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GOAL:
Description of nuclear dynamics far from equilibrium within
the framework of Time Dependent Density Functional
Theory (TDDFT).

Why DFT?
We need to describe the time evolution of (externally perturbed) 
spatially inhomogeneous, superfluid Fermi system and in particular
such phenomena as:
- Nuclear large amplitude collective motion (induced fission)
- Coulomb excitation with realtivistic heavy ions
- Excitation of nuclei with gamma rays and neutrons
- Nuclear reactions, fusion between colliding heavy ions
- Nuclear dynamics in the neutron star crust, dynamics of

vortices and their pinning mechanism.
- And plenty of phenomena in superfluid clouds of atomic gases:

atomic clouds collisions, vortex reconnections, quantum  
turbulence, domain wall solitons , etc.



Runge Gross mapping
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Kohn-Sham approach

Interacting system Noninteracting system
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Suppose we are given the density of an interacting system. 
There exists a unique noninteracting system with the same density.

Hence the DFT approach is essentially exact.

However as always there is a price to pay:
- Kohn-Sham potential in principle depends on the past (memory).

Very little is known about the memory term and usually it is disregarded
(adiabatic TDDFT).

- Only one body observables can be reliably evaluated within standard DFT.  



Formalism for Time Dependent Phenomena: TDSLDA

Density functional contains normal densities, anomalous density (pairing) and currents:

Local density approximation

• The system is placed on a large 3D spatial lattice.
• No symmetry restrictions
• Number of PDEs is of the order of the number of spatial lattice points

Current capabilities of the code:
• volumes of the order of (L = 803) capable of simulating time evolution of 42000 neutrons

at saturation density (possible application: neutron stars)
• capable of simulating up to times of the order of 10-19 s (a few million time steps)
• CPU vs GPU   on Titan ≈ 15 speed-up (likely an additional factor of 4 possible)

Eg. for 137062 two component wave functions: 
CPU version (4096 nodes x 16 PEs) - 27.90 sec for 10 time steps
GPU version (4096 PEs + 4096GPU) - 1.84 sec for 10 time step





Linear response regime:
GDR of deformed nuclei

I.Stetcu, A.Bulgac, P. Magierski, K.J. Roche, 
Phys. Rev. C84 051309 (2011)

Beyond linear regime:
Relativistic Coulomb excitation
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Phys. Rev. Lett. 114, 012701 (2015)
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Electromagnetic radiation due to the internal nuclear motion

I. Stetcu, C. Bertulani, A. Bulgac, P. Magierski, K.J. Roche
Phys. Rev. Lett. 114, 012701 (2015)

Pygmy?

Bremsstrahlung at b=12.2fm

Pygmy



One body dissipation can be fully accounted for in this formalism

Damping of GDR (excited ion coulex reaction) due to one-body dissipation mechanism:
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Description of the fission process within TDSLDA

Time scale for nuclear processes that can be described within TDSLDA: 10^(-19) sec.



Complexity of fission dynamics
Initial configuration of     𝑃𝑢 is prepared beyond the barrier at quadrupole deformation
Q=165b and excitation energy E=8.08 MeV:

240

During the process shown, the exchange of about 2 neutrons and 3 protons occur 
between fragments before the actual fission occurs.



Pairing dynamics







Average pairing gap evolution.

Responsible for the pair excitations:
(m, -m)   (m’, -m’) 
during the evolution

Quadrupole moment along the fission axis.

Note that the oscillations of the Q. moment
during the evolution are due to the coupling 
between collective and intrinsic motions 
during the fission process.



Nuclear data evaluation, Madland (2006)

estimated TKEs slightly overestimate the observed values by no more than 3 - 6 MeV.

This is indicative of the fact that in our simulations the system scissions a bit too early.

The evaluated average number of emitted neutrons in this case is close to 3, which is 

higher than the values we estimate.



Summary

• TDSLDA will offer insights into nuclear processes which are either not easy or
impossible to obtain in the laboratory.

• The quality of the agreement with experimental observations is surprisingly good, 
taking into account we made no effort to reproduce any measured data.

• TDSLDA predicts much longer time-scales for fission, even though it takes into 
account one-body dissipation only (both window and wall mechanisms are 
present). The nuclear system superficially behaves like an extremely viscous 
system, but the collective motion at the same time is not overdamped.

• Approaches based on an adiabatic approximation seem to be not correct, at least 
for the description of dynamics beyond the saddle point.

• Extension of the present approach to obtain information about two-body 
observables, such as fission fragment mass, charge, angular momenta, and 
excitation energies distributions are rather straightforward to implement.
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