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1. Motivation: understand the possibilities and problems in
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2. Deformed single(quasi)-particle states: successes and
problems
3. Single-particle states in spherical nuclei: going beyond mean
field by means of particle-vibration coupling.
4. Conclusions
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CDFT parametrization

Dependence of proton Z=120 and neutron N=172 gaps on

single-proton energies €, [MeV]
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Different aspects of the single-particle motion:
1. deformation polarization effects induced by the particle(s)
(test of time-even mean fields)
2. response to rotation (test of time-odd mean fields)
3. the energies of the single-(quasi)-particle states

Deformed single(quasi)-particle states:
successes and problems



Effective alignment 1.

3.0

20 F

0.0 [

1ol

20

10
0.0 F

-1.0

04

02
00 [
02}
04

CRMF - solid lines
CNS - dashed lines

Exp. data - unlinked circles

10 |

30 |

T T T 1 T T T 1 T° 1T T 1] T 1 T 1T T 17 T 1T T 1T T T4
- (a) 1.0 | () T
"ea(y™To(1) - L R[E51]32(r=+1) T ]
*s L 151 152
= -. C . TR(1)/Dy(1) -
. "- -
,"ilql L :
] . - :'\ '_.a' --
- ‘___/—// B - ".".'inili"
A R[65113/2(r = —1) 20F -
P I T R TR N MNN TN RNE B i T A NN AN NN AN N NN N N B B
T | T | T | T | T | T 2[] [ T | T | T | T | T | I‘_.I-
180T (1) T (1) ] - 1520?{‘1}1”53@( 0.5
10 F -
- (d)
- (© 1 00—
N ] L L | | | | I
J"’
[ i L 7N P A B B L
L /e amon2r=—-y) ] OF [ RBOIV2 sy gyepyqy]
- J 02 B F:_____E:Q'no,ﬁeﬁﬁzgh?ﬁ
1 | T TN AN TR NN T N T N | - IJD — ﬂ -1 DH""-._
e re et —U.E_—{ﬂ Dﬁ r=+1 .
C RAOEA(r=£1) ] o FoTmeemee e
ke — 84 o __ T
1 08l / ]
F DDy 2.3) 1..f 151Tb{2},mDYH =+
] ] 1 1 1 ]

02 03 04 05 06 07 08

Rotational frequency 2 (MeV)

02 03 04 DE: l]E DT 0.8

Rotational frequency 2 (MeV)

Relative (effective)
alignments
of two rotational bands

i Q) = [R(Q) — I4(Q)

depends both on the alignment
properties of single-particle

orbital(s) by which the two bands
differ and on the polarization

1 effects induced by the particles

in these orbitals

-

The impact of the particle(s) on
kinematic and dynamic moments
of inertia is well reproduced

AA, G.A. Lalazissis, P. Ring,
Nucl. Phys. A 634 (1998) 395.

AA and P.Ring, Phys. Scripta,
T88, 10 (2000)



241Am: the dependence of the rotational properties on
the single-particle state.

AA,...P.Ring, ... J. Physics: Conference series, in press 241Am=240PU+TC

Rotational frequency Q, [MeV]
Data: K. Abu Saleem at al, PRC 70, 024310 (2004)
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which includes:
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proton pairing
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Impact of particle(s) on charge quadrupole moments:
example of SD bands in the A~150 mass region

Experimental and calculated relative charge quadrupole moments
AQ,=Q,(Band)-Q,(*>2Dy(1)) of the 149Gd(1), >Tb(1) and 1>1Dy(1).

Band Configuration ﬂQEKP (eb) L\.Q}}h (eb)
¥ Gd) V77015 (r = —i) "} (n[651]3) 2 —2.5(0.3) —2.41
I1p(1) 65113 (r = +i) —0.7(0.7) _1.01
Sy 77014 (r = —1) ! —0.6(0.4) _0.53

The detailed structure of the configurations of these bands relative to the
doubly magic °?Dy core is given in column 2.

AA, G.A. Lalazissis, P. Ring, Nucl. Phys. A 634 (1998) 395.

