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A recap on the SO splitting

Introduced by M. Goeppert-Mayer, reproduces magic numbers for stable
nuclei.

. - SO splitting is mainly a surface
40 iz 0w effect:
2 : 21
. : I\ Vio = s Vall- ) (151
= : Y
8 ) : 2 Affected by many
2 : phenomena as drip-lines are
) approached
H.O. + ¢ + ¢s
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A recap on the SO splitting

One of the possible causes could be the tensor force.

T.Otsuka and Y. Tsunoda, JPG 43 (2016)

Tensor force emerges from the
monopolar component of the NN force:

H — HO _|_ Hmono _|_ Hmulti

= Mainly affected by nv interactions

proton

neutron

7.
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A recap on the SO splitting

One of the possible causes could be the tensor force.
T.Otsuka and Y. Tsunoda, JPG 43 (2016)

. ante
Tensor force emerges from the Pl 2

monopolar component of the NN force: /
H = HO + Hmono + Hmulti

proton neutron
= Mainly affected by nv interactions

Shell gaps evolve with
proton/neutron
occupancies

proton neutron
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Physics case

E796 to measure transfer reactions probing single-particle occupancies in

1. Proton removal 2°0O(d,*He)"®N to investigate persistence of Z=6

200
1.5
EO 1'4? o (d*He) previous
a 1.3
o] r 3 :
Q 1.0E ® (d; ’He) this work
O 11 — - SFO-is
% 1;_ ....... é\\\ ....................................................
O o9f N
0.8F L.
0.7F =
0.6/
E | | |
o 8 10 12

N (neutron number)
J. Lois-Fuentes, PhD thesis (2023)

112

Od5/2

Opy2 Tensor Vg, reduces Z =
Aso 6 gap as neutrons are

Opa/2 added to V0d5/2

081/2 e

Schematic view of tensor interaction in 2°0O
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Physics case

E796 to measure transfer reactions probing single-particle occupancies in
200_

2. Neutron removal 2°0(d,t)"®O to extract N = 6 SO gap

T I | I

1.2 :— —: 1512
: 1 0dss o-0-0-0 Would th.e gap
o DO H decrease in 2°02
<O 0.8 :— - —: Op1/2 _— - — —0—0—
2 : N=6
a0 #0d,0) 0(d.1) ] Bso Can we constrain the
0.6 __ ﬁp%cgg)e e}r9a71.7 This experiment __ Opg/z-.-“-‘_ -‘-.-.-._
i (o7 _ tensor force?
04 __ ! | | ! | | __ 081/2
18 20
O O IPSM of 200

Reanalyis of previous data
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Experimental setup

E796 @ LISE in 2022. First transfer experiment with ACTAR TPC!

Silicon sizes:
80x50x0.5mm?3

Front
silicons
d ~ 10cm l
—> _J.
s
TPC
Left
silicegns 1 Beam counter

200 @ 35 AMeV T 2.5-10% pps

=

[

Gas mixture:
90% D> + 10 % iC4H o
at 952 mbar
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Results: E, spectrum

250 B | | | | j | | | [ I : | | [ [ I | | [ l
- | g x o,zsj[ : - -+ Experiment
200 B Sn= 3.96 MeV _ Global fit
> - {\ (\ : . In phase space
ﬁ - S5, = 12.00 MeV Jf . S (p,d) background
S 1501 T : -
(e @) - . _
- - : i
Z 100F | } -
S - ‘ | Y JrH } §
8 - - | \ S 1N ]
S0 ] Y U ]
. \ : Py
0 I L .J NN N NN N NN NN | u&l—‘l l_rl'l-L-.+ 4.
0 5 10 15 20 25
Ex [MeV]
* 11 observed states * 1n phase space considered:
« AtE,>15MeV(p,d) PO =80 +n
contamination appears « 2n phase space is negligible
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Results: E, spectrum

250 B [ I I [ [ : I [ [ [ I [ i | [ [ I [ [ [ [ ] ]
- J[ gsx025] . -+ Experiment
s . 4 —— Global fit
L * Sp= 3.96 MeV .
> 2N B m i ’ + . In phase space
,Ej B Son= 12.00 MeV 1 K& (p.d) background
8 150 -4 —— T=372
f B 1 T =15/2
95} B _
= 100 -
= - N
S _.F )
50 ~
g 25
T = 3/2 states @ E, < 10 MeV T=5/2atE, >10 MeV, based on

comparison with 2°O(d,*He)"*N
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do/dQ [mb/st]

Results: sd cross-sections

60 F T J ' | [ s .
Ve r=0] 15, —— DWBA with Fresco
: \\“ C-S :2816(62) — =1 : Od5/2 _._._._O_ - OMP
e f:2 .
40~ - = 200 + d: Daehnick
i W. W. Daehnick et al. PRC 21(1980)
! N=38 = ¥0 + t: Pang
20 D.Y. Pang et al. PRC 79 (2009)
I « (d|t)from ab-initio GFMC
O I. Brida et al., PRC 84 (2011)
Y ey i « (?°01™0 ) from standard WS
S C2S = 0.157(25) 1 I8 —O=0—
oF 4 ] Oce "
. g.s:5/2*, taking up 71% of the
5 N=38 occupation
i o st 1/2+, with 8% of 131/2
—— occupancy
5 10 15
Ocm [°]
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Results: p cross-sections

