Experimental studies in the Ca and O isotopic chains



Evolution of neutron orbits in the Ca isotopic chain
The (d,p) & (p,d) reactions 4°Ca and #3Ca nuclei
Evolution of ‘SPE’, role of neutron-neutron T=1 forces

What happens beyond N=28 ?



Valence neutron orbits in “3Ca
In a (d,p) reaction, we probe the vacancies of the states.
There is no vacancy left for the f, , orbit = closed *3Ca core
Few fragmentation of the p and f states. The g/, state is more fragmented.
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The ’Fer(m(j)su rfaces’ of 4048Ca derived from transfer reactions
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48Ca is a good core nucleus
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Quenching of occupancy values

‘At any time only 2/3 of the nucleons in the nucleus act as independent particles
moving in the nuclear mean field. The remaining third of the nucleons are correlated’
Pandharipande et al. Rev. Mod. Phys. 69 (1997) 981
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Comparison of SF’s (normalized to 1)
obtained in (d,3He) and (e,e’,p)

All the strength could NOT be found
Some states above 10MeV !

After reanalysis of the data, a quenching
factor of about 60% is found
Kramer et al. NPA 679 (2001) 267

Comes from short range correlations
AND

Coupling to collective resonances
Barbieri et al. PRL 103 (2009) 202502

Duguet et al.



The atomic nucleus is a strongly correlated quantum system

The deduced SPE for all orbits from low-energy spectra are not the correct one
(due to not observed high-energy strength)

We generally look at relative changes in energies

If we can assume that the high-energy part varies smootly with A
(any calculation of this)

The observation of shell evolution makes sense

Otherwise we should work in another physics domain ©



Increase of spin orbit (SO) shell gaps in the Ca chain

exp (d,p),(p,d)
from Uozumi et al. NPA 1994, PRC 1994
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Evolution of neutron SPE in the Ca isotopic chain
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The role of three body forces to create SO shell gaps

J. Holt et al., 2012 J. Phys. G. 39 085111
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Significant increase of the N=28 gap between N=20 and N=28
Realistic two-body forces could not account for the increase of SO shell gaps at N=28

Almost constant N=32 SO ‘gap’

Almost constant N=34 ‘gap’ when using proper T=1 TBME

What happens towards ®°Ca ? Strongly repulsive three body force ?

The d5 and g9 neutron orbits become almost degenerate (inferred from 8Ni)



Some remarks about the N=32 and N=34 shells in Ca ....



Evolution of neutron orbits in the O isotopic chain
Experimental results in the O isotopic chain (*1>°0)
Systematics of ESPE derived from experimental Sn values
What happens when approaching the continuum ?
What makes the C and O chains so different ?

The T=1d;/,-d;/, force in Ca and O chains

Generalization of the role of T=1 forces in O, Ca and Ni



Oxygen Isotopes A=20, 21
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Agreement with Brown’s USD calculations.
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Evolution of shell gaps using (d,p) and (d,t) with 2°0 and %Ne beams at SPIRAL
TIARA-MUST2-EXOGAM-VAMOS COLLABORATION
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220(d,p)?’0 reaction to probe the neutron N=16, 20 shell closures
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220(d,p)?30 reaction to probe the neutron N=16, 20 shell closures
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Proposal — O.S.

Shell evolution viewed from N=15 systematics
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Swaping between the f,, and p,, orbits (N=28) below Z=14
3/2- state not observed in 230 -> statistics ? Energy matching ?

Study of 220(d,p) 230 at about 10 A.MeV with ACTAR



22,240: good core nuclei ?

Changing slope in neutron separation energies Ozawa et al. PRL 84 (2000)

No bound excited state in 20, 2* above 3.7 MeV, Stanoiu et al. PRC 69 (2004)
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Proposal — O.S.

Shell evolution viewed from the N=17 systematics
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Large N=20 gap between Z=14 and Z=20 -> collapses below Z=14 (Si)

Swaping between the f,, and p;, orbits (N=28) below Z=

14

-> role of specific proton-neutron forces (tensor and two-body SO)

-> expected in other regions of the chart of nuclides

-> Study of 22Mg(d,p) 2°Mg and 3°Ca(d,p) 3’Ca reactions



Increase of spin orbit (SO) shell gaps in the Ca and O chains

exp (d,p),(p,d)
from Uozumi et al. NPA 1994, PRC 1994
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Derivation of nuclear forces using the two methods
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Evolution of neutron orbits in C and O isotopic chains
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Swapping of levels at N=9

-Shell gap ceated at N=14 in O, not present in the C chain  Stanoiu et al. PRC 78, (2008)
- Degeneracy of s,,, and d;,, orbits at N~14 in C

-S,, States at low energy at N=9, N~14-16 in the C isotopes -> haloes ?

Binding energy (BE) of the O is about twice as large as that of the C isotones



N=14 shell closure in 220 and 2°C
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Rapid disappeareance of N=14 shell closure !!



Evolution of neutron orbits in the Ni isotopic chain
%3Ni(d,p) to probe the size of N=50 SO gap

Systematics of ESPE derived from recent values and
from T=1 TBME derived from the Zr chains

Generalization of the role of T=1 forces in O, Ca and Ni

General rule of increase by about 3 MeV of SO gap



%8Ni(d,p) reaction in inverse kinematics
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RESULTS FOR 68Ni(d,p)6°Ni
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Is the N=50 increasing by the
same mechanism ?

See also K. Sieja et al. PRC 85 051301 (2012)
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The role of three body n-n forces to create SO shell gaps

Neutron Binding energy (MeV)

N=28 Theory: J.D. Holt et al. JPG 39 (2012)
G. Hagen et al. PRL 109 (2012)
K. Sieja et al. PRC 85 051301 (2012)

exp (d,p),(p,d) from Uozumi et al. NPA 1994, PRC 1994
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Increase of ALL SO shell gaps from n-n interactions by about 2.7 MeV !!!
A relatively large N=50 gap is expected in 7éNi.
Predictibility for other high jorbits->h ;5,1 15,



