
低エネルギー原子核反応における非平衡過程

基研研究会・iTHEMS 研究会 2018

「非平衡系の物理学ˈ 階層性と普遍性ˈ」
2018 12Ὦ26-28 @Ằ ᶘṁ ᶘᾆẕ ʾОЗЊИАϼ⁯∑ῖ Ш˔и

ḩ ԁ

ᶣ ᶘᾆẕ Ṑ  ӽᶘ Ԛ



₈ χ π ΠθΜάρ

ᴻ ”ᵃ
Charge equilibration

N/Z

ל ”ᵃ
Mass equilibration

A

ϵКиϻ˔χ╩Ԅ
Energy dissipation

TKEL

ל χ χ
Mass distribution width

ůA

χӡ χ ᴟ
Superfluid phase

|ȹ(r)|eiű(r)

üᾖ◓ᶋϬϐνΪθρΦʼᴡΥṞάϥχΤˁ

?



ñ高エネルギーòではない！！

Animation taken from: Brookhaven National Laboratory Website (http://www.bnl.gov/rhic/)

http://www.bnl.gov/rhic/


２つの原子核を“そっとぶつける”
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ü 私の行っている研究:

スパコンを用い，量子多体理論に基づく数値シミュレーションを実施

様々な量子多体ダイナミクスの記述が必要
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Remarks on TDHF (or TDDFT, TDEDF)

K. Sekizawa Thu., Dec. 6, 2018TDDFT for Low-Energy Nuclear Reactions: Recent Progress

V There is no adjustable parameter on reaction dynamics

: TDHF eq.

Effective interaction

Energy Density Functional (EDF)

K. Sekizawa ϵКиϻ˔ᾖ◓ᶋ ᴂτΣΪϥ ”ᵃ Thu., Dec. 27, 2018
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K. Sekizawa
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実時間・実空間で原子核反応を記述

ϱϷр ᴂχṜ
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ᶋ:  238U

◓ : Z=92

◓ : N=146

ᶋ:  64Niבּ

◓ : Z=28

◓ : N=36
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フラグメントのN/Z vs. 衝突径数b

b

V 衝突径数(最近接距離)が小さくなると，系は荷電平衡に向かう

64Niと238Uの衝突:  荷電平衡過程

238U: N/Z=1.59

64Ni:  N/Z=1.29

β χӸΜψ ἹΰθϳжрχΰΦ



ˣ238UχΰΦy ΰʼb=5.5 fmχ ›

接触時間～0.73zs



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

Expt.:  L. Corradi et al., PRC59(1999)261

ל

Expt.

TDDFT GRAZING

TDDFT+GEMINI

64Niρ238Uχ πςχᾖ◓ᶋΥ ήϦϥΤˢ ˣ

荷電平衡過程によって様々な原子核が生成される

238U 64Ni

◓

◓
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全運動エネルギー損失 (TKEL)

b

64Niと238Uの衝突:  エネルギーの散逸

接触時間

V 約2-3zsの接触時間で，
エネルギーが散逸

V 顕著な方向依存性が見られる

z-directiony-directionx-direction
64Ni

238U



Ἲ b: ΤϣχγϦ
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重いフラグメントの核子数 vs. 衝突径数b

b

64Niと238Uの衝突:  質量平衡過程

V
238Uから64Niへ，多数の核子が移行している

z-directiony-directionx-direction
64Ni

238U
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準核分裂過程
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64Ni+238U at Elab=390 MeV

208Pbχᶌ῟ᴮ ϢϤל τ

ϳжрχ τ ϳжрχ τ

◓24ᾤ
◓12ᾤ

◓32ᾤ
◓18ᾤ

KS and K. Yabana, PRC93(2016)054616



64Ni+238U at Elab=390 MeV
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運動エネルギーとフラグメント質量の相関

