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In this dissertation, covariant density functional thelbag been applied to a variety of
nuclear phenomena in the ground and excited states ofirgtaitid non-rotating nuclei. It
has been applied for the interpretation of excited superdefd bands it°* Dy using the
effective alignment methods. The properties of the preditiyperdeformed nuclei at high
spinintheZ = 40 — 58 region were investigated and the spins at which such coafiigur
become yrast were defined. The moments of inertia, the ralimgfe-particle energies and
necking degree of freedom have also been studied. It alstigped that'°"Cd is the best
nucleus for its observation.

The impact of time-odd mean fields (nuclear magnetism NMith mon-rotating and
rotating frame works, on physical observables has beenestutt is shown that nuclear
magnetism always provide additional binding to the bindéngrgies of odd-mass nuclei.
Time-odd mean fields affect odd-even mass differences. Menvéhe modifications of

the strength of pairing correlations required to compensat their effects are modest.



In contrast, time-odd mean fields have a profound effect erptioperties of odd-proton
nuclei in the vicinity of the proton drip line. Their presencan modify the half-lives
of proton emitters and considerably affect the possibgitf their experimental observa-
tion. They also have a profound effect on the dynamic andmkatee moments of inertia,
particle number, configuration, and rotational frequenegahdencies of their impact on
the moments of inertia. The effect of NM on the binding enesiggd moments of inertia
weakly depend on the choice of the RMF parametrization.

Fission barriers are studied systematically with the atlioge for triaxial deformations,
in the actinide and superheavy regions. It is shown thatreaviedensity functional theory
is able to describe fission barriers, in actinides, on a lefi@lccuracy comparable with
nonrelativistic calculations. Triaxiality in the regiohtbe first saddle plays a crucial role
in achieving that. However, in thg = 112 - 120 superheavy nuclei, the inner fission
barriers are not affected by triaxiality. General trendghe evolution of inner fission

heights are discussed.
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CHAPTER 1

INTRODUCTION

1.1 Density functional theory

The development of self-consistent many-body theoriesrgjrat the description of
low-energy nuclear phenomena provides the necessaneticaditools for an exploration
of the nuclear chart into known and unknown regions. Thémkmethods (both rela-
tivistic and non-relativistic) formulated within the fraawork of density functional theory
(DFT) and effective field theory (EFT) are the most promidiogjs for the global investi-
gation of the properties of atomic nuclei. The DFT and EFToegts in nuclear structure
models have been extensively discussed in a number of radgeles [1, 2, 3, 4]. The
power of the models based on these concepts is essentialyallenged in medium and
heavy mass nuclei where 'ab-initio’ type few-body calcigias are computationally im-
possible and the applicability of the spherical shell masleéstricted to a few regions in
the vicinity of doubly shell closures.

The self-consistent mean-field approach to nuclear streicgpresents an approximate
implementation of Kohn-Sham density functional theory T, 6, 7, 8], which is suc-
cessfully employed in the treatment of the quantum manyyipodblem in atomic, molec-
ular and condensed matter physics. The DFT enables a descrgb the nuclear many-

body problem in terms of energy density functionals (EDRY self-consistent mean-field

1



models approximate these functionals, which include aghéar-order correlations, with
powers and gradients of ground-state nucleon densitiesRsés. [9, 10, 11, 3, 12] and
references therein). EDF functionals are universal in #mss that they can be applied to
nuclei all over the periodic table. Although they model tiffecive interaction between
nucleons, EDF are not necessarily related to any nuclecteon (NN) potential. By em-
ploying these energy functionals, adjusted to reprodueesthpirical properties of sym-
metric and asymmetric nuclear matter, and bulk propertiesome spherical nuclei, the
current generation of self-consistent mean-field methadsachieved a high level of accu-
racy in the description of the ground states and the pragseofiexcited states in arbitrarily
heavy nuclei, exotic nuclei far from-stability, and in nuclear systems at the nucleon drip-
lines (see Refs. [10, 11, 13] and references therein). Theaasistent methods (such
as Hartree-Fock (HF) or Hartree-Fock-Bogoliubov (HFB)$dxh on zero range Skyrme
forces or finite range Gogny forces are frequently used ineamcstructure calculations
[14, 10]. These approaches represent non-relativistiggraensity functionals based on
the Schrodinger equation for many-body nuclear problerh [10

On the other hand, one can formulate the class of relatiistidels based on the Dirac
formalism, which can generally be defined@mariant density functionalgCDF) [11].
These models, such as quantum hadrodynamics (QHD) [15r€9hased on concepts of
non-renormalizable effective relativistic field theoresd DFT, and they provide a very
interesting relativistic framework for the studies of rean structure phenomena at and
far from the valley ofs—stability [11]. Relativistic mean field (RMF) models [15]ear
analogs of the Kohn-Sham formalism of DFT [7], with local lscand vector fields ap-