——— T T T
3.15 MeV ) 4.62 MeV

& - 28 =0.723(34)

X
L
L\

~~~~~

[\

F o\
2F

B \

L C2S=0.488(27)

4

I \|~'\”l/ Lol T - Ll
T [ [ L L .
7.96 MeV

L : I 1 | I I #
3 6.66 MeV
C2S =0.305(21)

\

||\|||\[|
8.93 MeV

1.0\7 C2S = 0.170(18)
e | — £=0
— -1
--------- £=2

5 10 15
Ocm [°]

L C28-00652099) o6

1s1/2

0ds,, —0-0-0-0-

Based on shell-model
calculations (see next slide):
e E,=3.1and 4.6 MeV > Op1/2

« E,=6.7,..,89MeV = 0ps)p»

T = 3/2 states:
Opy/2: 61 % of strength
Ops/2: just 14 % of occupancy!
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Results: comparison with models

SFO-tls interaction

T. Suzuki, T. Otsuka PRC 78 (2008)
For p-sd neutron-rich nuclei
Modified: reduced sd-sd and

p-sd monopole matrix el.

161
i 0ds/
14__ s Isip
12F
> 10
) - 017 m
%‘ 8:— 0.07 &
aa) i
031 mm
6
L 049 m—
4+
: 0.72  m——
2__ 0.16 wm
0_— 2.82 ———
Exp

[ 0p1/2
[ 0p3/2

3/2;
32

3/2;
1/27
1/2;

12

524

0.15

0.09

0.16

0.12
0.18

0.79

0.16

3.47

Mod?2
SFO-tls

323

3/2;
327

3/2;
1727

1/2;

172§

512
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Results: comparison with models

16F
SFO-tls interaction - Ods, MR Opy,
T. Suzuki, T. Otsuka PRC 7{3 (2008) . 14  mm 15y,  Ops
For p-sd neutron-rich nuclei -
Modified: reduced sd-sd and 12r
p-sd monopole matrix el. = 10f e "
§ L 017 = 3/25 000 & .
‘—x‘ 8:— 0.07 & 327 ' ’
Great reproduction of low- = o oy O 3:21
. — 12 = 3125
lying states - 018 mm 2
L 049 messss 1/27
C?S reduced wrt SFO-tls 4
072 e— 1/2; 0.79  n— 1/25
2;_ Q16 - g 0.16 mm 124
O_— 2.82 S 347 5125
Exp Mod2
SFO-tls

EuNPC 2025 - Caen SO splitting in 200



Results: comparison with models

16
SFO-tls interaction - Ods, W Opip
T. Suzuki, T. Otsuka PRC 78 (2008) 14F w15, Opy
For p-sd neutron-rich nuclei -
Modified: reduced sd-sd and 12r
p-sd monopole matrix el. = 10f e -
g E G- 2% 0.09 s 32;
—x‘ 8_— 0.07 & 3121
Great reproduction of low- = oo oy o6 =
. L 0.12 = 3/2;
lying states - 018 m 2
L 049 messss 1/27
C2S reduced wrt SFO-tls af
072 e— 1/25 0.79  — 1/25
2:_ 0.16 == 1/2% i — o
Ops/2 less fragmented than - | '
predicted DI e v
Last Ops/» predicted at much Exp ol
higher E,
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Results: comparison with models

16

SFO-tls interaction - Ods, MR Opy,

T. Suzuki, T. Otsuka PRC 78 (2008) 4F .15, . Opy,
For p-sd neutron-rich nuclei -

g - Centroid,; = ) ;; C*Si-Ei/ Y C=S;
Modified: reduced sd-sd and 12 i = 2 CSeEi/ 2, C°S,
p-sd monopole matrix el. = 10f v -

O B _
S . 2 0.09 s 32;
_x‘ 8_— 0.07 & 3127
Great reproduction of low- = oo a; %O <
. L 0.12 = 3/2;
lying states - 018 mm s
L 049 meess 1/27
C2S reduced wrt SFO-tls af
072 e— 1/2; 0.79  n— 1/25
2:_ 0.16 124 016 -
Ops/2 less fragmented than - | °
predicted Ol T— v
Last Opg,2 predicted at much Bxp ok
higher E,
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Results: comparison with models

SFO-tls interaction

T. Suzuki, T. Otsuka PRC 78 (2008)
For p-sd neutron-rich nuclei

Modified: reduced sd-sd and
p-sd monopole matrix el.

Great reproduction of low-
lying states
C2S reduced wrt SFO-tls

Op3s/2 less fragmented than
predicted

Last Op3,» predicted at much
higher E,

16
B 0dsp B Opip
14 w15y, B Opse
1k Centroid,; = > ; C°S;-Ei/ )i C*S;
> 10F
o [
z -
o 3 - L= =TT
M [
6r
4r- D E———r
2
0k
EXP Mod2

SFO-tls

EuNPC 2025 - Caen

SO splitting in 200

16



Results: SO gap

Gap = Centgpi2 - Centgps/2
: 40 % reduction wrt °O
* Theo: ~ 30% quenching

Tensor also plays a major role in
N=6 SO evolution!

Iheoretical predictions needed
for '®O before drawing any final
conclusions

I | I

B Preliminary

B = Theory 7]

- ]8O(d,t) .

