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Abstract. Pairing and quartetting are competing phenomena in nuclei. In the self-

conjugate nuclei from the fp-shell, the competition between T=0 pairing (deuteron-like)

and alpha clusterisation is predicted to be affected by the spin-orbit interaction. In order

to probe the α structure of fp-shell nuclei, the nuclear break-up of 40Ca and 40Ar has been

measured at GANIL. The α spectroscopic factors obtained for the N=Z nucleus and the

N�Z nuclei do not reflect any difference. This might be an indication that the tail of

the wave function in not sensitive to nuclear asymmetry. Perspectives for probing the

deuteron-like pairing (T=0) are given.

1 Introduction

Pairing is a well know feature of the nuclear interaction. Beyond the mean field picture, including

like-particle pairing describes nuclear structure effects such as the odd-even mass staggering. The

Wigner term added to the mass formula could be a signature of the T=0 pairing which is specific

to neutron-proton pairing. Like-particle pairing in the T=1 channel can be accounted for at normal

density in the BCS approach by weakly coupled Cooper pairs.

Infinite nuclear matter BCS calculations in ref.[1] give the evolution of the size of the Cooper pair

as a function of the density. For the low density region, the size of the Cooper pair is smaller than

the inter-nucleon distance. This reduced size of the pair is the signature for condensation. The best

candidates to observe such phenomenon in nuclei is the halo of light nuclei where the density can

reach very low values. The size of neutron-proton pairs (see ref.[2]) and quartets (two neutrons and

two protons) (see ref.[3]) can also be determined in such calculations. The condensation phenomenon

can be observed at normal density for deuteron-like pairs and at lower density for alpha-like particles.

So that in infinite matter, the deuteron condensation prevails over alpha condensation. In nuclei, the

picture may change due to the effect of the spin-orbit interaction.

Indeed, the spin-orbit force is affecting the neutron-proton interaction, particularly in the T=0

channel. Shell model calculations [4] and quartets model [5] show that adding the spin-orbit interac-

tion hinders neutron-proton pairing for nuclei in the fp-shell. So that the best candidates for the search
for neutron-proton pairing are the self-conjugate sd-shell nuclei. On the other hand, α clusterization
might be stronger in the fp-shell nuclei.

In order to investigate such phenomena, fp-shell nuclei have been studied through nuclear break-

up. The emission of α particles from 40Ca and 40Ar has been measured in order to investigate the
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alpha structure of their ground state. Selected results from both studies will be presented in the two

following sections.

2 Simultaneous study of alpha break-up from the N=Z nucleus 40Ca and
from the N�Z nucleus 40Ar

Alpha clusterisation is a well known phenomenon in excited states of nuclei close to the decay thresh-

old as depicted in the Ikeda diagram. Very little is known about clusterisation in the ground state of

nuclei. Nuclei which have a pronounced α-cluster structure in their ground states are for example
8Be, 9Be, 6Li and 7Li. 8Be is formed out of two almost free α-particle, roughly 4 fm apart and barely

touching one another. The two α particle are only held together via the Coulomb barrier. Because

of the large distance between the two α particles, the 0+ ground state of 8Be has a spherical density

distribution close to one third of the saturation density. The α structure of the ground state of heavier

nuclei would give an indication of quartetting at normal density.

The existence of α particles into the ground state of heavier nuclei such as 40Ca has been inves-

tigated. As a comparison we have measured simultaneously the nuclear break-up of 40Ar which is

slightly isopsin asymmetric. We have performed the measurement of nuclear break-up of 40Ar beam

on a 40Ca target at 35A MeV at GANIL. The set-up was using the SPEG spectrometer coupled with

the MUST2 telescopes composed double sided Silicon detectors coupled to CsI detectors (see fig.1).

The excitation energy resolution obtained with this set-up was of about 500 keV (FWHM).

Figure 1. Experimental set-up on the SPEG line. The MUST2 Silicon detectors coupled to CsI were surrounding

the 40Ca target.

As for the nuclear break-up of 40Ca, the excitation energy spectra of 36Ar obtained by missing

mass method is shown in fig.2. In the laboratory frame in backward direction, the statistical decay of

the target gives the main contribution whereas in the forward direction, 3 peaks can clearly be seen.

They can be attributed to the first 0+, 2+ and 4+ states of 36Ar although the assignment of the 4+ is

more difficult (see spectrum of fig.2). The angular distribution extracted for the contributions of these

three peaks were compared to a Time Dependent Schrödinger Equation (TDSE) calculation in order

to extract the alpha spectroscopic factor of the ground state of 40Ca (for more detail see ref.[6]). The

TDSE calculations relies on the Buck potential [7] to reproduce the rotational bands in 40Ca and the

Pauli principle is accounted for by taking into account only the 6s, 5d, 4g waves.
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Figure 2. (Left) Missing energy spectrum of 36Ar for an 40Ca excitation energy range greater than 15 MeV.

(Bottom) For α-particles detected between 30 deg. and 120 deg. in the laboratory system. (Top) For α-particles

detected between 130 deg. and 170 deg. in the laboratory system. The blue gate represents the 0+ ground state

at 142 keV, the green one the 2+ excited state at 2.1 MeV and the red one the 4+ state around 4.75 MeV. (Right)

Level scheme of 36Ar.

The inclusive spectroscopic factor in the ground state of 40Ca is found to be 3.9 ± 0.7. This is

in good agreement with the shell model calculations from ref.[8] but much lower than the transfer

reaction 40Ca(d,6Li) measurement from ref.[9].

The nuclear break-up of 40Ar can be identified clearly in the spectra of parallel versus perpen-

dicular momentum obtained in coincidence with 36S in SPEG (see fig.3). A contribution from the

statistical decay of the target can also be seen in all direction, whereas the breakup is located in the

forward left side of the beam. The angular distribution obtained in this case are shown together with

the theoretical angular distributions obtained from the TDSE calculations. Assuming the same con-

tribution for the three waves (6s, 5d, 4g), an inclusive spectroscopic factor for α clusterisation in 40Ar

of 4.0±2.5 is obtained.

The α spectroscopic factors obtained in a single measurement for 40Ca and 40Ar are compatible

within the error bars. Nuclear break-up is probing the peripheral part of the wave function which is

probably not very sensitive to the slight asymmetry between these two nuclei.

3 Perspectives

In order to further investigate the relationship between deuteron-like correlations and α-like corre-

lation, transfer reactions like (p,3He) which allows for deuteron-like transfer (ΔT=0) but also ΔT=1

transfer are an efficient probe [10]. An experiment has been performed at GANIL to measure (p,3He)

and (d,α) reaction on the closed shell nucleus 56Ni and on the open shell nucleus 52Fe. By comparing
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Figure 3. (Left) Parallel momentum distribution versus perpendicular momentum distribution. (Right) Angu-

lar distributions: (top) from TDSE calculations for the three contributing waves 6s, 5d, 4g (bottom) from the

experiment.

the population of the T=0 and T=1 states in the residual nucleus, the relative strength of the two pair-

ing channels can be inferred. The analysis of these data is underway. They will extend the systematics

of deuteron transfer reactions to the fp-shell region where no data are available yet. The comparison

between α and deuteron clusterisation will be given by the comparison of (d,α) and (d,6Li) transfer

reactions. It will open new perspectives to the understanding of self-conjugate nuclei.
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