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

Z=114

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

陽
子
数

N, Z

Z

N

反応の微視的理解Ҧ 未知原子核の生成へ

安定核:  288種
実験で確認されたもの:  約3200種
理論的な予言:  約7000種
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最近の研究の１つは，2018年1月にPRLに掲載:

Australian National University(ANU) との共同研究

E. Williams D.J. Hinde M. Dasgupta C. Simenel



Mass ratio

Mass ratio:

反応によって生成された原子核の質量分布

ü従来の理論では，分布の幅を定量的に記述することができなかった

ANUπ ήϦθםᾓД˔Ќ
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Method:  Variational principle of Balianand Vénéroni

Å Unrestricted variation (w.r.t. either A or D) TDSE

Å Slater determinant & one-body observable TDHF

Å Slater determinant & fluctuations of one-body observable TDRPA

Variational space can be controlled by ñstateò and ñobservableò

ü The action-like quantity defined by Balianand Vénéroni

: describes the state of the system

: describes the evolution of the observable in the Heisenberg picture

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

C. Simenel, Phys. Rev. Lett. 106, 112501 (2011); Eur. Phys. J. A 48, 152 (2012).
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R. Balianand 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).

Numerical implementation of TDRPA for the mass width

Initial state: t0

TDHF:  ůA ~ 1.5

Experiment:  ůA ~ 7.1

After collision: t1

Forward TDHF



R. Balianand 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

TDHF:  ůA ~ 1.5

Experiment:  ůA ~ 7.1

TDRPA:  ůA ~ 7.5

Initial state: t0

The Balian-Vénéroni prescription (TDRPA):

Backward TDHF

Numerical implementation of TDRPA for the mass width



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

ᶈ τϢμοʼ χ χ Ϭ τṜ

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

TDHF(max):

0.013

Width grows and saturates 

within ~3-4 zs

Width of the mass ratio distribution, ůMR: Expt. vs Theory



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

Width grows and saturates 

within ~3-4 zs
TDHF(max):

0.013

Full energy dissipation was 

achieved within ~1.5 zs

Width of the mass ratio distribution, ůMR: Expt. vs Theory

ᶈ τϢμοʼ χ χ Ϭ τṜ

E. Williams, KS, D. Hinde et al., Phys. Rev. Lett. 120, 022501 (2018)
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üTDSLDA equations (formally equivalent to TDHFB or TD-BdGequations)

:  anomalous density

:  s.p. Hamiltonian

:  number density

:  current

Kohn-Sham scheme is extended for non-interacting quasiparticles

:  pairing field

TDSLDA:  TDDFT with local treatment of pairing

TDSLDA (Time-Dependent Superfluid Local Density Approximation)

A large number (104-106) of 3D coupled non-linear PDEs have to be solved!!

# of qp orbitals ~ # of grid points

K. Sekizawa ϵКиϻ˔ᾖ◓ᶋ ᴂτΣΪϥ ”ᵃ Thu., Dec. 27, 2018
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*The number indicates the rank according to the TOP500 list (June 2018)

Piz Daint, CSCS, Switzerland (No. 6) TITAN, ORNL, USA (No. 7) TSUBAME3.0, Japan (No. 19)

The fastest machine:

Summit, ORNL, USA

GPU, 188 PFlops/s

MPI Comm.

FFT

Present computing capabilities:

V Full 3D (w/o symmetry restrictions)

V Volume as large as 1003 lattice points

V Evolution up to 106 time steps (as long as 10-19 sec)



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

K. Sekizawa ϵКиϻ˔ᾖ◓ᶋ ᴂτΣΪϥ ”ᵃ Thu., Dec. 27, 2018



Result of TDSLDA simulation:

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

Topological excitations in ultracold atomic gases

G. Wlazğowski, 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

K. Sekizawa ϵКиϻ˔ᾖ◓ᶋ ᴂτΣΪϥ ”ᵃ Thu., Dec. 27, 2018



Time

Topological excitations in ultracold atomic gases

Each stage of solitonic cascade could be reproduced with TDSLDA!

