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Motivation: history

Main goal:
Examine i1sospin/density dependence of spin-orbit (SO) in
CDFT

The spin orbit (SO) force introduced ~ 60 years ago
corrects the shell gaps.

Non-Rel. MF

Skyrme: zero range

Gogny: finite range

Both use 2-body SO term - has to be adjusted
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RMF @\ Isotope Shifts: Pb Nuclei w
Based on the Walecka meson exchange model S |
Major advantage SO term naturally from Dirac eq.
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Both approaches successful along stability line - similar 5 |
results W 00} :
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SO difference appear in extreme 1sospin cases. STt S
Well known example: 1sotopic shifts in charge radii in Pb [ o Nt o
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Motivation: the 34Si bubble experiment
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recent experiment effort - constraint on isospin dep. of
SO

Study N = 20 isotones 40Ca, 36S, 34Si

Concentrate on
neutron states

2p=2p,—2py, 1f=1f,-1f,

Ist Adv.: A = 40 2p splitting around 2MeV and both SO
partners accessible

2n Adv.: Occurrence of ‘Bubble’ in 34S1 proton dens.
Theory: [M.Grasso et.al. , PRC 79,034318 (2009)]

Expt: [A.Mutschler, O. Sorlin et.al. NPHYS3916 (2016)]
knock-out reaction 34S1(-1p)33Al

Deduce Occupancy 0.17(3) of 2s1/2 only 10% cp to 36S

Since SO X Vp see bubble structure influence SO
splitting



Motivation: the 34Si bubble experiment

SFA
f2/2 41Ca
0.75
l P P
0.50 /2 v <f, > Proposal:
- 5 2 .
095 N=28 ASO(p) Use the bubble structure to constrain the SO force
| 1.9 MeV 2 MeV . . L
SE ? 8 Experiment [Burgunder et. al. PRI 112, 042502
(o 2014):
0754 L/ - transfer reaction 34Si(d,p)35Si
008 ' " Measure neutron s.p. energy with
0.25 N f5/2
[ 2MeV, ; ; 1 RN Results:
0 1 / 4 5 . o e
SFA | ’ ’ ° No change in 2p splitting between 41Ca and 375
el - Large reduction of 2p between 37S and 35Si
T ; | . L
050 No significant change for 1f splitting
0.25 . )
TR Non-Rel. calculations
s 4 [M. Grasso et. al. , Phys. Rev. C 92,054316
| F*(.M?V) (2015).]
inele oarinle ey o 1o (o, 76, (el e 1 55, Using skyrme-SLy5 and Gogny-D1S functionals
(bottom). SF values in *'Ca are taken from Ref. [29]. The in the MF-HF level

centroid of the 5/2~ strength, obtained from a summed SF
strength of 0.32, is indicated as (fs;,). The SF of the 5/2
components in *’S are taken from [24], while all others SF are
derived from the present work with error bars due to statistics and
fit distributions.



RMF nucleons 4-cmpt Dirac spinors ¥

virtual mesons o, W, Q, (0) (a-p+ B(M+S)+ V), = ;1

Nucleons obey Dirac equation

Relativistic fields scalar S and vector V. (Time-rev.) S = g,0 (+¢56) V = gow’+g,m3p5+eA°.

In non-Rel. expansion: Vg.o. = W - (p X o) ‘
{Large S.O. term

. with effectiV? mass
W= V(-5 M= M- (V- 5) V-8 =750 MeV
1 1d(V-S
In the spherical case: Vs, = Ve . ( - )E - 8

Under approximation- zero range limit W, = W1V p,. + W3V,

RMF very small isospin dep. | Non-Rel. strong isospin dep.
% N Cp (—i—C(s) _
w, Tttt e, =1 My
Wy

C; = ¢g?/m? (i =o,w,d,p)



1.Pure Mean-Field
SO term in Mean-Field

| Normal ‘Bubble’
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Gradient Vp determines the SO
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Most nuclei
{1 e Attractive well around the surf.
e States with large [ most affected
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Non-Rel. deeper Larg.er. SO
than RMF splittings

‘Bubble’ nuclei
e Additional repulsive peak at

repulsive Y
peak center.

