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SO magic numbers in nature

Neutron stars merging event detected by LIGO-Virgo
followed quickly by EM emission at all frequencies
August 17th 2017
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SO magic numbers in historical nuclear physics

Eugene Paul  Maria J. Hans D. s st
Wigner (1/2)  Goeppert- Jensen (1/4) 82
Mayer . E %08
1963 @4 . Pb
100 b
Sn 126
50 iiiia x
i 37.
} S 1328n
82
40Cy . 28 ®
16Q 202 — N\ 78
£ = Ni
50
4He 8 =i S 48Ca -
i 28 — P
== 20 }[CM—0H+U(T)(I°S) — —
2 8 1§ )
2 Y

protons neutrons

VLS

the great surprise: x =
_hwo ~1
|avsL)]

EURISOL-DF — Universidade de Lisboa — 15-16/11/2017



SO magic numbers in modern RMF

spin-orbit : universal effect for quantum systems made of particles having
spin : atoms, nuclei, hyper-nuclei, quarkonia...
important role in condensed matter : cold atoms, spintronics, topological

insulators...
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Single Particle Energies (MeV)
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SO magic numbers : an emerging phenomenon
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SO magic numbers : an emerging phenomenon

nucleon-nucleon many body problem “effective” nuclear spin-orbit
interaction /
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SO magic numbers from a shape-coexistence point of view
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SO magic numbers : a long-term roadmap (on earth)
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N=50 shell effect in the 72Ni region : what we have learned

® gap size — Z=32 “singularity”
e shape coexistence
* neutron valence space above 78Ni

* neutron threshold effects and the question of ff transitions in the 78Ni region
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The Z=32 “singularity”

Yrast spectroscopy

Zr: H.Fann et. al
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The Z=32 “singularity”

High-precision mass spectrometry (JYFLTRAP and ISOLTRAP)
Hakala et al PRL 101, 052502 (2008); S. Baruah et al PRL 101, 262501 (2008)
later on : up to 82Zn ISOLTRAP [Wolf et al. PRL 110, 041101 (2013)]
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FIG. 4. Evolution of the N = 50 shell gap and comparison to
theoretical models.
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The Z=32 “singularity”

Striking similitude

from mass measurement
(after correction of upper
shell effects)
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— how to disentangle spherical mean field from correlation effects ?

— what correlations ?

dIPN

ORSAY

EURISOL-DF — Universidade de Lisboa — 15-16/11/2017

neutrons




The Z=32 “singularity”

Z=32 : a triaxiality “corridor” ?
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stable

Y. Toh et al. PRC 87, 041304(R) (2013)

(multistep-coulex)

M. Lebois et al. PRC 80, 044308 (2009)

S. Mukhopadhay et al. PRC 95, 014327 (201 E(4%)/E(2*) ratio + beyond mean field

(n,n’y)
— clearly triaxial

D. Verney et al. PRC 87, 054307 (2013)

Level scheme and spin assignment (2*,(3*),4" states)
+ shell model
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The Z=32 “singularity”

84Ge 2* lifetime measurement : plunger AGATA + VAMOS — Exp. E669 GANIL (C. Delafosse et al. to be published)
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— what triggers quadrupole correlation / triaxiality at Z=32 ?
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The Z=32 “singularity”

4500
4000
3500
3000

S 2500
>
—_

= 2000
1500

1000

Z=32 : definitely a “special” proton number ?{j;:i;g;?s N
PRC 87 (2013)] 2403 —T—
z
| I | I I ! | | | I | l [ 4500 E
80 N
Ge Ge N=48 1 X
—] 659 i 2*
o _4()0() 639 —— u+:
Jeg (8 —3500 .
((35_))#/ ] 0 —Li 0%,
5- G : Ge
(6) 3 e Y o —]
SN .3, .8 —13000
.
2500 &
]
&
2000 m
1500
2+

/\—@f —1000
Discovery of a 0%, state in 8°Ge

I T

from CE-spectroscopy at ALTO
Gottardo et al. PRL 116 (2016)

42 44 46 48 32

I | | ] 1 1 |
0
34 40

EURISOL-DF — Universidade de Lisboa — 15-16/11/2017



Shape coexistence (N=48)

— next steps
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Shape coexistence (N=50)

PRL 117, 272501 (2016)

week ending

PHYSICAL REVIEW LETTERS 30 DECEMBER 2016

Shape Coexistence in ®*Ni as the Portal to the Fifth Island of Inversion

.12 3 T 5 1,2
E. Nowacki, = A. Poves,” E. Caurier, = and B. Bounthong
1 . . s o g
Université de Strasbourg, IPHC, 23 rue du Loess 67037 Strasbourg, France

*CNRS, UMR7178, 67037 Strasbourg, France

*Departamento de Fisica Tedrica e IFT-UAM/CSIC, Universidad Auténoma de Madrid, E-28049 Madrid,
Spain and Institute for Advanced Study, Université de Strasbourg, France
(Received 30 May 2016; revised manuscript received 14 July 2016; published 27 December 2016)
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Shape coexistence (N=49)

X.Yang et al. PRL 116 (2016) 4.05 Y 7n isotopes 1/2* isomer @)
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Shape coexistence (N=51)

Extruder counterparts identified at N=51 : none identified so far
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neutron valence space above 78Ni ?

