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Three major faces of nuclel

Chaos




Evidence of the single-particle motion

Magic numbers
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Energy required to remove two neutrons from nuclei

(2-neutron binding energies = 2-neutron “separation” energies)

N =82

25
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Neutron Number

From a lecture by R. Casten




Mayer-Jensen’s Shell Model

Harmonic oscillator potential + spin-orbit force

1 > -
V(ir)=—Mao’r* +v, 0> +v, (-5 1E
2 r
— Correct magic numbers: / ’
(N,Z2)=2, 8, 20, 28, 50, 82, 126 /’p 3/1291/2
— Sip
“Gas’-like picture for nucleus

A>>R



Spin-parity of odd nuclel
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Neutron scattering cross section

From Bohr and Mottelson,
Nuclear Structure Vol.1
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Phase shift & optical theorem

Phase shift exp(ilg -7) L
5(k) ~2(k,, —k )R

Scattering amplitude

_I_/

1O =5 21+ Wexpis)-1)| | xPk, )
l

[

Total cross section 1, = exp(2io,), ‘771‘ =1

4—”1m 1(0)= —Z(zz +1)sin’ &,

— Oscillation as a function of energy

cf) Ramsauer-Townsend effect



Nuclear transparency
Optical potential

V+iW =k, L exp(ik ) L
24
Complex phase shift
n, = exp(2io,), ‘771‘ <1 -+
Total cross section _eXP(_ikm 7 )

4—7TImf((9) ——Z(zl+1)(1—R6771)

Oscillation frequency — Real part: |14

Oscillation amplitude — Imaginary part: W — Mean free path: A

—V =50-0.3F, —Wz(ONZ)-I—O.lE in units of MeV
= A~aR, |a~1~10ormore]



Energy dependence of the
imaginary part

E-dep. of n-A optical potentials
59
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The imaginary potential becomes smaller for lower-energy neutrons.



“GGas” picture

Success of the shell model

] -
V(r)= EMa)Zr2 +v, 07 +v, 05

and
Optical model analysis for neutron scattering

suggest “gas” picture of the nucleus

% A>>R
ﬁ Is this consistent with other
aspects of nuclei?




Nuclear Saturation
The most basic property of nucleus

B/A ~ 8 MeV
(B/A ~ 16 MeV for nuclear matter)

ana - N=20 28 5D 1]
Ie 5l 113 1 |
= 20 z8 ] &2
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Density o =0.16 fm-3

4

Liquid drop model

Bip [ Mev)

Bethe-Weizsacker mass formula
B(N,Z)=a,A—a A"
(N-2)°
sym y
Z2
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Saturation properties of nuclear matter

« Symmetric nuclear matter w/o Coulomb

- N=z=4
» Constant binding energy per nucleon

— Constant separation energy
B/ %S, ~16MeV

« Saturation density
p~0.16fm> = k,~135fm"

— Fermi energy
n’k;

T . =
i 2m

~ 40 MeV




Mean-field picture of the nucleus

 Mean-field model
Wollg)=eld) i< lw,@)=Hp®]lw,©)

* |s this consistent with the saturation property?

— Analysis with a simple potential model for nuclear
matter

2

h=——-V*>+V
2m



A constant mean-field potential

» Separation energy [ E
S:_(TF +V)9 V' =-55MeV
- Binding energy in the mean field | :TF+V: =
—B=Z(Tl.+zj, r =1k 2R Jn e 3
i=1 2 2m o o o o
— A(ETF _|_Kj
5 2

S
e § = % p— TF = —— Inconsistent with
4 nuclear binding



Momentum-dependent potential

« State-dependent potential

= V>+T%+%

— The potential becomes shallower for particles
with a weaker binding

« Momentum dependence
— The lowest order — “Effective mass”

) 2 -
V=U,+UKk’ :>Wt/=(1+U1k/j

> 25 1 z0.4
2 2 AT,




Nucleons’ effective mass

Energy dependence of optical
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Failure of the mean-field models

* In order to explain the nuclear saturation
within the mean-field picture, we need an

extremely small value of the effective
mass.

m (3,58 1) o,
m \2 24T,

— This is inconsistent with the experimental data.