ñū solitionò

K. Sekizawa ϵКиϻ˔ᾖ◓ᶋ ᴂτΣΪϥ ”ᵃ Thu., Dec. 27, 2018



Having a validated tool at hand

we explore new physics particular to fermionic systems

Spin-imbalance (polarization)!!



Fermionic superfluidity is due to the Cooper pairing mechanism



Then, what happens if the numbers of men/women are imbalanced??

Answer:

phase separation

M.W. Zwierleinet al., Science 311, 492 (2006)

superfluid (paired) gas is

surrounded by normal gas

But, what about dynamics??



Topological excitations in ultracold atomic gases

P = 20%

P = 40%

P֕ 50%

domain wall vortex ring vortex line
Time

Spin polarization affects the stability of topological defects

R: radius of the cloud

ɝ: coherence length

V Unpaired particles prefer to stay inside the defects

Local polarization

0.00

0.35

0.70
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Spin polarization may hinder vortex crossings/reconnections

repelling..

P = 0%

P = 20%

vortex-antivortexpair reconnection

vortex ring

G. Wlazğowski, K.S., M. Marchwiany, and P. Magierski, Phys. Rev. Lett. 120, 253002 (2018)



Right: Fig. 1 taken from

A. Villois et al., Phys. Rev. E 93, 061103(R) (2016)

Left: Work by Leonardo da Vinci

Whatôs more?  - Implication to quantum turbulence

chaotic, dissipation to smaller scales tangles, reconnections, Kelvin waves



Very preliminary

Computational/theoretical challenge

Microscopic simulation of quantum turbulence in superfluid fermi gas



What we have investigated

3D, TDSLDA calculations(Fayansw/o LS) predicts

novel phenomena associated with solitonic excitations!!

?

Q. What happens when two superfluid nuclei with different phasescollide??

K. Sekizawa ϵКиϻ˔ᾖ◓ᶋ ᴂτΣΪϥ ”ᵃ Thu., Dec. 27, 2018



The phase difference changes kinetic energyof the fragments

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

=1.1)

Why??

P. Magierski, K.S., G. Wlazğowski, Phys. Rev. Lett. 119, 042501 (2017)
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The phase difference changes kinetic energyof the fragments

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

=1.1)

Why??
Note:

It cannot be explained by Josephson effect!

P. Magierski, K.S., G. Wlazğowski, Phys. Rev. Lett. 119, 042501 (2017)
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Additional energy is required to attach two superfluidswith different phases

Solitonic excitations

üThe additional energy(derived from Ginzburg-Landau theory)

L:  Length scale over which the phase varies

S:  Attaching area

ns:  Superfluid densitye.g.)  S=Ŕ2, L~R=6 fm, ns=0.08 fm-3Ÿ E~30 MeV

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

P. Magierski, K.S., G. Wlazğowski, Phys. Rev. Lett. 119, 042501 (2017)
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üThe additional energy(derived from Ginzburg-Landau theory)

L:  Length scale over which the phase varies

S:  Attaching area

ns:  Superfluid densitye.g.)  S=Ŕ2, L~R=6 fm, ns=0.08 fm-3Ÿ 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 superfluidswith different phases

Solitonic excitations

P. Magierski, K.S., G. Wlazğowski, 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

P. Magierski, K.S., G. Wlazğowski, 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

P. Magierski, K.S., G. Wlazğowski, 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

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

fu
s
io

n
(M

e
V

)

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

K. Sekizawa ϵКиϻ˔ᾖ◓ᶋ ᴂτΣΪϥ ”ᵃ Thu., Dec. 27, 2018



What we have found

When two superfluid nuclei with different phases collide

solitonic excitations might be induced

solitonic

excitations
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What we have found

When two superfluid nuclei with different phases collide

solitonic excitations might be induced

solitonic

excitations

R

V(R)

It may affect:

Å TKE (~10-30 MeV)

Å Fusion dynamics

Å Neck formation

Å Contact time

Å Scattering angle
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