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Nuclear structure: part 2

Anatoli Afanasjev
Mississippi State University

Nuclear theory — selection of starting point

What can be done ‘exactly’ (ab-initio calculations) and

why we cannot do that systematically?

Effective interactions

Density functional theory

Shell structure and shell effects. Their consequences.

Nuclear landscape: what we know and how well we extrapolate
Superheavy nuclei

Going beyond mean field approximation: particle-vibration coupling
in spherical nuclei

Rotation in nuclei



Reminder from previous lecture
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‘ Shell structure and shell correction energies
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Superheavy nuclei
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Stability of superheavy nuclei is determined exclusively by
quantum (shell) effects
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A Russian artist depicts the modern nuclear theory of the heaviest elements. At the upper
far right is the island of stability, which was demonstrated by the production of long-lived
element 114 in 1998 by a Russian—Livermore team.



T EPwysics of superheavy nuclei‘

e || |Macroscopic + microscopic approach

Et0t=ELD+5Eshell+ air
p
4 A

liquid drop pairing

quantum (shell) correction

Energy (MeV)

Liquid-drop fission barrier vanishes

Stability of superheavy nuclei

iIs determined exclusively by
quantum (shell) effects
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Shell correction energy: difference between tin and SHE regions
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CDFT calculations for 2°2No with the NL1 functional

' o b
| |

Single-proton energies e. [MeV]

Single-neutron energies e. [MeV]

0O 0.1 0.2 03 04 0.5 0.6
3,- deformation

O L

(W)

.
-

S124R5

k17/2

@ 1172

=

N
IR
/}‘«,{} %/\ \ T
Z9E

/7
Z

O 0.1 0.2 0.3 04 05 0.6
3,- deformation



What are the possible sources of
different centers of the islands of
SHE?

- self-consistency effects [density
profiles]

may explains mic+mac vs DFT

- spin-orbit splittings

may explain CDFT versus Skyrme DFT
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Lesson from quantum mechanics:
spherical harmonic oscillator
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A: the radial wave function R(p)

B: effective radial potential, i.e. with the centrifugal term
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Densities of superheavy nuclei: spherical CDFT calculations with the NL3 force
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Spin-orbit splittings

Spin degrees of freedom as well
as spin-orbit interaction are obtained

100
in a natural way (no extra parameters)
in the framework based on the Dirac ~ 80
equation (CDFT). E/ -l
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Need for accurate description of fission barriers
since they strongly affect:

1. The probability for the formation of superheavy nuclei in
heavy-ion-fussion reaction (the cross-section very sensitively
depends on the fission barrier height).

2.survival probability of an excited nucleus in its cooling
by emitting neutrons and y-rays in competition with fission

(the changes in fission barrier height by 1 MeV changes the
calculated survival probability by about one order of magnitude
or more)

3. spontaneous fission lifetimes
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The microscopic origin of the lowering of
the barrier due to triaxiality

Neutron energies ¢; [MeV]

The lowering of the
level density at the
Fermi surface induced
by triaxiality
leads to a more
negative shell
correction
energy (as compared
with axially
symmetric solution),
| and, as a consequence,
. . to a lower fission

0 | barrier.

B3, deformation

the deformation of the saddle
point



Fission barriers: theory versus experiment [state-of-the-art]

3 C 1 | T | LI .l | T I_l_. L | T | T | I | T | T 3

2 = MM ( Dobrowolski) -1 I MM ( Méller) =12

— 1 - é 0= 0.74 MeV 1 L 2 - 1
?) OF - sv._. _:~~ ...... ¥ =0 [@ N-138
= -l = o —X B N=140
— ok - , ® N=142
= F A N-144
m 3 v N=146
i 7 <4 N=148
? | N=150
Jmu- ¥ N=152
0 X N=154

-1 ;

-2 Gogny DFT 5,

| | | | | | | | | | I | | l | | l | | I | | I
88 900 92 94 06 OR 88 90 92 94 96 98 100
Proton number Z
Mac+mic, LSD model Mac+mic, FRDM model Gogny DFT,

A.Dobrowolski et al,
PRC 75, 024613 (2007)

P. Moller et al,
PRC 79, 064304 (2009)

J.-P. Delaroche et al,
NPA 771, 103 (2006).

