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B * N=50 in the sequence of the Spin-Orbit (Intruder-Extruder)
magic numbers

| * gap size = Z=32 “singularity”

e shape coexistence

e neutron threshold effects and the question of first-forbidden
transitions in the 78Ni region
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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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fission of actinides

having precise nuclear data (in
SO regions) will help in
understanding an increasing
number of astro-physical
observations

“integrated” quantities needed:
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nuclear structure
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SO magic numbers : a long-term roadmap (on earth)
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SO magic numbers in historical nuclear physics
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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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J-P Ebran et al 2016 J. Phys. G: Nucl.

Part. Phys. 43 085101

Dirac equation gouverning the single particle motion

i 1
dynamics — (V(r) S(r))l 2
\
+350 MeV

LS _
v 2M2(r) dr 7
—400 MeV>

neutrons

vector potential (short range repulsion) = protons

scalar potential (medium range attraction) = in atomic system:

10*

nucleon mass = 940 MeV 1

X~— =
a’

dIPN
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SO magic numbers : an “emerging” phenomenon

Single Particle Energies (MeV)
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SO magic numbers : an “emerging” phenomenon

nucleon-nucleon many body problem “effective” nuclear spin-orbit
interaction /
Nh,(l)o
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| \\
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varying in-medium
conditions
= explore exoticity

in medium
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@ @ o . r“
tensor
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i< B > B orbit size etc
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E(MeV)

SO magic numbers from a shape-coexistence point of view
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Yrast spectroscopy

Zr: H.Fann et. al

Phys. Lett. B 44, 19 (1973)
Sr: PC.Li et. al.

Nucl. Phys. A 462, 26 (1987)
Kr: G.Winter et. al.

Phys. Rev. C48, 1010 (1993)

The Z=32 “singularity”
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ORSAY D. Verney

runin 2015
search for core-breaking Yrast states in 8Zn
- unsufficient statistics

SRNA — IPHC — 22-24/11/2017




The Z=32 “singularity”

K. Sieja and F. Nowacki, Phys. Rev. C 85, 051301R (2012)
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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)]

- exp -4 SLy4 = SLy4+GCM o DIS
- FRDM95 -+ Sk o GT3 > DuZu
I T I T I T I T I T I T | T -é T I
L e e
8 I -
o I .
2 of :
(Quantity usually used to & S5r .
extract shell gaps from ;L" 4_ ]
mass data) =2 |
(8] 3 | _
L ]
l - -
I | 1 | 1 | 1 1 | 1 1 | 1 | 1 |

| |
24 26 28 30 32 34 36 38 40
Proton number

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 measurements

{
(after correction of upper 7]
shell effects) 2 = L ' | K Heydeetal.
= graphical method
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from y-spectroscopy 89/2

— pure monopole effect ?

- . P12
N
— how to disentangle spherical mean field from correlation effects ? &

— what correlations ? neutrons
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The Z=32 “singularity”

Z=32 : a triaxiality “corridor” ?
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Y. Toh et al. PRC 87, 041304(R) (2013)
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S. Mukhopadhay et al. PRC 95, 014327 (201

(n,n’y)
— clearly triaxial

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

E(4%)/E(2*) ratio + beyond mean field

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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The Z=32 “singularity”

Z=32 : definitely a “special” proton number
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Shape coexistence (N=48)

— next steps
Z=32 (N=50) : 82Ge
N=48 (Z=30;28) :
’87n; 76N

|
< dutiied
odouow

E (MeV)
QoMW OO N®©O

o
@

P S

all quantities deduced from most recent mass data
(except quadrupole correlation : IBM estimate)

Gottardo et al. PRL 116 (2016)

dIPN
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Shape coexistence (N=49)
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Shape coexistence (N=49)

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

Extruder counterparts at N=51 : none identified so far
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Beyond-threshold effects and the question of ff-transitions in the 7Ni region

D. Verney

proton number

120
110
100
90
80
70
60
50
40
30
20
10

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)

0 20 40 60 80 100

160 180 200 220 240
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Beyond-threshold effects and the question of ff-transitions in the 7Ni region

2 x2 x4” LaBr3 (R&D BEDO B-decay station at ALTO

for PARIS detector)

LaBr3

cylin. B scint.