Energy location of high-f orbitals

Tensor (Otsuka) mechanism: a robust feature of should be true also for the region
the physics of the 1%9Sn region which brings the = the 7/2+ state stemming from vg;,
vlg,,, close to the g.s. should become Yrast along the N=51

line towards 7°Ni

filling
(towards  1g,,
IOOSn)

emptying
(towards
78Ni)

5/2
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neutron valence space above 78Ni ?

ESPE neutrons (keV)

D. K. Sharp et al., PRC 87,
014312 (2013)
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SM calculations in valence space

K. Sieja et al. PRC 79, 064310 (2009)
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neutron valence space above 78Ni ?

E (keV)
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neutron valence space above 78Ni ?
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78Ni
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The question of ff-transitions in the 7Ni region

Because of the structure of the valence space in very N/Z asymmetric
nuclei first-forbidden transition are believed to play a major role just
after closed neutron shell

— consequences for r-process modeling

Marketin et al. PRC 93, 025805 (2016)

T

0 20 40 60 80 100
. |

40 160 180 200 220 240

78Ni ”

EURISOL-DF — Universidade de Lisboa — 15-16/11/2017



2 x2 x4” LaBr3 (R&D
for PARIS detector)

LaBr3

cylin. B scint.

BEDO B-decay station at ALTO
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The question of ff-transitions in the 7Ni region
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The question of ff-transitions in the 7Ni region

comparison of 89Ge vs #Ge spectra (below vs above N=50) up to ~Qg

Sn83Ge SnsoGe Response function + energy linearity of
LaBr3 detector fully characterized up to 11
MeV using 2’Al(p,y)?8Si reaction at the
ARAMIS accelerator (CSNSM in Orsay)

Counts / 200 keV

10
10’ one order of magnitude !
- e u DN W= .l_..,L, - - _._l...._l A _L._.,l_ — - - - _.l — Y A — .14
0 2000 4000 6000 8000 10000
Energy (keV)
400 LaBr; de-convoluted y-spectrum ’ -~ .. LaBr;re-convoluted spectrum

350

(intensity spectrum) .
H experimental y-spectrum

ies

ann

. structures appear above the neutron threshold

A = I [l | o l b

| 16(4) % of the B decay strength above n-threshold and followed by y-emission
B-n branching measured with TETRA= 85(4)% [Verney et al. PRC 054320 95 (2017)]

—> contrary to what has been believed so far FF transitions play = no role !!
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Gottardo et al. Phys. Lett. B 772 359 (2017)
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N=50 shell effect in the 78Ni region : open questions

(‘

monopole effect ? (quadratic ??) —> mass measurements
e gap size — Z=32 “singularity” <
dynamical effect ? (triaxiality corridor ??) —> (multi-step) coulex

_ 0*,states ——>  B-delayed e- spectroscopy
* shape coexistence <

extruder states at N=51 ——> direct nucleon exchange (t,p)

.

e neutron valence space above 78Ni : high { —— direct nucleon exchange (d,p) and (a.,3He)

e first-forbidden transitions in the ®Ni region ——> B-delayed neutron and high-energy y spectroscopy
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conclusions and outlook:

some suggestions for a possible joint N=50/78Ni program within EURISOL-DF
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Some suggestions for a “EURISOL-DF joint N=50 program”

|
e gap size — Z=32 “singularity” mass measurements 5, T T T K Heydeetal,
=T graphical method
monopole effect ? (quadratic ?7?) § NG (1987) 15D
gt o S.(ZN)-S,(ZN+1) i
_ 2 |
s |
Z=40 z2F U semsinen .
S §
e [ [z -
2
o [ s
| 0 | B | 1 1 1
N N+1 N+3 N+5 N+7
m Kr85 m neutron number >
Brss || Brss
E Se83 || Se84 || se85 |] se86 " Se87 || sess “ se89 || se90 |] se91 " Se92 " se93 || se9a
As83 || Assa || Asss "ASSG
Ges0 || Ges1 || Ges2 || Ges3 || Gesa || Gess || Gese || Ges7 || Gess present border
Gas1 || Gas2 || Gas3 of nuclear
structure
zn79 || znso || zns1 || zns2 || zns3 || znea knowledge
Cu77 Cu78 Cu79
=28 Ni74 |] Ni7s || Nize || Ni77 anj
8Zn : key
missing
mass

