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Octupole correlations beyond the
mean field
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Vivid debate about the existence of permanent octupole deformation in atomic nuclei.

« Shell Corrections method with different (HO, WS, FW, etc) single particle potentials
(Leander, Nazarewicz, Moller, Ciowk, Chasman, etc)

« Self consistent HF, HF+BCS or HFB with Skyrme or Gogny forces (Heenen, Bonche,
Flocard, Egido, Robledo, etc)

« Algebraic: p and f bosons (lachello, Engel, Otsuka, Han, etc)

Predicted octupole deformed minima in the light Ra and Ba isotopes with depths in the
range between a few hundred keV to 1.5 MeV

But the depth of the potential is not the only
- i ingredient: collective wave functions also
depend on the collective inertias

Different alternatives for the collective inertias
used in different approximations: CSE, GCM, etc
finally led to the conclusion that some nuclei
around 224Ra (and 146Ba) can be considered
as permanent octupole deformed

Strong E3 were obtained and the behavior of the
QSD E1 was more or less understood
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Abstract: A microscopic parity-projected calculation, using as intrinsic states the ones obtained in the

mean field approach with the Gogny interaction and constraining the octupole moment is carried
The possibility of permanent octupole deformation 1n the ground state of #?Ra, **Rn and **Ra nuclet 1s studied using the out for several nuclei in the barium and radium isotope chains. Projected mean values and transition

constrained HF + BCS method and the Gogny density dependent interaction The calculation shows energy mimima for non-zero matrix elements are obtained for both, parities as well as for the 0"-17 splittings. These quantities
values of octupole moment for all three nucle: studied, the mmimum for 23*Rn being shallower than for the others This result 15 are compared to previous results obtained in collective calculations, The differences are discussed
1n agreement with the observed position of /=1~ states. The dipole moments for these nucle: are also calculated and conclusions about the importance of the correlations associated to the projection are extracted.
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i The Lipkin model is used to study the transition to a parity-breaking system with the aim of

Departamento de Fisica Tedrica, Universidad Auténoma, 28049-Madrid, Spain understanding the features of negative parity low-lying levels associated with the octupole degree of
freedom. The results of parity projection calculations for the energy splitting between the positive

Received 15 August 1988 parity ground state and the lowest-lying negative parity state as well as the negative parity transition

(Revised 19 October 1988) probability connecting them have been studied and compared to the exact results. A good agree-

ment is observed for not-deformed and for well-deformed systems but at intermediate deformations
. o L. . . he parity-projected results strongly differ from the exact ones. By analyzing the parity-projected
Abstract. The octupole degree of freedom of the nuclei *'***Ra and ***°Th is investigated in a ¥ N projes THOREY . - 24 yz ty-proj

’ " o Glvaia ia Bassds gk strained Hartree-Fock olus BCS th 1 energy curves, two characteristic configurations are observed in the problem: the mean-field and the
FCrO4COPTT Wayls i arayia 18 DEACC 0N B8 s e arree=ock pius - cory as we tunneling configurations. By mixing these two configurations, a substantial improvement over the

as on the adiabatic time-dependent Hartree-Fock in the cranking approximation (and generator P Bl v " . i S et i 5
coordinate method plus mean field). In the numerical applications we use the Gogny forces, From parity projection method is obtained for the two quantities studied in all the regions of deformation.
p " pp E eny ' It is suggested that this method could be used in realistic calculations to improve the understanding

the mean field calculations we show octupole barrier heights, dipole moments as well as the values i P i 5
of B,, B4, Bs, Bs and B, along the constrained path. From the symmetry conserving calculations of tlllleodoctupole dynamics in opposition to the most powerful but expensive generator coordinate
me! Z

we display the 0*-1" splitting, wave functions as well as the El and E3 transition probabilities.
The overall agreement with the available experimental data is very good.



The Gogny force is a popular choice but others (Skyrme, relativistic, etc) are possible

V(Fl — T ) = Vc(l, 2) —+ VLs(l, 2) + Vcoul(l, 2) + Vpp

Vo(ify — ) = Y (Wi — HiPr + BiPy — M; P, P;)exp (71 — 72)° /1)

62

Vis(1,2) = Wrs(V120(71 — 72)V12)(01 +02)  Vg(1,2) = o
0

—

Vop(1,2) =t30(r1 — 72)(1 4+ 2o P,) p™*(R)

Parameters fixed by imposing some nuclear matter properties and a few values
from finite nuclei (binding energies, s.p.e. splittings and some radii information).