2



pearing in the role of local relativistic Kohn-Sham potat#i[9, 1]. The energy density
functional is approximated with the powers and gradientsuxdliary meson fields or nu-

cleon densities. The EFT building of the energy density fienal allows error estimates
to be made, provides a power counting scheme which sepdoatgsand short-distance
dynamics and, therefore, removes model dependences feselthiconsistent mean field
approach [16]. In the description of nuclear ground statesthe properties of excited

states the self-consistent mean-field implementationsaftym hadrodynamics, the rela-
tivistic Hartree-Bogoliubov model (RHB) and the relativigquasiparticle) random phase

approximation (RQRPA) and their subversions, are empl¢y&p

1.2 Nuclear phenomena

The aim of this dissertation is to discuss the applicatiocoofiriant density functional
theory (CDFT) to describe and explain several physical phreana that are of interest to
the nuclear physics community. The first one is the behaviorualei at extremes of
high spin and deformation ( Super- and hyoer-deformati@ihce the discovery of su-
perdeformation (SD) in®2Dy two decades ago [17], nuclear SD has been in the focus
of attention of the nuclear structure community; it has beisgovered in different mass
regions and extensively studied experimentally [18] arebthtically (see, for example,
Refs. [19, 20, 21] and references therein). New phenomettaas identical bands [19]
were discovered, and rich variety of experimental datanadtbto test modern theoretical
tools under extreme conditions of large deformation antrfatation. Hyperdeformation

(HD) is one of critical phenomena in nuclear structure, tinelyg of which will consider-



ably advance our knowledge of nuclei at extreme conditidnexy large deformation and
fast rotation [21]. The studies of HD will also contributéarunderstanding of the crust
of neutron stars, where extremely deformed nuclear strestare expected (see Ref. [22]
and references therein). Although some experimental eeeteof the existence of HD
at low [23, 24] and high spin [25, 26, 27, 28] exist, the cutrexperimental knowledge
of HD is very limited. New generation of detectors such as GRE29] and AGATA
[30] will definitely allow to study this phenomenon in moretaiés. However, these de-
tectors will become functional only around 2016. Thus, itesy important to understand
whether new experimental information on HD can be obtainiga éxisting detectors such
as GAMMASPHERE [31].

The second topic is the importance of time-odd mean fieldhéndevelopment of
density functional theory and their impact on physical obsleles in both nonrotating and
rotating nuclear systems. There was a dedicated efforttternenderstand time-odd mean
fields in the framework of the Skyrme energy density fundiqiiEDF) theory (see Refs.
[32, 33, 34, 35] and references therein). On the contrarghess attention has been paid
to these fields in covariant density functional theory (CPEB, 37, 38, 39]. Thisis due to
the fact that time-odd mean fields are defined through thertpiavariance in the CDFT
[11], and thus they do not require additional coupling cant. On the other hand, time-
odd mean fields are not well defined in non-relativistic dgrfsinctional theories [33, 35]
and, as a consequence, there are a number of open queslited te these fields.

Finally, the description of fission barriers in actinidesl @uperheavy regions of the
nuclear chart. A study of the (static) inner fission barr'reightsBjt of even-even nuclei is

4



motivated by the importance of this quantity for severalpbgl phenomena. Many heavy
nuclei decay by spontaneous fission, and the size of theridgiaier is a measure for
the stability of a nucleus reflected in the spontaneous fidg&times of these nuclei [13].
The probability for the formation of a superheavy nucleua imeavy-ion-fusion reaction
is also directly connected to the height of its fission bafd€]. The height3' is a de-
cisive quantity in the competition between neutron evagpamaand fission of a compound
nucleus in the process of its cooling. The large sensitwitthe cross section for the
synthesis of the fissioning nuclei on the barrier heigtit stresses a need for accurate
calculations of this value. For example, a changB;ﬁfby 1 MeV changes the calculated
survival probability of a synthesized nucleus by about ordepof magnitude or even
more [40]. The population and survival of hyperdeformedestat high spin also depends
on the fission barriers [21]. In addition, the-process of stellar nucleosynthesis depends
(among other quantities such as masses/addcay rates) on the fission barriers of very
neutron-rich nuclei [41, 42].

During the last decade the role of triaxiality in the regidniee saddle point of fission
barriers has been recognized and tested in many theoreticaworks. It was found that
the height of the barrier is reduced when triaxial shapesbowed [43, 44]. However,
this lowering strongly depends on the proton and neutronbeisiand on the model em-
ployed. The investigations of inner fission barriers withxality included are available
within the frameworks of the microscopic+macroscopic mdtf6, 47, 48, 49, 50], the
extended Thomas-Fermi plus Strutinsky integral [51], aod-relativistic energy density
functionals based on Skyrme [52, 53, 54, 43] and Gogny [4456bforces.

5



This dissertation is organized in the following way: Ch.2tns the formalism of
different models of the covariant density functional theor rotating and non-rotating
frames, and the pairing correlation which is describedughothe BCS theory. Ch.3 is
devoted for the study of the properties of hyperdeformedcsiires and the prediction of
experimental observation of discrete hyperdeformed bamdse Cd isotopes. In Ch.4
systematic investigation of the properties and effectsnoétodd mean field on different
observables in non-rotating and rotating nuclear systenpeiformed. The systematic
study of the effects of triaxiality on the height on the infission barrier in the actinide
and superheavy regions of the nuclear chart are discusged.fn The summary of the

major results is presented in Ch.6.



