R
Nuclear mean field theories and collective phenomena

Nuclear mean field theories and collective

phenomena

L. Préchniak

Maria Curie-Sktodowska University, Lublin



Nuclear mean field theories and collective phenomena

Qutline

Introduction. Collective phenomena

Mean field theories

Microscopic theory of collective motion

Quadrupole excitations, Bohr Hamiltonian

Examples



R

Nuclear mean field theories and collective phenomena

- Introduction. Collective phenomena

Introduction. Collective phenomena

> Fission
» Giant resonances
» Low energy excitations (rotation-vibrational type)

®
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| [Energies for 100Mo]
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BE2- 1<2°11Q,110* >1?

Strength of an electromagnetic transition
1/7; ~ E*"' B(EL; i, )

B(E2) = 30 — 200 Weisskopf units (single particle estimates)
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Collective phenomena cont.

Mean-field description

Giant resonances, Random Phase Approximation (RPA)

Low energy (large amplitude) excitations, ATDHFB or GCM+GOA

[often called the beyond mean field methods]
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[ Introduction. Collective phenomena

Experimental data on the 2] state

E(MeV)

Figwe 17, The nergy of the firs 2+ sate with
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[ Introduction. Collective phenomena

Example of results from experiments at HIL

100Mo, Coulomb excitation with 2S beam
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L Mean field theories

Hartree-Fock mean field

Phenomenological one-particle potentials: harmonic oscillator, square well,
deformed HO (Nilsson potential), Woods-Saxon potential and others.

HF equations

Tge(r)+( f ErVer) Y I8 D= ¢i(r) f ErVE DG E)b(r) = erd(r)
k J

Wi = [ | c£10)

k

Effective nucleon-nucleon interactions V — not from NN scattering
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Pairing and the BCS method

More general product states (BCS-type)

Quasiparticles

Ypes = Hu>0(uu +85,VaCy C;) [0)

+ _ + *
@, = u,C; + S,VaCa
Density matrix R

a'y‘{"BCS =0

el P K)o Gal®) (Floc )
-k 1-p* Pleyep ¥ (Pleyc, [¥)
Canonical basis

— 2 — _
Puv = vﬂéﬂv Kuy = SpyVyOpy
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Hartree-Fock-Bogolyubov theory

NN (microscopic) Hamiltonian

. L1
Hpier = Z T#VC#CV + Z
wy

Z ViapCict cpey
Hartree-Fock-Bogolybov equation

nvap

[W(R), Rl =0
Mean field (induced by R) Hamiltonian

W(R)z( T+I -l

4
A

(=M 4
T -l )"

—A*
F“V = Z Vﬂﬂlyvlpvl#/

T
Wy

1 -
Ay = 3 Z Vg Ky
e

—]’l()+/11
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L Mean field theories

The Skyrme interaction

Momentum space

. 1. B .
K VK'Y = To(1 + x0P,) + 30 K + k') + kK + iWo(o) + 02) - (k X K') + vios

Kernel of the integral operator ({f(1,2)|Vs|g(1,2))

1
Vs = to(1 +xoP,)8(r—r) + Ezl(kzé(rl—rz) +6(r =12)k’?) + 1:kS(r =12k +
+ iWo((Tl + 0'2) . (k X 6(r1—r2)k’) +

- 1
+ 13001 —r)8(ry—rs) — =3(l + Py)o(ri—r)p((ry +12)/2)

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

plus the Coulomb potential for protons
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The Gogny interaction

Ve

+ iWgo(or| + 03) - (k X 6(ri—r2)k" )+

+1g3(1 + Po)o(ri—r)p"((r +12)/2)

a; =0.7fm, a, =0.2 fm,

a=1/3
plus Coulomb for protons

Zj:1,2 eXP(|"1 - r2|2/aj2)(vvj + BjPa' - IJJPT - ZWjPO'P‘r)+
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Relativistic Mean Field

One of numerous versions. Dirac equation with the self-consistent potential.
NN interaction mediated by several types of mesons.

(@ -p+V(@E)+BM + SENW;(r) = €(r)

V() = g,0°(r) + g,m3p°(r) + e 52 A%(r)
S(r) = goo(r)

(A + mH)o(r) + 20°(r) + 8307 (1) = —gops(r)
(-A + m,H(r) = gupy(r)

(=A + m»)p"(r) = gpp3(r)

—AA%(r) = epe(r)

i) = L) pur) = Xl i)
p3() = DUl OTwi)  per) = X0 () SR 0(r).
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[ Mean field theories
Pairing interaction (p-p and n-n)

» Constant G (seniority force)

+ o+
Giceiece

k
> § interaction:

Voo(r —r'),

Volpr)s@r —r'), e.9. Volp) = 1 = p(r)/po

» Gogny type interaction (only the Gaussian part)

N
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Applications of the mean field approach

Nuclear ground state properties (binding energies, radii, static deformation,
fission barriers), giant resonances, nuclear matter properties

Recent review papers

M. Bender, P--H. Heenen and P.-G. Reinhard, Self-consistent mean-field models
for nuclear structure, Rev.Mod.Phys. 75 (2003) 121.