This impact is rather well reproduced in non-relativistic and relativistic DFT
Satula et al, PRL 88, 5182 (1996)

M.Matev et al, PRC 76, 034304 (2007)
R.W. Laird et al, PRL 88, 152501(2002)

On the contrary, the AQ, quantity is not uniquely defined in phenomenological
models based on the Nilsson or Woods-Saxon potentials



Systematics of one-quasiparticle states in actinides: the CRHB study

Triaxial CRHB; fully self-consistent blocking, time-odd mean fields included,
Gogny D1S pairing
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Statistical distribution of deviations of the energies of
one-quasiparticle states from experiment

50 Ll | 1. ~ 5% of calculated states have
—— NL3* - actinides .. :
1 _ — —- NL1 - actinides triaxial deformation
10 | == NLI - rare-earth E
i | Region calculated | compared | correct ground
s {=-- (parametrization) | states (#) | states (#) states (%)
P Actinides (NL3*) 415 209 38%
S Actinides (NL1) 444 217 45 %
cnd o Rare-earth (NL1) 360 149 48 %
- - - | 2. For a given state, the deviation
104 — i from experiment depends on
] | | [|---F = __ [ particle number (consequence
. i |=---! _ of the stretching out of energy
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2.0

scale due to low effective mass)

3. For some of the states, there is

Two sources of deviations:

1. Low effective mass (stretching of the energy scale)

2. Wrong relative energies of the states

persistent deviation from
experiment (due to wrong
placement of subshell

at spherical shape).




Illustration of energy scale stretching due to low effective mass
Low effective mass (~0.6)

High effective mass (1.0)
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1. 75-80% of the states are described with an accuracy of phenomenological
(Nilsson, Woods-Saxon) models
2. The remaining differences are due to incorrect relative energies of
the single-particle states



Single-particle states in spherical nuclei:
going beyond mean field by means of
particle-vibration coupling.



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)

e

Iy
/',I /) This energy is associated with a
. . “bare” single-particle energy.
,ﬁf/{’_’ 4 ~4 B|1. Spectroscopic factors depend on
&\ e—C € Oy reaction and method of extraction:
J \ ‘\\\\ gs 'S lf example of spectroscopic factors
N > o in 209Bj
. E s O —
— ] Sl ]_hg/g 1.17 ”?‘;U
€y O 2z 0.78  0.76
2. Spins and parities of fragments are frequently 1113/2 0.56 0. ‘(4
not measured. 2f5z"2 0.88 0.5

3p3 /2 0.67 [_1.44
3p1/2 0.49 0.20

(3He,d) (a,t) reactions

3. Some fragments are not observed.
4. Sum rule Z Sy =1 isfrequently violated.

v




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

Mean-field Fragmented levels METHOD 2.
single-particle (due to coupling to phonons) 1
state ! s’ SV & =& +AE
I/,' Tk Model —dependent procedure
/
I'II/I//' : Neutrons Ag =& — E’FO
i * in208pp | [9] [10]
w,’ %
£, F;:;: -- g, S, 3d;, —0.61 —0.32
J \:\‘\\\\ 83 SS 481;3 —0.56 —0.21
AE 0 ks 3ds, —0.76 —0.43
! Eic 1 O sy —1.36  —0.55
-------- T &, Sy 200, —0.79 —0.40
_ _ _ 17, —031 —-0.37
Dominant single-particle From P.F. Bortignon et,
level (S>0.5) JPG 37 (2010) 064013

[9] Relativistic PVC, E.Litvinova and P.Ring, PRC C73, 044328 [2006]
[10] Skyrme PVVC model, Colo et al, AIP conf. proc. vol. 1165, p. 267



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

it is clear that “bare” single-particle energies cannot be
defined with controllable precision in spherical nuclei
under study

Two ways to compare with the experimental data

¥

\ 4

“business as usual” Wit el r_ea_listic B
' ' i - n
With mean field calculations ith relativistic particle-vibratio

coupling calculations

Such an approach allows to see whether

(i) the inclusion of particle-vibration coupling improves the
description of specific physical observables and

(i1) the conclusions reached earlier on the mean field level are
valid or not.



How single-particle spectra are obtained in experiment
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Hybrid approach

Treat
1. the polarization effects due to deformation and time-odd mean fields in the triaxial
relativistic mean field approach (AA, H.Abusara, PRC 81, 014309 (2010))
2. energy corrections due to PVC in the relativistic particle-vibration coupling model
for spherical nuclei (according to E.Litvinova and P.Ring, PRC73, 044328 [2006])
3. In both approaches
- NL3* parametrization [G.Lalazissis, et al PLB 671, 36 (2009)]
- pairing is neglected

1. The Dirac equation for fermions

‘JED =a(—=iV -V (r)) + Vo(r) + B(m+ S(T))‘

Magnetic potential

1—7
V(r)=gww(r)+g,mp(r) +e A \ » |T|me odd mean fields |

[ A+ma} = —golps (r) + pi(7r)]

