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Generalities about np pairing

» nNp pairing :
- iIsovector -> defined from isospin symmetry
- iIsoscalar -> a lot of uncertainties !
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= Does T=0 channel creates a correlated
state in analogy with superfluids ?

» np pairing mostly (only) in N=Z nuclei

» donly bound (J=1+,T=0) A=2 nuclei
T=0 pairing stronger than T=1"?

‘ | » Correlated state // pair phase of superfluid for T=0?

--> collective modes ?
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Frauendorf, Macchiavelli, Prog. in Part. Nucl Phys. (2014)
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Shell effects on np pairing

> Binding Energies adapted from O. Juillet

AV, =1/4[B(N,2)-B(N,Z-2)-B(N-2,2)+B(N-2,Z-2)]
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Isoscalar pairing affected by shell effects
Spin-orbit effect on np pairing (particularly in fp shell)



Possible experimental probes

Masses - BE differences
can be described by an appropriate combination of the symmetry energy and the
Isovector pairing energy.
—> Evidence for full isovector pairing (nn,np,pp) - charge independence.
A.O. Macchiavelli PRC (2000), A.O. Macchiavelli PLB (2000)
53] Heavy nuclei accessible, “simple” observable

Rotational properties (“delayed alignments”) consistent with T=1 cranking
model. Kaneko, Sun, de Angelis, Nuclear Physics A 957 (2017) 144

{,b Heavy nuclei accessiblem® model dependent, no clear evidence
ion- <A+2laTat|A >
Deuteron transfer reaction :

Frobrich (Phys. Lett. 1971) -> 2.5 enhancement factor
Piet Van Isacker PRL (2005)

analogous to the transition probabilities BE2’s fnr the quadrupole case.

CD;\ The “smoking gun”? 5 beam intensities >10%pps
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Rotational vs. vibrational pairing

(p.t) & (t,p) : R= 0/,/04,~25

(p,t) and (t,p) : R=o(gs (A) -> gs(A+2)) ~ Q
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 Open shell nuclei -> static
deformation of pair field

o “Superfluid” limit

* Rotational-like (parabolic)
spectrum for even-N neighbors

Closed shell : no static
deformation of pair field
“Normal”nuclei limit
Vibrational-like spectrum
Enhancement of pair addition/
pair removal cross section




Probing isoscalar pairing through transfer reactions

Deuteron-transfer intensities

Transfer is proportionnal to the number of

(IBM model) .
pairs
Reaction C2_, 2, o (0*)/o (1*)= gives the relative strength of
EE — 007, 3 0 T=0/T=1 pairing
EE — 00;—; 0 N, +3
00,_, — EE 0 N, +1
deuteron-like
P. van Isacker, PRL (2005) N o 1+,T=0
O+,T=O 0+,T=1
AT >
_ 2zZ 2(Zil)(zi 1)
Experimental aspects
reaction beam E direction selectivity 4 Best nuclei to Study :
(p,°He) >20 MeV forward AT=0,1 . N=Z nuclei with high j orbitals to
develop collectivity
SHe, low <5MeV backward AT=0,1 _ _
(He.p) Jg» Shell like °2Pd not accessible
(d,a)(a,8Li) >20 MeV forward AT=0 experimentally
(a,d)(6Li, a) | low <5MeV backward AT=0

. only sd and fp shell nuclei available



Systematics of do(0+)/do(1+)

» sd shell systematic
from litterature & ENSDF
- max of cross-section at the lowest angle measured, no error bars
- first 0+ and first 1+ states taken into account (no centroid)
- slight difference between (p,3He) and (3He,p) > effect of Q-value ? (Brink’s conditions)
- 160 and 4°Ca do not behave as « shell closure »

160 (3He,p)18F Sen Gupta, J. Phys. G 12 (1976) 935 18MeV
ONe(®He,p)??Na  Garret, NPA 164 (1971) 449 15 MeV

