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Transient Joule- and (ac) Josephson-like photon emission in one- and two- nucleon tunneling
processes between superfluid nuclei: Blackbody and coherent spectral functions
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Effectively charged neutrons involved in one- and two-nucleon tunneling processes in heavy-ion collisions
between superfluid nuclei are expected to emit photons. Although the centroid, width, and integrated energy
area characterizing the associated γ -strength functions are rather similar, the corresponding line shapes reflect
the thermal equilibrated-like character of the quasiparticle transfer (1n channel, blackbody spectral functional
dependence) and the quantal coherent character of the Cooper pair transfer (2n channel, and Gaussian functional
dependence), respectively. The predicted angular distributions, polarizations, and analyzing powers provide
further insight into the profoundly different physics to be found at the basis of what can be considered transient
Joule-like and (ac) Josephson-like nuclear processes.
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Introduction. A potential (voltage) difference, whether
static or time dependent, between two points in a metal creates
an electric field that accelerates electrons, giving them kinetic
energy.

At room temperatures, when the charged particles interact
with the lattice phonons (electron-phonon coupling), energy
and momentum are transferred from the electrons to the lat-
tice by the creation of further phonons, phenomenon closely
connected with resistivity. Oscillations of electrons (also of
plasmons) and of ions in thermal equilibrium are at the basis
of the emission of electromagnetic radiation which, for exam-
ple, an incandescent light bulb emits. Radiation also known
as blackbody radiation. It includes part of the ultraviolet (UV)
and all of the visible and infrared (IR) spectrum.

At very low temperatures, such as those associated with
liquid helium (boiling temperature 4.23 K, that is, −268.8◦C,
close to absolute zero temperature), current in many met-
als, in particular in bad conductors like lead, displaying a
rather strong electron-phonon coupling, is carried not by sin-
gle electrons but by weakly bound, very extended, strongly
overlapping pairs of electrons, known as Cooper pairs [1].
The role of phonons, mainly of quantal zero point fluctuation
origin, is now that to act as designed glue of Cooper pairs by
being exchanged between the corresponding electron partners
moving in time-reversal states and not as scattering centers.1

1Within this context it is of note that the difference with the finite-
temperature phenomena is a fundamental one, namely the invasion

Thus conduction of current without resistance, namely super-
conductivity [3,4]. In a superconductor there is no resistance
because all Cooper pairs carry the same phase φ, being
collectively in the same state, the coherent Bardeen-Cooper-
Schrieffer |BCS(φ)〉 state [5]. Once one gives a momentum to
the center of mass of them and starts a supercurrent, to get one
Cooper pair or one electron partner—that is, to break a Cooper
pair—away from what all others are doing is very hard. It
implies an exchange of energy of about twice the pairing
gap2 (e.g., � = 1.4 meV for lead), a phenomenon known as
Off-Diagonal Long-Range Order (ODLRO) [6–8].

Let us now consider a circuit made out of two pieces of
metal like lead, oxided across their contact surface (weak link;
see, e.g., Figs 1.1 and 1.5 Ref. [9]), closed by a conducting
cable in which a (dc) battery has been inserted. Immerse the
circuit in an appropriate fashion in a container filled with
liquid helium (see Fig. 3.9 of Ref. [9]). Approach a compass to
the system. The needle, which before immersion had reacted
to the current induced by the potential difference V created
by the (dc) battery, with a shift of the needle from the un-
perturbed South (S)→ North (N) (S → N) position to a new

of the large-scale world by quantum mechanics. The two salient
pictures of the low-temperature world, the vanishing entropy, and the
dominance of the zero point energy are its direct consequences [2].

2In other words, an energy of the order of Tc, where Tc is the critical
temperature at which the phase transition between the normal (N)
and superconducting (S) phases takes place. In the case of lead, Tc ≈
7.19 K (0.62 meV).
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FIG. 1. The γ -strength function for 2n- and 1n-tunneling and associated blackbody (χ2
bb) and Gaussian (χ 2

G) fits. (a) (Continuous black line)
γ emission (gs)→(gs) two-neutron tunneling [Eq. (1b)] absolute double differential cross section for Ec.m. = 154.26 MeV and θc.m. = 140◦ as
a function of the emitted γ -ray energy Eγ , calculated with Eq. (8); (b) (continuous black line) γ 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.

one, now again indicates the S → N direction, implying that
the direct current induced at room temperature by the battery
is not circulating anymore. If one had access to something
similar to a (nonstandard) “radio” receiver switched on the3

EHF/FIR region of the electromagnetic spectrum (around the
THz region), and tuned it very delicately in search for emit-
ters, then one will find a rather weak “station.” It “broadcasts”
in a single microwave frequency, implying that along the
circuit, an alternating current is circulating—the so-called (ac)
Josephson effect [10,11]—and consequently, the weak link is
emitting photons of that frequency (νJ = 2e × V/h, see, e.g.,
Ref. [12]).