CHAPTER 2

FORMALISIM

2.1 General concepts of covariant density functional thegr

In covariant density functional different models are imteted to describe the atomic
nuclei. In this dissertation three of these models will bedus discribing at least one
of the topics mentioned earlier in the introduction: thelime@ar meson nucleon coupling
model, the density-dependent meson nucleon coupling memittla density-dependent
point coupling model. The main difference between them éstteatment of the range
of the interaction, the mesons, and density dependence.intéraction in the first two
classes has a finite range, while the third class uses zegefateraction. The mesons are
absent in the density-dependent point coupling model. Bmsity dependence is explicit
in the last two models, while it shows up in the nonlinear nmesacleon coupling model
through the non-linearity in the-meson. Each of these classes is represented by a set
of parameters that is considered to be the state of the adselparameterizations were
adjusted to reproduce the properties of symmetric and agtricmuclear matter, binding

energies, charge radii and differences between neutropratah radii in spherical nuclei.



2.1.1 Lagrangian density for the meson-exchange models

In the meson-exchange models [57, 58, 59], the nucleus ided as a system of
point like nucleon, Dirac spinors, interacting via the exiee of mesons with finite masses
leading to the interactions of finite range. The startinghpas a standard Lagrangian

density [60]

The free nucleon Lagrangian density is given by:

Ly =y (i0 —m)y (2.2)
1 is the Dirac spinor angh is the bare nucleon mass. The Lagrangian density of the meson

and electromagnetic field is

1 1 1
L, = iﬁuaﬁuo ——m20? — —Q, 0" + —m2w?

2 4 2
I DUy 1 2 =2 1 v

_ZRHVR + §mpp — ZFHVF (23)
where

Q= 0w, — Oywy,

é,uzx = ,up_;/ - 8Vﬁu (24)

F,=90,A,-0,A,
and the interaction Lagrangian density is given by:

1— 73

Lint = = <goa + gy W + g, T pu e V”Au) (0 (2.5)
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It contains the Dirac spinors with several effective mesdreyacterized by the quantum
numbers of spin J, parity P, and isospin T. These mesonstae:meson ( =0, T =

0, P=+1),thepmeson( =1, T =1, P=—1),thewmeson( =1, 7T =0, P =
—1). They create effective fields in a Dirac equation, whichregponds to the Kohn-Sham
equation [61] in the non-relativistic case.

The Lagrangian (2.1.1) contains as parameters the mes@esaas m,,, andm, and
the coupling constantg,, g.,, andg,. e is the charge of the protons and it vanishes for
neutrons. This linear model has first been introduced by t¥alenodel [62, 15].

To treat the density dependence in this model Boguta and Bod®3] introduced
a density dependence via a non-linear meson coupling iiaegléoe term%mf,a2 in EQ.
(2.1.1) by

1 1 1
U(o) = §m(2702 + 59203 + 19304. (2.6)

The nonlinear meson nucleon coupling is represented by dnaneter set NL3* [57]
(see Table 2.1), which is a modern version of the widely usadrpeter set NL3 [64].
Apart from the fixed values for the massesm,, andm,,, there are six phenomenological
parametersi,, go, gu, Jps g2, andgs.

The density-dependent meson-nucleon coupling model hag@itit density depen-
dence for the meson-nucleon vertices. There are no nonliagas in thes meson, i.e.

g2 = g3 = 0. The meson-nucleon vertices are defined as:

9i(p) = gi(psar) fi(x) for i=o0,w,p (2.7)



where the density dependence is given by

azl + CZ‘(IE + di)z ( 8)

fi()

for o andw and by
fo(x) = exp(—a,(x — 1). (2.9)

for the p meson. x is defined as the ratio between the baryonic densi& a specific
location and the baryonic density at saturatign in symmetric nuclear matter. The eight
parameters in Eq. (2.8) are notindependent, but constramllows:f;(1) = 1, f. (1) =
f.(1), andf; (0) = 0. These constrains reduce the number of independent paanfiet

density dependence to three. This model is represented présent investigations by the

parameter set DD-MEZ2 [59] given in Table 2.1.

2.1.2 Lagrangian density for the point coupling models

The Lagrangian for the density-dependent point couplingehis given by :

(o
|

(iy-0—m)y

0s(5) (50) (3) — 5av(p) (57#0) (F,0)

N N = o= e

arV(p) (b7y"y) (977.0)

bs (0,) (075) — ety - LTy 2.10)

It contains the free-nucleon Lagrangian, the point cogpimeractions terms, coupling of
the proton to the electromagnetic field. The derivative taooounts for the finite-range
interactions.
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Table 2.1

NL3* and DD-ME2 parameterizations of the RMF Lagrangian

Parameter NL3* DD-ME2
m 939 939
My 502.5742| 550.1238
My 782.600 | 783.000
m, 763.000 | 763.000
9o 10.0944 | 10.5396
G 12.8065| 13.0189
9p 45748 3.6836
9o -10.8093| 0.00000
g3 -30.1486| 0.00000
Uy 0.00000| 1.3881
by 0.00000 | 1.0943
Co 0.00000| 1.7057
dy 0.00000| 0.4421
ay, 0.00000| 1.3892
b, 0.00000 | 0.9240
Co 0.00000| 1.4620
d,, 0.00000| 0.4775
a, 0.00000| 0.5647
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In analog to the conventional meson-exchange covariargiyefunctional models,
this model contains isoscalar-scalar, isoscalar-vecetdrisovector-vector interactions. It

is represented by the DD-PC1 [65](see Table.2.2).

