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Coexistence: where we have been
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NOTE: deformed states exhibit a characteristic “parabolic” energy pattern

Coexistence in the even-Hg isotopes
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Odd-Au isotopes: hy/, “intruder” state
intruder states exhibit a characteristic “parabolic” energy pattern
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Odd-Tl isotopes:
NOTE the “hy,” state lies below the h,,/, state
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Coexistence in even-Pb isotopes:

multiple parabolas and spherical (seniority) structure

Figure: Heyde & Wood

Heavy arrows indicate EO+M1+E2 transitions
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Odd-Tl isotopes: hy/, and i,5/, intruder states

“displaced” parabolas
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Coexistence in odd-Tl isotopes:
hy/, multiple parabolas
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Coexistence in odd-Au isotopes:
EO transitions and multiple parabolas

C.D. Papanicolopulos et al. ZP A330 371 1988 + unpublished
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Odd-Au “double-intruder” structure associated
with the hy/, configuration: nt 1p-4h and it 3p-6h
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Coexistence in the even-Pt isotopes:
mixing and EO transition strength
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Relationship between energies of intruder states in odd-mass

nuclei and coexistence in even-mass nuclei
Unpaired nucleons are not the “drivers” of deformation
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Relationship between energies of intruder states in odd-mass
nuclei and coexistence in even-mass nuclei
multiple parabolas?
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Relationship between energies of intruder states in odd-mass
nuclei and coexistence in even-mass nuclei
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Odd-mass intruder states and their association
with low-energy excited 0* states
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EXCITATION ENERGY (MeV)

Schematic view of energy contributions
to intruder state energies
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Coexistence in the odd K, Sc, and V isotopes:
deformed intruder states exhibit a characteristic parabolic energy trend
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% Parabolas sharper in light nuclei

than in heavy nuclei because shells
more confining.
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Intruder state energies @ N = 20 have contributions from
multiple sources which are not limited to the pure* shell model
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Figure from Heyde and Wood JP G17 135 1991

*the pure shell model is an independent-
particle model:
intruder state energies have very large
contributions from many-body correlations:
pairing--AE,;,
quadrupole--A,
monopole--A,,

Mapping the borders of the Island of Inversion:
not a profound structural issue—there is
coexistence inside and outside of the borders.

See also Poves and Retamosa
PLB184 311 1987



0* v(2p-2h) intruder state energies @ N=20:
estimates from v (1p-2h) + v (2p-1h) energies

Figure adapted from Heyde & Wood
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Shape coexistence @ N=20

E(MeV) 0,* state identification:
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Sudden changes in Zr ground-state properties:
Intruder (shape coexistence) or critical point “phase” change?
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0,* states and deformation in Zr isotopes, 50 < N < 62:

electric quadrupole transition strengths
B(E2) W.u.
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A deformed structure can intrude to become a ground state:

appears to produce a “collective phase change”

Nuclei are manifestations of coexisting structures
that may invert by addition of a few nucleons, and may mix.

Proton pair excitations with respect to the Z = 40 subshell
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0,* states and deformation in Zr isotopes, 50 < N < 62:

electric monopole transition strengths
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Isotope shifts and
two-neutron separation energies

e Adirect view of ground-state properties through atomic
hyperfine spectroscopy and mass measurements

* Does not require decay of a parent isotope (further from
stability, production-rate limitations)



N=20: sudden onset of deformation in the Na isotopes
revealed by ground-state isotope shift and mass data

Na isotope-shifts determined by:

G. Huber et al., PRL 34, 1209 (1975);
PR C18, 2342 (19738)

Na two-neutron separation energies deduced
from masses determined by:

C. Thibault et al., PR C12, 644 (1975)




Ground-state properties are a direct signature of
shell and deformation structures
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R&W Fig. 1.41

Sr isotopes

25

Sr isotopes

R&W Fig. 1.42

Differences in mean-square charge radii (isotope shifts)
determined by:

optical hyperfine spectroscopy using lasers

Two-neutron separation energies deduced from
nuclear masses determined by:
direct mass measurements



Ground state properties, S, and 6<r?>, in the regions
of N = 60, 90 are very similar
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Isotope shifts: Pt, Au, Hg, Tl, Pb, Bi, Po, At
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Two- and four-nucleon transfer
reactions

* Reveal distinct pairing condensates



Two- and four-nucleon transfer reactions: Mo > Zr
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Counts per channel

Counts per channel

oo '“Pd(*He,n)!'°Cd

Ll ThM
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1.77 |

HO7 116Cd(*He,n)!¥Sn
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1 Time-of-flight (TOF) spectra for neutrons in the two-

1 neutron transfer reactions, a). the 1°8Pd(3He,n)1°Cd and
| b). 11eCd(3*He,n)!8Sn.The events corresponding to the

| ground states are marked as g.s. All of the strong peaks
- correspond to O* states. The peaks at 1.44 MeV in 1°Cd
1 And 1.77 MeV in 118Sn match the excitation energies of
| the lowest energy deformed states in these isotopes.

The spectra are taken from
H. W. Fielding et al., Nucl. Phys. A281, 389 (1977).



Rotational bands in (closed shell) 112-1205n:
built on excited 0* states
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Counts per channel
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N =50, 82: v (2p-2h) 0%, 2*
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Intruder v(1p-2h) “2d;,,, 3s,,,” structure in N = 49 isotones
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Intruder v(1p-2h) “2f, ,” structure in N = 81 isotones
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32Mg: 0,* state observed by (t,p) via
inverse kinematics with a 3°®Mg beam
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Excited 0" states in the Ca isotopes:
multi-particle-multi-hole states, and...?