24 3 26 L
Mg(°He,p)=°Al } Del Vecchio, NPA 265 (1976) 220 40 MeV 10

*®Si(*He,p)*°P Nann, NPA 198 (1972)11 24 MeV
32S(3He,p)34Cl

40Ca (®*He,p)3*Cl  Pilhhofer, NPA 116 (1968) 516 18 MeV

-
-
—
-
-

very scarce literature for (p,3He)
160(p,3He)*N Fleming NPA 162 (1971) 225 54 MeV

24M_g(p,3He)22Na } Brown, Ann. Rep. Indiana Univ. (1993)
?8Si(p,°He)?°Al J89.6 MeV
36Ar(p,2He)3*Cl  Brunnader, NPA 137 (1969) 487 45 MeV

40Ca (p,3He)3*Cl  Sens, NPA 407 (1983) 45 35 MeV

o(0+,T=1)/0(1+,T=0)




Systematics of do(0+)/do(1+)

» sd shell systematic
from litterature & ENSDF
- max of cross-section at the lowest angle measured, no error bars
- first 0+ and first 1+ states taken into account (no centroid)

-2 slight difference between (p,3He) and (3He,p) = effect of Q-value ? (Brink’s conditions)
- 160 and #°Ca do not behave as « shell closure »

160(3He’p)18|:
20Ne(*He,p)??Na
24Mg(3He,p)?°Al
28Si(*He, p)3°P
32S(3He,p)34Cl
40Ca (®He,p)3*Cl

160(p,3He)14N
24Mg(p,3He)??Na
28Si(p,3He)?eAl
36Ar(p,2He)34Cl
40Ca (p,3He)3*Cl

Sen Gupta, J. Phys. G 12 (1976) 935 18MeV
Garret, NPA 164 (1971) 449 15 MeV

}

Pulhhofer, NPA 116 (1968) 516 18 MeV

Del Vecchio, NPA 265 (1976) 220 40 MeV
Nann, NPA 198 (1972)11 24 MeV

z
=
=
Fleming NPA 162 (1971) 225 54 MeV &
} Brown, Ann. Rep. Indiana Univ. (1993) *E‘
89.6 MeV
Brunnader, NPA 137 (1969) 487 45 MeV 107!

Sens, NPA 407 (1983) 45 35 MeV

(®He,p) reaction only

P T SR R T N SRR
25 30
mass (initial)

.20. L
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Systematics of do(0+)do(1+)

I | | +

» sd shell systematic remeasurement

' 3 @,
Y (p, He) Theoretical
A (3 He,p) Theoretical %
Iﬂl:_ v (p,jHe) A _: S
i A Chep) 1
—~ v O Indep. particle i 102+ . |
L 1 0., A 0 10 20 | 30 ' 20
te © ¥...... 0, (deg)
% v Bl o |
A S ’ o ’; Angular distribution for 2*Mg(3He,p)
10 .
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30
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AAremeasurement J. Lee @ Osaka RCNP @ 25 MeV
->Y. Ayyad et al, PRC96 (2017)
Theory : J. Lay (INFN-Padova) 2" order DWBA



Systematics of do(0+)/do(1+)

» sd shell systematic remeasurement
consistent measurement by J. Lee & Y. Ayyad-Limonge at RCNP Osaka in direct kinematics
np transfer reactions
3He beam at 25 MeV: 2*Mg(3He,p), 32S(3He,p)
Proton beam at 65 MeV: 2“Mg(p,3He), 28Si(p,3He),*°Ca(p,3He)
2n transfer reactions (comparison to np transfer) 2Mg(p,t), 28Si(p,t)

160 (3He,p)18F Sen Gupta, J. Phys. G 12 (1976) 935

ONe(®He,p)??Na  Garret, NPA 164 (1971) 449 sueeriud imit

24 3 26
Mg(*He,p)=Al } Del Vecchio, NPA 265 (1976) 220

28Si(*He,p)>°P Nann, NPA 198 (1972)11
32S(3He,p)34Cl

40Ca (®He,p)3*Cl Pulhhofer, NPA 116 (1968) 516

[
—

very scarce literature for (p,3He)
160(p,3He)*N Fleming NPA 162 (1971) 225 54 MeV