J.R. Stone and P.-G. Reinhard, The Skyrme interaction in finite nuclei and nuclear
matter, Prog. Part. Nucl. Phys. 58 (2007) 587.

T. Niksic , D. Vretenar and P. Ring, Relativistic nuclear energy density functionals:
Mean-field and beyond, Prog. Part. Nucl. Phys. 66 (2011) 519.
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Microscopic theory of ollective states

Mean field is changing while occupation numbers are fixed
Main methods:

> Adiabatic Time Dependent Hartree-Fock-Boglyubov
» Generator Coordinate Method (plus Gaussian Overlap Approximation):

Set of product states parametrized by several collective variables

l

Schroedinger type equation in the collective space
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Adiabatic approximation of the Time Dependent HFB theory

Time dependent HFB equation

iR = [WR), R]

Adiabatic approximation, R=Ry+R; + R + ...
[ Wy, Ro]l =0
Collective variables @, R(r) = R(a(r))

(P|Hmice|¥) = T + Vo = Hy

Va = (FPo(@)|Hicr| Po(@))

1 .
T, = 3 kZJBkj(a)a'kaj
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Mass parameters (inertial functions)

Kinetic energy determined by

Siodi oy + e
kj 2 Z M Jol

(E,+E,)
ﬁC}lV = sv(akp)yv(uﬂvv + Vyuv) + (akk)yv(uyuv - Vuvv)
Siwr = (Wola,a,|6y¥o), a, — quasiparticle operators
o =51,

[sv(akho),uv(u,uvv + Vuuv) + (akA)uv(uuuv

- vyvv)]
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:
Requantization

Classical expression Ty + Vi = Hguan

1 ;
a =5 ZBkj(ﬂ’)dk%
The Laplace-Beltrami operator

h
Tquam =

VdetB(B™!
) \/_det Za o VEB B
Volume element Vdet B da;

N
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Generator Coordinate Method +GOA

Variational principle with test functions fda/f(ar)‘I’(a/)

Gaussian Overlap Approximation
(P(a”)|¥(a)) = exp(- Z gy(@)(@ — ) (@] - a))/2),
kj
Heew/ (@) = Ef (@)

Hoem = Toem + Voem
No need for requantization

Toem =

Potential energy
Voem = Va(@) + Vzpe(@)
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Odd and odd-odd nuclei

» Core-particle coupling

> Particle in the deformed field
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LQuadrupoIe excitations

Quadrupole variables

1. Quadrupole mass tensor Q», = (¥| 3, r?Y2,()¥)
2. Nuclear surface r(e) = ro(1 + X, @ Y2,)

3. Ellipsoidal shape (e.g. of a nucleus or one-particle potential) 3, ; wyxex; = 1

(..)

Principal axes system (intrinsic system)
Spherical tensors (a or Q)

R(Q)
{a;z} E— {@0, dl = d_l = 0,&2 = &_2}

Cartesian case (ellipsoid)

R(©)
Zwijkxj =1 — Zﬁ/kxi =1
kj k
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|—C)uadrupc»le excitations

Quadrupole variables, cont.

ion variables 3,y

Deformat

Bcosy,

_, =Bsiny/ V2
@,(05,) < (B.v, Euler angles Q)

@
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LQuadrupoIe excitations

Quadrupole variables in the mean field approach
Deformation variables

Beosy = cqo = c(PIQoIW) = (¥ T, B3zF — r)IY)

Bsiny = cqy = c«(WIQal¥) = (PI T, V302 —yDI¥); ¢ = Va/5/Ar
HFB with constraints

(¥ Hmicr = A0Q0 — 420:[¥) =0
(PIQolY) = g0,  (YI10:2I¥) = g2

Mass parameters
By, = 12(S3)S,50)i

2
(uyvy + u,vy,)

|Qilv)VIQ; k)
(Siny)ij = Z %
wy

Moments of inertia

J =i Z KOl vy = wyv,)*

- (E,+E,)
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|—C)uadrupc»le excitations

Kinetic energy in the intrinsic frame

Five variables g, y, Q.