(ac) Josephson- and Joule-like nuclear photon radiation.
A systematic study of one- and two-nucleon transfer re-
actions in heavy-ion collisions between superfluid nuclei,
namely

116Sn +60 Ni →
{

115Sn +61 Ni (Q1n = −1.74 MeV), (a)
114Sn +62 Ni (Q2n = 1.307 MeV), (b)

(1)

was reported in Refs. [13,14]. These reactions were carried
out for 12 bombarding energies from values above that of
the Coulomb barrier to well below it. At these low energies,
target and projectile give rise, around the distance of closest
approach where their pairing (abnormal) densities overlap
weakly, to a Josephson-like junction of transient character,
as the collision (weak contact) time is of the order of τcoll ≈
0.5 × 10−21 s [15,16] (see also Ref. [17]).

From the analysis of the data associated with the reaction
given in Eq. (1b), it was estimated [15] that the mean-square
radius (correlation length) of the transferred Cooper pair in
the ground-state (gs) → ground-state (gs) transfer process is

3Electromagnetic high-frequency/far infrared.

ξ ≈ 13.5 fm (see also Fig. 4 of Ref. [16]). A quantity related
to the largest relative distance of closest approach—barrier
width d , i.e., distance between the radius of the nuclear den-
sities [d ≈ ξ − R0(116Sn) − R0(60Ni) ≈ 2.24 fm]—for which
the absolute two-nucleon tunneling cross section is of the
order of the single-particle one (see Fig. 2 [16]). Further-
more, emission of γ rays of (nuclear N) Josephson-like
frequency νN

J = Q2n/h distributed over an energy range of few
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FIG. 2. (a) (Left) Representation of the dipole operator (6) asso-
ciated with Cooper pair tunneling for Eγ = 4 MeV, Ec.m. = 154.26
MeV, and θc.m. = 140◦. The dashed curves are schematic representa-
tions of the Sn (left corner) and Ni (upper right corner) trajectories,
in the center-of-mass frame of reference; (right) angular radiation
pattern in Cartesian coordinates for the same γ -ray energy and
kinematic conditions; (b) same as (a) but for one-neutron tunneling
processes.
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MeV (≈ √
3h̄/τcoll [15]4) was predicted [Fig. 1(a)]. Simi-

lar γ -strength functions are predicted for the one-nucleon
(1n) tunneling process [Fig. 1(b)]. In what follows, it will
be argued that such similarity is only apparent. Actually, it
constitutes the first and, likely, most important piece of evi-
dence testifying to the fact that the reaction Eq. (1b) reflects
a quantal process between two coherent (|BCS〉) states de-
scribing the (gs) of the initial and final systems, while the
reaction Eq. (1a) populating a number of quasiparticle states
with Eqp � 2.4 MeV leads to a γ -ray distribution reflecting
a statistical process resulting from the incoherent summed
contribution of the individual quasiparticle channels. A gas
of virtual photons5 related, in the first case [Eq. (1b)], with
quantal coherent states built out of pairs of nucleons moving
in time-reversal states all with the same (gauge) phase and
of incoherent quasiparticle states of arbitrary phase in the
second case [Eq. (1a)]. While it is possible to accurately fit
(χ2

bb = 3.7 × 10−3) the line shape of the γ -strength function
associated with the one-neutron (1n) tunneling process mak-
ing use of the blackbody spectral radiance function

Bνγ
(hνγ , T ) = 2hν3

γ

c2

1

e
hνγ

kT − 1
, (2)

[see Fig. 1(b)], this is not so in the case of the two-neutron
(2n) γ -strength function [Fig. 1(a)].

On the other hand, this (2n) strength function allows for an
accurate fit (χ2

G = 1.8 × 10−3) in terms of a Gaussian shape

f (Eγ ) = 1

σ
√

2π
exp

[
(Eγ − E0)2

2σ 2

]
, (3)

(fingerprint of coherent photon emission [19]) something that
eludes the (1n) γ -strength function, as seen from Fig. 1(b).

