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2* and 4* level properties of Sm isotopes
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Can this be a kind of Phase Transition ?



Can the shape transition be a “Quantum Phase Transition” ?
The shape transition occurs rather gradually.

The definition of Quantum Phase Transition :
an abrupt change in the ground state of a many-body system
by varying a physical parameter at zero temperature

possible scenario

>
parameter = N

(almost) no mixing

completely different shapes

The usual shape transition may not fulfill the condition being abrupt.
Where can we see it ?

If it occurs in atomic nuclei, what is the underlying mechanism ?
Note that sizable mixing occurs usually in finite quantum systems.
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Advanced Monte Carlo shell model (MCSM)

Superposition of the projected Slater determinants
+ Extrapolation by energy variance
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Step 3:Energy variance extrapolation
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MCSM basis vectors on Potential Energy Surface (7-plot)

eigenstate =N ¢ P Jx]’(__ Slater determinant
Z | @ —> intrinsic deformation

e PESis calculated
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T-plot analysis of band structure of %8Ni
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Present work : model space and effective interaction

- Effective interaction: v AT
JUN45 + snbg3 + Vy,, M 112
. . . Oh11/2
known effective interactions 1d5, snbg3 |,
. . 097, 093;2
+ minor fit for a part of 2S,, 2S.,
T=1 TBME’s 1ds), 1d,,,
_ 0ggy, g
Nucleons are excited fully 1y, |[JUN4S o2
within this model space 1P3/ *..'
(no truncation) Ofs), M
proton neutron

We performed Monte Carlo Shell

Model (MCSM) calculations, where

the largest case corresponds to the

diagonalization of 3.7 x 10 %3 _
dimension matrix. Togashi, Tsunoda, TO et al. PRL

117, 172502 (2016)




PHYSICAL REVIEW € VOLUME 20, NUMBER 2 AUGUST 1979

Unified shell-model description of nuclear deformation

P. Federman

Institulo de Fisica, Uniersidod Nacwna! Aussnoma de Mexkn Apariads Fostal X364, Mexico X D, £

S. Pattel

'.l“

| 9%
7:38 -=

FI1G. 3, Single-particle levels sppropriate to u de-
seription of nucled in the Zr-Mo region, An "™Sr core (»
assamed,

From earlier shell-model works ...

PHYSICAL REVIEW C 79, 064310 (2009)

Shell model description of zirconium isotopes

K. Sieja,'? F. Nowacki,’ K. Langanke,”* and G. Martinez-Pinedo’

In this paper, we perform for the first time a SM study
of Zr isotopes in an extended model space (1f52, 2p1)2,
2p32, 1gop) for protons and (2dsjy, 3syp, 2d3p, 1g7,.
1hy1,2) for neutrons, dubbed hereafter w(r3 — g), v(r4 — h).
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FIG. 12. Systematics of the experimental and theoretical first
excited 2% states along the zirconium chain.
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(b) 0" levels
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Shell Evolution - from Type | to Type Il -

proton neutron

Type | Shell Evolution : different isotopes

neutron
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TO and Tsunoda, J. Phys. G: Nucl. Part. Phys. 43 (2016) 024009
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Underlying mechanism : hi1o
Type Il shell evolution =

D

i proton orbit occupancy
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- a case of type Il shell evolution -
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Intuitively speaking,

quadrupole force
deformation =

resistance power
resitance power < pairing force

single-particle energies

Atomic nuclei can “organize” their single-particle energies
by taking particular configurations of protons and neutrons,

thanks to orbit-dependences of nuclear forces (e.g., tensor force).
Quantum Self Organization

Note : spherical single-particle energies are often treated being constant



Nilsson model Hamiltonian
“Nuclear structure I’ by Bohr and Mottelson

deformed nuclei, 1s obtained by a simple modification of the harmonic
oscillator (Nilsson, 1955; Gustafson er al., 1967),

2
= 'j_%q 3 M (w3x3 + 08 (x]+ x37))+ opfiwg(P— (P y) + v, fiwg(d - )
quadrupole deformed field spherical field ~ ©-10)
<l2>N =iN(N+3)

_ ‘ Spin-orbit force
Figure Region — U — Uy

5-1 N and Z <20 0.16 0 A= 68 1.28 |

5-2 50<Z <82 0.127 0.0382

5-3 82<N <126 0.127 0.0268 A=100 1.12 = (1-s)

5-4 82<Z <126 0.115 0.0375

5-5 126 < N 0.127 0.0206 A=186 0.91

Table 5-1 Parameters used in the single-particle potentials of Figs.
5-1to 5-5.
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different shell structures ~ like “different nuclei”
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Summary and Perspectives

The shape transition in Zr is described with a standard SM interaction.
The quantum phase transition (QPM) is identified between %8Zr and 199Zr.
(abrupt qualitative change in the ground state as a function of N )

Type Il shell evolution reduces, in general, the resistance against
deformation, with very different configurations for different shapes.

- shape coexistence, QPM in shapes, super D, octupole D, fission, etc.
The abrupt change (15t order QPM) is a consequence of level crossing
with (almost) no mixing due to completely different configurations,
despite that the nucleus is a finite quantum system.

In more general terms, single particle energies can be self-organized

(quantum self-organization), with the following condition:

(i) two quantum liquids (protons and neutrons),

(i) two major force components : e.g., quadrupole interaction to drive
deformation and monopole interaction to control resistance.

— Nuclei favor more distinct shapes, i.e., enhanced symmetries !
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(MeV)

If these s.p.e.’s are used and the monopole
interaction is eliminated, the prolate 0* is raised

Meuron) 10 8.5 MeV above the spherical one.
_2p3/2_‘ Lt 1
| 097/;\_‘_._.-»- ................................. — |
Ohﬁglz\\\\\_
{10, b |
2.5
i 100Zr
I ol
1%9%—-f..
........................... s 5L G
98 +, 98 +, 100 T\ 104 2 d2+)
Zr () “Zr(0,) Zr(0) 3 _
s 1 0 2
N
. . e
O 5_ O+ O+
2: 2
o 0 0
prolate
Calc. Exp.




Schematic picture of shape evolution (sphere to ellipsoid)
- monotonic pattern throughout the nuclear chart —

one “shape” per one nucleus in many stable nuclei
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