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Which science drives physics with rare isotopes?
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where symmetry violations are amplified.
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Terra
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Neutron stars

Limits of existence: what makes nuclei stable? Materials, medical physics, reactors,..
New shapes, new collective behavior.
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Physics
of Nuclei

How do collective
phenomena emerge from
simple constituents?

How can complex systems
display astonishing
simplicities?

What are unique

properties of open [ What is the New ]
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How do nuclei shape
the physical universe?

What is the origin of
the elements?
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Four modes of carrying out FRIB-related research

Experiment

FRIB

Science

Computation Observation

For scientific progress all four modes are essential and
they complement each other!



« EFT input rooted in QCD
« many-body interactions essential
» energy density functionals —
« constrained by data
+ Kkey insights from exotic nuclei

Many-body "| Open
dynamics | channels

 structure impacted by
* many-body techniques reaction and decay
o direct schemes channels
o smart truncations — * reactions impacted by
o symmetry breaking and restoration structural phenomena
Adopted from  large-amplitude collective motion * unifying structure,
Nazarewicz reactions, and decays




Proton number, Z

In recent years major advances in computational capabilities
have pushed the boundaries of what can be calculated by
microscopic ab initio methods in nuclear theory
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Office of

U.S. DEPARTMENT OF
@ENERGY Science “Why does Carbon-14 live so long?”

Carbon-14 dating relies on ~5,730 year half-life, 14 - 14
but other light nuclei undergo similar beta decay chld il
with half-lives less than a day! ‘

R UNEDF SciDAC Collaboration

Universal Nuclear Energy Density Functional

* Members of UNEDF collaboration made microscopic
nuclear structure calculations to solve the puzzle
*» Used systematic chiral Hamiltonian from low-energy

effecti
* Key feature: consistent 3-nucleon interactions
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Ab initio
calculations are
attempted for

many huclei
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Nuclear forces based on chiral
effective field theory

NN NNN
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NLO <4 I i
Derived 1994/2002
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N3LO Clr==

Hagen et al., Nature Phys.

12, 186 (2016)

Increasing computational power:
realistic ab initio calculations for

- the nuclear A-body problem
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What is the evolution of .

nuclear sizes away from
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How do you cook elements around us?

Stable nuclei

uclei known
to exist

Terra Incognita

—>
Number of Neutrons



How do you cook elements around us?



How do you cook elements around us?

Pop ITT stars
(very big and very
metal poor)
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D

Pop IT stars
(metal poor)



~ Some go supernova,
producing U, Eu,Th...
via the r-process

Pop IT stars
(metal poor)

AGB stars produce
Ba, La, Y,.... via the

s-process
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The origin of elements
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Balantekin et al., arXiv:1401.6435 [nucl-th]

Possible sites for the r-process

Neutrinos not only
play a crucial role
in the dynamics of
these sites, but
they also control
the value of the
electron fraction,
the parameter
determining the
yields of the r-
process.



Estimated Final Abundances With Uncertainties

Neutron Star Merger
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Ultra metal poor
stars with

high (H) and low (L)
enrichment of r-
process huclei: At
least two
components or sites

(Qian &
Wasserburg)
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Comparison of the theoretical beta decay half-
lives to the measured values

’ . A T T T
ig‘: E.. ° K “‘ '..z l e ; .‘ ® A AQ .
10" | 3.
e -.-,.ui’r'ﬂ !i: l*r,;m;'l i l!lﬁ!i'i!!inr{! !hl*it
10_2;— N . t . . e o, ¢ ::. ‘ 0: : A E
103 L A . ) ) f ( )! L R . 30 . 3
10 20 30 40 :)0 60 70 80 90 100

Neutron Number (N)

2 _,_;=
RN

r-process nuclei
15 20

Mumpower et al., Prog. Part. Nucl. Phys. 86, 86 (2016)



Y(A)

Y(A)

Y(A)

Variances in isotopic abundance patterns for three
different nuclear mass models a) uncertain beta-decay
half lives, b) uncertain neutron capture rates

(a) (b)
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We are now able to observe very old (pop III) stars
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[Ba/H]

Recent discovery of strong enhancement of r-process element abundances
Several orders of magnitude greater enhancement than that seen in other
ultra-faint dwarf galaxies, implying that a single rare event produced the
r-process material (Neutron-star mergers?)
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Recent measurements on neutron-rich nuclei and estimated
capabilities at the future FRIB (black line: 10-* particles per second
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In effective field theories at lower energies,
beyond Standard Model physics is described by
local operators

L=Lg, + c” ~ 0"+ 2 G 0 4+ E G 07 +

A A A
Majorana + H~-dJ E
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mass -0 —=TrF, F 3 _e_)
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Nuclear EDM's and the Schiff moment

Schiff shielding: d,__ =d

atom electronic

+d

nuclei

= ()

However, since the nuclear charge distribution
is not isotropic, one obtains the Schiff moment:

1 1isoscalar
S=L ei(rf—§<r2> )rl.x< .
10 < 3 /ch T 1sovector

1

Note that, since this is a difference of two large quantities, it involves many
subtle nuclear physics issues, such as identifying contributions of single-
particle states, low-lying dipole resonances...

Auerbach, Dobaczewski, Engel, Flambaum, Haxton, Kriplovich, Ramsey-Musolf,
Shlomo, Zelevinsky......




Enhancement of EDM from
octupole deformation
No spin-correlation suggests

<W+ |dinternallw+> —

A interaction which is T- and
P- odd would mix the states
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- <w+|dinternal|w—>
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/
"=+ - V2 (dz>lab — 2adinternall+—1

o

——— W= (4 + N2

Haxton & Henley; Auerbach, Flambaum & Spevak;
Dobaczewski & Engel



Reactor neutrino experiments fo measure the remaining mixing
angle also measure the reactor neutrino flux
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..but they also
bring a surprisel
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How to determine the neutrino spectrum?

Method 1: Start with the

Method 2: Directly sum fission yields
measured electron spectra

using nuclear data compilations
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They do not quite agreel!



Electron spectra calculated/experimental

1.2

Note that two different
direct sum calculations
(with many assumptions)
produce similar bumps!
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142Cs among top three contributors to the neutrino “shoulder”
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142Cs among top three contributors to the neutrino “shoulder”
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Thank you very muchl!