CDFT : actinides H. Abusara, AA and P. Ring, PRC 82, 044303 (2010)
superheavies: H. Abusara, AA and P. Ring, PRC 85, 024314 (2012)




0.25

Bzcos(y+30)

H. Abusara, AA and P. Ring
actinides: PRC 82, 044303 (2010)
superheavies: PRC 85, 024314
(2012)

Triaxiality of fission
barriers:
the origin
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M. Kowal et al, PRC 82, 014303 (2010) - mic=WS potential,
mac=Yukawa+exponential model
P. Moller et al, PRC 79, 064304 (2009) — mic=Folded Yukawa potential
mac =FRDM model.
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Going beyond mean field approximation:
particle-vibration coupling in spherical
nuclei




[ The single particle states are fragmented }

Mean-field Fragmented levels METHOD 1.
single-particle (due to coupling to phonons)
/ 14 14 grav __ vV v
state I[I/, gk . Sk <€k, — [Z Skt th] / [Z Sk
II Il
K P * This energy 1s associated with a
4 * . .
/f'/// ) ) “bare” single-particle energy.
’ ,,’/ — S
e 4 4 Spectroscopic factors depend on
E, n— E : .
kT Sl ko Pk reaction and method of extraction:
J NN e S’ example of spectroscopic factors
N ok in 209B;
\ 2 2
\\ gk > Mk - .
— | 1 1119/2 1.17 0.80
Er s Dy 2f7 /9 0.78 0.76

li13/2 0.56 0.74
‘2f5/2 0.88 0.57
3p3/2 0.67 0.44
3p1/2 0.49 0.20
(3He,d) (a,t) reactions

1. Spins and parities of fragments are frequently
not measured.
2. Some fragments are not observed.
3. Sumrule Z Sy =1 isfrequently violated.
1%




[ The single particle states are fragmented J
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How single-particle spectra are obtained in experiment
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‘ Relativistic particle-vibration coupling (PVC) model‘

The equation of the one-nucleon motion has the form (in single-particle Green
functions) | D . .
(e = h” — BX(e) — Zi(e)) G(e) = 1

.

Y e — e — Z(e)} G (e) = S
[
particle-phonon coupling model:

energy-dependent part of the mass operator 1s a convolution of the particle-
phonon coupling amplitude I" and the exact single-particle Green’s function

w

too g
z(e) = Zf 2_Fk/’lk’(w)Gk’//(5 + w)
kYT

Tl 1
depends on phonon vertexes VkLJL — kal'lk’ 5/0,/://
Vo L . . KT .
kl'lk" - the relativistic matrix element of the residual interaction and op is the
transition density. We use the linearized version of the model which
assumes that dp is not influenced by the particle-phonon coupling and

can be computed within relativistic RPA.



Cut-off of phonon basis in the RRPA calculations

Phonons of the multipolarities 2%, 37, 4%, 5, 6" with energies below 15 MeV
are included in the model space of the PVC calculations. The addition of
phonon modes with energies above 15 MeV does not affect the results. The
phonon energies and their coupling vertices have been computed within the

self-consistent RRPA.
| pr—————— — T 0.5 pr————————————
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E. Litvinova, AA, PRC 84, 014305 (2011)
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o ? TABLE I: Average deviations per state Ae between calculated
F TN . o and experimental energies of the single-particle states for a
i = s e proton (neutron) subsystem of a given nucleus. The results
- f . Nucleus/subsystem | A€ge s+ 70 [MeV]|A€gersrorpve [MeV]
_sph sph '~ def def def exp. Nl/ proton 0.76 0.77
C + 56 N\T: )
e 10 % "*Ni/neutron 0.89 0.71
132 @ -
281 /proton 1.02 0.68
1?)28 ’ C ¢
: . . . n/neutron 0.89 0.39
particle-vibration coupling Qopr//pmton s 08
+ TO, TE polarization effects | sp, /neutron 1.00 047




