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Shape coexistence at the 40 sub-shell closure
and neutron number 60
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It has been established in the 60’s that elemenisA~ 110 Z ~ 40 belong to a
new island of stable deformation similar to theeraarth region
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P. Campbell, I.D. Moore, M.R. Pearson
Progress in Particle and Nuclear Physics 86

(2016) 127-180 _ _
O The n-rich nuclei between Z=37 and Z=41 present at N=60 on

b [ | | | i of the most impressive deformation change in the nucleat cha
' Q Localized within the Z degree of freedom
—> Point to a specifigtv interaction

162 P. Campbeil et al. / Progress in Particle and Nuclear Physics 86 (2016) 127-180
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Shape Transition at N=60

M. Alberset al., Phys. Rev. Lett. 108, 062701 (2012)
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“sFirst spectroscopy (GS and, pindicated a shape
change fronf3 ~0.1 to3~0.4

0", states are indication of shape coexistence
- Shape inversion ?

**Kr isotopes behave differently : smoothchange, no
onset in &, no low lying 0,
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The sharp transition and magnitude of the
deformation remain still a challenge for theories
(> 100 theoretical papers since the 70’s)

1000

E,(2) [keV]

v'HFB + the generator coordinate method (GCM)
v'the macroscopic-microscopic method
1001 _ v'the shell model
0 52 54 56 55 60 6 o4 v'the Monte Carlo shell model

Neutron Number v'the interacting boson model (IBM) approximation
v'the VAMPIR model
v'covariant density functional (DF) theory (PC-PK1).

1hy,, Q 0%, state created by (2p-2h/4p-4h) excitation acrost0Z=
197/2# U Beyond N=60, g,and h,,,are populated, the-v interaction

19,), St/z——ee— and the participates to the lowering §tate and to the high

2ds,, ———— 2ds,,_ee ee ee collectivity of 2, state.

g 50 50 ____ i Q In BMF calculations, two minima appear in the PES

9/2 g : !

2p1/2 40 i | Mainly GS and level scheme are known and limit

1f : : the comparison with theoretical models

2p5/2 0000 E i

; 28 ' K. Siejaetal PRC 79, 064310 (2009)

1 A. Petrovici PRC 85, 034337 (2012)
I T. Togashi et al, Phys.Rev.Lett. 117, 172502 (2016)
E.Clement L C. Kremer et al, Phys.Rev.Lett. 117, 172503 (2016)
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** What is the shape of the correspondingfates ?

** How are the different configurations connected ?
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Safe Coulomb excitation 8f-°8Sr beams at REX-
ISOLDE using the MINIBALL array at CERN

= %Sr T,,,=1.07 sec. 7000 pps at 275 MeV
e %Sr T,,,=0.65 sec. 60000 pps at 276 MeV
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Safe Coulomb excitation 3f-985r beams at REX-
ISOLDE using the MINIBALL array at CERN
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%Sr T,,=1.07 sec. 7000 pps at 275 MeV
98Sr T, =0.65 sec. 60000 pps at 276 MeV

The Coulomb excitation cross section is analyzauagus

the least-squares fitting code GOSIA
T. Czosnyka, D. Cline, and C. Y. Wu, Bull. Am. Phys. &8;.745 (1983).
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Shape Coexistence 1R25Sr

Q.=-22 (31) efm?

2+

B(E2|) = 450 (110) e2fth
815

0t
%Sr : N=58

B(E2|) = 3400(800) e2fth

B(E2|) = 3300(500) e2fth

B(E2|) = 4700(400)e2fth

B(E2|) = 3460(220) e2fth
B(E2|) = 2590(80) e2frh

E. C., M. Zielinska et al, Phys.Rev.Lett. 116, 022701 (2016)
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B(E2|) = 340(80)e2frh

689

B(E2|) = 10(20)e2frh
B(E2)) = 21 (4)e2im
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B(E2]) = 1630(150)e2fth
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The 2,in %Sr is weakly deformed
The ground state band 3#6r has a large prolate deformation and the<2similar to the ground state f6r

Shape coexistence #5r
Shape inversion at N=60

10" I
B> 04 285
E+
Q. = -90(80) efm?
Q.= -22 (31) efm? | |
+
2 Q, = -130(23) efmz °
B(E2]) = 450 (110) e2fth - 433
815 Q.= -213 (16) efm?*__
o+
ot 4 Q, = -48 (25) efm? Gr—gy— "~
9%Sr : N=58 %8Sy : N=60