Mass parameters matrix (5 x 5)

0 B
Bus _( Bys BBy )
BBgy BBy
J. 0 0
Bw=| 0 J, 0
0 0 J

Ji = 4B°B(B,y) sin*(y — 27k/3)

"
it
N
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Quantum Hamiltonian in the intrinsic frame

General Bohr Hamiltonian

Honr = Tyip + Tt +V
T, ! 1[6(541/rB )a —0(531/’3 )a]+
T e | BT N O RTINS, T T
1 ro. 1 ro.
Findy - 7( A/ " sm3yBﬁy)6ﬁ + Bay( A / " sm37Bﬁﬁ)8y]}
1
[01_2

3
DEQ@/ T = 4By, y)F sin’(y - 2k/3)
k=1

w = BggBy,

B} r=BB,B
Energy levels, B(E2) transition probabilities
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|—Quadrupole excitations
Special cases

Simple kinetic energy: By =B, =B =B,B, =0
Harmonic oscillator: V ~ 82

spherical

deformed
E=nhw
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[ Examples

Examples

1. From well deformed Hf to almost spherical Hg: "7®'50Hf, 1827188y, 1881920,
194,196Pt 198,200H

78 80 g 4-110
2. Molybdenum isotopes, #~"""Mo

3. 2#0py
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178Hf — 200Hqg. Potential energy surfaces

1784f, SLy4, sen 184y, SLy4, sen 1900g, SLy4, sen
V[MeV] V[MeV]
6p- 6o+

30 - 30
25 . 25
?g s Y 20
10 > }g
5 3, 5
0 R 0
5 o
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[ Examples

178Hf — 200Hqg. Potential energy surfaces, cont.

196pt, SLy4, sen 200, SLy4, sen

V[MeV]

35
30
25
20
15
10
5

[
-5
-10




R

Nuclear mean field theories and collective phenomena

- Examples

178Hf — 200Hg. Energy levels

— T T T T T T T T T T — T T T T T T T T T T
E[MeV] E[MeV]
a
05 O th R
o
P S S S S T S S R P S S S S T S S R
178 180 182 184 186 188 190 192 194 196 198 200 178 180 182 184 186 188 190 192 194 196 198 200
Hf w Os Pt Hg Hf w Os Pt Hg
T T T T T T T T T
E[MeV]
15 F B
2
10 p& 4
05 Fa th . e 4 05 O th ]
4 exp ® exp
P S S S S T S S R P S S S S T S S R

178 180 182 184 186 188 190 192 194 196 198 200

178 180 182 184 186 188 190 192 194 196 198 200
Hf w 0s Pt Hg

Hf w 0s Pt Hg
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[ Examples

1784t — 200Hg. B(E2) transition probabilities

300
_ e et
5 150 3 200
2 10 2. 150
~ ~ 100
N N
W s W5
Q Q@
178 180 182 184 186 188 190 192 194 196 198 200 178 180 182 184 186 188 190 192 194 196 198 200
Hf w Os Pt Hg Hf w Os Pt Hg
200
. p ) ) . e:p
— % —th — 150 2 2gs. —t
3 2; — Ogs. 3 &
100
2w =
N oN 50
S S
& . @ : . ot
178 180 182 184 186 188 190 192 194 196 198 200 178 180 182 184 186 188 190 192 194 196 198 200
Hf w Os Pt Hg Hf w Os Pt Hg
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84-110Mo isotopes. Energy levels

E[MeV]
25

20

84 86 83 90 92 94 96 98 100 102 104 106 108 110 84 86 88 90 92 94 96 98 100 102 104 106 108 110

N

E[MeV] E[MeV]
25 F

20 F

n
05 F (E SR M

84 86 88 90 92 94 96 98 100 102104 106 108 110 84 86 88 90 92 94 96 98 100 102 104 106 108 110
A A
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- Examples

1%Mo. Potential energy, mass parameters

Mass parameters Byg, Bg,, By,

X,y,z, potential energy

Parameters By, k

100Mo, SLy4, sen
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1%Mo. Energy levels

100M0
ElMeV] g Th,SLy4 Exp
3 +
9 4 s (4,5)
6 4
ol 4 2
= __6 s
4 0
—2 = 4 2
i —
2 2
1 _0 0
g.s 2, 02 g.s. 2y
band band

02
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100Mo. Collective wave functions

Probability density @ *dt = |Deonl>8*| sin 3yW(8, )

100Mo, SLy4, sen
8-

190Mo, SLy4, sen
6-

o

100Mo, SLy4, sen
2, 8-
.

2

.
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240py. Collective states in the second minimum of the potential

Probability density for the normal and superdeformed ground state
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- Examples

Fission

WKB , fission paths, lifetimes
Different variables, axial shapes

258
Fm (skm¥)

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