Spectroscopic factors

Nucleus State Sth Sezp Sezp
9B 1hg o 0.88 1.17 [75] 0.80 [69]
2f5 /2 0.78 0.78 [75] 0.76 [69]
liyz /2 0.63 0.56 [75] 0.74 [69]
25 /5 0.61 0.88 [75] 0.57 [69]
3p3/2 0.62 0.67 [75] 0.44 [69]
3p1/2 0.37 0.49 [75] 0.20 [69]
Nucleus State Sth Sezp
133G 2f7 /o 0.89 0.86+0.16
3p3 /2 0.91 0.92+0.18
].hg/-z 0.88
2f5 /2 0.89 1.1£0.2

used in the analysis

The absolute values of experimental spectroscopic factors are
characterized by large ambiguities and depend strongly on the
reaction employed in experiment and the reaction model




The impact of particle-vibration

—7=7 (blach coupling on spin-orbit splittings.
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The impact of particle-vibration coupling on pseudospin doublets.

— Exp (protons)
—— Exp (neutrons)
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Y @ o F a -1 the description of splitting
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5 e S ® . g L= energies in pseudospin
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Ni Sn Pb particle-vibration coupling

is taken into account.
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Shell evolution in superheavy Z = 120 isotopes:
Quasiparticle-vibration coupling (QVC) in a relativistic framework

E.Litvinova., PRC 85, 021303(R) (2012)
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Rotating nuclei




Major features of rotation

1. The nucleus has to be deformed to rotate (most nuclei have a
deformed axial shape in the ground state)

2. The nucleus rotates as a whole - collective degrees of freedom

3. The nucleons move independently inside the deformed potential
-~ intrinsic (single-particle) degrees of freedom

4. The nucleonic motion is much faster than the rotation
—> adiabatic approximation
U1/ () - rotational frequency
5. Most frequently the rotation
takes place around the principal
axis perpendicular to axis
of symmetry

11l Forbidden in
quantum
mechanics !
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Maximum spin of the N=50 ground state is I=0
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2p-2h excitation in the N=50 system - induces deformation
—> increases maximum spin in this configuration
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High-spin laboratory

Rotating nuclei: the best laboratory for study of shape
coexistence - starting from spherical ground state
by means of subsequent particle-hole excitations one can

build any shape (prolate and oblate [collective and
non-collective], triaxial, superdeformed, hyperdeformed

Order-chaos
transition

(

spherical - Normal-deformed Hyperdeformation

I (terminating)

>
Spin



Physical observables in rotating nuclei

Kinematic moment of inertia J(1)

(l) _ QI - 1 \/[ /,_l
“band E»](I N (I— .2)) Mel

»>inverse of the slope of the curve of energy E versus I(I+1)
»>requires the knowledge of the spin

Dynamic moment of inertia J(?)

T = ! MeV ™!

VT E(I+2) - D) -E(I—(I-2)

»curvature of the of energy curve E versus I(I+1))

»>Very useful for superdeformed bands which are not
linked to the low-spin level scheme (spin I is not known)

Charge quadrupole moment



How to describe rotating nuclei ?

Rigid rotor: rotatio lon energies he I(I+1)

rule’ ;
=1t s moment of inertia
2J
| Transformation to rotating frame - CRANKING MODEL |
H=H-wJ.

Laboratory frame: potential V is time-dependent
Rotating frame: potential V* is time-independent

The state [> 1s the stationary mean field solution in the frame that rotates
uniformly with the angular velocity w about the x axis.
In the laboratory frame it corresponds to a uniformly rotating mean field state.

(1) =S(17.1) (1T, 1) =TT +1)

1

A

(hD—)\A—Qg,jg, A A)(Uk>_E (Uk>
—A* —hH+ A+ )\ V) T TR\



70

6.8

6.6

&, (hw,)

6.4

6.2

6.0

S

Q' INn,AJ

2°L615) %-(505]
Y27 [512]

Y2” [503]
2 (5101

%2’ [624)

"1 Single-Neutron

Lo (7,2)

e ho, =7.4MeV

Yz [514]

7216331 54" (512)
v~ 1521]

52 (642]

527[523)
32 (651]

32 [521]
ir2' [660)

2 [505]
¥2 (532]

Yz (530]
¥2'1402]

iz {541]
ir2* (400]

92 [514]