Table 2.2

DD-PC1 parameterization in the RMF Lagrangian

Parameter DD-PC1
m 939
Qg -10.04616
by -9.15042
Co -6.42729
dy 1.37235
ay, 5.91946
b., 8.86370
d,, 0.65835
b, 1.83595
d, 0.64025

2.2 The Hamiltonian and the equation of motions

CDFT is easily extended to the rotating frame [66, 67, 68, RBjas been successfully
tested in a systematic way on the properties of differenésygf rotational bands in the
regime of weak pairing such as normal-deformed [69], sugferdhed [70, 20] and smooth
terminating bands [11]. It is also able to describe the rarcéystems with broken time-
reversal symmetry in intrinsic frame at no rotation as wslltlae properties of fission

barriers in actinides and superheavy regions of the nucles.
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In the Hartree approximation, the stationary Dirac equmafar the nucleons in the
rotating frame (in one-dimensional cranking approximatiwith rotation around the-

axis) is given by
(hp — Qo )ths = et (2.11)

whereh is the Dirac Hamiltonian for the nucleon with mass

hp = a(—iV =V (r) + Vo(r) + B(m+ S(r)) (2.12)
and the term
—Q,J, = —Q, (ﬁx + %z) (2.13)

is just the Coriolis term. Note that the rotational frequefig along ther-axis is defined
from the condition that the expectation value of the totgdar momentum at spih has

a definite value [71]

J(Q) = (Dq | J, | Do) = /I(I+1). (2.14)

the Dirac Hamiltonian contains the average fields deterchinyethe mesorisi.e. the

attractive scalar field(r)
S('I") = gUO'(’I"), (215)

and the repulsive time-like component of the vector figjth)

1—7'3
2

Vo(r) = guwo(T) + g,m3p0(T) + € Ag(r). (2.16)

discussion here will be restricted to the meson exchangehsod
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A magnetic potentiaV (r)

1—’7'3
2

V(r) = gow(r)+g,mp(r) +e A(r) (2.17)

originates from the space-like components of the vectolomzsNote that in these equa-
tions, the four-vector components of the vector fields p*, and A* are separated into
the time-like (v, po and Ay) and space-liked = (w*, w¥ w?), p = (p*, p?, p*), and
A = (A* AY, A*)] components. In the Dirac equation the magnetic potental the
structure of a magnetic field.

The corresponding meson fields and the electromagnetiofumtare determined by

the Klein-Gordon equatioAs

{-A— (L) +m2} a(r) = —g,lpi(r) + pl(r)]
—g20°(r) — g30°(r), (2.18)
{0 = (L) +mYwo(r) = glo(r)+p(r)], (2.19)
(A= (L) +ml} wr) = qli"(r)+5"(r) (2.20)
{0 = (L) +m3} pol(r) = gploi(r) = pi(r)], (2.21)
{-A— (L) +m} p(r) = g,li"(r) - 57(r)), (2.22)
—AAy(r) = epP(r), —AA(r) = ej?(r), (2.23)

°These equations are only valid for the case of the mesonaexehmodels, Eq. (2.1.1). The mesons are
absent In the case of the point coupling model.
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with source terms involving the various nucleonic densitiad currents

pr) = S () ), 2.29
P = () ), 229
) = S (W) () (2.26)

1=1

where the labels andp are used for neutrons and protons, respectively. In thetemqsa
above, the sums run over the occupied positive-energy siadlel states onlynp-sea
approximation [15, 72]. Note that the spatial components of the vectoepiial A (r) are
neglected in the calculations since the coupling constathiecelectromagnetic interaction
is small compared with the coupling constants of the mesaasfieFor the case of no
rotation one simply substitute, = 0.

The magnetic potentidl () in the Dirac equation as well as the currejit$(r) in the
Klein-Gordon equations do not appear in the CDFT equationsihe-reversal systems
[15]. Similar to the nonrelativistic case, their preserezgdss to the appearance of time-odd
mean fields. Thus, we will use the termaclear magnetisnandtime-odd mean fields
interchangeably throughout this dissertation. The magpetential is the contribution to
the mean field that breaks time-reversal symmetry in thesitr frame and induces non-
vanishing currentg™” (Eq. (2.26)) in the Klein-Gordon equations (Eqs. (2.20)223),
which are related to the space-like components of the vertsons. Note that the current
J3"P(r) change the sign upon the action of time-reversal opera8jr fogether with den-
sities it forms covariant four-vectgr' = {p, j}. As a consequence, these two quantities

(p and 5) do not transform independently under Lorentz transfoionat This explains
15



why the structure of the Klein-Gordon equations for timesland space-like components
of vector mesons is the same (compare, for example, Eq®)@nt (2.20) fotu-meson)
and why the same coupling constant stands in front of theitlemnand currents on the
right hand side of these equations.

In rotating system one should distinguish time-odd meaddietiginating from Cori-
olis operator and magnetic potential. The Coriolis opers@lways present in the de-
scription of rotating nuclei in the framework of the crangimodel. However, the CDFT
calculations in the rotating frame, with only these timeldields accounted for, underes-
timate the experimental moments of inertia [68, 20]. A sandituation also holds in non-
relativistic theories [33, 74]. The inclusion of the curtey™” () into the Klein-Gordon
equations considerably improves the description of expantal moments of inertia.

The spatial components of the vectoandpy mesons lead to the interactions between
possible currents. For the-meson this interaction is attractive for all combinatigps,
nn andpn-currents), and for the-meson it is attractive fopp andnn-currents but repul-
sive for pn-currents. Within mean field theory such currents occur amiye situations
of broken time-reversal symmetry.