Klein-Gordon —g20°(7) — gso”(r)
equations for mesons  [{_A 4 m2)wg(r) = gu[o"(r) + p2(r)],
H-A+mi} w(r) = gulf"(r) +3°(r)



2. Relativistic particle-vibration coupling (PVC) model
The equation of the one-nucleon motion has the form (in single-particle Green

MRS, e WP — BT () — T(e)) Gle) = |
s 0

o

Z {(e — e — Zfy(e)} Guo(e) = S
[
particle-phonon coupling model:

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

. T dw
i (e) = Z 2—Fk1’lk’ (0)Grr(e + w)

kY T 1
L

depends on phonon vertexes Vi = kaz’zk’ 5Pkflf
k'l
Vi - 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 PVVC 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.

| p—r—y—p——— T 0.5 pe—y——————p—p——————
+ -
" phonons : 1 F 2 &3 ’
0.8 F below 5 MeV lg 9_,2(\!) 1 0.4F phonons 1g9.-“3(\)
I | " below 15 MeV
5 (a) -
04F
02F
0 '] 'l A
225 =20 -10

« phonons

Spectroscopic factor S

= phonons o2 ) 1
0.4 F below 10 MeV S920 7 4 0.08F below 15 MeV ST
*3F (b) 1 cosp (@ -




Single-particle energies [MeV]
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Detailed calculations are also performed for 19%132§n and >6Ni



Combined polarization effects due
to deformation and time-odd mean fields

protons - solid blue circles
neutrons - open red circles

The polarization effects in odd-mass
nuclei due to deformation and time-odd
mean fields induced by odd particle are

important. They have to be taken into

account when experimental and
calculated single-particle energies are
compared.

Their neglect (as usually done in PVC
calculations) is more or less justified
only for heavy nuclei, and it is more

justified for proton subsystem
than for neutron one.
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The deviations of calculated energies
of the single-particle states from experimental ones

th cxp| [\/] CV]

€,

c 2 ot & The results for proton and
S5 5= EE neutron states are given by
¢ = 2 == solid and open circles.
®
o
.g | TABLE I: Average deviations per state Ae between calculated
© and experimental energies of the single-particle states for a
¢ $ & o | proton (neutron) subsystem of a given nucleus.
o ° & ° & N | th _ exp
o o ° £ ° A A_Zz‘:lfz'_fi
¢ 3 8 § == N
8 o ¢ o . N
: 8 8 o g _
e E g8 9 Nucleus/subsystem | Aegerrr0 [MeV]|A€gerirorpye [MeV]
o - =
56.re 132 208 Ni/proton 0.76 0.77
Ni Sn Pb '_BéNi/neutron 0.89 0.71
11'32811/pr0t0n 1.02 0.68
"*28n /neutron 0.89 0.39
***Pb/proton 1.53 0.84
205Ph /neutron 1.00 0.47




The impact of particle-vibration coupling on spin-orbit splittings.
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The danger of the fit of the model parameters on the DFT level
to the single-particle energies

M. Zalewski et al,

— [=1] (black)
=i | PROTONS NEUTRONS PRC 80, 064307 (2009) and
- = PRC 77, 024316 (2008).
Lz 2 o % Yy & = A Skyrme DFT
_ 1t 3 = 3 = % B 4 .
A S -E.; * ; = * % - . . .
I 4 7 * | A direct fit of the isoscalar
I / . —* 7 - spin-orbit (SO) and both
3 6'_ Y L l isoscalar and isovector
n g - .
. / 1 Z 1Y tensor coupling constants
oy / i ” - eiae
: 4 P § 56Nl ;)7 ] tothe f5/2-f7/2 SO splittings
0 4| [ ! /= 4 in40Ca, 56Ni, and 48Ca nuclei
EMi I/ & ! ; i 1 requires a drastic reduction
7 I [ " 1 oftheisoscalar SO strength
£ K / / /‘I . 7 andstrong attractive tensor
= 1k ¥ I',' —8—o— L 0~ e _ coupling constants.
o F J, b i
0 1 ¢ I Z

I/

The PVC changes SO splitting in the f5/2-f7/2 doublet by 1.5 MeV




I=1 (black)
1=2 (red)

The impact of particle-vibration
coupling on spin-orbit splittings.
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The impact of particle-vibration coupling on spin-orbit splittings:
the comparison with Skyrme PVC for neutron subsystem of 2%8Pb

