
Chong Qi
Dept. Physics, KTH Royal Institute of Technology, 

Stockholm

Effect of np pairing on proton and alpha decays 
in N~Z nuclei 

IJClab, Nov. 06, 2024

In collaboration with Z.C. Gao, Z.J. Lian, Ramon Wyss, Roberto Liotta ….



proton decay/capture
Superallowed alpha decay
Quantum phase transition
End pint rp process
SnSbTe cycle
np correlation

Motivation
microscopic large-scale shell-model description of
intermediate-mass nuclei and np pairing correlation

Deformation minima in even-even nuclei by using the deformed Woods-Saxon potential (not LSSM).

Z.X. Xu and C. Qi, Phys. Lett. B 724, 247 (2013). Z. Wu et al., Phys. Rev. C 92, 024306 (2015).

➔ Overwhelming evidence for like-
particle pairing. It manifests itself 
through:
• Strongly attractive J=0 TBMEs
• Dominance of J=0 pairs in the w.f. of 

semi-magic nuclei

➔No consensus on the role of the np 
correlation. The interaction itself is also 
complex:
• Strong monople interaction->drift in 

single particle energies
• QQ correlation->deformation
• Non-collective residual interaction in 

odd-odd nuclei
• Highly-mixed wave functions in most 

cases.



np pairing
• There have been tremendous studies on neutron-proton pairing correlations 

with various approaches (MF+BCS, SM, Quartet etc) on observables like 
binding energy, spectrum, np transfer, beta decay and alpha decay

• Like-pairing pairing only spans the seniority-zero states, which we can 
comfortably handle with neural quantum states.
I. Bonnier, Master thesis, KTH, 2024

• The inclusion of T=0 and 1 np pairing spans however the full SM space but 
could be essential for N~Z nuclei 
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J.P. Schiffer and W.W. True, Rev.Mod.Phys. 48,191 (1976)

T=1

J=0

Two-body matrix elements in the effective interaction

102 in seniority space

Easier to include many shells

One can readily solve a half-filled system with upto 36-38 
doubly- degenerate orbitals and 18-19 pairs (Dim: 9*109-
3.5*1010, shell-model dimension: 4*1020-7*1021).

S
M

 d
im

e
n

si
o

n

Seniority coupling as a result of strong J=0 pairing



np pairing
• There have been tremendous studies on neutron-proton pairing correlations 

with various approaches (MF+BCS, SM, Quartet etc) on observables like 
binding energy, spectrum, np transfer, beta decay and alpha decay

• Like-pairing pairing only spans the seniority-zero states, which we can 
comfortably handle with neural quantum states.
I. Bonnier, Master thesis, KTH, 2024

• The inclusion of T=0 and 1 np pairing spans however the full SM space but 
could be essential for N~Z nuclei

R. D. Macfarlane and A. Siivola, Phys. 
Rev. Lett. 14, 114 (1965).

K. Auranen, et al. Phys. Rev. Lett. 121 182501 (2018)



Common picture of the alpha decay as a tunneling process

• Alpha decay provides direct evidence for the existence of alpha clustering in g.s. of heavy nuclei- (～2500 data in total 
in Nudat3 database, ~400 gs to gs decays, one expect “indirect” data from (p,pα) reaction)

The spectroscopic factor for alpha 
particle is not an observable. R is the distance between the center of mass of the cluster and daughter nucleus which divides the decay 

process into an internal region and complementary external region.
F the formation amplitude;
H the Coulomb Hankel function (for the tail of the alpha wave function)
C. Qi, R. Liotta and R. Wyss / Progress in Particle and Nuclear Physics 105 (2019) 214–251

The alpha formation amplitude

Nuclear structure indicator for particle decay



If we neglect the proton-neutron interaction between the four valence nucleons

(Or pn interaction only being considered at the mean field level)

Two-body 
clustering

Simple alpha-emitter examples: 
212Po vs 210Po

➢Alpha particle is formed on the nuclear surface;
➢Clustering inside the nucleus is suppressed due to Pauli 
blocking.

This difference is 
due to the large 
difference in 
pairing 
correlation. 



210Pb

206Pb

• Pair correlations result in a constructive interference of formation amplitudes 
• That configuration mixing from higher lying orbits is important for clustering at the surface

r1=9fm
A.N. Andreyev et al., PhysRevLett.110.242502 (2013).



Single-particle estimation

The intrinsic α-particle wave function has the form of a n = l = 0 (0s)4 harmonic oscillator eigenstate in the neutron-neutron 
relative distances

The alpha decay of four uncorrelated/independent particles means that the mother nucleus consists of the daughter nucleus 
times a pure configuration of a neutron pair coupled to zero angular momentum times a similar proton pair

Or how do we quantify the formation amplitude in an understandable way

C. Qi, R. Liotta, and R. Wyss, Phys. Lett. B 818, 136373(2021).



Single-particle decay unit

That defines the possibility for four “independent” particles to overlap and form an alpha particle at the surface  

We assume that the radial single-particle wave function u(r) is 
constant inside the mother nucleus, with radius R, which leads 
to

The corresponding formation amplitude acquires the form,

After the integration, one can get



Single-particle decay unit for other processes

J.A. Lay, Y. Ayyad and A.O. Macchiavelli Physics Letters B 824 (2022) 136789

C. Qi, R. Liotta, and R. Wyss, Phys. Lett. B 818, 136373(2021).

np pair transfer reaction cross sectionProton decay from heavy nuclei
• Nearly 50 events observed for decays from g.s. and isomeric states of odd-

Z nuclei with Z>50.
• Sensitive to nuclear deformation and pairing
• The decay formation amplitude has the form:

Pairing 
dominance

Deformation 
dominance



The neutron-proton pairing effect?
➢ If we don’t consider np pairing, the alpha clustering is reflected as 

coupling of 2n and 2p clusters as in pdu

➢ We have managed to calculate 104Te in six major shells and all Te

isotopes in one major shell w. and w/o the np interaction.