RbO0 | RDb91 | Rb92 | RDY3
1585 5845 14925 5845

- | 30 0- 52
& Bu (i3 |

K189 K190 Kro1 Kro2
315m 32325 8.57s 18405
(312+,5/2+) 0+ (512+) 0+

i3 [i5 s [ig |

Brss Brso Broo Broi
16.34 s 4.348s 1910s 05415

1) | Gr-319

pn fn pn fn |

Se77 Se82 Se87 Se88 Se89 Sed0
LOSE+20y & 3lm 317s 1535 510 153s 0415

B

0 172 . . ) 0+ (524) 0+ (5124) 0+ (524)
936 7.63 - - * : - B B B iz fn ip! |
AsT5 As As77 As83 As84 As85 As86 As87 As88 As89
: 13.4s 4025 2021s | 09455 0485
s N G232 .| e (312)
f- frn fn B iz
Ge77 Ge78 GeT79 Gesu Ge81 Ge82 Ge83 Ge84 Ge85 Ge8o
1130h | $8.0m 18.98s 2055 765 4605 1855 066ms | 535ms
32 ‘ M+ 0+ any 0+ ©14) 0+ (§724) 0+ 0+ 5 6
27.66 . . B [ [ ' % B % in Ba
Ga7l Ga7o Ga77 Ga7s Gaiy U] Gasl Gasg2 83 Gas4
I 3265 1325 5005 2847 1217s | 0590 15 85 ms
3n- . ; (2+.34) (329 (39 (312) &) 5 123 5 4

39802  [ig - i B B B B pn pn
Zn70 Zn71 Zn72 Zn73 Zn74 Zn75 Zn76 In77 Zn78 Zn79
30 : onYEl 245m 4650 2355 05,65 10.25 57s 2085 1475 | 995ms

0 1 | o+ - | e ) 0+ an [ @124) ‘s ' 0+ _ _
0s e b S N TN P 83Ge (Z=32, N=51)

W S| ur | o | e | T | ez | sz ] o
D § DS .05 J S D4 S . 5 A 5 ms ms ms
: 52 8Ge (z=32, N=48)
p- B p- b fn ik [ix] B- Lin

Nig9 Ni70 Ni7l Ni72 Ni73 Ni74 Ni75 Ni76 Ni77 Ni78

114s 1.86s 21s 0.90 s Lls
28 0+ 0+ 0+ 0+ 0+

B id B i3

Gottardo et al. Phys. Lett. B 772 359 (2017)




Beyond-threshold effects and the question of ff-transitions in the 7Ni region

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

>

[0)) 10°
h. Response function + energy linearity
O] ()4 of LaBr3 detector fully characterized

a up to 11 MeV using 2’Al(p,y)?2Si
-~ 1()3 reaction at the ARAMIS accelerator
0 (CSNSM in Orsay)

structures appear above the neutron threshold

3 10'F one order of magnitude ' 1L

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)]

83 80
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Gottardo et al. Phys. Lett. B 772 359 (2017)

SRNA — IPHC — 22-24/11/2017



Beyond-threshold effects and the question of ff-transitions in the 7Ni region

308.1(10) ms \

16(4)% followed by y

85(4)% followed by n

12% B-feeding:

a large fraction of
it is most
probably just
apparent

%, 10+ LaBr3 spectrum; gate on Ge on 1238 keV
o 'or
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— contrary to what has been believed so far

FF transitions play = no role !! (at least in this case)

83 <14.3(/2)

“Ge
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Beyond-threshold effects and the question of ff-transitions in the 7Ni region

Transition densities from
Gogny D1M — QRPA (Bruyéeres-le-Chatel)
|. Deloncle, Sophie Peru-Desenfants, M. Martini

a) Ga -

Ry

O
'

Y9 @9 I “1° neutrons
Rz & 0005
81/2 ;E-,
= —>u g —
o b S
® oot A B;Z 5=
0.002 f7/2 f5/2
3 4 N P n mr R I )
E 0 ‘ q , fm) f,, —— —O—
& protons P n
& ‘ neutrons - protons .
= ¢ Ge
10 g 5 e \
Llm) =100 R, (fm) = — O v P
” .~
S g 20051
GT p-decay phonon transition density !
Si-\x

T ;
R % 5 T 2

E1 phonon transition density

a) GT decay create a depletion of neutron density in the core; adds a proton on the surface
b) The excited 8Ge states can then decay via E1 y emission with a «PDR-like» transition density

dIPN

ORSAY D. Verney

neutron-skin related effect ?
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More about beyond-threshold effects

B-delayed neutron emission probability :

P.

like other global quantities T,/,, mass, o<r> etc.
are not straightforwardly interpretable in terms of structure

B Strength
Function

AZ1ouy

Fermi B Feeding
Integral Intensity

—— o o — o — — — -
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T_|0) =Z
N-1| Z+1

np

T
J| Swng
Y \U):Z

= N-1| z+1

To=(N-2)/2

Pn value gives

To-1

|0)=| w z| (N2) ﬁ\u -

Ty-1
Tl
0
(N-1,Z+1)

information on the
integral B-feeding of

states above Sn

(a first step before n-

spectroscopy)

