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Schematic picture of shape evolution (sphere to ellipsoid & vice versa)
- gradual changes throughout the nuclear chart —
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2* and 4* level properties of Sm isotopes Y<!)D L (Z=62) T4 +—T

Ex (2%) :

excitation energy of first 2* state R4z = Ex(47) T Ex(27)
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Phase Transition :

A macroscopic system can change qualitatively from a stable state (e.g. ice for H,0)
to another stable state (e.g., water for H,0) as a function of a certain parameter

(e.qg., temperature).

The phase transition implies this kind of phenomena of macroscopic systems
consisting of almost infinite number of molecules,

where thermodynamics can be applied.

Quantum Phase Transition (QPT)

The concept of the phase transition cannot be applied to microscopic systems
as itis. Inthe QPT, the ground state of a quantum (microscopic) system
undergoes abrupt and qualitative change (of order parameter)

as a (control) parameter changes (little).



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. (cf., Wikipedia)

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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MCSM basis, deformed Slater det.
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Step 3:Energy variance extrapolation
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MCSM basis vectors on Potential Energy Surface (7-plot)
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eigenstate ¥ =Y ¢, P Jw]. Slater determinant
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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)
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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
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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).

54 56 58 60

N

FIG. 12. Systematics of the experimental and theoretical first
excited 2% states along the zirconium chain.




week ending

PRL 117, 172502 (2016) PHYSICAL REVIEW LETTERS 21 OCTOBER 2016

S

Quantum Phase Transition in the Shape of Zr isotopes

1234

Tomoaki Togashi,l Yusuke Tsunoda, Takaharu Otsuka, and Noritaka Shimizu'
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(b) 0" levels
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B(E2; 2* -> 0") systematics

160— | | | |
 (c) B(E2) values 'ﬁ
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New data from Darmstadt, Kremer et al. PRL 117, 172503 (2016)
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FRDM: S. Moeller et al. At. Data Nucl. Data Tables 59, 185 (1995).
IBM: M. Boyukata et al. J. Phys. G 37, 105102 (2010).
HFB: R. Rodriuez-Guzman et al. Phys. Lett. B 691, 202 (2010).
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Occupation number

a D W~ 01 OO N

_ (a) Proton occupation numbers

_982'_ (O+1) 98 (O+2) 100, (O+1)11OZr (O+1)

- /

sph. |
def.

9712
Underlying mechanism :
Type |l shell evolution Mo
Jor2 ds/
d
Pas2.172» Ts12 oz
proton neutron

(b) Neutron effective single-particle energies J

Neutron effective single-particle
energies are self-reorganized by
nuclear forces (tensor and central)

reduce resistance power against
deformation.
- a case of type Il shell evolution -



Jahn —Teller effect for nuclear deformation

(Self-consistent) quadrupole deformed field <Y, , (0,¢) mixes the orbits below

W (J=112) = €4 |Qy72; /71122 + Cy |dyp; ;=1/2> + C |dg)p; j,=1/2>
stronger mixing = larger quadrupole deformation

Mixing depends not only on the strength of the Y, , (6,¢) field, but also
the spherical single-particle energies &,, &,, &,, etc.

9712 I T -
-~
82 T - >

d3/2 1 l ______ >
83 ———————

d5/2

closer to degeneracy

larger deformation for the same deformed field
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E/R—JL A (Monopole interaction)
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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 =¥ BBt

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



Woods-Saxon potential

Parameters are constant within a given nucleus

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

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

pZ

H=—— +i M (w3x3+ 0’ (x]+ x3))+ v ftws(12— D) + v fiwg(l s)

2M ,
spherical field (5-10)
constant within a region

quadrupole deformed field <|2>N —IN(N+3)

Figure Region — % Y Spin-orbit force

5-1 Nand Z <20 0.16 0 _

5-2 S0<Z <82 0.127 0.0382 A= 68 1.28

5-3 82N <126 0.127 0.0268

5-4 82<Z <126 0.115 0.0375 _ .

5-5 126< N 0.127 0.0206 A=100 1.12 ~(I's)
Table 5-1 Parameters used in the single-particle potentials of Figs. A=186 0.91 _
5-1 to 5-5.




Intuitively speaking, HETEDE—REIEM
SDIGZEIFFEAA~NDER)

quadrupole force

deformation =
resistance power

\ EHTEDE—RIZIERELEL
(ZEIEDOLOTEDH)
EFZDEBEIZIZTE—FAES
HEEIRILT—[ZLDT
K ADDOZETIEDEEINEDHS

Analogy to electric current,

voltage

current =
resistance

27
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different shell structures ~ like “different nuclei”
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2+ and 4* level properties of Sm isotopes <2 L FAY—T

Ex (2%) : _ . .
excitation energy of first 2* state R4z = Ex(47) T Ex(27)
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§

First Measurement of Collectivity of Coexisting Shapes Based on Type 11 Shell Evolution:
The Case of *°Zr

C. Kremer,' S. Aslanidou,' S. Bassauer,' M. Hilcker,' A. Krugmann,l P. von Neumann-Cosel,'
T. Otsuka,™** N. Pietralla,' V. Yu. Ponomarev,' N. Shimizu,” M. Singer,' G. Steinhilber,'
T. Togashi,3 Y. Tsunoda,3 V. Wemer,l and M. Zweidingerl

57(4) W.u.

2.3(3) W.u.

=+

B(E3;37 = 07) [Wau.] 57(4) 46.6*
B(E1;25 — 37) [Wa.] 28(9) x 1073 0.00

*Effective E3 charges e2> = 1.24¢ and e = 0.82¢ are taken by
applying Z = 40 and N = 56 to the estimate shown in Ref. [15].
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Summary and Perspectives
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(abrupt qualitative change in the ground state as a function of N )
FNERIT AN LELTEFH DML (quantum self organization)
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