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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)

K. Sekizawa

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

TITAN, Oak Ridge NERSC Edison, BerkeleyHA-PACS, Tsukuba

Thu., Apr. 26, 2018Recent progress of nuclear dynamics studies with TDDFT



Dynamic excitations of the pairing field

K. Sekizawa

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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Applications of TDSLDA:  Unitary Fermi Gas

Stirring

Twisted stirring

Throwing a spherical projectile

Real-Time Dynamics of Quantized Vortices in a Unitary Fermi Superfluid

A. Bulgac, Y.-L. Luo, P. Magierski, K.J. Roche, Y. Yu

Science 332, 1288 (2011)

Quantized vortices

Vortex rings/lines

Vortex crossings

& reconnections

(quantum turbulence)
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Result of TDSLDA simulation:

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

Topological excitations in ultracold atomic gases

K. Sekizawa

G. Wlazłowski, A. Bulgac, M.M. Forbes, and K.J. Roche, Phys. Rev. A 91, 031602 (2015)
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M.J.H. Ku, B. Mukherjee, T. Yefsah, and M.W. Zwierlein, Phys. Rev. Lett. 116, 045304 (2016)

The cascades of solitonic excitations have been identified experimentally

Time

Vortex ring

Vortex line

Topological excitations in ultracold atomic gases
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Phys. Rev. Lett. 116, 122504 (2016)

A. Bulgac, P. Magierski, K.J. Roche, and I. Stetcu

Induced fission of 240Pu

TDSLDA is a versatile tool!!

Low-energy heavy ion reactions

Phys. Rev. Lett. 119, 042501 (2017)

P. Magierski, K.S., and G. Wlazłowski

Time

K. Sekizawa

Applications of TDSLDA:  Nuclear systems

IVGDR

Phys. Rev. C 84, 051309(R) (2011)

I. Stetcu, A. Bulgac, P. Magierski, and K.J. Roche

Phys. Rev. Lett. 117, 232701 (2016)

G. Wlazłowski, K.S., P. Magierski, A. Bulgac, and M.M. Forbes

Vortex-nucleus dynamics
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Vortex-nucleus interaction

G. Wlazłowski, K.S., P. Magierski, A. Bulgac, and M.M. Forbes,

Phys. Rev. Lett. 117, 232701 (2016)



Glitch:  a sudden increase of the rotational frequency

V.B. Bhatia, A Textbook of Astronomy and Astrophysics with Elements of Cosmology, Alpha Science, 2001.

http://svs.gsfc.nasa.gov/cgi-bin/details.cgi?aid=10205

➢ Pulsar:  a rotating neutron star Glitches in the Vela pulsar

Period (sec)

1970 1975 1980

year

0.8925

0.8924

0.8922

0.8921

0.8920

0.8923

Time

What is the “glitch”?
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What is the “glitch”?

P.W. Anderson and N. Itoh, Nature 256, 25 (1975)

A conjectured scenario:

Vortex pinning/unpinning in the neutron star crust

Repulsive? Attractive?

or
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Response of a spinning gyroscope when pushed

What we have investigated  - Vortex-nucleus interaction

Response
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We performed 3D, dynamical simulations by TDDFT with superfluidity

 TDSLDA equations (or TDHFB, TD-BdG)

Method - TDSLDA

PNM

SNM

Friedman & Pandharipande, NPA361(1981)502

Wiringa et al., PRC38(1988)1010

 Energy density functional (EDF)

S.A. Fayans, JETP Lett. 68, 169 (1998)

:  Fayans EDF (FaNDF0) w/o LS
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We performed 3D, dynamical simulations by TDDFT with superfluidity

 TDSLDA equations (or TDHFB, TD-BdG)

Method - TDSLDA

a vortex line exists here

 Computational details

Nuclear impurity:

# of quasi-particle w.f.
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We performed 3D, dynamical simulations by TDDFT with superfluidity

 TDSLDA equations (or TDHFB, TD-BdG)

Method - TDSLDA

TITAN, Oak Ridge

NERSC Edison, Berkeley

HA-PACS, Tsukuba

MPI+GPU

→ 48h w/ 200GPUs

for 10,000 fm/c

 Computational details

Nuclear impurity:

# of quasi-particle w.f.

K. Sekizawa Thu., Apr. 26, 2018Recent progress of nuclear dynamics studies with TDDFT



 Newton’s law

vortex

K. Sekizawa

if

Superfluid neutrons

We directly measure the force              in dynamical simulation

 We keep a nuclear motion in a constant velocity

How to extract the force
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Results of TDSLDA calculation:

Blue line:  vortex-core

Red dot:  c.m. of protons

v0: along x-axis

Force exerts on the nucleus

will be shown by a black arrow

or ?
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Results of TDSLDA calculation:

“Repulsive”!!
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Solitonic excitations in nuclear reactions

P. Magierski, K. Sekizawa, and G. Wlazłowski,

Phys. Rev. Lett. 117, 232701 (2016)



What we have investigated

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

novel phenomena associated with solitonic excitations!!

?

Q. What happens when two superfluid nuclei with different phases collide??
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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)

Why??

K. Sekizawa

P. Magierski, K.S., G. Wlazłowski, Phys. Rev. Lett. 119, 042501 (2017)
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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)

Why??