N=50
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Some suggestions for a “EURISOL-DF joint N=50 program”

e gap size — Z=32 “singularity” (multistep) coulex

dynamical effect ? (triaxiality ??)

present border

m Rbs6 | ML of nuclear
structure
m Kr85 m knowledge
Br85 || Brss
|
E Se83 || Se84 ]| se85 [] se86 " Se87 || sess8 “ se89 || se90 || se91 " Se92 " Se93 || se94 :‘
As83 || Assa |] As8s I As86
Ge80 Ges2 || Ges3 || Gesa 85 || Gese || Ge87 || Gess
—78Zn Zielinska et al. oo51 N cas
. . a a H
data available (unpublished) . afte.r Oak Ridge
zn79 || zn80 || zn81 || zns2 83 || znsa pioneering work on Ge
i n n n n Zn n .
Cu: |. Stefanescu et al ; E. Rapisarda et al. [PRL94 (2012)]: nothing !
data available (unpublished) cu77 W cuzs W cue = HIE-ISOLDE; SPES
—%8Ni Zielinska et al niza || nizs | nize || nizz | nizs J

ISOLDE (approved)

N=50
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Some suggestions for a “EURISOL-DF joint N=50 program”

e shape coexistence B-delayed e- spectroscopy

0%, states

Z=40
e [ [
present border
m Rbs6 | of nuclear
structure
m Kr85 m knowledge
Br85 || Br85
\
E Se83 || Se84 || se85 |] se86 " se87 || se88 “ se89 || se90 |] se91 " Se92 " se93 || se9a :‘
As83 || Assa || As8s ||A586
Ge80 || Ges1 || Ges2@ Ge83 || Gesa || Ges5 || Ges6 || Ge87 || Gess
Gas1 || Gas Ga83
Zn78$n79 Zn80 Zn81 Zn82 Zn83 Zn84
Cu77 Cu78 Cu79
=28 Ni74 |] Ni7s || Nize || Ni77 anj

ALTO (BEDO);
ISOLDE (IDS);
SPES

N=50
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Some suggestions for a “EURISOL-DF joint N=50 program”

direct nucleon exchange

e shape coexistence * neutron valence space above 78

extruder states at N=51 : (t,p) reaction direct nucleon exchange (d,p) and

ACTAR ?

85Kr(t,p) : SPIRALL; HIE-ISOLDE

8Se(t,p)
Se: difficult beam

present border

Rb86 81Ge(t,p) of nuclear
SPES structure
knowledge

Se80

\
|Se87 Se88 || Se89 || Se90 || Se91 || Se92 || Se93 || Se%4 :‘
As84 || As85 " As86

Ge83{‘Ge84 Ge85 || Ge86 || Ge87 || Ge88

Ge80 || Ge81

Ga8l || Ga82 || Gag3

zn78 || zn79 |] zn80 || zn81 @ zn82 [\zn83 || zns4
cu77 || cu78 || cu79
=28 Niza || Ni7s || nize || nizz | Nizs 82Ge (d,p) (o,3He)
HIE-ISOLDE; SPES
82Ge(a,3He)

N=50 HIE-ISOLDE; SPES

| E—
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Some suggestions for a “EURISOL-DF joint N=50 program”

e first-forbidden transitions in the 78Ni region

Far array

Near array (12 gent]s)
(29 det's) T
1.5m '

MONSTER .|| &

Al foil

Plastic scint

= B rays |
= TOF start Ji}l.

BEDO Ge array

B-delayed neutron and high-energy y spectroscopy

a TOF neutron detector (MONSTER) for neutron energy spectroscopy
a high efficiency high-energy y-array : PARIS ??

in collaboration with:

Example : coupling BEDO with

MONSTER campaign at ALTO in 2018-19

D. Cano Ott (CIEMAT Madrid)

Se94

Se86 |Se87 Se88 || Se89 Se90 Se9l || Se92 || Se93
ALTORIB
As84 As85 |A586
array
I Ge80 " Ge81 “ Ge82 H Ge83 || Ge84 |] Ge85 || Ge86 [| Ge87 ]| Ge88
Gas8l Ga82 Ga83
Zn78 Zn79 Zn80 Zn81 Zn82 Zn83 || Zn84
Cu77 Cu78 Cu79
=28 Ni7a JI Ni75 || Ni7e || Niz7z | Ni78 J
many cases
ALTO (BEDO);
ISOLDE (IDS);
N=50 SPES
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Thank you !
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