The currents are isoscalar and isovector in nature fowthadp mesons (Egs. (2.20,
2.22)), respectively. As a consequence, the contributitimegp-meson to magnetic poten-
tial and total energy is marginal in the majority of the casesn at the neutron-drip line.
Thus, time-odd mean fields in the CDFT framework depend prégiantly on the spatial

components of the meson. Neglecting the contribution of theneson, one can see that
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only two parameters, namely, the masgsand coupling constant, of thew meson define
the properties of time-odd mean fields (Eqgs. (2.17), (2.2, (2.22)).

The stationary solution of the CDFT equations correspoadke ground state of the
nucleus (i.e. corresponds to a local minimum in the potéetiargy surface). However, in
order to obtain a solution for any point in deformation spaige has to impose constraints
on the mass moments. In this dissertation, calculationsemteicted to the quadrupole
mass moment unless otherwise stated. The method of quacliastraints uses a variation

of the function

(HY + > Coul(Qau) — 2) (2.27)

n=0,2

where (H) is the total energy, andQ,,) denotes the expectation values of the mass
guadrupole operators

O = 22— 2% —y? (2.28)

Qn = o°—y (2.29)
In these equationsy,, is the constrained value of the multipole moment, &g the

corresponding stiffness constants [14]. The details ottrestrained calculations will be

discussed in Appendix A

2.3 Energy-density functional

In CDFT the energy can be written as a functional of the dgmsétrix ) and mesons

field ¢,,°:

3¢,, represents,, ¢,,¢., and A
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Blp 0] = Trllep + 6m)i) & [ |3(00n7 + Ulon)] @ + Trl(gn0,)0] @30

The total energy of the system is given in Refs. [66, 20]. Wi gjnto different terms

as*

EtOt - Epart + Ecm - EO' - EO'NL - EZ;L - EZ—‘L

—E" — ES* — Egou, (2.31)

whereE,,,: andE,,, represent the contributions from fermionic degrees oidfoee, while

the other terms are related to mesonic (bosonic) degreesexfdm. In Eq. (2.31)

A
Epart = Zgiy (232)

is the energy of the particles moving in the field created leyniesons<(; is the energy of

i-th particle and the sum runs over all occupied proton androestates)

Ea = 00 [ & o) [2r) + (), (2.33)

is the linear contribution to the energy of isoscalar-statéield

1 1 1
Esnig = 2 /d37’ {g g20%(r) + 59 ot(r)| . (2.34)

is the non-linear contribution to the energy of isoscatatar o-field

% 0 / drwo(r) [p2(r) + i (r)], (2.35)

TL _
E "=

4We follow Refs. [75, 76] in the selection of the signs of themgy terms.
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is the energy of the time-like component of isoscalar-vectdield

EEY =5 g, [ Pror) i) - (o). (2.36)

is the energy of the time-like component of isovector-veptéield

BSE = =5 . [ drwtn) () +57(), (237)

is the energy of the space-like component of isoscalamvectield

BSE = 5 g, [ @rpln) ") - 57, 238)

is the energy of the space-like component of isovectorereetield

1
Bewn =5 ¢ [ drun) (o) (2:39
is the Coulomb energy
Eon = —Zmo = —Z 41A7Y3 MeV, (2.40)

is the correction for the spurious center-of-mass motigor@xdmated by its value in a
non-relativistic harmonic oscillator potential.
However, in the case of the density-dependent models thterceitmass correction is

given by:

(P2.)
em. = T (2.41)

whereP. ,, is the total momentum of a nucleus with A nucleons.

The total energy of the system can alternatively be writge(samilar to Refs. [75, 76])

Etot - Ekzzn + Eint + Ecm (242)
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where the kinetic energk.;,, is given by
Erin = part — 2 (EO' + EZ;L + EZ;L + EC'oul) (243)
and the interaction energy between the nuclegnsby

Em = E,+E*+E" + Ecou

—E,n. — EJF — EJF. (2.44)

2.4 Pairing correlations

Pairing correlations are taken into account through the B@froximation. The
CDFT-equations are solved and at each step of the iterdt@B€S occupation probabil-
itiesv? are determined. These quantities are used in the calaulatidensities, energies
and new fields for the next step of the iteration. We use molegpairing force with the
strength parameters. for neutrons{ = n) and protons{ = p); this method is based on
the residual interaction of the seniority model [14].

We start with a pairing strength parametétsand solve in each step of the iteration

the gap equation [14]

1 1
== 3 5E (2.45)

k>0

with £}, = \/(sk — \)? + A2, wheree,, are the eigenvalues of the Dirac equation and the
chemical potential is determined by the average particle number. Then the aticup

probabilities

v = % (1 S A) , (2.46)



and the gap parameters

A=GY uy (2.47)

are determined in a self-consistent way. The pairing enisrdgfined as

Epuie = =AY ugvy, (2.48)

k>0

The sum ovek in Egs. (2.45), (2.47) and (2.48) run over all states in thangawindow
E) < E.uo. The inclusion or the exclusion of pairing correlationsfirthe calculations
will depend on the specific nuclear phenomena under studit aniéibe mentioned in the

relevant chapter.

