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The Jesephson effect: main fedtuees

DC Josephson
DC current present withaV =0

voltage applied between two
superconductors

J = . sin 24

AC Josephson

with 0 < V < 2A (gap), the DC
current | = 0 but an oscillating
current appears, generating
electromagnetic waves

J = J.8in (2¢n,1(0) - (2%‘/-1‘))
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with no applied voltage a direct
current flows across the link
with a value defined by the
relative gauge phase

| %
¢rel(t) = ¢re1(0) = %t wy =

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 ACcurrent 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.



Nuclear pair teaséfer viewed as Cooper pairs flow thcough a bamdéer
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While Josephson-like junctions, transiently established in heavy-ion collisions (7. &~ 1072 s) 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 quantity 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, = Q,,/h distributed over
an energy range /i/t.on is predicted.
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Possible J‘mﬂhmn—likc efifect in nuclear physits 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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double differential cross section
f o remission

original spectrum obtained inthe microwave
region that confirms one of the main
predictions of the AC Josephson effect
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Defeaikion of taneget like ions in inverse kinemattics witth PRISIMA

Qq.s. for +2n very close to Q ,; (~ 0 MeV)
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D.Montanari et al, PRL113(2014)052501
T. Mijatovic et al, in preparation

S.Szilner et al., PRL 133(2024)202501
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The experimental transfer probabilities are well
reproduced in absolute values, for the first time with
heavy ion reactions, by microscopic calculations
which incorporate a successive transfer process and

a microscopic optical potential
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Two parttitie traéfer (semiclassical trewyy, micrescopic calculations)
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Seardh foraa nuclear Josephson efifect - PRISMA-AGATA experinmrit Feb. 22023
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gamma ray angular pattern matches the

detector’s configuration for polar angles AGATA

larger than = 110°

PRISMA

116Sn beam PIAVE+ALPI
E., = 452.5 MeV, | =2 pnA
Target thickness 200 ug/cm?
Prisma AQ = 30 msr
Prisma 6,,, = 20°
Agata g,=2.8% (at 4 MeV)
Theoretical do/dQ = 30.36 ub/sr

Op = 63°
= ELZ =13.5fm (with 4 = 1.4 VeV) ¢ ¢p = 31° expected few tens/day
(correﬁtion length) y y coincidences with 62Ni ions

2l Data taken at INFN i Laboratori Nazionali di Legnaro Spokespersons L.Corradi , S.Szilner
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Preliminany results: nuclear charge and mass determindtion
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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)



Exteattion of ttrsisfer probabilities

from total integral
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Gamma spectra from ABATA obtaired in coincidence witth 9051962Njj isotigpes identified withFARESMA

L.Corradi , S.Szilner et al., PRISMA+AGATA exp 2023 AGATA 2023 - 37 crystals
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In this experiment (carried out at sub-barrier energies!) we could
detect discrete gamma transitions at energies around 3 MeV with
strengths about 3 orders of magnitudes lower than the main peaks




Gamma spectra from ABATA obtaired in coincidence witth 9051962Njj isotigpes identified withFARESMA
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Josephson dipole gamma rayy angular distribudions

scheme of the reaction
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theoretical predictions

Dipole Angular Distribution (Oriented at 6=63°, ¢=31°)
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Summary : schematfic overview of present situaiiion

low energy” region eligible region for tail of the distributions
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analysis is in progress to

characterize the possible sources of background, to compare the  ®Ni and %°Ni spectra

scaled by the cross sections , to get absolute number of counts for the Jos distributions in simulations
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Qs = +1.3 MeV
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Excellent consisteney of ccoess sectivis and gamma \yigids measured in thike previous
and present experinwrt
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Trearsfen plabalitisiesomeemparisen betweenaexprand migrostepic theory

Q, . for +2n very close to Transfer strength very close to the
Qopt (~ 0 MeV) — g.s. to g.s. transitions
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The experimental transfer probabilities for both (1n) and (2n)
10 "12 —5 R — channels are well reproduced in absolute values, for the first

time with heavy ion reactions, by microscopic calculations
which incorporate a successive transfer process and

D.Montanari , L.Corradi , S.Szilner, a microscopic optical potential
G.Pollarolo et al, PRL113(2014)052501
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In past experiments one hoped to identify a direct link between enhancement factors and
supercurrents originating from Cooper pair tunnelling, but the interpretation in terms of a

nuclear Josephson turned out to be much more complex



Nuclear Josephson effett

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

K. Dietrich, Phys. Lett. B32(1970)428

K. Dietrich, Ann. of Physics 66(1971)480

K. Hara, Phys. Lett. B35(1971)198

M. Kleber and H. Schmidt, Z. Phys. 245(1971)68
R. A. Broglia et al., Phys. Lett. B73(1978)401

H. Weiss, Phys. Rev. C19(1979)834

[...]

R. Kunkel et al., Phys. Lett. B208(1988)355

R. Kunkel et al., Z. Phys. A336(1990)71

[...]

W. Von Oertzen and A. Vitturi, Rep. Prog. Phys. 64(2001)1247
[...]

G.Potel, F. Barranco, E. Vigezzi and R. A. Broglia,

Phys. Rev. C103(2021)L021601

P. Magierski, Physics 14(2021)27

[... ]

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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FIG. 1. The y-strength function for 2n- and In-tunneling and associated blackbody ( Xt;lb) and Gaussian ( X(z;) fits. (a) (Continuous black line)
y emission (gs)— (gs) two-neutron tunneling [Eq. (1b)] absolute double differential cross section for E. ;,, = 154.26 MeV and 6. ,, = 140° as
a function of the emitted y-ray energy E,, calculated with Eq. (8); (b) (continuous black line) y emission in one-neutron tunneling [Eq. (1a)]
absolute double differential cross section at the same kinematical conditions as (a), calculated with an expression similar to (8) for each of
the incoherent quasiparticle contributions (11, 4 being the most important ones), taking properly into account the angular momentum coupling
coefficients associated with the quasiparticle contributions of total angular momentum j. Also displayed are the Gaussian (red dotted curve)
and blackbody (blue dashed curve) fits and associated chi-squared values and parameters.



Measuremenits oft tramsfer readtions at sub-barméer energies
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Gamma rayy spectira Doppler coreetted fortthéolighhdhdahegwitpartners
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The very large statistics allows to observe, even at sub -barrier energies, a wealth of

discrete gamma lines
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