The experimental setup used to study the reactions given in
Eq. (1) (2 MeV energy resolution) implies inclusive reaction
conditions for both processes [Eq. (1a)] and [Eq. (1b)], each
of which has also the full phase space available for γ emis-
sion. However, it is only the (1n) transfer process [Eq. (1a)]
which proceeds through the (inclusive), incoherent channel
(Giaever-like regime [20]; see also Fig. 1 of Ref. [16]). In fact,
the (2n) process [Eq. (1b)] can be accurately accounted for
in terms of a single coherent quantum transition between the
ground states of initial and final nuclei. As a consequence, the
Gaussian line shape of the associated γ -strength function.6

4Such a radiation implies a momentum exchange hν/c [18] and
thus an associated beam dispersion. In keeping with the fact that
the momentum of relative motion of the reaction [Eq. (1b)] is, in
the entrance channel, ki ≈ 1.76 fm−1 for the kinematic conditions
selected (Ec.m. = 154.26 MeV), and that the energy Eγ of the most
probable photon associated with Cooper-pair tunneling is 4 MeV,
the recoil γ momentum is kγ ≈ 0.02 fm−1 and thus negligible with
respect to ki.

5The emitted photons can, during the collision time, travel a dis-
tance τcoll × c ≈ 102 fm.

6It is of note that the extreme sensitivity of the process to the
nuclear density of levels is reflected in the fact that in moving from
a single coherent quantal transition to the incoherent sum of four

The parallel of the above processes with the electro-
magnetic radiation emitted by a glowing light bulb over
a wide range of frequencies, and the radiation emitted by
a laser which is essentially monochromatic, is apparent.
The reason for the similar full width at half maximum
of the (1n)- and (2n)-γ -strength functions is in keeping with
the transient character of the interaction between projectile
and target (τcoll ≈ 0.5 × 10−21 s), and the recoil effect—
change of trajectory of relative motion—associated with the
tunneling processes, which blurs the density of levels of the
final system, although not its line shape. It is of note that the
energy of the emitted γ rays is taken from the relative motion
when the Q value of the reaction is negative as is the case of
Eq. (1a) or when Eγ > Q2n as in Eq. (1b) [δ function, Eq. (8)].

In the explanation given by Einstein [22] of the low-
temperature specific heat, he used a model of a crystal
in which temperature is given by the energy with which
the lattice vibrates, represented by harmonic oscillators, all
with the same characteristic frequency ν0. It was noted that
such a model bears a close resemblance to the mathemati-
cal framework which Planck had used in the derivation of
the radiation formula. There, too, deviations had occurred
from the law of equipartition, especially at low frequencies
(temperatures). Within this context the relation Tchar = hν0,
where Boltzmann’s constant has been set equal to 1, defines
the characteristic temperature at which the thermal energy
per degree of freedom becomes equal to the value of one
energy quantum. Below this temperature the probability of the
degrees of freedom receiving one quantum decreases rapidly,
the opposite being true above Tchar. According to the above
parlance and in connection with the one-quasiparticle transfer
process given in Eq. (1a) one is, arguably, dealing with a
situation which parallels that treated by Einstein in connection
with low-temperature specific heats.

The interplay between structure and reactions found in the
process expressed in Eq. (1a) implies that, in principle, there
are different ways in which one can estimate the value of Tchar:
(a) making use of the equipartition principle for a gas of point
particles,7 that is, (3/2)Tchar = Ec.m./A leading to Tchar ≈
(2/3)154.26 MeV/176 ≈0.58 MeV; (b) from the transfer
cross-section (σ j) average quasiparticle energy Tchar = 〈E〉 =∑

j[σ jE j (qp)]/
∑

j σ j , Ej (qp) being the 61Ni quasiparticle
energies, while the denominator is taken from the experimen-
tal data (7.25 mb/sr), and the single values σ j from theoretical
estimates, renormalized by the ratio (

∑
j σ j )exp/(

∑
j σ j )th ≈

7.25/6.03 ≈ 1.2 (Table 1 of Ref. [15], D0 = 13.49 fm), in

quasiparticle quantal transitions, the associated γ -strength function
line shape changes from a Gaussian to a blackbody radiation func-
tional dependence. Within this scenario, one can only speculate on its
consequences in the quest of the statistical aspects of nuclei at modest
excitation energies like, for example, the region of the pygmy dipole
resonance probed with two-nucleon transfer processes (see, e.g., [21]
and references therein).