The change of spin-orbit splitting

0 —= T induced by PVC
s | TN I
2 | T é”jj; doublet Covariant ~ Skyrme
5 3 PVC PVC
- : 1j 1;.f2
L o ;' 112 3d5/2-3d3/2 +0. 14 +0. 13
-4- ensor T 4Oy
HF :ncluded ﬁ:ﬁded Experiment 3 p3/2'3 p1/2 -0. 16 0.00
7- o 3p”2 2g9/2-2g7/2 +0.32 -Oo 13
8 2,
J T 3[33’.2 2f7/2'2f5/2 -1 .0 '0.61
:? E‘ o 1i13.l'2 S =
= 10 2o 1'13/2'1|11/2 -0.75 -0.40
g -11 — 1h,,
-124 o 2 Skyrme PVC
asd T . G.Colo et al, PRC 82, 064307 (2010)
HE tensor PVC Experiment

included  jncluded




The impact of particle-vibration coupling on pseudospin doublets.

—— Exp (protons)
— E t

O def+TO
1@ def+TO+PVC

4 PVC substantially improves
=1 the description of splitting
1 energiesin pseudospin
doublets as compared

o ] with mean field
calculations.

1 observed similarity of the
|splitting energies of proton
1 and neutron pseudospin
] doublets with the same
- single-particle structure in
medium and heavy mass
-2 nuclei can only be
reproduced when the

Ni Sn Pb particle-vibration coupling
is taken into account.
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Nucleus State Sth Sezp Sexp

209Ph 2g9,2 0.85 0.7840.1 [76] 0.94 [80]
liyy o 0.89 0.96£0.2 [76] 1.05 [80]
: 1j15/2 0.66 0.53+0.2 [76) 0.57 [80]
Spectroscopic factors 3 089  0.88:0.1 [76]
4545 0.92 0.88+0.1 [76]
The absolute values of gﬁm gg; g;’gig} Zg_
experimental spectroscopic /2 ' 8801 [76]
factors are characterized by | 2"*Bi lhg 5 0.88 1.17 [75] 0.80 [69]
P o /9 0.78 0.78 [75] 0.76 [69]
large ambiguities and liya /o 0.63 0.56 [75] 0.74 [69]
depend o /o 0.61 0.88 [75] 0.57 [69]
strongly on the reaction 3pa/2 0.62 0.67 [75] 0.44 [69]
: : 3p1/2 0.37 0.49 [75] 0.20 [69]
employed in experiment
and the reaction model *"Pb 3p1/2 0.90 1.08 [83]
: - Wy /2 0.87 1.13 [78] 1.05 [83]
used In the analysis 3D 2 0.86 1.00 [78] 0.05 [83]
liys,s 0.82 1.04 [78] 0.61 [83]
2 0.64 0.8 [78] 0.64 [83]
1hg s 0.38
07T 3s1/2 0.84 0.95 [77] .85 [68]
2ds 5 0.86 1.15 [77] 90 [68]
1hyy o 0.80 0.89 [77] 0.88 [68]
2ds /5 0.68 0.62 [77] 0.63 [68]
1g7/2 0.22 0.40 [77] 0.27 [68]




Conclusions:

1. Rotational response (alignment properties) of particle(s) and polarization
effects (in time-even (deformation) and time-odd mean fields) induced by them
are well reproduced in CDFT.

2. The accuracy of the description of the energies of deformed one-quasiparticle
states is insufficient due to low effective mass and wrong relative energies of
some subshells at spherical shape.

For example, this will affect the landscapes of flat potential energies surfaces
(PES). This can lead to “virtual” results especially in the case of chiral rotation
which involves 2-quasiparticle states (the deviation of their energies from
experiment can be twice of the ones for 1-qp states) and flat PES characterized
by only small barrier (~ 50 keV) between two chiral minima.

3. Particle-vibration coupling (with polarizations accounted)
- substantially improves the description of the single-particle states in
132Sn and 208Pb,.
- decreases the accuracy of the description of spin-orbit splittings
- substantially improves the description of splitting energies in pseudospin
doublets




Conclusions:

4. The improvement of spectroscopic properties (single-particle energies) on the
DFT level has its own limits.
It ultimately requires the accounting of particle-vibration coupling.
Ignoring particle-vibration coupling and treating experimental
levels as pure single-particle in the fit can lead to wrong conclusions
about the energy density functional.

The results are published in E.V. Litvinova and AA,
Physical Review C 84, 014305 (2011)

Statistical analysis of deformed one-quasiparticle states
AA and S.Shawaqgfeh, submitted to PLB