2.5 The wave function

The CDFT equations are solved in the basis of an anisotropgetdimensional har-
monic oscillator in Cartesian coordinates characterizgdhle deformation parameters
B, and~ and oscillator frequenciiw, = 41A~/3 MeV, for details see Refs. [66, 20].
They are solved in the parity, signature basis. Singleigarbrbitals are labeled by
[Nn_ A]Q%9". [Nn,A|Q are the asymptotic quantum numbers (Nilsson quantum num-
bers) of the dominant component of the wave functioft at= 0.0 MeV. The superscripts
signto the orbital labels are used sometimes to indicate thedfitre signature for that
orbital (r = +7).

The self-consistent field, w and p, are expanded into a complete set of eigenfunc-
tions of the three-dimensional harmonic oscillator in esidn coordinates. The fields are

written as:
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o(r)= Z on®y(r) (2.49)

w(r) = i wn @ (r) (2.50)
p(r) = %chbN(r) (2.51)

where
O (r) = fn, (€)¢n, (Y)Pn.(2) (2.52)

N =n,+n, +n,

P is the parity operator and is the signature operator, the parity and signature are
good quantum numbers in the case of reflection symmetry,hwisithe case in all the

phenomena discussed in this dissertation. The signateraimp is sefined as:

~

R, = e—mj;’ éz%’ = 1; (2.53)

with the eigenvalues arne = +i. The simplex operator is defined as:

~

S; = RZP I=x,Y, % (2.54)
P=S,8,S. (2.55)

The positive simplex state is written as:

ny 1
(1) = bu, ()b, (1) 60 ()= (2.56)
K () (@)bn, (Y)Pn. (2) 7 e
The negative simplex state is written as:
D (1) = b, () Bn, (1), (2) 5 (=)t (2.57)

V2
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On, (z;) = (ﬁ2"ini!bi)_%exp(—l(

: ) H,, () =y, 2 (2.58)

| &

whereH,,, are the Hermite polynomials.

The truncation of basis is performed in such a way that atesthelonging to the
shells up to fermoniévV; and bosonicVy are taken into account. Since this dissertation is
describing different nuclear phenomena in different paftfie nuclear chart, the trunca-
tion scheme of the basis will be discussed for each phenosepearately in the relevant

chapter.
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CHAPTER 3

SUPER- AND HYPERDEFORMATION AT HIGH SPIN

It was known for a long time from harmonic oscillator studjég] that very elon-
gated shapes, called as hyperdeformed (HD) and charaddriz the semi-axis ratio of
around 3:1, are possible. The existence of such stable shegelater confirmed in the
macroscopic+microscopic (MM) method [78, 79, 80, 81, 82,88 85, 86]. Theoreti-
cal results on the states located in third (HD) minima are alsilable in self-consistent
Hartree-Fock+Bogoliubov (HFB) approaches based on thenskyand Gogny forces (see
Refs. [87, 88, 89] and references quoted therein), andviskat mean field approach [90].
However, these results are restricted to spin zero statashvare difficult to measure in
experiment. To our knowledge, the description of the HDestatt high spin within the
self-consistent approach has been attempted onl*@d [91] [within the cranked rel-
ativistic mean field (CRMF) method] and in four ~ 40 mass nuclei [92] [within the
cranked Skyrme-Hartree-Fock approach]. The generalreatuall these calculations is
the fact that the semi-axis ratio of the HD shapes is less &aij21]. Let us mention
two examples of such studies: one at spin zero, another atdpign. In actinide nuclei,
the HD states are so-called third minima states arg@éftich [93, 94, 82]. In these nuclei,
the second saddle point is split, leading to the excitedatdie-symmetric and reflection
asymmetric configurations with large quadrupole and odeugeformations;, ~ 0.9 and
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B3 ~ 0.35. The density distribution at the HD minimum resembles awditaus consisting
of a nearly-spherical nucleus around the doubly-magicaus#?Sn and a well-deformed
fragment from the neutron-ricd ~ 100 region [82]. Unfortunately, it is very difficult
to study the HD states at low spin in experiment. In order teroome this problem, one
should use the fact that the larger moment of inertia comaestth the larger deformation
drives the nucleus towards larger deformations with irgirepangular momentum; the
HD minimum is thus favored by rotation and becomes ultinyayeast at high spin. For
example, cranked Nilsson-Strutinsky calculations sutggethe existence of very elon-
gated high-spin minima in nuclei aroun®Yb [80]. These HD bands are expected to
become yrast at spin around/80

On the experimental side, very little was known about hypfmanation apart from
some indications of this phenomenon at low spin in the urannuclei [23] and light
nuclei like '2C [24] and the observation of the HD ridge structures at higih &1 the
A ~ 150 mass region [25, 26]. Recent observation of the very extéstiapes in®Cd
[95, 96], strongly motivated by earlier calculations of R88] and more recent studies of
Ref. [86], has renewed interest in the study of hyperdeftionat high spin. Although
the hyperdeformed nature of the bands in this nucleus haseeot confirmed in the subse-
guent cranked relativistic mean field analysis of Ref. [ also Sect. VB in Ref. [97]),
this experiment provided a strong motivation for subsetjagperimental searches in the
A ~ 125 mass region (see Refs. [98, 99, 27]) and theoretical stuafi®efs. [21, 97]
within the framework of the MM method. These experiment®eaded rotational patterns
in the form of ridge-structures in three-dimensional (3Bfational mapped spectra with
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dynamic moments of inertid® ranging from 63 to 111 MeV! in 12 different nuclei
[27]; the values around 110 MeV observed in'*Te, 124Xe and!?*'?°Cs suggest that the
HD structures were populated in these experiments. Howawediscrete rotational HD
bands have been identified. It is also necessary to mentatrséveral previous attempts
to search for high spin HD structures'iiGd [100, 101],'°2Dy [25, 26], and'®Yb [102]
did not lead to convincing evidences for discrete HD bands.