➢ Naively one can expect an enhancement upto a factor of around 3 for 

alpha decays when approaching N=Z in our calculations including np 

interaction

➢ But one has to be careful which parts of the np interaction is contributing 

and how they evolve as more n/p added.

data from Nudat3/Nubase2020 and K. Auranen, et al., 
Phys. Rev. Lett. 121 (2018) 182501.M. Patial, R. J. Liotta, and R. Wyss Phys. Rev. C 93, 054326 (2016)

R. M. Clark et al, Phys. Rev. C 101, 034313 (2020)



Z.Y. Zhang et al., Phys. Rev. Lett. 126, 152502 (2021)

The neutron-proton correlation in general

The average proton-neutron interaction 

J.-Y. Zhang, R.F. Casten, D.S. Brenner, Phys. Lett. B 227 (1989) 1.

Pairing rotation

N. Hinohara and W. Nazarewicz Phys. Rev. Lett. 116, 152502 (2016)

CQ, Physics Letters B 717, 436 (2012) 



Systematics of experimental data
data with same isospin (same decay chain) are 
connected

Alpha correlation from the binding energy
The pairing correlation is well reflected in the odd-even staggering of bind energy and can be extracted with simple mass filters;
Here we extract the alpha correlation/separation energy (the energy one gains by adding one alpha particle or α-like quartet), similar to 
what was done in G. Dussel, E. Caurier, A.P. Zuker, Atomic Data and Nuclear Data Tables 39, 205 (1988).

which is just opposite to the Q value in our case

After removing the 
Coulomb and symmetry 
energy

C. Qi, R. Wyss, to be submitted



S.A. Changizi, C. Qi, R. Wyss, Nucl. Phys. A (2015)

One expects a parabolic behavior for a system involving equally-spaced 
doubly- degenerate orbital or in a simple single-j shell

N. Hinohara and W. Nazarewicz Phys. Rev. Lett. 116, 152502 (2016)
T. Papenbrock, Phys. Rev. C 105, 044322 (2022)

Alpha correlation from the binding energy

Pairing vibration to pairing rotation!

104Te

108Xe

112Ba

All nn,pp and np correlations can contribute.



Quartet-like coupling

C.Qi and R.Wyss, Physica Scripta, 91, 013009 (2016).
C. Qi, overview to be published in Int. J. Mod. Phys. E
More in N. Sandulescu’s talk

The wave function of a system with 4 np pairs (4 
alphas/quartets) can be nearly identical to the 
simple coupling of two  



Proton decay formation amplitude
Does the quantity make sense since the emitting proton already “exists”?

➢ Proton decay F(R) can be expressed as the overlap between the mother, emitting proton and 
daughter wave functions; It reflects the probability to find the proton in the particular emiting state 
at R.

➢ It is equivalent to the spectroscopic factor if one assume that the mother, daughter and 
the emitted particle share the same single-particle wave function

➢ S=1 for the decay of a proton outside a core (or core plus a spectator neutron).
➢ S= u2 for decay of a quasiproton, the formation amplitude is u𝜑 𝑟
➢ The two quantities are different if the single-particle wave functions are different, say 

with different deformations for initial and final states.



A shell model description of the proton emission

1270 nodes with two AMD EPYC Zen2 2.25 GHz 64-core processors
56 GPU nodes with four AMD Instinct MI250X GPUs

➢ Many emitters are deformed but the symmetry needs to be restored. Both SM and 
MF+projection could be good tools.

➢ The largest systems we can handle in gdsh model space are 112Ba and 118Te (2*1010).
➢ Recently we have been studying the proton emitters within the truncated SM (monopole + 

seniority truncations) and the variation after projection approach (Z.C. Gao, Phys. Lett. B 824 (2022) 

136795).

➢ We have managed to go upto emitters 112,113Cs so far.

C. Qi, Z.C. Gao, to be submitted.

A neural network quantum state 
trial SD?



W. Zhang et al., Nature Communications Physics 5, 285 (2022).

Enhanced proton emission from odd-odd nuclei

There is no difference between the spectroscopic factor for emission 
of a single proton outside the core with and without the presence of 
an extra neutron. (jpjn)J vs jp



Particle decay and np pairing correlation

• A simple particle decay unit (pdu) can be introduced to quantify alpha clustering in 
heavy nuclei

• Observed alpha decays show substantial enhancement in comparison to pdu, 
especially at midshell, which is also reflected in systematics of like-particle pairing 
correlation and alpha correlation

• The inclusion of np pairing can substantially increase the alpha formation 
amplitude in theoretical calcualtions but the effect may be hard to separate.

• The np effect can be much more clear in the simplier proton emission.


	Slide 1: Effect of np pairing on proton and alpha decays in N~Z nuclei 
	Slide 2: Motivation microscopic large-scale shell-model description of intermediate-mass nuclei and np pairing correlation
	Slide 3: np pairing
	Slide 4: np pairing
	Slide 5: Common picture of the alpha decay as a tunneling process
	Slide 6: Simple alpha-emitter examples: 212Po vs 210Po
	Slide 7
	Slide 8: Single-particle estimation
	Slide 9: Single-particle decay unit
	Slide 10: Single-particle decay unit for other processes
	Slide 11: The neutron-proton pairing effect?
	Slide 12
	Slide 13: Alpha correlation from the binding energy      
	Slide 14
	Slide 15
	Slide 16: Proton decay formation amplitude Does the quantity make sense since the emitting proton already “exists”?
	Slide 17
	Slide 18
	Slide 19: Particle decay and np pairing correlation