K. Sekizawa

Note:

It cannot be explained by Josephson effect!

P. Magierski, K.S., G. Wlazłowski, Phys. Rev. Lett. 119, 042501 (2017)
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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!

K. Sekizawa

P. Magierski, K.S., G. Wlazłowski, Phys. Rev. Lett. 119, 042501 (2017)
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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

K. Sekizawa

P. Magierski, K.S., G. Wlazłowski, Phys. Rev. Lett. 119, 042501 (2017)
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Fusion reaction is suppressed by the phase difference

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

K. Sekizawa

P. Magierski, K.S., G. Wlazłowski, Phys. Rev. Lett. 119, 042501 (2017)
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Fusion reaction is suppressed by the phase difference

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

Non-Fusion

Fusion

K. Sekizawa

P. Magierski, K.S., G. Wlazłowski, Phys. Rev. Lett. 119, 042501 (2017)
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TDSLDA results:  90Zr+90Zr head-on collisions

Fusion reaction is suppressed by the phase difference

K. Sekizawa

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

fu
si

o
n

(M
eV

)

P. Magierski, K.S., G. Wlazłowski, Phys. Rev. Lett. 119, 042501 (2017)
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Multinucleon transfer reactions in TDDFT

B.J. Roy, Y. Sawant, P. Patwari et al., Phys. Rev. C 97, 034603 (2018)

E. Williams, K. Sekizawa, D.J. Hinde et al., Phys. Rev. Lett. 120, 022501 (2018)

K. Sekizawa, Phys. Rev. C 96, 041601(R) (2017),

K. Sekizawa, Phys. Rev. C 96, 014615 (2017),

K. Sekizawa and K. Yabana, Phys. Rev. C 93, 054616 (2016),

K. Sekizawa and K. Yabana, Phys. Rev. C 90, 064614 (2014),

K. Sekizawa and K. Yabana, Phys. Rev. C 88, 014614 (2013)



Neutron number

P
ro

to
n

n
u
m

b
er

Theory: ~7,000

Expt.: ~3,200

Z=114

M. Thoennessen, Rep. Prog. Phys. 76, 056301 (2013)

How can we create yet-unknown neutron-rich nuclei?

Heaviest element?

New magic numbers?

Impact on r-process?

Island of stability?



➢ Transfer probabilities and cross sections KS and K. Yabana, PRC88(2013)014614

✓ Particle number projection (PNP)

How to compute production cross sections?

We have developed:  TDDFT + PNP + GEMINI

K. Sekizawa

➢ Secondary deexcitation processes

Evaporation/Fission/Gamma by GEMINI++  [R.J. Charity, PRC82(2010)014610]

KS, PRC96(2017)014615

➢ Expectation values KS and K. Yabana, PRC90(2014)064614

Inputs for a statistical model

PNP operator:

C. Simenel, PRL105(2010)192701
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K. Sekizawa

KS and K. Yabana, PRC88(2013)014614;  KS, PRC96(2017)014615

Expt.:  L. Corradi et al., PRC66(2002)024606

Neutron number

Expt.

TDDFT

GRAZING

TDDFT+GEMINI

Production cross section for projectile-like fragments

TDDFT vs. Expt.  - 58Ni+208Pb (E
c.m.

=257 MeV, E/V
B
=1.04)
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58Ni+60Ni at E/VB=1.14, 1.27, and 1.4

The wide components grow with collision energy

E. Williams, K. Sekizawa, D. Hinde et al., PRL120(2018)022501

Evolution of fragment mass distributions



R. Balian and M. Vénéroni, Phys. Rev. Lett. 47, 1353 (1981); Ann. Phys. 216, 351 (1992).

C. Simenel, Phys. Rev. Lett. 106, 112502 (2011); Eur. Phys. J. A 48, 152 (2012).

Mass width in 58,60Ni+60Ni reactions

60Ni+60Ni  (b=5.13 fm, E/VB=1.4)

Initial state: t0

TDDFT:  σA ~ 1.5

Experiment:  σA ~ 7.1

After collision: t1



R. Balian and M. Vénéroni, Phys. Rev. Lett. 47, 1353 (1981); Ann. Phys. 216, 351 (1992).

C. Simenel, Phys. Rev. Lett. 106, 112502 (2011); Eur. Phys. J. A 48, 152 (2012).

After collision: t1

60Ni+60Ni  (b=5.13 fm, E/VB=1.4)

Mass width in 58,60Ni+60Ni reactions

TDDFT:  σA ~ 1.5

Experiment:  σA ~ 7.1

BV:  σA ~ 7.5

Initial state: t0

The Balian-Vénéroni prescription:



58,60Ni+60Ni at E/VB=1.4

Mass width:  Comparison with experimental data

The BV prescription agrees with the experimental data

Contact time (zs)

(BV)

(BV)

E. Williams, K. Sekizawa, D. Hinde et al., PRL120(2018)022501



Summary



Summary

~ Takeaway messages ~

✓ 3D TDHFB (TDSLDA) is now available!

✓ TDHF+GEMINI has been developed for unstable nucleus production

K. Sekizawa

✓ Inclusion of one-body fluctuations significantly improved the 

description of width of fragment mass distribution in DIC
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