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The pairing interaction: a micro-primer

The pairing interaction leads to the formation of:
- the pairing gap A and corresponding modifications of the Fermi surface (BCS)

- Cooper pairs and associated outstanding phenomena of superconductivity

Main well known effects in nuclei:

—>structure of low lying states (excitation energy levels in even-even nuclei)
—~>odd-even mass differences (binding energies)

—->moment of inertia in open shell nuclei (different from that of a rigid body)
—>enhanced cross sections in two nucleon transfer reactions

—->mass distributions in fission reactions

Transfer reactions (especially two-nucleon transfer) are recognized to be (one
of) the best tools to probe pairing correlations



Nuclear pair transfer viewed as Cooper pairs flow through a barrier
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Nuclear Josephson effect

Theory — developed
mainly in the ‘70

Experiments — developed mainly in the '80,
with the advent of heavy ion accelerators
and related instrumentation

Theory — recent revival due to
advances in calculations

Experiments — major breakthrough due to the
development of large solid angle magnetic
spectrometers and large gamma arrays
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PRISMA magnetic spectrometer

AGATA gamma ray spectrometer

when theories were being developed, there were poor experimental tools
when instruments were sufficiently developed, few theorists were working in the field
with the novel instrumentation and reached accuracy in calculations, one can now probe the Josephson effect much more coherently
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Quantum entanglement in nuclear Cooper-pair tunneling with y rays
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While Josephson-like junctions, transiently established in heavy-ion collisions (7., =~ 107" 5) between
superfluid nuclei-through which Cooper-pair tunneling (Q-value Q,,) proceeds mainly in terms of successive
transfer of entangled nucleons—is deprived from the macroscopic aspects of a supercurrent, it displays many of
the special effects associated with spontaneous symmetry breaking in gauge space (BCS condensation), which
can be studied in terms of individual quantum states and of tunneling of single Cooper pairs. From the results of
studies of one- and two-neutron transfer reactions carried out at energies below the Coulomb barrier we estimate
the value of the mean-square radius (correlation length) of the nuclear Cooper pair. A guantity related to the
largest distance of closest approach for which the absolute two-nucleon tunneling cross section is of the order of
the single-particle one. Furthermore, emission of y rays of (Josephson) frequency v; = 0, /h distributed over
an energy range fi /1.0y 1s predicted.



The Josephson effect: main features

DC Josephson

DC current present witha V =0
voltage applied between two
superconductors
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AC Josephson
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relative gauge phase
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the voltage causes the phase difference
across the junction to increase over
time. Since phases which differ in 2 are
equivalent, a linear phase growth

produces an AC current and thus to

emission of photons

B. D. Josephson, The discovery of tunneling supercurrents,
in Les Prix Nobel en 1973 (P. A. Norstedt and Sner, Stockholm, 1973), p. 104.



from macroscales to femtoscales
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Possible Josephson-like effect in nuclear physics

2e MHz
V= TVO ~ 480[1,_\/

original spectrum obtained in the microwave
region that confirms one of the main
predictions of the AC Josephson effect

P.E.Lindelof, Rep.Prog.Phys.44:60,1981

The emission of EM waves in the region of MeV gamma rays
is predicted. The physical origin is in the dipole
oscillations generated by the oscillating motion of the
Cooper pairs between the interacting binary partners

double differential cross section
for y emission
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To reveal possible signatures of a nuclear Josephson effects we were in an ideal situation:

availability of data for the °Ni+!16Sn system in a wide energy range
availability of the tracking spectrometer PRISMA (high A,Z,Q resolution and efficiency)
availability of the AGATA gamma array




Near- and sub-barrier excitation functions for transfer channels with the PRISMA epectrometer
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Two particle transfer (semiclassical theory, microscopic calculations)
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Measurements of transfer reactions at sub-barrier energies: a long and challenging history

Argonne LNL tracking
split pole spectrometer

GSI magnetic
Daresbury RMS spectrometer
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PRISMA spectrometer - trajectory reconstruction