So far, theoretical investigations of HD at high spin wereried out mainly in the
framework of the MM method. One of the main goals of this disg®n is to perform
for the first time a systematic study of HD within the framelwof fully self-consistent
theory, the CRMF theory. Fig.3.1 shows the part of the nuateart where our studies
are performed. We restrict our investigation to even-eugsian; the only exceptions are
odd-mass nuclei!!l [in which extremely SD doubly magic band has been found] and
123,124X e, 123] and '?Cs [which are used in the study of the relative propertieshef t
HD bands]. In each isotope chain we consider nuclei rangioig the most proton-rich
ones up to the ones located at the neutron-rich side gfts@bility valley. Neutron-rich
nuclei beyond the valley of theé-stability are excluded from consideration because of the
experimental difficulties of studying them at high spinswant for HD. With the goal
to guide future experimental explorations and to find thdeiun which the HD may be
studied with current and future experimental facilitie® define the spins at which the
HD bands become yrast in these nuclei. In addition, avalaperimental data on the
HD ridge-structures in the Te, Xe, and Cs nuclei are analyzbd general features of the
HD bands are outlined.
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The role of the single-particle degrees of freedom at hygferdhation has not been
studied in detail till now. The study of their role is motiedtby the desire to understand to
what extent theoretical methods developed in the studyeo®th bands are also applicable
to the HD bands. It is very unlikely that the spins, paritiad axcitations energies of the
HD bands will be known in the initial stage of their experirtarstudy. The direct test of
the structure of the wave functions of the single-nucleoniitals (e.g. via magnetic mo-
ments) will also not be possible at that stage. Thus, sirtoldre case of superdeformation
[103, 104, 19, 105], the relative properties of different Hinds may play an important
role in the interpretation of their structure. In this codifet is important to understand
which changes of the single-particle orbitals are involwedoing from one HD band to
another, and how they affect physical observables like alyoaoments of inertia/(?),
transition quadrupole moments, total spin/, etc. In particular, we will study whether
the theoretical methods which were systematically usetienconfiguration assignment
of the SD bands are also applicable to the HD bands. Thesedmthe methods based on
the relative properties of the dynamic moments of inefti [103, 19], on the effective
alignmentsi. s, [104, 19, 105] and on the relative transition quadrupole @OIHAQ),
[106, 107].

This chapter is organized as follow: the definition of phgticbservables and the
details of numerical calculations are discussed in Sett. Gonfiguration assignment of
the excited superdeformed bandsitDy was performed in Sec. 3.2. The spins at which
the HD bands become yrast, the regions of nuclear chart vitherexperimental search
for the HD structures may be successful and the general girepef the HD bands are
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outlined in Sect. 3.3. The data obtained in the search of Detructures in thed ~ 120
mass region and the single-particle degrees of freedomlsweanalyzed in this section.
Sec. 3.4 is devoted to the analysis of extremely superdef(ESD) structure it'!l. The
calculations predict the existence of doubly magic ESDcstme in this nucleus with the

deformations being close to HD, which may be observed wighcilrrent generation of

~-ray detectors.

3.1 Physical observables and details of calculations

Sbf
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Figure 3.1

The chart of nuclei in th&Z = 40 — 58 region.

Similar to the case of the SD bands, it is reasonable to expatthe HD bands will
not be linked to the low-spin level scheme for a long periodimie. Thus, the spins
and parities of the HD bands will not be known and it will not fessible to define the
kinematic moment of inertid ™) since it depends on the absolute values of the spin. In
such a situation, the dynamic moment of inetfi@ will play an important role in our

understanding of the structure of the HD bands. This is aintd the case of the SD bands
28



(see Refs. [103, 19]). Other observables, such as trangjtiadrupole momentg; and
effective (relative) alignments;,, will also be important.
In the CRMF calculations, the rotational frequerfey, the kinematic moment of iner-

tia J(M and the dynamic moment of inerti&? are defined by

dE
-1

JV(R,) = J{j—?} , (3.2)

JA(R,) = {fTEZ}_. (3.3)

The charge quadrupolg, and mass hexadecupdll, moments are calculated by using

the expressions

Q = ey o[Vl 2 (Y2, (3.4)

Qu = <7“4Y40>p+<7“4Y40>n, (3.5)

where the labelg andn are used for protons and neutrons, respectively, argthe
electrical charge. At axially symmetric shapes, typicaltfee hyperdeformed states, the
transition quadrupole mome@k, is equal taQ),.

