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Nucleon-nucleon interaction
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Pairing and other interactions

Pairing refers to the interaction between nucleons
in 'time-reversed orbits’:

* sovector (or spin-singlet) pairing: ] =0 & T =1
* isoscalar (or spin-triplet) pairing: ] =1 & T =0
Aligned np interaction (not pairing): ] =2j & T =0



Nucleon-nucleon interaction
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Time-reversed orbits

A jj-coupled two-nucleon state with angular
momentum J = 0:

‘jz;] = O> * E<jmf j=m;|00)| jm, )| j~m,)ox E‘jmf>‘j”_”‘f>

What about | = 1? Use LS-coupled states:
‘(ES)Z;L=O,SMS>OC E (sm, sm}|SM )| m,;sm )| (i, ;sm. )

The Pauli principle allows (L =0,S=0,T =1) and
(L=0,S=1,T =0) = two pairing interactions.



A matter of strength

Relation between jj-coupled and LS-coupled
matrix elements: .

v s
V(jz;JT)=LES s j | v|(ts)sLsT]
LS J

For pairing matrix elements:
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What is the question?

The question is not whether T = 0 interactions
between nucleons exist or whether they are
important. They do and they are.

The questions are
* DoT =1 pairing correlations exist?

* DoT =0 pairing correlations exist?
* Are aligned T = 0 pairs important?



T = 1 pair vibrations in Pb
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T = 1 pair vibrations in Ca-Sc-Ti-V?
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T = 1 pair vibrations in Ca-Sc-Ti-V?
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T = 0 pair vibrations in Ca-Sc-Ti-V?
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T = 0 pair vibrations in Ca-Sc-Ti-V?
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From vibrations to rotations

Superfluids
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(p.°He) and (*He,p) in sd shell
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(d,*He) and (p,°He) in f;,, shell
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(d,*He) and (p,°He) in f;,, shell
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T = 0 aligned pairs in Ca-Sc-Ti-V?
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T = 0 aligned pairs in Ca-Sc-Ti-V?
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(d,*He) transfer

What is the role of the spin-aligned neutron-proton pairs in the fp-shell ?
Study of the reactions >’Fe(d,*He) and *°Ni(d,’He)
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Deuteron clustering in shell model

How to quantify the probability of formation of a
deuteron in a shell-model state?

This probability is obtained by summing over all np
pairs with the /intfrinsic structure of a deuteron.

Put all quanta of the pair in the centre-of-mass
coordinate and none in the relative degree of
freedom.

Discussions with Augusto Macchiavelli since 2021



Deuteron cluster probability

Deuteron projection operator in isospin formalism:

P, = Zpd(i»j)
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Deuteron cluster probability

Deuteron projection operator in np formalism:
F%,::ZEIZEIPQ(Lj)
lEV JETT
Expect value of P; in |[Q"T,) = |Q,"T, , ;"I 5Ty )
(Qnrnlpdlﬂnrn>

- 12
l_‘11, an—l an

2
. Nnylngl
= NyNg E I, D1 Iy (aNOOO,Fd)

v—1 v 2 n—1 n 2
X[y, L, Q0 T 13O0, | [Qretnl, Q0T 1 3O, ]



Example: the sd shell

How does the number of deuteron
clusters N; change with
neutron and proton numbers?

Consider the ground state of
even-even and odd-odd N = Z
nuclei in the sd shell.

Three choices of interaction:
- Isovector > isoscalar

- [sovector = isoscalar [SU(4)]
- /sovector < isoscalar

300 =a




Example: the sd shell
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neutron and proton numbers?
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Example: the sd shell

How does the number of deuteron
clusters N; change with
neutron and proton numbers?

Consider the ground state of
even-even and odd-odd N = Z
nuclei in the sd shell.

Three choices of interaction:
- /sovector > /soscalar
- [sovector = isoscalar [SU(4)]
- Isovector < isoscalar
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What is the question?

The question is not whether T = 0 interactions
between nucleons exist or whether they are
important. They do and they are.

The question is
* DoT =1 pairing correlations exist?
* DoT =0 pairing correlations exist?



The Osaka experiments

Proton inelastic scattering at E, = 295 MeV
on sd-shell nucleil.

Isoscalar and isovector spin-M1 tfransition
strengths up to E, = 16 MeV.

S(o) = z(lﬂmkakﬂ()f)z
f

5(o1,) = 2(1;|‘Zkasz,k‘|OI_>2
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H. Matsubara et al, Phys. Rev. Lett. 115 (2015) 102501



The experimental result
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Spin-spin correlations (S, - S,)

Neutron and proton spin operators

SRZEO-R' SPZEO'R

ken kep

Relation between M1 transitions and
neutron-proton spin-spin correlations:

1
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(S, +S,): a pairing probe
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(S, +S,): a pairing probe

Some simple results:

LS -coupling
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P. Van Isacker, A.O. Macchiavelli, Eur. J. Phys. 57 (2021) 178



Spin-spin

0.2

0.1

(a)

®)  ©

8

12 16 20 24 28

Target mass

32

correlations (S, - S,)

Exp (pp) T
Exp (e€) X

ushD ——
USD eff ------
SFO
CG-
AVE [
G3RS [
Minnesota +
NCSM-
Chiral NN O

Minnesota X



Schematic shell-model calculations

Single-I shell (with j =1+ >) and a SDI with
iIsoscalar and isovector strengths:

z £ Ay — 2 aTzc?(rl— ) 8(r: — Ro)

T=0,1 1<j

Spin-spin correlation (S, - S,) is always

negative in the ground state of even-even

nuclei!
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Examples
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(p,p’) and (d,d") on “44¢Ti
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Conclusion

Isovector (isoscalar) spin-M1 transitions are
(not) quenched.

This observation has no simple explanation
in the shell model.



Outlook

Experiments:
Investigate odd-odd N=Z nuclei,
Go slightly off N=Z line.

Theory:

More realistic Hamiltonian (shell mixing, tensor
force,...)

Revisit [soscalar pairing?
High-momentum correlated nucleon pairs?