E. C., M. Zielinska et al, Phys.Rev.Lett. 116, 022701 (2016)
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Shape Coexistence at N=60

Comparison between Ground and Excited state Quandeupoments
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10+ From the full set of E2 matrix elements,ddates deformation can be probed using the QSRafcamm
D. Cline, Ann. Rev. of Nucl. and Part. Sc. 36, 683 (1986)
I J. Srebrnyet al., Int. J. Mod. Phys. E 20, 422 (2011).
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I E. C., M. Zielinska et al, Phys.Rev.Lett. 116, 022701 (2016
E.Cléement L E. Clément, M. Zielinska et al, Phys.Rev.C accepted (2016)
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5 [ ] expenmental ME h
= 02 [ ] sum rules /
689 3 /
= 04 i
gt tﬂ: ¢
il 06| o
565 =
) 08— 7
6 : 7
3.8(6) eb b N
(6) 433 1 Davydov-Filippov model .-

4+ ?2? —'IQ—-T'F'!-F"" i Bl ""-l.-l.;.-l-.l‘-l-rrl" o I . TRt T G i
3.4(1) eb 2=89 871 | 0 5 0 15 20 25 30

2 ! /«-71 Gamma [deg.]

cos>0g 0.87(1)
cos’fs 0.99(1)
: : - Un-perturbated
Shape coexistence inao-state mixing model pr +3.85(6) eb
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I1) 1= + cosO|I,.) + sinby|I, 0 0.5(3) eb .
11) i Ipr) 1|Tob) FE22t) -145(2) eb  -0.63 103
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Perturbed stat The sharp transition is related to the very weakimgi between
erturbed states Pure states competing configurations in contrast to the N~Zesasn Kr and
Hg isotopes

X E. C., M. Zielinska et al, Phys.Rev.Lett. 116, 022701 (2016
E.Clément L E. Clément, M. Zielinska et al, Phys.Rev.C accepted (2016
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Mean-field calculations using the Gogny interactima the SDCH approach have \—m j:_\.\ ‘] N
shown remarkable agreement with the experimentalidehe N~Z~40 — cwowi

A. Obertelli et al., PRC 80, 031304 (R) (2009)

J. Ljungvall et al., PRL 100, 102502 (2008)

E. Clément et al., PRC 75, 054313 (2007)

M. Girod et al. Physics Letters B 676 (2009) 39-43
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From a theoretical point of view mbmmifmmmmmml0 (1| Zym—

J. P. Delarochet al., Phys. Rev. C 81, 014303 (2010).
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Collectivity around N=60

From a theoretical point of view
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E.Clément L E. Clément, M. Zielinska, S. Péru et al, Phys.Rev.C aede{2016)



Collectivity around N=60

From a theoretical point of view
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Large B(E2), higher Qs K=0 ~70%
Large B(E2), low Qs K=0 < 50%
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Collectivity around N=60

From a theoretical point of view
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5DCH

E. C., M. Zielinska et al, Phys.Rev.Lett. 116, 022701 (2016

E. Clément, M. Zielinska , S. Péru et al, Phys.Rev.C aedg(2016)



Collectivity around N=60 = AN

7 —
From a theoretical point of view aboratire commen CEADSM 10 (14
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J. Xiang et al . Phys. Rev. C 93, 054324 (2016)

I E. Clément, et PRL. 116, 022701 (2016)
E.Cléement L E. Clément, M. Zielinska , S. Péru et al, Phys.Rev.C aede2016)
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rF IF B(E2, I — I5) (W.u.)
experiment 5DCH (Gogny) Excited VAMPIR
ofaf 178730 32 30
4F of 63 68
03 27 15.3(16) [10] 58 83
0F 27 0.028(11) [11]
2 27 > 89][10] 62 65
4f of 13 7
i o 57 73
A 4f 19 47
p*(E0) (107%)
0 0f 106 66
o of 22
0F 07 185(50)[13] 95 9

Theory

E. Clément, M. Zielinska, S. Péru et al, Phys.Rev.C aedg(@016)
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2 4f 4t} 19.4
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05 0f 53(5)[21] 179 117
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of oF of of af 4| 6f 6| 8 &
05 106 - |24 28 - |4f 83 - |6] 82 - |8] 60 -
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9S8y, p?(E0) (102
07 03 2f 2F af 43 67 65 87 8F
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Conclusions
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O We investigated the collectivity and the deformatiim®6-°%Sr at the
shape transition using RIB and the Coulomb exoitatiechnique at REX-
ISOLDE, CERN