24M_g(p,3He)22Na Brown, Ann. Rep. Indiana Univ. (1993)
28Si(p,3He)?eAl

36Ar(p,2He)3*Cl  Brunnader, NPA 137 (1969) 487 45 MeV
40Ca (p,3He)3*Cl  Sens, NPA 407 (1983) 45 35 MeV

o(0+,T=1)/0(1+,T=0)

B R i

AAremeasurement J. Lee @ Osaka RCNP @ 25 M(i\ﬁ_,

L | i i I i - | [ — I I |

->Y. Ayyad et al, PRC96 (2017)

20 30 40 50
Theory : J. Lay (INFN-Padova) 2" order DWBA A



Reaction mechanism effect : some aspects

» Beam energy

40Ca(®He,p) ¥
Aamml

Sherr, Ann. Phys. 66 (1971) 548 = 8.9 - 26 MeV B
Piilnhofer, NPA 116 (1968) 516 = 18 MeV =
Zurmulhe Nucl. Phys. 80 (1966) 259 - 10-12-15 MeV
5

20Ne(3He,p) =

Meynadier, NPA 161 (1971) 305 - 3 MeV
Garett, NPA 164 (1971) 449 - 15 MeV

» L transfer : O and 2 contributions

0.\ 0% 1+,T=0
,g:'/7 — 1.7
0+,T=0 > 0+,T=1
227 AT=1,L=0 2217+ 1)
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Experiment at GANIL : *°Ni, >?Fe (p,°He)

Beam produced by fragmentation with the LISE spectrometer
96N, 22Fe @ 30A MeV

Reactions measured :
*°Ni (p,3He) >*Co

6Ni (d,*He) **Co
>2Fe (p,*He) *°Mn

MUST2

thick targets : 7 mg/cm?

Odd-Odd nucleus level Scheme f' 6Ni(d.00)

1821 keV, 3+, T=0
1445 keV, 2+, T=1

936 keV, 1+, T=0

197keV, 7+, T=0 (isomeric)
0+, T=1

54CO



05/09/2019 ESNT workshop - M. Assié - np pairing with transfer reactions

Experimental set-up

°®Ni(p,3He)>**Co & >2Fe(p,2He)*°Mn
thick target CH, : 7 mg/cm?
beam energy : 30A MeV

CD2, CH2
TIARA

CATS

S2Fe, 56N
@ 30A MeV =-F—=—-B——=}
from LISE

TIARA- HYBALL

CHARISSA

1 - It i -

10ch
16 channels

Eand T
DSSD 128+128 fs'(PD)
300um o

'

4 EXOGAM

Efficiency ~8%@ 1 MeV
Energy resolution 3 keV

1821 keV, 3+, T=0
1445 keV, 2+, T=1

Doppler broadening 80 keV 936 keV, 1+, T=0

197keV (isomeric)
0+, T=1

54CO




Energy (MeV)
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The (p,3He) reaction on *°Ni & >’Fe

S6Ni(p,3He)>*Co

>2Fe(p,2He)>°Mn

closed shell nucleus open shell nucleus

initial g.s. (e-e)i J=0+, T=0
|

final J9-S- (o-o)iJ:O+, T=1
1stexc. !'J=1+,T=0

Q value =-13.5 MeV
Eieam =30 A MeV

Q value =-13.35 MeV
Epeam =30 A MeV

|
matching condlition : L < 4

100 100 -

[e]
o

T T
[0}
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T T

D
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T T
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i
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i
o

g T

20—
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The (p,3He) reaction on *°Ni & >’Fe

*°Ni(p,*He)>*Co

2Fe(p,*He)>°Mn
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Excitation energy spectra

S6Ni(p,3He)>*Co

.r.-f A
Lt o 2

FEE LRI
[t P
AR
Lot o 2
FEEEERSE ST
[ AP E
I AR
Lot i P
FEEEERSE IS
[Pt B2
bR
Lot P
FEEEERSE ST
R L]
I A
Lot P
FEERERSEESE

___._,___._,___._,___._ nrr
,-'-f.-' .-' !
Tk |

.S.

o
,;,;,;,;,;,;,;,;,;,;,;,;,;,;,;,;
;,;,;,;56 o
SEE TSP 3| 54,
»,;,; ;,;,;,;
e PR P