¢ D1S: surface energy fine tuned to reproduce fission barriers
¢ DI1N: Realistic neutron matter equation of state reproduced

¢ D1M: Realistic neutron matter + Binding energies of essentially all nuclei with
beyond mean field effects

Pairing and time-odd fields are taken from the interaction itself
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L.M.Robledo and G.F. Bertsch, PRC84, 054302 (2011)
R. Rodriguez-Guzman J. Phys. G: Nucl. Part. Phys. 39 105103 (2012)

0.4 0.0 0.2 0.4
Pa

Axially symmetric HFB with constraint in Q.

Second order gradient solver
Finite range Gogny (D1S, D1M, etc)

Z and N values must have orbits of opposite
parity and Al=3 around the Fermi level for
permanent octupole deformation

Zr, Ba and Ra regions show octupole def
Mean field correlations energies = 1.5 MeV
Many nuclei are soft against octupole
deformation (eg Gd)

Results qualitatively and almost quantitatively
independent of Gogny parametrization



Parity symmetry is broken when (3,20 [0(83))

But a linear combination of the two shapes restores parity symmetry

W) = Na(1 4 wll)|e(5s)) Er = (Ur|H| W)
1. the intrinsic states are those minimizing the HFB energy
2. the intrinsic states are chosen as to minimize the
projected energy E_ One intrinsic state for each parity
3. : VAP but the intrinsic states are restricted to |((/3))

0.4 0.0 0.2 0.4
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0.0 0.2 0.40.0 0.2 040.0 0.2 0.4
B3 Ba Ba

Ground state correlation energy €GS : non zero for reflection symmetric mean
field gs.

Transition strengths E1 and E3 computed with the rotational formula

_ e? A 14,
B(E3,3 %o+):E<\P_IQ3 5

Valid for well deformed nuclei. For spherical ones multiply by 2L+1 (see below)

D)2




Flat energy surfaces imply configuration mixing can lower the ground state energy

Generator Coordinate Method (GCM) ansatz

s) :/dQso fo(Q30)]p(@30)

The amplitude fa(Q30) has good parity under the exchange Q30 — — Q30

Parity projection recovered with J+ (Q30) — 5(@30 — Qéo) + 5(@30 + ngo)

Energies and amplitudes solution of the Hill-Wheeler equation

/ QM (@30, Qo) f Qo) = E / QN (O30, Qg ) o (Qho)

Collective wave functions

9o (Bs) = / A, N'Y2(Bs, BL) £ (55)

Transition strengths with the rotational approximation

2 ~ 1+t
B(E3,3~ — 07) = e—<x1/(,2|Qg+T

U, )2
47_‘_ | 1>



Nucleus E (MeV) W(E3)
Exp GCM RPA Theory Sph-Def Exp

’Ne 5.6 6.7 12 Def 13
208Pp 2.6 40 346 53 Sph 34 W(E3) Sph =W(E3) Def x7
158Gd 1.26 1.7 11.6 Def 12
>2°Ra 0.32 0.16 43 Def 54
Alpha clustering in light nuclei

6 . 6

Wl I « B,= 0.4 Positive parity intrinsic state

A 1Ll O |+ B,=0.95 Negative parity intrinsic state

% 0 7 | % 0 7 ‘\
2| Lol | 150+‘He
Al 1ol |
.~ ““Ne =04 | “Ne B4=0.95 ; P
° °Ps di ¢ Ps | Connected with asymmetric fission
e T physics and cluster emission in heavy
X (fm) X (im) nuclei (***Ra - ?®Pb+ *C)
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20 40 60 &0 100 120 140 160 180

GS correlation energies €GS
 HFB: Present in just a few nuclei and around 1 MeV

» Parity projection: Present in all nuclei (except
octupole deformed) = 0.8 MeV

e GCM: Present in all nuclei = 1.0 MeV

Almost all even-even nuclei have dynamic octupole
correlation and their intrinsic ground state is octupole
deformed

LMR, J. Phys. G: Nucl. Part. Phys. 42 (2015) 0551009.
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0.1 L.