7This in keeping with the fact that the reaction process is controlled,
at bombarding energies well below the Coulomb barrier, essentially
by the real part of the optical potential and the Coulomb interaction.
That is, mainly by a central potential, with no spin-orbit contribution.
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which case Tchar ≈ 0.67 MeV; (c) making use of the spec-
troscopic factor averaged quasiparticle energy Tchar = 〈E〉 =∑

j[S jE j (qp)]/
∑

j S j ≈ 1.01 MeV, the 61Ni quasiparticle en-
ergies fulfilling in this case the condition to be �2 MeV, value
which acts as a cutoff ([role played in (b) by the decreasing
values of σ j[Q1n − Ej (qp)] as a function of Ej), S j being the
corresponding spectroscopic factors [23]; and (d) from the fit-
ting of the quantum mechanical calculated γ -strength function
displayed in Fig. 1 (b), in which case Tchar ≈ 0.69 MeV. It is
of note that the resulting values of Tchar are similar, leading to
an average value of 0.74 ± 0.16 MeV.

Concerning the line shape associated with the coherent
infrared and optical oscillator stimulated emission (maser,
laser) we refer to Ref. [24] (see also Refs. [25–27]). Doppler
broadening and spontaneous emission related to zero point
fluctuations result in different full width at half maximum
power emission and line profiles.

In what follows we discuss a second evidence of
the parallel between (2n)-(coherence, Josephson-like) and

(1n)-(blackbody, Joule-like), in terms of the angular distri-
bution and of the polarization of the emitted γ rays in the
processes given in Eq. (1b) and Eq. (1a), respectively.

Angular distribution and polarization. Let us first consider
the two-nucleon tunneling processes a + A → b + B in which
two neutrons are transferred from the even-even nucleus a(≡
b + 2) to the even-even nucleus B(≡ A + 2), and circular
polarized photons of energy Eγ are emitted in the direction
k̂γ . The T matrix can be written as

T q(kγ , k f ) =
∑
mγ

D1
mγ q(Rγ ) Tmγ

(k f ), (4)

where q = ±1 is the photon polarization, D1
mγ q(Rγ ) are the

Wigner matrices describing the rotation from the quantiza-
tion axis to the direction k̂γ , while Tmγ

(k f ) describes the γ

emission of the successive transfer of neutrons, overwhelm-
ing contribution to the associated absolute differential cross
section, and is written as

Tmγ
(k f ) =

∑
ji, j f

B ji B j f

∫
χ∗

f (rBb; k f )
[
φ j f (rA1 )φ j f (rA2 )

]0∗
0

Dmγ

[
φ j f (rA2 )φ ji (rb1 )

]K

M
U (A)(rb1 ) drCc drb1 drA2

×
∫

G(rCc, r′
Cc)

[
φ j f (r′

A2
)φ ji (r

′
b1

)
]K∗

M
U (A)(r′

c2
)
[
φ ji (r

′
b2

)φ ji (r
′
b1

)
]0

0
χi(r′

Aa) dr′
cC dr′

b1
dr′

A2
. (5)

The dipole operator is defined as

Dmγ
= eeff

√
4π

3

[
rO1Y

1
mγ

(r̂O1) + r′
O2Y

1
mγ

(r̂′
O2)

]
, (6)

while the coefficients Bji , Bj f are the BCS coherence factors (UνVν) describing the ground states of the nuclei a and B,
respectively. The effective neutron charge is eeff = −e (ZA+Zb)

AA+Ab
. For a numerical evaluation of Eq. (5), Tmγ

(k f ) is expanded in
partial waves.

Because nucleons carry effective charges, transfer tunneling processes like [Eq. (1b)] can be viewed as a current of carriers of
charge 2 × eeff = −e × 0.89. Thus, the standard expression of the T matrix should contain the dipole operator (6) as is the case
in Eq. (5), although in most situations in which one does not look at the γ -emission channel, this process will have little effect
on the pair transfer cross section. Effects likely already taken into account in the imaginary part of the optical potential (reaction
dielectric function) used to calculate the distorted waves. This is also the case regarding the (1n) channel Eq. (1a).

If the photon polarization is not measured, then the triple two-nucleon transfer absolute differential cross section can be
written as

d3σ2n

dγ ddEγ

= ρ f (E f ) ργ (Eγ )[|T 1(kγ , k f )|2 + |T−1(kγ , k f )|2]δ(Ei − Eγ − E f + Q2n)

= μiμ f

(2π h̄2)2

k f

ki

[
E2

γ

(h̄c)3

]
[|T 1(kγ , k f )|2 + |T−1(kγ , k f )|2]δ(Ei − Eγ − E f + Q2n), (7)

where ρ f (E f ) and ργ (Eγ ) are the heavy-ion and photon phase spaces, respectively, while Q2n is the reaction Q value and Ei, E f

are the kinetic energies in the initial and final channels. The resulting (2n) radiation pattern is displayed in Fig. 2(a) in Cartesian
coordinates, with z axis coinciding with the beam and the x-z being the reaction plane.