P
Tl lididd il idddd il ddddddd

P
W

0 o

)

FEEEE e
pr

i PR
AT

5 R
FEEEE I

Falata JPt Pt

P R P o TR P
IS o
IS o

P PP P

.\\(\

<\

S

IS |f

5 G

‘ I I 5 3+ 2%

E* (MeV)
2+

100 %

1822 keV

61

1448 keV

313

937 keV

1500

1000

Energy (keV)

135 keV

iciency

counts/effi

>2Fe(p,2He)>°Mn

%30 sttt 8 TRT AT P R
2 R RRE R ;o .-".-".-".-".-".-".-".-".-".-".-".-".-".-".-".-".-".5-2F" (’ 150, .-'f.-'f.-'
I [ i i s n ot EPPEETIREPIEPPRRry o E[é ,,”f.-'f.-'
“E : PRrTRERIEEE N LR PR R PR Y,
2] ' ¢ e
] H By AR R R PR
3 H R
8..C ' f.-'f.-'f.-'f.-'f.-'f.-'f.-'f.-u&'(\
20 » s | RS

[ -

B ety S

7 LRy

Lt A

o oo

A !

B
R
e
e
A

el
el o
Ghhhittad
| G
TS | Ry

==

A e

N

FEAELRE LS, —
Lepegegedeal 34 1w

E*(MeV)

52

-

2+

1+-

100 %

0+!

800 keV
56 l

651 keV

1143 keV

l

1 1 1
1500 2000 2500

Energy (keV)

3000




05/09/2019

ESNT workshop - M. Assié - np pairing with transfer reactions

56Ni(p,3He)54Co

Excitation energy spectra
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» Direct vs. sequential ?

correlations kept in the sequential transfer ?
Potel, Rep. Prog. Phys. 76 (2013) 106301

do/dQ (mb/sr)

107

102

10»3 (2]

Angular distribution for g.s.

direct

- — dir.+seq.

-~
N
AN

o /“-‘\‘"‘\

(0 § l | A [ | : S ) [ ¢ ‘ \.‘.'-I 11'..I | | D IS A I 1) I | | Il I‘“\l Jr" | . A I ¢ | L 1
80 90
c.m. angle (deg)

DWBA calculation

with form factors from Sagawa-san including
other shells than f,,,

potential set from °6Ni(p,d) measurement
Also measured :

- elastic scattering
- 9Co(p,d)>*Co (intermediate reaction)
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Angular distribution + DWBA comparison
56Ni(p,h)54Co 30 MeV/u 0+ -> 0+ gxpfi]j

........... simult 0=
fatal 0+
simult 0= 117
........... total 0+ 117

10% — ; \ s -
T S P | | N [ A | l I | | | | I I | | ) I | | 1 &1 1 1 | m | | | .
0 10 20 30 40 50 60 70 80 90

c.m. angle (deg)



Results for °2Fe and 2°Ni

(-
=]

1)/c(1+,T=0)

[—

c(0+,T

single particle Iimité

| | | | | | | | | | | ; | | | | | | |

T=0 states sparsely populated

56N not following single-particle

T=0 pairing seems weaker in fp
shell than sd shell

Cross-section for T=0 ~10 ub

[y
<
[haiy

20 30 40 S0
A

= Theoretical calculations in agreement with T=0
channel weak in *6Ni & ?Fe

spin-orbit
g 1gg /2
2P
2p <z m— %fﬁ;’?
1f P32
Lf7/2

T=1 (1f,)* & (1f5)))?
T=0 (1f;,5)* & (1f5,)* &(1f7,)(1fs5)
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Comparison with DWBA

19Ca 48Cr 52Fe 56N
- Y. Ayyad
PRC 96 (2017) A —
T 10 A
. 4
+ B f_«f'f %,
% - / ,r
- /S A
E i ,f';f _______________ ﬂ
f _ S
U A/
e
1 —K A gxpfi + DWBA
= 1 /\ s.p. + DWBA
i @ exp.
i ] i i | I I [l [ I i i | I I I [ i i | | I I [l
40 45 50 55

