
To produce/study unstable nuclei are crucial

to develop our understanding of the atomic nuclei
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Concept and Application of (TD)DFT

DFT



KS equations:

,
Minimization

,

 Hohenberg-Kohn theorem  Kohn-Sham scheme

What is DFT?

K. Sekizawa TDDFT for Low-Energy Nuclear Reactions Thu., Nov. 17, 2016

DFT is like a “magic”

Non-interacting KS systemReal interacting system

DFT



What is DFT?

K. Sekizawa TDDFT for Low-Energy Nuclear Reactions Thu., Nov. 17, 2016

DFT is like a “magic”

Non-interacting KS systemReal interacting system

DFT

TDDFT

Real interacting system Non-interacting KS system



DFT in Nuclear Physics
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All nuclei can be described with a single EDF
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Neutron star
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All nuclei can be described with a single EDF
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3. Give relative momentum, and let them collide

TDKS equations

How to describe heavy-ion reactions
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KS equations

1. Prepare ground states of projectile and target nuclei

2. Put into a larger box

No empirical assumptions/parameters are needed



?

Results (w/o pairing):  MNT, QF



TDDFT predicts two transfer mechanisms

b=4 fmb=1.6 fm

Neck formation/breaking Fast charge equilibration

58Ni+208Pb at Elab=328.4 MeV K.S., K. Yabana, PRC88(2013)014614



Average number of transferred nucleons vs. impact parameter

b (fm)

Δ
N

Neutrons

Protons

There appear two transfer mechanisms
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TDDFT results:   58Ni+208Pb (Elab=328.4 MeV) K.S., K. Yabana, PRC88(2013)014614



b (fm)

Δ
N

中性子

陽子

K. Sekizawa TDDFT for Low-Energy Nuclear Reactions Thu., Nov. 17, 2016

TDDFT results:   58Ni+208Pb (Elab=328.4 MeV)

Average number of transferred nucleons vs. impact parameter

There appear two transfer mechanisms

K.S., K. Yabana, PRC88(2013)014614



b (fm)

Δ
N

中性子

陽子

Charge equilibration process

Pb Ni

Transfer towards opposite directions
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Neck formation/breaking

Transfer towards the same direction

Charge equilibration process
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Particle-number projection method
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TDDFT results:   58Ni+208Pb (Elab=328.4 MeV)

:  Particle-number projection operator

V

K.S., K. Yabana, PRC88(2013)014614
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TDDFT results:   58Ni+208Pb (Elab=328.4 MeV)

Particle-number projection method

:  Particle-number projection operator

K.S., K. Yabana, PRC88(2013)014614



Neutron number

Expt.: L. Corradi et al., PRC66(2002)024606
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TDDFT results:   58Ni+208Pb (Elab=328.4 MeV)
σ

(m
b
)

Expt.

TDDFT pre-evap.

TDDFT post-evap.

Transfer cross sections:  TDDFT vs. Expt.

Comparable to measurements, disagreements for many-nucleon transfer

K.S., K. Yabana, PRC88(2013)014614

EPJ Web of Conf. 86(2015)00043



Fast (10-20-10-21 sec) fission process before CN formation

Quasifission (QF) process

CN

Fusion Quasifission
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Recent progress



QF dynamics in TDDFT

K.S., K. Yabana, PRC93(2016)054616
64Ni+238U at Elab=390 MeV

Shell effects of 208Pb More mass symmetric

Tip collision Side collision

24 Neutrons

12 Protons
32 Neutrons

18 Protons



64Ni+238U at Elab=390 MeV

T
K

E
 (

M
eV

)

A

TKE-A distribution:  Comparison with experimental data

Expt.: E.M. Kozulin et al., PLB686(2010)227

TDDFT Experiment

TDDFT provides quantitative description for QF dynamics

K.S., K. Yabana, PRC93(2016)054616



Exploration of novel reaction dynamics

238U+132Sn at Elab=9 MeV/A

Non-empirical predictions by numerical simulations

18 Neutrons

10 Protons

No102 164
266

Further applications



Results (with pairing)

Solitonic excitation!?



What are the effects of pairing on reaction dynamics?

 More adiabatic dynamics

 Neck formation

 Contact time

 Scattering angle

 Total kinetic energy

 Transfer processes

 ...