E (MeV) Figure adapted from J.L. Wood et al., Phys. Repts. 215 101 (1993)
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EO’s and p%(EOQ)’s

e Reveal mixing of configurations with different mean-
square charge radii / different deformations



EO transition between states with very different
deformations and mean-square charge radii

J. Kantele et al., Phys. Rev. Lett. 51, 91 (1983) h2  33kev
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Conversion electron spectroscopy:
uniquely sensitive to EO transitions, identifies shape coexistence
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EO transitions--a, > o, (M1):
complex decay schemes require y-e coincidences

M.O. Kortelahti et al., PR C43 484 1991
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EO transitions between shape coexisting states
in the Sn isotopes
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EO: transition operator and matrix element
--a model independent description

EO transition strengths are a measure of the
off-diagonal matrix elements of the
mean-square charge radius operator.

Mixing of configurations with different
mean-square charge radii produces
EO transition strength.
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Origin of idea that EO strength heralds shape coexistence is

due to Jan Blomquvist
(priv. comm. to JLW from Rauno Julin)
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34Si: 0,* state observed by internal-pair
(electron) spectroscopy via B decay of 34MAl
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Counts / Channel

Counts /7 Channel

EO transitions between “single”and “double”
intruder states in 1%°Au
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Shape coexistence in the N = 90 isotones:
revealed by EO transition strengths

Strong mixing of coexisting shapes produces strong electric monopole
(EO) transitions and identical bands.

Data from Heyde & Wood
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Coexistence in the N = 90 isotones:
K=0and K =2 bands

EO transitions between pairs of K = 2 bands
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152Sm and the neighboring N = 90 isotones are a
manifestation of shape coexistence

Proton particle-hole excitations across the Z = 64 gap may be the
source of the coexisting shapes.

Less-deformed 2h and more-
deformed 2p-4h structures
“n(2p-4h)’ normal N=90 2" coexist at low energy at N=90.
collectivity

Strong mixing obscures the
energy differences that are
indicative of different shapes.

Energy

Strong EO transitions are a key
signature of the mixing of
coexisting structures.

suppressed :
collectivity unmixed mixed
L -—_L—> N As observed, the K=2 bands

1
84 86 88 90 92 9 . : :
will also mix strongly, resulting
in EO transitions.




Coexistence in the even-Pt isotopes:
coexistence of K =0 and K = 2 bands in 1Pt
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Coexistence in the even-Pt isotopes:

K=0andK =2 bands

184Pt
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Coexistence in the even-Pt isotopes:
K=0andK =2 bands
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Coexistence in the even-Pt isotopes:

K=0andK =2 bands
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Coexistence in the even-Pt isotopes:
intruder ground-state interpretation
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Coexistence in the even-Cd isotopes:

K=0and K =2 bands
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Nilsson 1/2- 541 odd-proton
(hg/, intruder ) energy systematics
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B(E2)'s and <|E2]|>’s

* Reveal directly the quadrupole collectivity (deformation)

OR

* Reveal mixing of configurations with different intrinsic
guadrupole moments



E2 transitions associated with shape coexisting states
in the Sn isotopes
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Evidence for mixing of 0," and 0;" configurations
in 115Sn
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B(E2; 0,* » 2,*) vs. E(0,*) — E(2,*): coexistence and
mixing yields B(E2; 0," 22,*) ~ a? B% (AQ)?
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Coulomb excitation of radioactive beams (13?Hg)
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Multistep Coulomb excitation of 7476Kr using
radioactive beams of Kr on a %°4Pb target
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Quadrupole shape invariants constructed from
E2 matrix elements for 7475Kr

E. Clement et al., Phys. Rev. C75
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Shape coexistence at shell and subshell gaps:
the suppression of collectivity
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The Hoyle state (7.65 MeV state in *2C)
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Shape coexistence and subshells:
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%4Zr from two structural perspectives: vibrator
OR coexisting seniority and deformed structures
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O* states in °8Ni:

0,*v=0 state?

0,* 1t 2p-2h deformed state?
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0* 5 0" decays are pure EO: no y’s (**°Hg)

M.O. Kortelahti et al. PR C43 484 1991
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Figure 2.68a,b
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Figure 2.67

Figure from Heyde and Wood
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Coexistence in odd-Au isotopes:
multiple parabolas
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2,* state properties are a strong signature of
shell and deformed structures
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Coexistence in even-Pb isotopes:
multiple parabolas and spherical (seniority) structure
Pakkarinen et al., preprint 2017
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The nature of the shape coexisting state in 11°Sn
revealed by (*He,n) transfer reaction spectroscopy
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Systematics of B(E2; 0%, — 2*%,) vs. E (0%, - 2%))
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Hg (Z = 80) isotopes: detailed spectroscopy--Coulex
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“Shape Coexistence in Atomic Nuclei”--Kris Heyde and JLW,
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Electric monopole transition strengths: critical
test of phase transition models

Fit of a phase transition model to p%l (EO).IO3 at N=88, 90

120 — P. von Brentano et al.,
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Cadmium isotopes: systematics (selected states)
N =50 to N = 82 positive parity, 2313Cd

emerging coexisting collective emerging
collectivity structures AND mixing collectivity
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The Hoyle state (7.65 MeV state in *2C)

Sir Fred Hoyle (1915-2001)

Helium fusion in stars

F. Hoyle, Astrophysical J. Suppl.
Ser.1 121 1954
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EVERYTHING YOU SEE, EXCEPT
HYDROGEN, i.e., MOST OF YOU
AND ME CAME INTO EXISTENCE
THROUGH THE HOYLE STATE
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Helium 2 4

He nucleus=a  Berylium 4 8
Carbon 6 12



