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L Introduction

Introduction. Collective phenomena

> Collective vs one-particle phenomena

» Translational motion, rotations, fission, giant resonances, changes of shape
(deformation) of a nucleus

» Collective variables (not too many), collective Hamiltonian

v

Other fields of physics (condensed matter, plasma etc)
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|—C)uadrupc»le variables

:
Nuclear matter distribution, shape of a nucleus
Mass density distribution

Prass(1) = (K1, o ra)l 2 60 = 1) [Py, i 7a))

Sum over protons for the charge distribution

6 -~ Mean-Field
Theory

— Experiment

[

3 a
r(fm)

Closed shells, spherical nuclei




Nuclear mean field theory and collective phenomena

LQuadrupoIe variables

Multipole moments of density distribution. Quadrupole variables

Multipole moments
Gim = fp(r)rlem(H, ALr = (P 1, oo )| 2 7 Y65, ) (1 o))

> g =A
> only some ['s are taken into account, e.g. [ = 2 — quadrupole moments

Gom = (P i 17 You (61 6) |¥)

> qin — complex numbers (but g;, = (=1)"q;-.), depending on a reference
frame, tensors of a rank / w.r.t. rotation group

v

parity & = (-1)’
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|—C)uadrupc»le variables

Other types of quadrupole variables

1. Nuclear surface expansion

10, ¢, @) = ro(1 + X, @}, Y (6, ¢)) — ro(1 + 2, @5, Yon(6, $))

2. Ellipsoid (nuclear surface or one-particle potential), x; = x,y, z

2w = 1, wy = wy

RQ)
—_— _+_ J—
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LQuadrupoIe variables

Principal axes (intrinsic) frame of reference

» Normalization

'S

U = Cqomr ¢ = \T/5/AP, 12 =3/5PA%
Intrinsic frame
R(Q)

{am} > {&07 6'1 = &_1 = 0, C~¥2 = d_z}
Deformation variables g3,y

Bcosy = @
Bsiny = V2@,

Special case @, = 0 — axial symmetry

&y > 0 — prolate (cigar-like) shape

&y < 0 — oblate (disk-like) shape
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|—Quadrupole variables
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LQuadrupoIe variables

Experimental hints

» For almost all even-even nuclei the first excited state is 2+

» Schematic spectrum of 2* excitation in '°°Mo

®

13.7MeV

0.5MeV

| ‘ [Energies for 10DMQ]
| || I.|||

BE2- 1<2°11Q,110* >12

» Strength (reduced probability) of an electromagnetic transition
1/7; ~ E*' B(EL; 1, )

For most nuclei B(E2) for 2] — g.s. is 30 — 200 Weisskopf units (single
particle estimates)
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|—C)uadrupc»le variables

Experimental data on the 2] state

E(MeV)

Figwe 17, The nergy of the firs 2+ sate with
Clised neuteon o proten shells are marked by open i l(Fom[NNﬁS])
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|—C)uadrupc»le variables

Example of results from experiments at HIL

100Mo, Coulomb excitation with 2S beam
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LCoIIective Hamiltonian

Collective Hamiltonian. Kinetic energy

Classical kinetic energy
Laboratory frame

1 o
Eyin = E ; an(a)aman

Intrinsic frame
1 H2 D 2.2 - 113
Eyin = Tip + Trot = E(Bﬂﬁﬁ + 2By, BBy + B,,B7V) + Z 2
k=
Byy(B.7). By (B.¥). B,,(B.y). Ji=4B’Bu(B.y)sin’(y - 27k/3), k=1,2,3

Quantization. Laplace-Beltrami operator

n?
Exinquant = — !
ingquan = = '_det Z Gy VdetB (B o 5

Volume element (for scalar product in the Hilbert space) VdetBda_;...da;
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Quantum Hamiltonian in the intrinsic frame

General Bohr Hamiltonian (Aage Bohr)

Horr = Tyip + Trot +V

{ /3“\/7 Jos - au(p \/7137)6]+
1 ro.
+ﬁsin3y -9 w

1 ro.
[ y( A/ " s1n3yBﬁ7)¢95 + B&,( 4 / " s1n3yBﬁﬁ)8y]}
3
k

o =5 D RO = 4Bu(B,y)B sin’(y - 27k/3)
=1

w = BgsB,, — By r=B.B,B
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|—Cc:llective Hamiltonian
:
Special cases
> ”"Simple” kinetic energy =B, =B.=B,B; =0
Tyip = aﬁﬁ4 s + 6 sin3yd,
Various potentials
; 2 B 2. C o 2
» Harmonic oscillator: V = CB7/2, Hy = Elal + Elal , el =Y, am
..... g
N ground
g state- Y- B-band

spherical

E=nhw

deformed
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L Collective Hamiltonian

Quantum Hamiltonian, cont.

> Energy levels

» Matrix elements of the E2 transition operator — halflives of levels,
quadrupole moments

» Wave functions ] Tori-1
LBy Q= D FireBy (@)
K=0(2),even

> Probability distributions (of various shapes!)

PieB.y) = Xk |Fike(B, y)IF VwrB*| sin 3y

100Mo, SllI
-
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[ Mean field theory

Mean field, Hartree-Fock method

> Free (quasi)particles in an average potential
» Product wave function, Slater determinant det |, (r)|.

» Phenomenological potentials: harmonic oscillator, square well, deformed
(anisotropic) harmonic oscillator (Nilsson potential), Woods-Saxon
potential,...