— G.Mairle et al. ]

- NPA 280 (1977) -

i ! | ! | ! i
180) 200
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Conclusions

200(d,1)®0 reaction as a way to measure SO gap in
exotic O isotopes

DWBA analysis to extract spectroscopic factors and
E, centroids for T=3/2 states

Comparison with SFO-tls reproduces measured
centroids

40% exp. reduction of N = 6 SO gap 2°0 / '°O

EuNPC 2025 - Caen
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Extra slides
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A recap on the SO splitting

G .Mairle et al. (rLs 304 (1993) found systematic trends easily parametrizable.

sc " Numberofnodes- .
i o n-0 ] Deviations from the trend are found
8 £=B21 A0 N due to:
% 4F . » |Loosely bound orbitals
E i ] . 35¢:
b E * Nuclear matter depletion (*°Si)
TS - = Role of tensor force
't (b) i ©
(T) — |5|0‘ - Il(l)OI - ‘1g0| - l2(1)0l - I2%0l el
A J-= Y
Shell gaps evolve with J- AR J-
proton neutron proton neutron
proton/neutron

occupancies T.Otsuka and Y. Tsunoda, JPG 43 (2016)
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A window to the analysis

Intricate analvsis to extract reactions of interest out of noisy data.

= [ to [
Fg 120__ __ d~10cm
& < S
N ~ | RP
= 801 ‘ -
% - S Jo
o L 4 SP
s 40 - / = \
g - AEgas = ZiQi/TLpad g +*
A B TL = TLpad + TLg; 7]
0? [ R N N TR TR NN MO N B | Ej E;
0 40 80 120
. X [pads]
Unique advantages from the TPC:
* Precise vertex determination * Factor 10 in target number
* Improved AE corrections * Implicit PID with AEg,s
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A window to the analysis

Intricate algorithms to identify binary reactions. Then standard procedures

apply:
1. PID of tritons by plotting 2. E, reconstructed by the missing-
AE4asvs AEg; mass technique
2000:' LISLINNL N O N UL LY L L DO N PRI B B . 50 207 T T T T T T LI
1750 — = [ - ES =15 MeV ] Bs
1500 =l R tor I , i
£ sl . =l .
8 - 30 2 12r .
5 1000} = = [ P
5 O E g8 )
SO0 S ] R I T 1 B0
E‘ ,“\f\\:::\:,gt Mo, E 10 4_ it _—
250:5*5?“ ; : 18°
0 ~""10" 20 30 40 o

AEs; [MeV] %20 a0
OLa [°]
Masked punch-through to 2nd front layer w0
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(d,°He) comparison

300

Counts / 400 keV
=

P

|IIII|IIII|II

| T T

gs x OI.3 |

—
—— (d,*He)

O+

Binding enerqgy difference of ~ 11 MeV considered.
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SFO-tls modifications

B Ods/» B Isip I 0p 12 I 0p3/2
SFO-tls: Original interaction PRC 78 =]n
17 - -
(2008). Reproduces ''C reduced B(M1, of - T 3ple o
1/72* = 3/24") strengthand Z=6 gapin C SZI SN L, Ol 323
—_— B ) 0 0.12= 3/25
chain. > B 0.3 S /25 0.10e 325 8L g;g%
Mod SFO-tls: Monopole p-sd and sd-sd =, *(;(1): ;Z A iy pe—, N
. . X : 0y _ _
matrix el. were lowered by -0.375MeVin H o= ipf B iz 014 s 3123
. IPREvsintaitnb it _ 0.12- 3/27
T=0 channel and -0.125 MeV in T=1. By B o 3/; 0.09 3123
. 5 - O r 0 0.16- 321
Mod?2 SFO-tls: Same but reducing the 5 1?:_ jZ 08 1o 015 v 912 Ve
N=6 gap by 1.5 MeV 0,720 1/2; g V26 0,7 e 112
[0.16= 1725 0.14= 12§ 0.15m= 12§ 0.16= 1z
0282 5/2 3.5 e 5128 3.5 memm— 524 3.47 5124
Exp SFO-tls Mod Mod2
SFO-tls SFO-tls
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Results: centroids

| [ [ | | | | | [ i

Modified SFO-tls: aE e Moda SFOAL g (1);15/2 1

* Excellent agreement for - : 12

Ods/», 1s1,» and Op1/2 i == Opir |

«  Opa2 shifted towards high E, © L LA Opsz ]

E\] B ]

e i =~

Op1/2 - Op3/2 SO gap: B g | i

¢ EXp: 379(19) MeV O_I g - L IEI I RN N N R Bl i
e Theo: 4.34 MeV 0 2 4 6 8

= 0.5 MeV difference Centroids [MeV]
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