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NUCLEAR CHART

E 4 286 nuclei existed when earth was formed
5 about 3200 nuclei known

B about 7000 nuclei expected

Z

N

The valley of stability
el with excess  the neunﬁdgg_/)

nucleons move - the valley is poor
down the valley understood - scientis
towards stability aren't sure where
dripline lies




BRIEF HISTORY

1930’s

Chadwick (1932) neutron
Heisenberg (1932) isospin
Yukawa (1935) meson hypothesis

1940’s
Discovery of the pion in cosmic rays (1947) and in the
Berkeley Cyclotron Lab (1948)

1950’s
One-Pion-Exchange (OPE) models
Multi-pion exchanges

1960’s
many pions = multi-pion resonances

0(600), p(770), w(728)
one-boson-exchange model



BRIEF HISTORY

1970’s

Refined meson theories

Sophisticated models for two-pion exchange

Paris potential, Bonn potential, Argonne potential

1980’s
nuclear physicists discover QCD
quark cluster models

1990’s
nuclear physicists discover Effective Field Theory (EFT)
Steven Weinberg



NUCLEON-NUCLEON FORCE

too close - repulsion

too far - no attraction

H p(770), w(782). (1019) Q O
energy 27 T
m optimal distance
interatomic distance ! D

1/M(r) = 1.5fm
1/M(p) ~ 0.2fm
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Otsuka, T et al., Phys. Rev. Lett. 104, 012501 (2010),
Fujita J, Miyazawa H. Prog. Theor. Phys. 17:360 (1957).




GENERAL TWO-BODY POTENTIAL
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source:R. Machleidt, CNS summer school 2005 7
Okubo and Marshak, Ann. Phys. 4, 166 (1958).



YUKAWA POTENTIAL AND CONTACT INTERACTION

g2 —mr
Potential: V(r) = —
A r
Propagator: P =
pagator: P(Q) =

If M > (), spatial structure not resolved — contact interaction



CHIRAL EFFECTIVE FIELD THEORY

Chiral momenta Q ~ 1/4 ~ m,

Hard scale: A = m,

Expand in powers of: O/A < 1

3N forces: fit binding energy and half life of 3H or
binding energy of 3H and charge radius of “He



CHIRAL EFFECTIVE FIELD THEORY FOR NUCLEAR FORCES

LO 0(_\§)>< — —

At higher orders, many-body forces occur naturally.

o«a m x

derlved in (1994/2002)
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© oy (2000

10



3-NUCLEON FORCES UP TO N3LO

ARSI SRLER SR .S I

(a) (b) (e) (f) (g)

Shaded vertices denote the amplitudes of the corresponding pion/nucleon
interactions.

(a) 2z exchange

(b) 17-contact

(c) 3N contact

(d) 27-17 exchange

(e) ring contributions

(f) 2z-contact

(g) relativistic corrections
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REMINDER: NUCLEAR SHELL MODEL

Further splitting  Multiplicity
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Energy (MeV)

NEUTRON DRIPLINE ON OXYGEN ISOTOPES

I 1 1 1 1 ] 1 | 1 ) )
(a) Energies calculated |

from phenomenological | |
forces

(b) Energies calculated
from G-matrix NN 1 |
+ 3N (A) forces | |

I .
(c) Energies calculated

from Vi k NN 1
+ 3N (ANLO) forces ]
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repulsive 3N forces correctly predict neutron dripline at ZgO

13




Energy (MeV)

SPECTROSCOPY
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Energy (MeV)

NEIGHBORING OPEN-SHELL NUCLEI
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NEUTRON RICH CALCIUM ISOTOPES
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CHARGE RADIUS MEASUREMENT

., Proton beam

lon source L
Fabry—Pérot He:Ne
|><| interferometer '
Laser
\ Nd:YVO,
Ti:Sa Laser

cw: 393 nm

® Caatom @ Caion

® Protons

ISOLDE, CERN, Nature Physics 12, 594-598 (2016).

RILIS
lonization scheme

1

655.0 nm
ap? 1D2
585.7 nm
4s 4p'P,

High-resolution
mass separator

RFQ cooler and
buncher

422.7 nm
4s%'s,

Ca

Electrostatic
deflectors

3

22} 5ca
§ 10

o

o

2 2

3 52Ga
(&)

. s 2
2000 0 1000
Relative Frequency (MHz)

-3000

Level scheme for
resonance excitation .

4p2|3/2

393.4 nm

Photomultiplier
tubes

opoo E

oo 5
Lenses

= = Doppler-tuningi

region :



CHARGE RADII

little change from N=20 to N=28
dramatic change for N>28

due to core-break up of the protons

34 . . . . . . .1 welldescribed by theory using 3N forces
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NICKEL ISOTOPES

Phys. Rev. Lett. 128, 022502 (2021)
https://arxiv.org/abs/2112.03382
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FIG. 2. Nuclear charge radii R. and differentials § (r?)GO'A of

Ni isotopes with respect to *Ni as reference. Experimental
data are compared to theoretical results. See text for details. 19
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A WALK ALONG THE NEUTRON DRIPLINE
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PREDICTIONS FROM THEORY
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Phys. Rev. Lett. 126, 022501 (2021)

A. Schwenk at al., 1905.10475

— Facility for Rare Isotope Beams (FRIB), Michigan, USA (2022); FAIR, Darmstadt (2025).
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EXTRA SLIDES

23



BEYOND THE NEUTRON DRIPLINE
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MAGNETIC MOMENT AND ELECTRIC QUADRUPOLE MOMENT

Magnetic moment (L)

Quadrupole moment (eb)
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