» A solution Elpl= Hple)=¢]s)
— Energy density functional _ SE
(Rearrangement terms) hpl=~




Nuclear energy density functional

* Spin & isospin degrees of freedom
— Spin-current density is indispensable.

* Nuclear superfluidity = Kohn-Sham-
Bogoliubov eq.

— Pair density (tensor) is necessary for heavy
nuclel. .
E\p, T J K

42,9’ g
kinetic / / .
pair density

spin-current

(h(t)—ﬂ A7) j(Uﬂ(t)j_ g [Uﬂ(t)j
~A(@) —(h@)-A) \V, @) ) T\ TV,@)



Density distribution o—,
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Nuclear Landscape

Ab initio
Configuration Interaction
Density Functional Theory

stable nucler

knowrn nucler
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From SCiDAC-UNEDF project




Nuclear deformation as symmetry breaking
ei¢J‘\Ij> ” ‘\P> ei¢N‘LP> " ‘\P>

Quadrupole deformation . ,
Pairing deformation

<\P ‘7’ ‘ ‘P> (superfluidity)

A=( )

Deformation in the gauge space

prolate oblate triaxial

Nuclear Superconductivity

Octupole deformation Nuclear Superfluidity

P = <\P"”3Y30‘LP> .
P|¥)#=+\¥)
Pear shape ( £ =0)




Proton Number
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Nuclear deformatlon predicted by DFT
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Kohn-Sham-BogoIiubov eq.
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Nuclear deformation is prevalent in the nuclear chart

M.V. Stoitsov et al., Phys. Rev. C68(2003) 054312



Qo (e2fm?)
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Nuclear deformation

Intrinsic Q moment
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Time-dependent density functional
theory (TDDFT) for nuclei

* Time-odd densities (current density, spin
density, etc.)

Elp, (6).7,(0. ], (.7, (.5, (). T, (t):x, (0]
kine/’:ic / currént / spin-k/i‘netic /

spin-current spin pair density

* Time-dependent Kohn-Sham-Bogoliubov eq.

0 U, )\ (h(t)-2 A(t) U, (t)
ot\ vV, ) \ =A@ —(h(t)-2) \ V@)

Linear response calculation




Deformation effects for photoabsorption cross section

SkM* functional K.Yoshida and TN, PRC83, 021404 (2011).

Oabs (mb)

300 4 (a) | (b

Intrinsic Q moment 200
: 100 A
(Q20)
800 R e e -

700 + (a)
600 - Nd
500 | .
400
300
200 |
100 |
O L
-100
800 :
700 + (b)
600  Sm
500 |
400
300 |
200 |
100 |
O L
-100

Qo (ezfmz)

Cal. —=—-

Exp: =
82 84 86 88 90 92
N




Calculations with HPC

Calculated by K.Yoshida (RIKEN)

Cabs (MD)

SkM*

400
300
200
100

0

400
300
200
100

0

5 10 15 20 25

E (MeV)

HFB calc. (using 64 CPUs)
Box: 14.7 fm x 14.4 f

31 )
Cut-off: Q = 5 E, = 60 MeV

QRPA calc.
Cut-off: B, + Ez < 60 MeV

# of 2qp excitation: about 50,000

Matrix elements: 590 CPU hours
Diagonalization: 330 CPU hours

1 512 CPUs@RICC

Matrix elements: 69 minutes
Diagonalization: 38 minutes
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« SKM* functional

« 3D Cartesian mesh
‘R, =15 fm

Cd a4 A
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Inakura, TN, Yabana,

PRC 80 (2009), 044301;
arxXiv:1106.3618
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