?
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Dynamic excitations of the pairing field

The Pairing field provides a variety of dynamic excitation modes

Collective rotation

(of the phase)

Quantum vortex

Re

Im *Superfluid velocity
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What we have investigated

3D, TDSLDA (TDHFB) calculations (w/o LS) predicts

noble phenomena associated with solitonic excitations!!

?

Q. What happens when two superfluid nuclei with different phases collide??
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Superfluid dynamics are described microscopically on a 3D lattice

FaNDF0: S.A. Fayans et al., JETP Letters 68(1998)169; NPA676(2000)49.

TDSLDA: G. Wlazłowski et al., arXiv:1606.04847 (2016).

Static calc: S. Jin et al., arXiv:1608.03711 (2016).

Renormalization: A. Bulgac and Y. Yu, PRL88(2002)042504; PRC65(2002)051305(R).

 TDSLDA equations (formally equivalent to TDHFB)

:  single-particle Hamiltonian

:  pairing field Normal part:  FaNDF0 w/o LS

Pairing part::  anomalous density

EDF:

Method: TDSLDA (Time-Dependent Superfluid Local Density Approximation)

*10,000-100,000 of 3D coupled non-linear partial-differential equations need to be solved
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Superfluid dynamics are described microscopically on a 3D lattice

FaNDF0: S.A. Fayans et al., JETP Letters 68(1998)169; NPA676(2000)49.

TDSLDA: G. Wlazłowski et al., arXiv:1606.04847 (2016).

Static calc: S. Jin et al., arXiv:1608.03711 (2016).

Renormalization: A. Bulgac and Y. Yu, PRL88(2002)042504; PRC65(2002)051305(R).

Method: TDSLDA (Time-Dependent Superfluid Local Density Approximation)

*10,000-100,000 of 3D coupled non-linear partial-differential equations need to be solved

TITAN, Oak Ridge NERSC Edison, BerkeleyHA-PACS, Tsukuba
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Result of TDSLDA simulation:

Phase discontinuity creates a vortex ring which decays into a vortex line

Solitonic excitations in ultracold atomic gases

G. Wlazłowski, A. Bulgac, M.M. Forbes, and K.J. Roche, Phys. Rev. A 91, 031602 (2015)
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The cascades of solitonic excitations have been identified experimentally

M.J.H. Ku, B. Mukherjee, T. Yefsah, and M.W. Zwierlein, Phys. Rev. Lett. 116, 045304 (2016)

Time

Vortex ring

Vortex line

Solitonic excitations in ultracold atomic gases
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The phase difference changes kinetic energy of the fragments

TDSLDA results:  240Pu+240Pu head-on collisions (E/V
Bass

=1.1)

G. Wlazłowski, K.S., P. Magierski, in preparation (will be submitted to PRL)

Why??
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Additional energy is required to attach two superfluids with different phases

Solitonic excitations

 The additional energy (derived from Ginzburg-Landau theory)

L:  Length scale over which the phase varies

S:  Attaching area

ns:  Superfluid densitye.g.)  S=πR2, L~R=6 fm, ns=0.08 fm-3 → E~30 MeV

*It does not depend on the absolute value of the pairing!
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 The additional energy (derived from Ginzburg-Landau theory)

L:  Length scale over which the phase varies

S:  Attaching area

ns:  Superfluid densitye.g.)  S=πR2, L~R=6 fm, ns=0.08 fm-3 → E~30 MeV

*It does not depend on the absolute value of the pairing!

240Pu+240Pu (E/VBass=1.1),

Pairing field is vanishing!
(due to phase discontinuity)

Additional energy is required to attach two superfluids with different phases

Solitonic excitations
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Fusion reaction is suppressed by the phase difference

TDSLDA results:  90Zr+90Zr head-on collisions
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Fusion reaction is suppressed by the phase difference

TDSLDA results:  90Zr+90Zr head-on collisions

Non-Fusion

Fusion
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*Efusion: the lowest energy at which fusion reaction is observed

TDSLDA results:  90Zr+90Zr head-on collisions

Fusion reaction is suppressed by the phase difference
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For non-central collisions, contact time & scattering angle are also affected

TDSLDA results:  90Zr+90Zr non-central collisions
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G. Wlazłowski, K.S., P. Magierski, in preparation (will be submitted to PRL)



Summary



Summary
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~ Takeaway messages ~

 TDDFT can quantitatively describe main reaction processes:

from (quasi)elastic to MNT and QF (next step: predictions)

 TDSLDA calculations are now becoming feasible:

new physics, e.g. soliton, with pairing field dynamics (next step: LS)
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