A 0.1

* The excitation energies of the K=0-are plotted vs A (GCM)

Experiment (MeV)

« and compared to experimental data (including K£0 excitations in def nuclei)

* Theory is systematically too high (~ factor 1.5) (irrespective of interaction)

« Also for 2+ (quadrupole) excitations with GCM approaches

e Other degrees of freedom ?
» Pairing, quadrupole-octupole coupling
« Time odd, momentum like collective variables
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B(E3) strength vs R,

Log scale

Good for R,,~ 3.3

Underestimation for R,<238

> B(E1) is not smooth as a function of N and Z (strongly dependent upon single particle occupancies)

> |s the rotational formula valid ?

- What happens with ¢Zn ?



* The rotational formula used to relate intrinsic deformation parameters and transition
strengths can be justified in the strong deformation limit

* Not valid for spherical or near spherical nuclei

* The proper treatment involves angular momentum projected wave functions

« Contrary the rotational formula, the projected B(EL,L — 0) is not zero in the spherical limit
/Y = NjP7|¢) — p-h excitations

* For B(E3) strength the spherical limit equals a factor 7=(2L+1) times the rotational formula
value but using the parity projected wave functions instead

- The rotational formula for B(E2) is not valid for (3, values less than 0.1 (0.2) in heavy (light)
nuclei

« Simple formula to relate B(E2) and (3,

LMR, G.F. Bertsch, PRC86, 054306 (2012)
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* Much better agreement with experiment: in 208Pb the experimental B(E3) is 34 Wu
The parity projected value is 7.5 Wu and the angular momentum one is 24 Wu

U3) = NPT=3p(B3(—)))
WO = NP0 o(Bs(+)))

e Only RVAP intrinsic wf
« Afactor ~7 is seen!

« [, (+) quadrupole
deformation of the gs

* When both regimes are intermixed: full use of AMP is required

« AMP is not used to determine the intrinsic states




* Important in shape coexistent nuclei like ®4Zn

Epeg (MeV)

-542

-544 |

-546 -

-548

-550

-552

-554 |-

_556||||I||||I||||I||||I||||I||||I||||I||||I||||

GCM with Gogny D1S

Q,Q, Q
E (MeV) 42  7.20
E__(MeV) 1.63  0.72
W(E3) 6.80  Wild

Also relevant in other nuclei (see below)

Two-phonon octupole states and 0,* ?

Computationally intensive



%4; %4; Il WE ?’;4 :

s, ‘jﬂgﬁ:ggﬂ Sa

220 Rn Exp Q,-Q, Exp

E (MeV) 0.618 0.645 0.234 0.216
W(E1) 2.410° <1510 24104 <510°
W(E3) 26.50 33+4 45.7 42+3
E," (MeV) 1.35 0.94 1.75 0.97
W(E2) 48.5 48+3 92.8 98+3

Good agreement with recent experimental data (LMR and P.A. Butler, PRC 88 051302 (R))
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. L . L
Unpaired nucleon expected to polarize the even-even core
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- Gogny D1S + Full blocking (time odd fields)
« Uniform filling approximation + Parity projection
+ Octupolarity changes level ordering * Octupole GCM

S. Perez, LMR PRC 78, 014304 Work in progress
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Emission of heavy clusters (**C, ®°Ne, %°0O, **Mg ... ). Very asymmetric fission
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Octupoles and cluster emission
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Octupole correlations

 Static: present in a few nuclei around Zr, Ba, Ra

« Dynamic: present in all nuclei (Parity projection and configuration mixing)
Gogny GCM (Q,) is a reasonable theory

B(E3) strengths require angular momentum projected wave functions
Quadrupole-octupole coupling important

Enhancement at high spin well described by Parity Projection

Large impact in spectroscopy of odd-A nuclei

Microscopic basis of cluster emission

to do

Systematic Q, — Q, calculations

Consider other degrees of freedom (pairing, time odd momenta)
Extend parity projection to odd-A nuclei (time odd fields)
Extend GCM to odd-A nuclei (time odd fields)
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