A physical event is composed by the parameters:

position at the entrance X,y

position at the focal plane XY

time of flight TOF et s
energy DE, E TSty Bpld, o)




PRISMA spec'rr'ome‘rer' - a complex detector system
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Multineutron and multiproton transfer channels near closed-shell nuclei
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GRAZING code calculations
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Search for a nuclear Josephson effect - PRISMA-AGATA experiment Feb. 2023
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PRISMA AGATA SIMULATIONS THEORY



PRISMA SIMULATIONS THEORY
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Nuclear charge and mass determination

Mass spectrum for
Z = 28 (Ni)
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The high Z and A resolutions allowed to well distinguish the multitude of neutron and proton transfer channels at energies
below the Coulomb barrier

The accumulated statistics allowed to make bins of 1-2 degrees in the angular distributions, so one could extract the
transfer probabilities in a wide D range encompassing the critical region near the correlation length 13.2-13.5 fm

Data analysis by G.Andreetta (PhD)



Neutron and proton mass determination
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SIMULATIONS THEORY




Extraction of transfer probabilities

from total integral
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Excellent consistency of cross sections and gamma yields measured in the previous
and present experiment
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PRISMA SIMULATIONS THEORY




Total Kinetic Energy Loss distributions
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PRISMA SIMULATIONS THEORY

Doppler and
> background corrected
N, gamma spectra




Gamma spectra from AGATA obtained in coincidence with ¢0.61.62Nij isotopes identified with PRISMA
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Doppler corrected gamma spectra
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In the single spectra one can observe a wealth of discrete gamma peaks, even at high energies and
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PRISMA SIMULATIONS THEORY
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Efficiency

Courtesy by G.Andreetta and M.Balogh
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PRISMA AGATA SIMULATIONS THEORY




Counts / 1 keV

Counts / 1 keV

Experimental and simulated gamma spectra
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Simulations do not include exponential tails, normally used to fit the

background, since the searched Josephson events may be embedded into it.
In this way we avoid to bias the subtraction procedure later adopted
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Possible Josephson-like effect in nuclear physics

2e MHz
V= TVO ~ 480[1,_\/

original spectrum obtained in the microwave
region that confirms one of the main
predictions of the AC Josephson effect

P.E.Lindelof, Rep.Prog.Phys.44:60,1981

The emission of EM waves in the region of MeV gamma rays
is predicted. The physical origin is in the dipole
oscillations generated by the oscillating motion of the
Cooper pairs between the interacting binary partners
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Josephson dipole gamma ray angular distributions

theoretical predictions

Dipole Angular Distribution (Oriented at 6=63°, p=31°)
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PRISMA THEORY

Doppler and
background corrected
gamma spectra

Agata geometry and
gamma efficiency
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E, vs Q-value matrixes: data compared with simulations for the discrete lines
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PRISMA THEORY

Doppler and
background corrected
gamma spectra
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Experimental and simulated Ey vs Q matrixes for the 2n transfer channel

Experimental event distribution + Simulation of discrete lines + Simulation of Josephson events (x 10°)
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The Jos simulation defines a band in the Q-Egamma matrix of the 2n channel
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the subtraction idea

The tree scheme of the subtraction procedure
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correlations, among which may be those from Josephson effect
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Experimental and simulated Q-Egamma matrixes
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The Jos simulation defines a band in the Q-Egamma matrix of the 2n channel. To attribute the experimental

events in the same region to a true effect we implemented a special subtraction procedure by scaling (for
the cross section ratios) the events inside similar bands for the On and 1n channels
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Gating on Q-Egamma matrixes
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Data analysis by G.Andreetta (PhD)
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analysis is in progress to extract the final distributions and to
characterize the statistical significance of the obtained results




Summary : schematic overview of present situation

low energy y region eligible region for tail of the distributions
(overwhelms Jos) a comparison (high energy y region)
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analysis is in progress to extract the final distributions and characterize the statistical
significance of the obtained results




Revealing clear-cut features of a nuclear Josephson effect calls for new important measurements
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