—>provides an

experimental test of the
consistency of 3-strength

theories



More about beyond-threshold effects

Volume 109B, number 6 PHYSICS LETTERS 11 March 1982
THE 49K BETA DECAY
The ISOLDE Collaboration
L.C. CARRAZ?2,P.G. HANSENY A, HUCK ¢, B. JONSON2, G. KLOTZ®, A. KNIPPER ¢, K.L. KRATZ 4,

C.MIEHE ¢, S. MATTSSON 2, G. NYMAN ¢, H. OHM 4, A.M. POSKANZER f, A. POVES 8, H.L. RAVN 2,
C. RICHARD-SERRE ', A. SCHRODER 9, G. WALTER € and W. ZIEGERT ¢

3 CERN-ISOLDE, CERN, CH-1211 Geneva 23, Switzerland T —
b Institute of Physics, University of Aarhus, DK-8000 Aarhus C, Denmark By
C Cenire de Recherches Nucléaires, F-67037 Strasbourg, France L B "8eg ‘f
4 tnstitut fir Kernchemie, Universitét Mainz, D-6500 Mainz, Fed. Rep, Germany : v
€ Department of Physics, Chalmers University of Technology, §-41296 Goteborg, L
Lawrence Berkeley Laboratory, Berkeley, CA 94720, USA ol | "
& Depto de Fisica Teorica C-XI, Universidad Autonoma, S-Madrid 4, Spain :
|
|
| -
21 -

h N2P3, F.91406 ORSAY, France
and CERN, CH-1211 Geneva 23, Switzerland
Gross theory ,‘17

.
|

JExperimental
analyzing

-

B'(GT) per 0,1 MeV
=4

limit

'
)

|
!
!
|
I
!
|

|

:
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m"' 1 -n_ .. n " L I

Fig. 2. The beta strength function of 49K decay in terms of
reduced GT transition probabilities.
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More about beyond-threshold effects

Table 2
T = 9/2 particle—hole states in **Ca.
Configurations Ey a)
(MeV)
2 (AT = 4)]gpar (T = D)oy 9.4
b {Ifsd]_ffgf? = 4)]9;2"2 (T =0 }gse 9.7
¢ ([ BT = 4)] g0 (T = Doy 5.0
d {[6d) T = 3] qye (T = Dlgp 12.0
e ([T =Dt " (T=12Dlgm 6.2
aj) F = . ] —
O T = Pyra B, Op
f L9, BT 48, : |
0 VO
1/2 o f ‘ r
—eo—, / " “ i
_]:O'Tzl 3/2 . 10 : n :
: | Wh :
_ I -1
< : i
. - !
gl ID2 I HUT ‘ ]
" @ ]f b Eios_s_tﬂy\‘ AT i 5'.Exper|rr:ental
f 7/2 = .‘E”.J analyzing
J=0,T=4 @ : limit
: I
@ I | ! 1
‘r i
'
|
—o0—  ——d;, |
e — 51/2 ID‘L L N« I n n L 1 1 N : J
1=(1/2,3/2),T=1/2 Z ¢ 6 8 e 12

Excitation energy {Mev)

It v Fig. 2. The beta strength function of 49K decay in terms of

reduced GT transition probabilities.
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More about beyond-threshold effects

P, “oscillation” at closed-shell + 1, 2, 3 neutrons Npo=28 N +1 N +2 N +3
emitter | 48Ca | 49Ca | 50Ca | 51Ca
S, = 9952 5146 6360 4821
precursor 48K | 49K | 50K 51K
QB= 11940 11688 13861 13820#
QBn= 1988 6542 7501 9002
P.= 1.14% 86%  29%  47%
Precursors: Nm+1 Nm +2 Nm+3
16000 i i i i 100
14000 £ 190
= 12000} 780
- - ~70 L local curiosi
0 - 60 _
= - = oramore general effect ?
* 8000F —450
- C A
S 6000 740
o - —130
St 4000F
- —120
q17 48 49 50 51 5?
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More about beyond-threshold effects

Maybe general indeed...
from Miernik level density parameterization N=28 N=50 N=82
Phys Rev C 88 041301(R) (2013)
exp(a v E
$p(E) ~ p(k) = TG D) 10
‘ gl (a)
S Gr a
3 ’1_ = I . o E‘SD—D
even-even o)
0 | —
10 | ' a
st () ; :
= 6' . ° 4o
S . I,E&%g
odd-mass 4r 00 L 3 2 "F—B‘”‘?‘%
g‘ | = |
I | |
10 . .
gl (© I I |
: 6_ l, v vlv? | Y
odd-odd < | AR LN E R b
él_ e A a4 "
_ A |
U 20 40 60 80
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More about beyond-threshold effects

What is the situation near N_=50 ?

