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 We have performed 3D, microscopic simulations for 90Zr+90Zr and 240Pu+240Pu reactions, taking explicit account of the pairing correlations.

 We have found that the phase difference between two colliding superfluid nuclei can affect significantly the reaction dynamics.

 We consider that the observed  effects are originated from solitonic excitations of the superfluid medium associated with the phase discontinuity of the 

two colliding nuclei.

 We use a time-dependent extension of Kohn-Sham DFT for superfluid
systems, called Time-Dependent Superfluid Local Density Approximation
(TDSLDA).

 We solve TDSLDA equations in 3D grids without any symmetry restriction,
so we can simulate both central and non-central collisions.

 For the normal part of EDF, we use FaNDF0 functional w/o spin-orbit term
S.A. Fayans et al., JETP Lett. 68, 169 (1998); Nucl. Phys. A 676, 49 (2000).

 For the superfluid part, we use a local pairing field.

Does pairing affect reaction dynamics?:

One may expect that the influence of the pairing field would only represent a
subtle correction to the reaction dynamics―but it is not the case! Please look
at the following formula:

This represents the energy cost (derived from Ginzburg-Landau theory) when
two superfluids with a phase difference Δφ of their pairing fields are attached
together. Here: S is the attaching area of two superfluids, L is the length scale
over which the phase varies, and ns is the superfluid density. Interestingly, it
does not depend on the magnitude of the pairing. Putting reasonable values
into the formula, one can find a value of several tens of MeV.
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Fig. 1 Snapshots of 90Zr+90Zr reaction (E~VBass) with various Δφ

Fig. 3 Total kinetic energy of 

outgoing fragments as a function 

of the phase difference Δφ
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Representative results:

We have performed TDSLDA simulations for 90Zr+90Zr and 240Pu+240Pu reactions
with various phase differences Δφ at energies around the Coulomb barrier. In
Fig. 1, snapshots of density ρ(r) and neutron pairing field Δn(r) in 90Zr+90Zr are
shown (ask me for movies of various reactions). Each row shows results with
different Δφ. Clearly, the dynamics (e.g. neck formation, fusion or non-fusion,
kinetic energy of the fragments) is different. Especially, we observe binary
fragments for Δφ≧π/2, while fusion occurs for Δφ=0 and π/4. By repeating
simulations for different collision energies, we have deduced fusion threshold
energy (the lowest c.m. energy for fusion) for each Δφ (Fig. 2): you can see
30 MeV difference at maximum. In Fig. 3, total kinetic energy (TKE) of outgoing
fragments in 240Pu+240Pu at E/VBass=1.1 is shown: it can differ by 25 MeV at
maximum. It clearly exhibits the sin2 pattern (blue curve is the fit by sin2)
expected from the energy cost associated with the phase discontinuity. Those
effects should be averaged over Δφ, but might be detectable experimentally.
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Q. What happens when two superfluid nuclei with different “phase” collide??

What we have found:

 Josephson currents are negligibly small.
 Kinetic energy of fragments can differ by a few tens of MeV.
 Fusion reaction is strongly hindered.

 TDSLDA equations (formally equivalent to TDHFB or TDBdG)

Normal part of EDF: FaNDF0 w/o spin-orbit

Superfluid part of EDF:

?

We consider that they are caused by
solitonic excitations of superfluid medium:

a qualitatively new physics in the field!!

Fig. 2 Fusion threshold energy in 
90Zr+90Zr reaction as a function 

of the phase difference Δφ

678 fm/c

h: single-particle Hamiltonian,  Δ: pairing field


