo,

Useful calculations:

http://hyperphysics.phy-astr.gsu.edu/hbase/nuclear/alptun.html
http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/barr.html#cl
http://demonstrations.wolfram.com/GamowModelForAlphaDecayTheGeigerNuttallLaw/



http://hyperphysics.phy-astr.gsu.edu/hbase/nuclear/alptun.html
http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/barr.html#c1
http://demonstrations.wolfram.com/GamowModelForAlphaDecayTheGeigerNuttallLaw/

Mass Separator ISOLDE (CERN, Geneva)

Proton beam 1.4 A,
1.4 GeV from PSB

SISLSS

Control Room

Experiments

2 Target stations, 2 mass separators — GPS and HRS




