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EXTHNORRE F Mean field theory based on DFT

Shell Model

| g
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Stable : 200
Known : 3175
Total : 7000 ~?

http://www.scidacreview.org/0704/html/unedf.html
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For static For dynamics
No Pairing | Hartree-Fock(HF) Time-Dependent HF
(TDHEF, RPA)
TDHF+BCS
With
- HF+BCS
BCS Pairing Cb-TDHFB
With Pairing Hartr;e-Fcigk]; IDHEB
0go11udov
%’HFB) (QRPA)

X RPA: Random-Phase Approximation
X QRPA: Quasi-particle RPA
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AR EIRAZIDIR5T : HF vs. HF+BCS vs. HFB

HF w HF+BCS w HFB
| ®uF) Ha“_ ®pcs) = | (ur + vrajal)|-) ®urs) = | [ 8-
k>0 k
ZDMC oc | [ el-) V=) Ui + Vira
k l
Canomcal basis Oéz = ukaL — ViQg, a% = uka£ + vrpag . Generalized quasi-particle
DD'=D'D =1 . BCS quasi-particle state state

*One body density matrix is diagonalized in Canonical basis. pjr = <@|czr, cr|P)

Dimension N M N ’M 2M 2
N =N’ N >N
N : nucleon # N': canonical basis # M : basis #
10 [fm] \ Example
7 — S 15 &, (7:» o t) — & (x Y, 2, 0; t) Difference of matrix elements
[fm] 5 C2 1 Y,<y U,
[ : : - M\ 2
i ‘ /7 \1f5 Lattice points « + y + z ~ 15,000 (ﬁ) ~ 10,000
LA | N~ 300 for 238U
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Canonical-basis TDHFB (Cb-TDHFB)

Ebata et al, Phys. Rev. C82, 034306 ~ TDHFB
Py = (| é'é, | ¥) : Density matrix ith(t) _ [H(t), R(t)]
Kuw = (Y| é,¢, | ¥) : Pair tensor ot
. = (PR K@)
[, v : Arbitrary complete set @) ={ _ k() 1—p*(t)
Canonical basis diagonalize Density matrix. H(t) = ( h(t) A(t) )
&L — Z ngéL : Canonical basis -\ AN —R()

1
(D'pD)ir = prbrirr, (W &};&k W) =pr, 0<pp <1

In this Canonical-basis,
the number of matrix elements can be compressed to diagonal components.

The computational cost of TDHFB may be reduced also
in Canonical-basis representation !?

E},L (t) = Z (11|9k(t)) ¢}, : Time-dependent Canonical basis

o {|or(t))} : Time-dependent Canonical single-particle basis
This set is assumed to be orthonormal. (P« (%)|¢:1(f)) = O



What is Cb-TDHFB 7 vore aesit-

Cb-TDHFB can be derived from TDHEFB represented in canonical basis*,

with an approximation of pairing potential which is diagonal as like BCS.
A *Canonical basis diagonalize density matrix.
W (t g = U + Vg t)el (T 0 .
| ( )>BCH }g]( k( ) ( ) k )| > Pk (f) — |"UA-: (t)|2 : Occupation probability
k : Pair of k-state (no restriction of time-reversal) Ak (f) — Uk (t)’UA-; (f) : Pair probability

Cb-TDHFB i1s a time-dependent scheme including

pairing correlations as in the BCS approximation. Api(t) = —Axdgs

Cb-TDHFB equations ~— Properties of Cb-TDHFB —
d/dt{(¢r(t)|ow (t)) = 0,

= (h(t) — nx(t)) | P& (1)) d/dt(N) = 0, d/dtEroga =0

In the limit of A =0, “» TDHF

In the static limit, " HF+BCS

. J

() kr(t) + Ak(t) (QPk(t) — 1)

Mk ()
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Calculate HF or HF+BCS ground state |¥(0))

Adding
a instantaneous external field
to ground state

Calculate the time-evolution with TDHF or Cb-TDHFB

~

Strength function S(E,F) is gotten as Fourier transformed TD- (F').

S(E;EY =Y |(n|F|0)['8(E - En) B, =E, - Fo, E.>E

k<1
(0)) F :one-body operator

1

km =0

— — lim Im /Zt eGE=L/2t/R(£(1) — £(0)) F(t) = (R@)| F |9 (1))
0

I' Smoothing parameter
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EZHEHE (ex. *Ne)
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Example : Photo-absorption cross section of '*Yb

Cross Section [mb]

500
| 3D Cb-TDHFB Total

400 | i;? ................ Cb-TDHFB can reproduce

Exp. +—e— the photo-absorption cross section of '"*Yb.
300 3=0.32 = Heavy nucleus

A,=0.76 [MeV] = Deformed nucleus
200 | A, =0.55 [MeV] ® Including pairing

M=1.0 [MeV]
100 _
KN Dipole mode
O ' B

0 5 10 15 20 25 30 Protgme.