138 140 142 144 146 148 150 152 154 156 158 160

160

A =
106 (Sg) C o
— 160
104 (Rf) = g ;
8 : :
S i
. Y4 ¥} 9}
ser L IR
p= ~
96 (C '
(Cm) ﬁﬁ < 4| AA and O.Abdurazakov,
0.2 0.4 PRC 88, 014320 (2013)
94 (Pu) ﬁﬁﬁ AA, Phys. Scr. 89 (2014)
160 : : ' |
02 (U) 128 . I ﬁ 0.2 0.4 054001
160 : 3 { 02 04 o CRHB+LN (NL3%)
90 (Th) 120 ’ ’ . experiment

40
0 0204 0204 0204 0204 02 04 02 04

Rotational frequency () [MeV]



—
=
o

120

o 1 -1
Moments of inertia J' )[.\/leV ]

CRHB+LN (NL1)

237

r=

EXPERIMENT

236

U= U+v
+1 solid symbols
-1 open symbols

98 (Cf)

96 (Cm)

94 (Pu)

160
2 120
22 (U) 80

160
90 (Th) 120
80

Moments

Vv7/2 [743]
100
v5/2 [6 336U
80
/
- O o
_ v1/2 [631] (b) J
60 lllllllllllll llllllllllllll
0 0.1 0.2 0 0.1 0.2 0

! >

0]
YE
* \ 4
A [

AN

Moments of inertia

Rota

Rotational frequency €2 [MeV]

—
oS
o

100

CRHB+LN (NL3%)

120

80

0.1

Increase of JWin
odd-proton nucleus
as compared with
even-even 24Py
is due to blocking
which includes:

(a) Decrease of
proton or neutron pairing
(b) Alignment
properties of blocked
proton or neutron state

60
0

CRHB+LN (NL1) EXPERIMENT CRHB+LN (NL3%*)
I ST 241 _240 1=+ solid symbols
- Am= Putrn I = -1 open symbols f ‘
O
o
O n5/20642] .o'..'
oop ..... ] -_
< ricne O OM +
m 5/2[523 Lk 1
L u -A"A' 3 E 5
A LL T
A" “py T 240
n3/2[521] A w32t I Pu
IIIIIIIIIIIIII Illlllllllllll llllllllllllll
0.1 0.2 0 0.1 0.2 0 0.1 0.2 0.2

Rotational frequency Q. [MeV]




B N [ 1.
) Moments of inertia I J(I"-rIE‘-.' }

Moments of nertia 7" (MeV

Moments of inertia .l”: [‘.'L'Iv::‘lr"-]]

150

100

S0

0
150

100

S0

100

50

CRHB+LN (NL3%) - thick lines
CRHB+LN (N1} - thin lines

experiment

total
neulron

=== == Droton

[~ 244

0

Eotational frequency £2, (MeV)

1 1 1
01 02

Paired band crossings:
CRHB+LN versus
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CSM+PNP (Z.-H.Zhang et al, PRC
85, 014324 (2012)).
Carefull fit of:

Parameters of Nilsson
potential to the energies of
the single-particle states
Different pairing strength in
even-even and odd nuclei
Experimental deformations
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Nuclear structure: extras




What experimentalists see 1n experiment?
o-decay chains

o 249p, . 48:,
3 | 1
243 48 4n 3n
Am + Ca 293 294
' ! 1 1117 117 1
23TNp + ¥8ca 4n 3n 2N /10.60-11.20 Me\,/ 10.81-10.97 MeV} -
287 288 289 | - +8 290 | +60 a2
3' 115 115 115[22-4 Ms 1795 90-18 Ms
n / 10.59(6) MeV __ / 10.33-10.58 MeV / 10.15-10.54 MeV/ 9.78-10.28 MeV
e 283325 5ms 284117150 ms (283 330750 ms 2 240755 ms
/ 10.63(8) MeV  / 10.12(9) MeV  / 9.97(5) MeV 9.47-10.18 MeV / 9.61-9.75 MeV
278 73+134 ms 279 100+490ms 280 [9.81(7) MeV 4 2+1'4 S 282 13+12 S
Rg -29 Rg -45 Rg 0.971?.,12755 .£.0.8 Re 4
/ 10.69(8) MeV / 10.38(16) MeV_/ 9 09-9 87 MeV 9.28 MeV 7/ 9.01(5) MeV
274 +/. 275 +0.81 276 + 278 +55
Me| +2-17MS 19\t 017008 [it| 3.6106 s 175 Mt| 52-19°5
/ 10.0&1.1)) MeV__/ 10.35(6) MeV_/ 9.17-9.95 MeV 5% ms / 9.38-9.55 MeV
270 |9.76(10) MeV[271 | 1 +23 5 +0.14 _ / 48 274 | c - +6.2
12 -5 ms 0.54_0_09 5/6 2 S 5'2-1.8 S
Bh 0.44*081 Bh Bh 4+16 Bh
8.93(8) MeV 9.35(16) MeV 8.73-9.15 MeV 8.76(5) MeV
' +5.9 +3.1 +65
61-—'-228925 1.2_0'5 S 12.0_2_1 S 54_19 S
o 22/ min 1.8%57 h 277 h 17° h
i 2 2 31 4