The double differential cross section obtained by integrating Eq. (7) over all γ angles,

dσ2n

d dEγ

=
∫

d3σ

dγ d dEγ

dγ = μiμ f

(2π h̄2)2

k f

ki

[
8π

3

E2
γ

(h̄c)3

]

× [|T1(k f )|2 + |T−1(k f )|2 + |T0(k f )|2]δ(Ei − Eγ − E f + Q2n), (8)

was used in the calculation of the (2n) γ -strength function displayed in Fig. 1(a).
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FIG. 3. (a) Polarization observables in both spherical and Cartesian coordinates associated with the γ emission of Cooper pair tunneling
calculated with the same kinematic conditions as in the previous figures and making use of Eqs. (9) and (10). (b) Similar for one-neutron
tunneling calculated making use of equations which parallel (9) and (10) and which take into account the coupling coefficients associated with
the quasiparticles total angular momentum j entering in the incoherent contributions to the (1n) channel.

The strength of the two different photon polarizations is
provided by

|T 1(kγ , k f )|2; |T−1(kγ , k f )|2, (9)

while the associated analyzing power can be written as

P(kγ , k f ) = |T 1(kγ , k f )|2 − |T−1(kγ , k f )|2
|T 1(kγ , k f )|2 + |T−1(kγ , k f )|2 . (10)

The above quantities for the (2n)-tunneling process
[Eq. (1b)] are displayed in both spherical and Cartesian co-
ordinates in Fig. 3(a).

Making use of expressions similar to (7)–(10), the (1n)
γ -strength function, angular distribution, and polarization pat-
terns were calculated and are displayed in Figs. 1(b), 2(b), and
3(b).

Although one is entering a new and unexplored field
of research, two results look nonetheless evident: (i) while
the radiation pattern associated with the (1n)-transfer ap-
proaches that of a classical dipole [Fig. 2(b) right], the
one corresponding to the (2n)-transfer reflects the subtle,
quantum mechanical interweaving of the real and imagi-
nary parts of the T±1, T0 matrices appearing in the absolute,
triple differential cross section [Fig. 2(a) right], and (ii)
the difference between maxima and minima of the analyz-
ing power is short of an order of magnitude larger in the
coherent (2n)-tunneling [Fig. 3(a)] than in the inclusive,
incoherent (1n)-tunneling [Fig. 3(b)]. As a result, the ex-
treme directional pattern (fingerprint) of coherent (Cooper
pair)-transfer radiation. Both effects should be amenable
to experimental test with present day magnetic and γ

spectrometers.
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Concerning studies of polarized THz radiation from
Josephson junctions in condensed matter physics, we refer to
Ref. [28] (see also Refs. [29,30] and references therein) where
peaks of polarized Josephson radiation have been observed in
a layered high Tc superconductor (BSCCO), and unpolarized
radiation at higher current and voltage bias were identified as
thermal radiation.

Conclusions. The incoherent summed contribution of
quasiparticle states to the one-nucleon tunneling γ -strength
function leads to a blackbody spectral radiance shape. The
fact that the agreement is not perfect (χ2 = 3.7 × 10−3) tells
us that, after all, the nucleus is not an infinite system. What is
nonetheless striking is that already the incoherent contribution
of only a few quasiparticle states populated within the range
of ≈ 2 MeV allows the system to display macroscopic, ther-
mally equilibrated-like behavior. At the antipodes regarding
the physics at the basis of the γ -strength function associated
with the tunneling of a Cooper pair between two |BCS〉 states
made out of few equally phased Cooper pairs, which displays
a Gaussian line shape with high accuracy (χ2

G = 1.8 × 10−3).
Regarding the eventual measurements of γ -ray emission

angular distributions and polarization (analyzing power), they
are likely to become specific probes in the quest of gaining
microscopic insight into the (ac) Josephson- and Joule-like
effects within the framework of finite-quantal many-body

systems of which the atomic nucleus constitutes a paradigm.
Also to provide further evidence of the validity of BCS
theory of superconductivity down to condensates of a few
Cooper pairs (three to six) and currents of a single Cooper
pair.

From the vantage point of view provided by the major
progress which has taken place in nuclear physics within the
field of γ -detector arrays, so-called 4π -detectors, since the
early 1990s, it is not unrealistic to think that the predictions
advanced in the present paper can undergo experimental test in
the near future. We dedicate this paper to the memory of Bent
Herskind, pathfinder and master in this field of research. Fol-
lowing his example we allow ourselves to speculate on what
similar measurements to the ones advocated above within the
field of nuclear physics can provide physical insight regard-
ing the expression of quantum mechanics at the macroscopic
level if carried out within the framework of condensed-matter,
fermionic BEC physics.
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