» Variational principle

» Hartree-Fock equations

Tu(r)+( f Erver) Y Ig0)Per- ) ¢0) f LV D)) = eui(r)
k J

» Effective nucleon-nucleon interactions

» Pairing correlations
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- Mean field theory
Hartree-Fock method, second quantization

> Microscopic Hamiltonian for a system of nucleons

N 1
Hyier = Z T,qu;Cv + Z
v

i7 + .+
Z Vumﬂcﬂ €, CaCq

myv.aB

Wur = [1, 410
» Hartree-Fock equations

Mean field Hamiltonian

[Hre(0).p] =0

Y

Hut = ) (T + Tn)cicy

Fyv = Z Vpﬂ’vv'pv’p’

W

pyv = <THF| C:C” |\I]HF>
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- Mean field theory

Mean field, Hartree-Fock-Bogolyubov method

» Pairing correlations

» More general product state (BCS type), undetermined particle number (!)
Wpes = H,u>0(uu + SﬂVﬁC;C;) [0)

Quasiparticles
+ _ + *
@, = Uy Cy + 8, ViCp

» Density matrix R

o[ Pk [ el (e ¥
-« 1=p Mleye, ¥y (Ploc, )
Canonical basis
Puv = vﬁéw Kuy = SplyV,Opy
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[ Mean field theory
Hartree-Fock-Bogolyubov theory, cont.

:
» Hartree-Fock-Bogolyubov equations

[W(R),R] =0
» Mean field Hamiltonian
([ T+Ir-A 4 | ho—Al Y|
WR) = —A* =T =rI*+al ) - ( —A*

—hy + Al )
FMV = Z Vﬂ#/W;py/#/

W
1 Z -

A,uv = 5 V;AV/A’V’K”’V'
W

N
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- Mean field theory

Skyrme effective nucleon-nucleon interaction
» Momentum space representation
KkIVIK'Y = to(1 + xoP,) + %zl (K + k%) + kK + iWo(ory +02) - (k XK') +vins
» Kernel of an integral operator {f(1,2)|Vs|g(1,2))

1
Vs = to(1 +x0P,)8(ri—r2) + Ezl(kzé(rl—rz) +8(r1—1)k"?) + kS —r)k'+
+ iWo(O'l + 0'2) . (k X 6(r1—r2)k’) +

. 1
+ 130(r1—r2)o(r,—r;) — 6t3(1 + Py)8(ri—r2)p"((ry +12)/2)

, 1= = 1l &« &
K=-(Vi=-V2), k=--(V;-V,),
2i 2i

plus Coulomb interaction for protons

> Several variants (to, 1, t2, 13, X0, Wo): Slll, SLy4-6, SkM*, UNEDF, ....
Parameters fixed by fitting masses, radii, etc of some chosen nuclei
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- Mean field theory

Mean field description of collective phenomena

Giant resonances, Random Phase Approximation (RPA)

Low energy collective excitations, Adiabatic Time Dependent
Hartree-Fock-Bogolyubov
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- Mean field theory

Mean field description of collective phenomena, cont.

» Set of product states depending on collective variables,

HFB calculations with constraints
O (Y| | Hiicr [¥) =0, (Y020 |¥) = g20, (Y102 |¥)=qn

» Adiabatic Time Dependent Hartree-Fock-Bogolyubov

l

» Schrédinger-type equation in the collective space

In our case Bohr Hamiltonian with Bﬂﬁ,pr,Bw, By, V calculated from the
mean field theory



Nuclear mean field theory and collective phenomena
|—Applications

Some applications

1. From strongly deformed Hf isotopes to almost spherical Hg
2. 8-110Mo isotopes

3. Actinides )

u]
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LApp\icaﬂons

178Hf — 200Hqg, Collective potential energy

1784f, SLy4, sen 184y, SLy4, sen " 1900s, SLy4, sen
V[Me V[MeV
6p- 6 [MeV]
30 - 30
25 7 25
2 R
10 > }2
5 3, 5
0 N 0
5 3
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|—Applications

1784t — 200Hqg. Collective potential energy

196pt, SLy4, sen 200, SLy4, sen

V[MeV]

35
30
25
20
15
10

Sthom
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LApplications

178Hf — 200Hg. Energy levels
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|—Applications

1784t — 200Hg. E2 transition probabilities
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T [ 100
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|—Applications

Mo isotopes. Potential energy

N
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LApplications

Mo isotopes. Energy levels

Sl

T T T T — T
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E[MeV) 2 u
[Mev] 1 uth 25 b 25 b 0, mth ]
= exp
20 F 20F - 9
15 15 b
4 "m - L]
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u
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|—Applications

Mo isotopes. E2 transitions 2; — Og.

Sl
150 | E
5100 | ) E
= 50
g
@ o Ty
84 86 88 90 92 94 96 98 100 102 104 106 108 110
A
SLy4
150 E

B(E2) [W.u]

84 86 83 90 92 94 96 98 100 102 104 106 108 110
A

N
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Actinides

258
Fm (skm¥)

A. Staszczak, A. Baran, J. Dobaczewski, W. Nazarewicz, Phys.Rev. C 80, 014309 (2009)
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240py potential energy

205,
— SkM*
E[MeV] — sl
— SlLy4
-1790 | \,\/
-1800 -
05 olo L. 05 10
éj

240py, SKM”
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Some remarks

> Limitations of the theory

> Coupling collective and one-particle modes

> What about odd and odd-odd nuclei?
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