Initial A

60
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g a 48Cr 52Fe 56N
_4r 0+,T=1 d
S [ ) (2017) S
53 fA .\.
2 / N
2 2 / e
) / __f
° / \“&
1 14,T= ;’f P raal g
S S .
40 45 50 55 60
Ainitial - ;'}"'
E — &; /
= — A gxpfi + DWBA
< 1 /A s.p. + DWBA
- @ exp.
i 1 1 1 | L 1 [ 1 I 1 1 1 1 I 1 [ 1 1 | 1 [l 1 |
40 45 55 60

S0
Initial A
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Quartetting
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Probing quartetting through a-transfer

In the same way as for np pairing or nn pairing, we can study the ratios of cross-
section

0+,7=0 —_ 0+,,T=1

AT=0, L=0

2z7 AZx2)(Zx2)
10¢
(°Li,d) - Data obtained from 26 to 76 MeV
“a in different experiments
+a -
b | * no error bar
S
—1 : .
ps « consistency of the systematic ?
£ O F
1 (tp)
b rp R . . .
S [ Systematic very similar to (t,p)
; --> protons spectator ?
10-] v e by e by by o b
15 20 25 30 35 40

mass of initial nucleus



(Bap) b

0971 ovl 14 00T

0871

Accepted experiment @ALTO : (°Li,d) & (°Li,a) on sd-shell
nuclel
(Li,d) & (SLi, a) on 160, 2*Mg, 28Si, 4°Ca in inverse kinematics with MUGAST

Both reactions are selective in AT=0, so we will only populate T=0 states

= Aim for (°Li,d) : study quartetting effects (ratios of cross-sections)

= Aim for (5Li, a) :study the reaction mechanism for L=0, T=0 transfer on 4°Ca & 28Si at
energies from 1 to 4 MeV/u

= [ N
— —_ o o o ul o
(1] o (&3] A \ \
| T T T T T o,T T T T T B ;
— o -
I S :
- o°f E* resolution= 250 keV
[ > | (from simulations with 0.5
- Sl i mg/cm?°LiF)
— O O e e e e e e e
[ I 5 82 5
! 51 geEO
: f C
8 - - (!
o




Alpha Clustering in the ground state of alpha-conjugate
nuclei

Alpha clustering in the nuclei predicted close to the emission thresholds (lkeda diagram)
BUT coexistence and competition between clustering and mean-field to be studied
and detailed mechanism of clustering to be understood

Pronounced localization in the g.s. of alpha-conjugate nuclei : 8Be, *2C, 190, 2°Ne reproduced by RMF &
THSR models

0.1 (
p (fm)=2

Partial nucleon density

20Ne g.s. from RMF, J-P Ebran Nature (2012)



How is the cluster structure affected by adding neutrons ?

2ONe : strong admixture of cluster configuration in the ground state.

* EDF calculations : g.s. of 22Ne and ?*Ne exhibit a t-bonding,
* Quartet Model : good reproduction of 2*Ne level scheme with 120 core+ Quartet=alpha+ Quartet=4n

* Alpha spectroscopic factor in the ground state of 2°Ne and 2*Ne, to unravel the clustering

phenomenon and study the effect of excess neutrons.

E (MeV)

Quartet model
M. Sambataro, N. Sandulescu PRC (2015)

Valence neutron density

8 0% 0%

p (fm3)

33%
4 8

8 (0.36,0.39)
8 -4

67% (-0.32,0.25)

4 8 -8 -4

0 0
x (fm) x (fm)

Pyal (1)

- 0.024

0.022
0.020
0.018
0.016
0.014
0.012

— 0.010
— 0.008

0.006

— 0.004
— 0.002

0.000

24Ne g.s. from RMF (P. Marevic et al PRC 2017)
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20.24Ne(d,°Li)*%2°0 : investigation of alpha cluster
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The alpha clustering in the ground state of 2°Ne
and 2*Ne will be studied through 2°2*Ne (d,Li)
16,200 alpha transfer reaction at 10A MeV.

120— | %Ne(d, Li)0 @ 10 MeV/u |
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