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Exploring the limits of the nuclear landscape
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Nature volume 569, pages &8 (2019)

A What arethe limits of nuclear
existencé&

A Whatfeaturesarisenearthose
limits and beyond?

A Whatarethe heaviestnucleithat
canexist? S.D A dzt falk!y A Qa

A Howdoesthe nucleuschangeasit
IS excitedto higherenergie®

A Howdoesmatter behaveat the
mostextremedensitiesin the
universe?

A Whatisthe origin of clustering



Proton number

Isotopes: 288 stable, 3300 known (2100 have a least an excitation

Exploring the limits of the nuclear landscape

NaturePhysicwolume 14, pages 58341 (2018)
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Nuclear physics withon reactions

Science drivers from NRC RISAC

Nuclear Structure

Nuclear Astrophysics

Tests of Fundamental
Symmetries

Applications of Isotopes

Overarching questions to be answered by rare-isotope res

earch

Scattering and transfer as spectroscopic tools

- What is the nature of the
nuclear force that binds
protons and neutrons into
stable nuclei and rare
isotopes?

- What is the origin of simple
patterns in complex nuclei?

- What is the nature of
neutron star and dense
nuclear matter?

- What is the origin of the
elements in the cosmos?

- What are the nuclear
reactions that drive stars and
stellar explosions?

- Why is there now more
matter than antimatter in the
universe?

- What are new applications
of isotopes to meet the
needs of society?

17 benchmarks programs to answer overarching questions

1. Shell structure

2. Super heavy elements
3. Skins

4. Pairing

5. Symmetries

13. Limits of stability
14. Weakly bound nuclei
15. Mass surface

6. Equation of state
7. r-Process

8. 150(a,y)

9. 9Fe s-process

15. Mass surface

16. rp-Process

17. Weak interactions

12. Atomic electric dipole
moment

15. Mass surface

17. Weak interactions

10. Medical
11. Stewardship

Pairing Occupancies Collectivity = Vacancies Pairing
Removing a Removing / Rotations & Adding / Adding a
correlated pair occupancy vibrations vacancy correlated pair
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Unifyingreactionand structure!



Alittle story: direct reactionsabovethe Coulombbarrier

Angular Distributions of Protons from the Reaction On Angular Distributions from (d, p) and (d, n)
O'(d, p)0" Nuclear Reactions
Hanwan B, Burrows S.T.B *
University of Liverpool, Liverpool, Englend S U:[LER . ) ] )
W. M. GIBsoN Department of Mathematical Physics, University of Birmingham,
University of Bristol, Bristol, England Birmingham, England
AND October 30, 1950

J. ROTBLAT
Medical College of St. Bartholomew's Hospital, London, Englond
October 30, 1950
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Directreactions: from “Simplé observablego nuclearproperties

T.Aumannet al., Progress in Particle and Nuclear Physics 118 (2021) 103847 E.Becheveet al. Phys RevlLett 96, 012501 (2006)
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Physicdrom direct reactions selectedtopics

Weak-BindingPhenomena

Experiment: 2s, 1d Experiment: 3s, 2d Calculation: 4s, 3d
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How weak binding plays a role in heavy nuclei and whether
neutron skins and neutron halos might exist in these systems?

Pairingin Nuclei

bT=0,J>0

T=1,J=0

® %

a
what is the role of neutron pairing
correlations in more diffuse neutrench nuclei and in halo
nuclei? Doessoscalanp-pairing occur
in nuclei?

Nature volume 469, pages 681l (2011)

Cross section

Effective Interactions Deduced from Nuclear Spectra

132Te

131Sh

\ |
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133Te

135Te

133Sh

131|n

136Te

135Sh

128Cd 129Cd .131Cd 132Cd

Effective interactions which have led to highly
refined shelmodel calculations

Necessary radioactive beams
Particle-particle system
Particle-hole system
Hole-hole system
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ChargedParticle Probes of Collective Properties in
Nuclei and Fundamental Symmetries
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light neutronrich nuclei to characterize seftipole resonances



Directreactionswith spectrographs
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H. E. Enge, Physics To@8y7 (L967) Schiffer et al., Phys. Rev. Lett. 92, 162501 (2004)
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Inversekinematics... achallenge

d(?8Si,p)2°si
inverse

Oc.m.<30°

6 MeV/u
Q =6.24 MeV

283i(d,p)29S;i
'conventional'
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O)ap. (deg.)

At I NI A Of S A RESefhinigjuesiaOlow A 2
energies.

A Energy dependence with respect to laboratory
angle.

A Kinematic compression at forwaodm.angles.

A Typically leading to poor resolution (100s of
keV).

AX FyR 0SI Yorders 6f @agnitiid2
weaker



Inversekinematics... achallenge

NecessitiescomplexSiarrays highintrinsicresolution high
angulargranularity low thresholds largeacceptanceoften
coincidentgammaray detection(can caus@roblems, e.g,
MUST2 (GANIL),-REX (ISOLDE), SHARC (TRIUMF), ORRU
(ORNL), TIARA (GANIL), etc.

Polar angle coverage

15 to 165 degree
coverage (>75%)

Using the traditional approach of placing a segmented Si
detector at a fixed laboratory angle, typically around ~200
500 keV FWHM

J. Diriken et al., Phys. Rev. C 91, 054321 (2015)
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Thesolenoidalspectrometertechnique
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A. H. Wuosmaa et al., NIMY8O, 1290 2007)




Thehelicalorbit spectrometer(HELIOS)

Argonne &

NATIONAL LABORATORY
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Solenoidal spectrometers: Working principle

Higher energy,
higher CM angles

e.g. annular Si

o
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HELIOS

Solenoidal spectrometers around the world

' 120lde
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How to Get a Magnet -
Talk to your friends!