Can we obtain “bare” single-particle energies that can be used
for comparison with plain DFT?

Mean-field Fragmented levels METHOD 1.
single-particle (due to coupling to phonons)

/ rav v v v
State / / g;(/ . S;; gz = [ZSI{ '5k] / [ZSk

/ . . . .
K P * This energy 1s associated with a
4 * . .
/f'/// ) \ “bare” single-particle energy.
/ 2” . '
c :Z’ 2 4 4 B| 1. Spectroscopic factors depend on
I = T : S
kT & Ep > Vg reaction and method of extraction:
J RS 3 g3 le of ic f
N £, Sk example of spectroscopic factors
> 1 209R;
\ . . 7 7 n “*’B1
5 -
—_—— Rk lhgs 117 0.80
Ers Vg 2f7 /9 0.78  0.76

li13/2 0.56 0.74
‘2f5/2 0.88 0.57
3. Some fragments are not observed. 3133/2 0.67 0.44

4. Sumrule ZS,Z — 1 is frequently violated. 3p1/2 0.49 0.20
y (3He,d) (a,t) reactions

2. Spins and parities of fragments are frequently
not measured.




Spin-orbit splitting  Spin — orbit interaction - fully relativistic phenomenon
PVC; E.V. Litvinova and AA, PRC 84, 014305 (2011)
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calculations in *°Ni, 132Sn and 2%°Pb,
respectively.



Spectroscopic factors

The absolute values of
experimental spectroscopic
factors are characterized by

large ambiguities and

depend

strongly on the reaction

employed in experiment
and the reaction model
used in the analysis

Nucleus State Sth Sexp Sexp

209Ph 2g9 /2 0.85 0.7840.1 [76] 0.94 [80]
lij1 /9 0.89 0.9640.2 [76] 1.05 [80]
1152 0.66 0.5340.2 [76] 0.57 [80]
3ds 2 0.89 0.8840.1 [76]
4s1 /9 0.92 0.88+0.1 [76]
287 /2 0.87 0.7840.1 [76]
3d3 o 0.89 0.8840.1 [76]

29Bi lhg o 0.88 1.17 [75] 0.80 [69
2f7 /2 0.78 0.78 [75] 0.76 [69
lijz/o 0.63 0.56 [75] 0.74 [69]
2f5 /9 0.61 0.88 [75] 0.57 [
3p1/2 0.37 0.49 [75] 0.20 [69]

207ph 3p1/2 0.90 1.08 [83
2f5 /2 0.87 1.13 [78] 1.05 [83
3pa /2 0.86 1.00 [78] 0.95 [83
lijz /o 0.82 1.04 [78] 0.61 [83]
27 /2 0.64 0.89 [78] 0.64 [83]
].hg/2 0.38

2071 3s1/2 0.84 0.95 [77] 0.85 [68
2d3 2 0.86 1.15 [77] 0.90 [68
1hy; /o 0.80 0.89 [77] 0.88 [68
2d5 2 0.68 0.62 [77] 0.63 [68
1g~ /5 0.22 0.40 [77] 0.27 [68]




0.95%=0.29
1.40=0.42
1.00=0.30

0.86%0.16
0.9210.18

1.1+0.3
1.1+0.2