e States with small [ most affected-
Reduces the size of the 2p
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P.-G. Reinhard, H. Flocard/Nuclear Physics A 584 (1995) 467-488



RMF results in general
- No change 1n 2p from

Evolution of the neutron SO splittings with A
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Pairing correlation in proton channel of 38 Ar, 36S and 34Si
Generalised Hartree-Bogolyubov framework of quasi-
particles

(" A ) () e ()

Single particle energies obtained in canonical basis
RHB equivalent to RMF + BCS

Ep— A

H 9 |:1\/(6M)\)2+Ai

Use TMR pairing force - equivalent to Gogny finite
range - avoid cutoff
Pairing strength adjusted to OES

38AI‘ 36S 34Si

AP (MeV) 093 045  1.95
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Pairing effect on densities

— No pairing
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- Occupancy of 2s1/2: decreased in 36S
increased 1n 34S1

- Larger surface diffusion

- Smoothening of the Bubble structure



2.The effect of pairing

Numerical results

Evolution of the neutron SO splittings with A Change of the 2p splitting wt pairing strength

3 | T | T | ._. NL3 | T | T | T | 8 70 ‘ NL3 | I | I | I
A—A DD-ME2 |+ - - A DD-ME2
DD-PC1 60 DD-PC1
2.5 x =x Exp. ~ 73 + Exp.
Al e
] > (@)
L °
2 17 g >0 )
o; — A
2 401 o * s IA
=
15 =465 o ay 2
L B Y A
o0
E 30 B ® A
1 -6 § - o A
2 20— ﬂ‘ 24
L e | @, ®
0.5 55 A -
. (p) i L () i 10+
ob—L 1 1. T S RN [ I
40 38 36 34 40 38 36 34 | | . | , | |
Mass number A Mass number A OO 05 1 1.5
- SR ACs, )

| Same qualitative picture §
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The inclusion of pairing
-In 38Ar and 36S increases f and reduces p splitting
-In 34S1 reduces f and increases p, due to smaller central depletion

Connection bt relative p reduction and A(2s, )
- Stronger pairing, smaller occupancy change, smoothening of ‘bubble’ -> Smaller relative p

reduction 36S -> 34S1




Rel. Hartree — Relativistic Hartree-Fock

G.A Lalazissis et. al. PRC80, 041301(R)(2009)

Add two terms corresponding to

(OPE) dynamics
1 Al ~
L= 5 (9, w7 — mi) 72
fr

ﬁpv — —m—w’&%%a“ﬁfw
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e A =0: Optimal refit incl. OPE of
NL3

e A =0.5: reproduces certain expt data
of s.p. structure in Sn i1sotopes

e effect of tensor force bt neutrons and
protons

determined by spin-orbit alignment
antiparallel spins — attraction
parallel spins — repulsion

0.4

Tensor effect on s.p. energies

e-o NL3RHFO0.5
- = NL3

Mass number A

Pion fit




Evolution of the neutron SO splittings with A
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_ f splitting much smaller
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m
L | i | A frozen gap approximation for pairing
Occupancy of 2s1/2 in 34S1 g.t. RH
Opposite effect than pairing
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Ist step static DFT  2nd step collective vibrations

PVC induces energy dependence on eff. potential

> =54V +X(w)
/ !
Mean field Pole part

Fragmented levels
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Direct comparison with expt.
major fragments

No big effect on 1f splitting
2p-orbits shifted downwards
more for orbits close to fermi

Increase in the size

rel. reduction closer to expt.



Conclusions

 In general the observed qualitative picture 1s reproduced
-Large sudden reduction on 2p splitting going to the ‘bubble’
-No significant change otherwise
e Smaller 1sospin dependence leads to smaller SO splitting than non-Rel.
e Quantitatively relative reduction larger than expt.
 Pairing correlations correct for that
 Tensor effects mainly 1f, showing the pure SO character of the 2p reduction,
acts opposite than pairing
 PVC improves the qualitative picture.
- Shifts the 2p orbits in the correct direction
- 2p Relative reduction in 36S — 3481 closer to experiment