The case of Ga (Z=31) precursors: 82Ga (N, +1); 83Ga (N +2) ; 8Ga (N +3)

The situation before our experiment:

experiment theory
Nptl  Np#2  Np#3 Nyl Np+2  Np+3
80 | o Sgonn T 80 [— area .
1993Ru GT+EE
1991Kr
4 2008Wi
60_ 2010Wi =+ — 60_ _
40 . 40+ -
20+ 'd . 20k _
I | | | | | | % | | | | |
&1 82 83 84 85 1 82 83 84

A

1986Wa: Reeder, Warner et al Rad Eff 94 (1986)

A

QRPA: Pfeiffer et al Prog Nucl Energy 41 (2002)

1980Lu: Lund et al Z Phys A 294 (1980) GT/GT+FF: Borzov PRC 71 (2005)

1993Ru: Rudstam et al Atom. Nat. Nucl. Dat. Tab. 340 (1991)
1991Kr: Kratz et al Z Phys A 340 (1991)

2008Wi: Winger et al Sanibel Conf Proc (2008)

2010Wi: Winger et al. PRC 81 (2010)
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More about beyond-threshold effects

The 3He long counter TETRA at ALTO TETRA
(collaboration with JINR Dubna)
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More about beyond-threshold effects

The case of Ga (Z=31) precursors:
82Ga (N, +1) - P= 22(2)% (test case- Testov et al. NIM A 815 (2016) 96)

n

P (%)

83Ga (N_+2) > P, = 85(4)%

TETRA

84Ge (N_+3) > P_= 53(20)% /

80

I | % 1986Wa

i 1991Kr

- 2010Wi

Bl 1980Lu
1993Ru

<4 2008Wi

= TETRA

1986Wa: Reeder, Warner et al Rad Eff 94 (1986)

1980Lu: Lund et al Z Phys A 294 (1980)

1993Ru: Rudstam et al Atom. Nat. Nucl. Dat. Tab. 340 (1991)
1991Kr: Kratz et al Z Phys A 340 (1991)

2008Wi: Winger et al Sanibel Conf Proc (2008)

2010Wi: Winger et al. PRC 81 (2010)

P (%)

100

90}
801
70}
601
501
a0}
30}
20}
10}

== TETRA
Mollera7

=— = Borzovl2

— BorzovI2b

(Ga 1sotopes

MecCutchan12
— pross theory

.

i

1 | 1
82 83 34
A
Verney et al., PRC 95, 054320 (2017)
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More about beyond-threshold effects

typical “doorway” configuration

ooy,
core polarized . .
states Jp _;(P_ Ja
1
J Po ofest ——
P n

Voi = V(o) To - Ti + Ve (10:) (G - 6) (To - T1)

§73/2 \ spin-flip
/2 states
S112 , back spin-flip
d5/2 — »  states
. <« core polarized
| 2w states
&2
P12

f5/2
f7/2
78Ni core

P n

single(quasi)-particle GT
transitions

Calculated B-strength function for the case 83Ga—>%Ge

5,(83) 5,(849) Qy(83)
0-4: [ ——— | *| ' W - ' ' ; . 2
035F 8 | e
E |G Rhs] N
03 TR I
_025[ 8Ga>®Ge!T ¥ o
E 0 2: :a-? & TQ I S E
[ = & ]
z g ; NE
- o 12T g3 8o -
0.15F < % S T o E
- £ &ont dl TS 1
0.1 o e llE B SR ssllH
: ST e T R RE A
0.05¢ < 'ar 33 ng &
of ol il —‘ W | RE

O 1 2 3 4 5 6 7 8 9 10 11 12

Excitation energy (MeV)
P.(83Ga),.=85% [P,(33Ga)1erra=85(3)%]
P.(3Ga).,,=50% [P, (63Ga)reras=53(20)%]
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conclusions and outlook

monopole effect ? (quadratic ??) ——>

e gap size — Z=32 “singularity”

dynamical effect ? (triaxiality corridor ??) ——>

0%, states —— B-delayed e- spectroscopy

* shape coexistence

n-rich Ge coulex
(after Oak Ridge

pioneering work on Ge
[PRL94 (2012)]: nothing !)

82Ge and 78Zn
possibly at ALTO

“extruder” 9/2* states at N=51 ——> direct nucleon exchange (t,p)
also lifetime with plunger

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

ACTAR ?

* neutron threshold effects —> B-delayed neutron and high-energy y spectroscopy

and the question of first-forbidden transitions

in the 78Ni region TE;EZEZ’)V

MONSTER  *

forthcoming (2018) campaign at BEDO/ALTO x
- a TOF neutron detector (MONSTER) for neutron energy spectroscopy Alfoil
- a high efficiency high-energy y-array : PARIS ?? ;a'i:g:;

BEDO Ge array -~

dIPN

ORSAY

ALTORIB Yas = o
Ge
D. Verney SRNA — IPHC — 22-24/11/201 arra 34




thank you !
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