Energy [ MeV |

Total cal. cost : 300 CPU hours
(with a Single processor; Intel Core 17 3.0 GHz)
Box size : R=15[fm], mesh=1[fm] (3D-Spherical)
Canonical-basis space (HF+BCS g.s.) :
146 states for neutron,
98 states for proton

Experimental data:
A.M.Goryachev and G.N.Zalesnyy Vopr. Teor. Yad. Fiz. 5, 42 (1976).
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Unstable nuclear region is expanding )

Proton Number ———

Neutron Number ———s

~

Neutron-rich nuclei have...

|

Neutron
Proton

Proton Neutron

stable neutron-rich

( Characteristic structure
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E Soft E1
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& Normal F1

E giant resonance
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Excitation Energy

“Pygmy dlpole resonance” (PDR)

New elementary mode ? Neutron
(Collective mode ?) . \
Proton

/

Neutron-Skin structure

; Neutron

Neutron-Halo structure
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Calculation Setup Isovector Dipole

Proton

External filed :
Isovector dipole mode (for E1 strength)
FN = —(Ze[A)#; ,FF = (Ne/A)i;
Effective Interaction : SKyrme force (SKM¥*),
Smoothed Pairing strength G (ref. N. Tajima ez al. NPA603(1996)23)

Neutron

A(t) - Z Giry (t) G = f(gl)G f(gl) : cutoff function N il d i

vibrate in anti-phase.

Nucleus : 14-280, 18-32Ne’ 18-40Mg’ 24-46Si, 28-508’ 32-58Ar, 34-64Ca,
SN, 60887y 498G 104G THIBKC,. TEIEG). B2y, BeI2Ng, SS10R,
2B4p(, 28 Cd, 1"149Sn, 14 Te, P Xe, ete. (about 350 kinds of Nucleus )

1.0 [fm]

Calculation space (3D-Spherical meshed box):

For heavy nuclei (Z > 28), /]
we use the box has radius 15 [fm] and meshed by 1.0 [fm]. (\ '

N

=

— \

15 [fm]
i

i 15 [fm]

~N_ | L




Neutron number dependence of PDR

10[MeV]

E S(E;E1)dE
[E S(E;E1)dE

The ratio of low-lying E1 strength
in Total E/ strength (sum rule).

4

We use the ratio to analyze ~ ex.) Total
the low-lying E/ strength [ i
for all calculated nuclei. B “Low-energy” ﬂ 26

**Ne on a ***Pb target
30 [

i Jf
N Sn 3 E 82n

i
I 4}

i 1|

[\
o

S(E:E1) [¢* fm*/MeV]

do/dE [mb/MeV]
o

(4]

e
0 1 I%j
o 2 4 6 8 10 12 1 0 f L ] 1 ] 1
et 0 5 10 15 20 25 30 35 40
J. Gibelin, et al., Phys. Rev Lett. 101, 212503 (2008)

E[ McV |
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N-# dependence of PDR (heavy 1sotopes (272 items): Z > 28)

m )/ my [%]
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Nuclear Collision using Time-dependent DFT (TDHF)

H.Flocard, S.E.Koonin and M.S.Weiss Phys. Rev. C17 (1978) 1682

" 1:240 IFeag

FIG. 2. Contour lines of the density integrated over the coordinate normal to the scattering plane for an 0+ %0
collision at E, 4 =105 MeV and incident angular momentum L=13k . The times { are given in units of 10~% sec.
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Expected pairing correlation effects in Heavy ion collision ?

W.J.Swiatecki, Phys. Rev. 100 (1955) 937.

4 Level crossing ol \ Spontancous
3 Energy Dissipation is | Fission Half-lives
» Neck formation 9
» Odd-even effects > ﬁ
L

for spontaneous fission half-lives ? | 2+

20 ¢

J Fusion or Fission cross section

ODD-0DD
15 r 1

2 Pair transfer reaction

opd-A
10 ]

EVEN-EVEN |

35 3% 37 38 39 40
Z¥%A
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Setup for collision

Incident Energy : 18 - 20 [MeV] (Exm =9.0 — 10 [MeV], Vip ~ 9 MeV)
Impact parameter : 0.0, 2.8 - 3.1 [fm]

Effective Interaction : SKyrme force (SKM¥*), Contact pairing
Projectile : ?O, Target : O (HF g.s. has also spherical shape)

# of canonical-basis for HF+BCS gs. ; (N, Z2) = (32 (16+16) , 16 (8+8))
Average of gap energy ; A,, = 2.066 [MeV| V' = —412.5 [MeV]

Calculation space (3D meshed box):

Length of box for (x, y, Z)
is 36, 20, 40[fm] meshed by 1.0 [fm]
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Simulation of >0 + **O collision with » = 3.0 [fm] and E, =10 [MeV]

Time-evolution of Neutron density distribution

Cbh-TDHFB
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Simulation of >0 + **O collision with » = 3.0 [fm] and E, =10 [MeV]

Time-evolution of Neutron density distribution

Cbh-TDHFB

J%C"b < O_%F
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Summary & Perspective
IR FFIRERE R WY1 TSI ADE

o — RITARIZEZER] _E CCh-TDHFBETE%#E1TU.
ZHEXERE O R Z2 S DI RE DR R ETE N I gL 2T,
e WAERIE S AR FZRIGETEICCb-TDHFBZ I 3EHN K,

Perspective

* RAKBEE D AED MPI+0OpenMP cording
* BEEEHER

B {hDFhERIRRROREIITATT (ISM, ISQ, ISO, etc)
B ZAL -5 —-1THRIC KBRS

— SAOEFIBSIRZELEREIREE " EERFRICH T BIRAZILE: (scissors, high-spin, etc)

* BRIGERTE

® RNLTHRICESHHBEDOBRENLGZIR . BUERBR A AD"—FFIRE" DR S T DT

¢ Fusion cross section ¢ Level crossing

® ZRFBITRICD &DHFHSE
¢ Nucleon transfer (Pair transfer), Nuclear Josephson effects
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