Birger Back and Peter Winter (ANL) found locations of several
OR66 4T MRI systems — Brisbane warm for two years.

-

3 Mick Prendergast
MarneT raffic.com

Feb 2016: Centre for Advanced Imaging, The University of Queensland
Brisbane Australia

18th Feb - 15t March 2016

Brisbane to Singapore : Calicanto Bridge
5t March - 7% April

Singapore — Rotterdam: MSC Sarah

2w
~ L 3

19% April

CERN Building 190

Cost: roughly £130k with £8k
shipping c.f. order of £1M for
bespoke design.

Slide from Sean Freeman, shown at the 2017 ReA Solenoidal Spectrometer Workshop at ANL
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The Active Target approach
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AsAd boards Micromegas High-voltage

feedthrough

Cathode

nnnnn

Beam
entrance

'''
.....

The Active Target Time Projection Chamber{AHC)

A Highluminosityandlargedynamic
range

A Highresolution(in principlebetter
than solidstate detectors.

A Pureelemental gases

A Cylindricaktonfiguration large
thicknesswith moderatecostfor
electronics

A Versatilesetupfor different type of
reactions

A Magneticfield enablesrigidity

measurement

A Kinematicgeconstructionnot it NJ&A & A



A microscope for nuclear reactions
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Energy (MeV)

An example of luminosityi?Be(p,d)!Be
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1?Be beam of about50ppsat 12A MeV
on 600 torr pure hydrogen
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Gallery of events

Alphas pas de deux
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Observation of a neathresholdisoscalardipole resonance irt°Be

- >N
PhySTCS ABOUT BROWSE PRESS COLLECTIONS

SYNOPSIS

Nuclear Ground State Has Molecule-Like
Structure

November 21, 2023 « Physics 16, s167

The protons and neutrons in a nucleus can form clusters analogous to atoms in a molecule, even in the nuclear
ground state.
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SAMURAI, RIKEN (Japan)
Phys RevLett. 131, 212501 (2023)



Observation of a neathresholdisoscalardipole resonance ii°Be
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Observation of a neathreshold |soscalard|pole resonance in’Be" threshold

PhyS|CS ABOUT BROWSE PRESS COLLECTIONS

SYNOPSIS

Nuclear Ground State Has Molecule-Like
Structure

November 21, 2023 « Physics 16, s167

The protons and neutrons in a nucleus can form clusters analogous to atoms in a molecule, even in the nuclear

ground state.
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Open guantum systems: the case 8
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b-delayed proton emissiomf 1'Be: a neutronrich nucleus that emits protons?

Near-threshold resonance helps
explain a controversial
measurement of exotic decay in
beryllium-11

.........................
i s

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




b-delayed proton emissiomf 1'Be: a neutronrich nucleus that emits protons?

YAet al.
Phys. Rev. Lett. 123, 082501 (2019)

Near-threshold resonance helps
explain a controversial

e, Proton energy distribution

measurement of exotic decay in WCANEBGO RANEBO l'p 20638 Nﬁ U Perad-Wh F10 kel
beryllium-11 . . . > 608 TEN Y )
In a neutronrich nuclel. ® ———~ Breit-Wigner I, = 15 keV
T~ uBranching ratio is 1.2xTQ 50 .
X theory 8.0<10k §. 2 A
- wA narrowsingleparticle 3 1\
""""""""""""" | resonance (12 keV) iAB was ©30 ’z‘ '\‘
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oDecay into the continuum i 1.
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R much shorter branching ratio A " —
(10%9). o 250
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B states above the a-decay threshold via the B (d, p) ''B reaction m

Share v
A.N. Kuchera®1, G. Ryan 1, G. Selby®©", D. Snider ', S. Anderson', S. Almaraz-Calderon ¥2, L. T. Baby?, B. A. Brown
345 and K. Hanselman 92 et al.

Show more v

Phys. Rev. C 110, 054319 - Published 19 November, 2024

DOI: https://doi.org/10.1103/PhysRevC.110.054319

Export Citation

Abstract

The resonance region of 1B covering excitation energies from 8.4 to 13.6 MeV was investigated with the (d, p) reaction performed
on an enriched 9B target at the Florida State University Super-Enge Split-Pole Spectrograph of the John D. Fox Superconducting
Linear Accelerator Laboratory. Complementary measurements were performed with a target enriched in !B to identify possible

12B contaminants in the (d, p) reaction. Four strongly populated B states were observed above the a-decay threshold. Angular
distributions were measured and compared to distorted wa i

10

a contribution. The predicted °B (3*) + n resonance at 11.6 MeV, analogous to the 11.4-MeV proton
resonance, was not observed either. Upper limits for the '°B (3*) + n spectroscopic factors of the 11.4- and 11.6-MeV states were

determined. In addition, supporting configuration interaction shell model calculations with the effective WBP interaction are
presented.



Disentangling*'B structure with HELIOS

1B is stable so why do we need
Inverse kinematics and a solenoid?:

A11B beam is 100% pure.

A Chargeedparticles emitted in the
decay are boosted and focused on
I the solenoidal field (Efficiency).

A The solenoidal spectrometer
technique is well suited for such
narrow resonances.

A Large coverage of excitation
energy (very positive Q value)