Q First levels irf®Rb

U E2 matrix elements have been extracted and ediablmpe coexistence
between small and large prolate deformations thatadonix and give rise
to a sharp transition at N=60 where triaxiality @ayrole

U HFB+GCM Gogny force D18alculations reproduce the trend
U Large set of EO transition strengths calculated

UShell Model calculations (VAMPIR) show a nice agreent with BMF
for B(E2) between low lying states

U The MCSM calculations are very promising

—->Why Kr behave differently ?
Fission runs at AGATA@GANIL (spectroscopy,,)
ISOL facilities beams

- Confusing predictions foSr beyond the 2 ?
- Pseudo and quasi —SU(3) approach is valid in #sg csimilarly to an
island of inversion
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Motivate the need for more spectroscopic data 7
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1LY = Al \j

% Post-accelerated radioacti®e%Sr beam at REX-ISOLDE (2.8 MeV/A)

HRS A= 115
UCx Target 9Rb
’ ; o 4
Trap
)y
| Ay Separator A/Q = 4.17
Molecular extraction P
EBIS : ' Pure%Sr23* REX-
|,
PSB : i 2.87 MeV/u
1 to 0.5 ~10pps
Proton beam
115|n

E.Clément L
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% Post-accelerated radioacti®e%Sr beam at REX-ISOLDE (2.8 MeV/A)

UCx Target HRS A= 98

9BRb (>95 % ) +98Sr (< 5%)

- 4
‘ Trap After severaPRb periods :

161 + 158 ms
" Separator

| . 80 % %8Sr
i‘; REX-beam

PSB ! i 2.82 MeV/u
| i 6.10'pps

Atomic extraction EBIS

Proton beam

___________________

E.Clément L



(1.2)

(1,2)

E2IM1 113502
Y v

(0)

432.1(8)

“®Rb

E2

318

E2

3(8) 244.0(19)

432.1(8)

113.8(2)

144.9(14)

99.1(13)

50.2(3) W

94 7(14)

50203)

E. Clément, M. Zielinska et al, Phys.Rev.C submitted
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The Coulomb excitation cross section is analyzauagus

the least-squares fitting code GOSIA
T. Czosnyka, D. Cline, and C. Y. Wu, Bull. Am. Phys. X8;.745 (1983).

Inputs:
*Level scheme
*Experimental setup

Iy (B

*known 1,BR,0(EA/MA), g

(— A DN
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Cross section
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Matrix Elements
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alculated decay intensities
VS
Observed decay

|
| Complete set of |
i Elect. Matrix

I Elements

D-E-l- | +
(2,JIE210,)[eb] N Zielinska et al Eur. Phys. J. A (2016) 52: 99



A D J
. 2 ~-
S AN

laboratoire commun CEA/DSM g‘

— CNRS/IN2P3

40001
8+
e GSB
4000 s B
8 .
3000 5;_,; ____________________

5]
=
=
=

2000

2000185 s s

Excitation energy [keV]
Excitation energy [keV]

A e pe e e K e 1000
1000 N,

El | 1 | 1 | 1
-150 -100 -50 0 -150 -100 -50 0 50

Quadrupole moment Q_ [efm’] Quadrupole moment Q_ [efm?]

E. Clément, M. Zielinska et al, Phys.Rev.C accepted (2016)
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E. Clément, M. Zielinska et al, Phys.Rev.C accepted (2016)
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Collectivity around N=60 C—F _.\H

g }'i‘..

From a theoretical point of view —— ﬁ (1| Z8—
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25_1?9/2 50 Toes |11 5o 3815 0.01 0.20 0.01 1.11 0.03 0.41 0.03 0.38
o A st Gl g 2d,, 0.08 5.04 0.07 4.38 0.22 1,60 0.21 1.84
S8R g TP il | lgasn 0.61 0.79 0.42 0.81 3.40 0.64 3.40 9.63
a 11fsm w7 . 9py, 185 - 187 - 080 - 088 -
”-52"3’2 ----------------------- Bl . 9py. Al - 360 - 9 - 260 -
153‘@““* oro-ggeeeemedy | 1fyn 56 - 579 - 472 - 468 -
140l (c) B(E2) values
;EE ;Efg]sph@ncal neutron excitation
2 g0 | & hig 10 5/2" muration is a (2p-2h/4p-#)> gg);
i jg excitation clpupled t® in the_lntruder hy/» 9;, from the 4,
23—'.' F-%—i-; g @@ s g T. Togashi et al, Phys.Rev.Lett. 117, 172502 (2016)
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E.Cléement L (It is an island of inversion ...)