The quadrupole deformatigfy for axially-symmetric shapes is frequently defined in
self-consistent calculations from calculated and/or @rpental quadrupole moments us-
ing simple relation [89, 39, 110]

1

b=

5
5@ (3.6)

whereR = 1.24'/3 fm is the radius of the nucleus, agg} is a quadrupole moment of

the X-th (sub)system expressed infnHere X refers either to protonX = Z) or neu-
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tron (X = N) subsystem or represents total nuclear syst&m= A). This expression,
however, neglects the higher powerssefand higher multipolarity deformations, 5, ...
[111], which play an important role at hyperdeformation.n€idering that the definition
of the deformation is model dependent [111], and that thangjty is not experimentally
measurable, we prefer to use transition quadrupole mo@for the description of defor-
mation properties of hyperdeformed states. This is expartally measurable quantity, so
in the future our predictions can be directly compared wipegiment. The deformation
properties of the yrast SD band iffDy (which is one of the most deformed SD bands
[95]) are used as areference. This is done by introducingalized transition quadrupole

momentQ;"™(Z, A) in the(Z, A) system

ZAZ/S b
= 10036 ¢

(7, A)

(3.7)

This equation is based on the rat3°™ (7, A)/Q,(*3*Dy) calculated using Eq. (3.6) un-
der the assumption that thig-values in the Z, A) system and id°?Dy are the same. We
use the valug),(***Dy) = 18.73 b obtained in the CRMF calculations with the NL1
parametrization of the RMF Lagrangian for the yrast SD ban?Dy at/ = 60% in Ref.
[20]. Thus, in first approximation (neglecting the highemeos of 5, and higher mul-
tipolarity deformations3,, 53, ...)) the equilibrium deformation of the band in th&, A)
system having th&™(Z, A) value is the same as in the yrast SD band*¥Dy. We
describe the band as hyperdeformed iitsvalue exceed®;°"(Z, A) by at least 40%.
This criteria is somewhat relaxed in the = 40, 42, 44 nuclei for which the band is

defined as HD if it3), value exceed®}*"(Z, A) by at least 30%.
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The effective (relative) alignmernt;; between two bands is defined as the difference
between the spins of two levels in bands A and B at the saméaéh frequency2,

[104]:
it () = I5(Q) — Ta(Q) (3.8)

This quantity has been used frequently in the analysis dditigde-particle structure of the
SD bands and the configuration assignment (see Refs. [164abd references quoted
therein). It depends on both the alignment properties okthgle-particle orbitals(s) by
which the two bands differ and the polarization effects wetliby the particles in these
orbitals [38]. The latter are in part related to nuclear nedym.

Because the pairing correlations are relatively weak inHBebands of interest (see
Sect. 3.3.3), their intrinsic structure can be describednlegns of the dominant single-
particle components of the hyperintruder states occupldek calculated configurations
will be labeled by[p, nins|, wherep, n; andn, are the number of proto’¥ = 7 and
neutronN = 7 and N = 8 hyperintruder orbitals occupied, respectively. For mdst o
the HD configurations, neutroN = 8 orbitals are not occupied, so the labglwill be
omitted in the labeling of such configurations.

The spins at which the SD and HD configurations become yrdkeicalculations are

defined as crossing spif§” and 27, respectively.

cr

3.1.1 Numerical scheme of the CRMF calculations

The impact of the truncation of basis on the numerical acyucd the calculations

has first been studied in the axially symmetric RMF code, sge32. In the mass region
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of interest, the calculations witNz = 12 provide a reasonable approximation to the fully
convergentNy = 26 solution up to a deformation typical for the SD shapes, tHaeva
of Nz = 26 is fixed for all N values. However, this truncation scheme becomes a poor
approximation when the quadrupole moment appreciablyesicéhe one corresponding
to the lower limit of HD; the difference between ti&- = 12 and N = 26 solutions
increases rapidly with the increase of quadrupole momea& 8g. 3.2). On the other
hand, in this quadrupole moment range the results of thellegions with Ny = 14 are
closer to exact solution, although still exceeding itbyl — 2 MeV at the upper end
of the calculated quadrupole moment range. It was testdadniitia the decrease of the
mass, the difference between thg = 14 and N = 26 solutions will also decrease as
well, so that the difference falls within the range of 1 MeV the majority of the nuclei
under study. The normalized value of transition quadrupwenent@;°"™ corresponding
to the deformation of the yrast SD band'iiDy is indicated by arrow. The range of
hyperdeformation is also indicated. The gaps in the PES lamne due to the jumps of the
solution from one single-particle configuration to anoth€hese conclusions have also
been tested in triaxial CRMF calculations. It was conclutted physical observables of
interest are described with sufficient numerical accurabgmV; = 12 is used for the
SD and ND states anl = 14 for the HD states. Thus, we employ a hybrid calculational
scheme in which the CRMF solutions in the ND- and SD minimasaxgyht usingVy =

12, while the ones in the HD minima usinr = 14. In all CRMF calculations, we
use N = 20. In order to eliminate the numerical inaccuracies in thenitefn of the
crossing spin/’?, the yrast ND/SD configurations, which are crossed by thetyd

cr !
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configuration, were recalculated in the crossing regiongi8ir = 14, and only then the
crossing spin was defined. One should keep in mind that even\i = 14 the spins
at which the HD configurations become yrast in the calcutatimay be overestimated
by 1 — 2A when the deformation of the HD configurations exceeds amiycthe one

corresponding to the lower limit of HD.
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Axial symmetric potential energy surfaces RMF calculasianthout pairing.

33



40H NL1

—_— = = NL3
B DD-ME2
30~
142
- Ce
20—

10—

TQ?”"“(lssz[SD])__
fo) PN R R B RN TR T N R R B
(0] 10 20 30

T

Energy [MeV]

20—

10

Qr**Dyispy ]
(0] 10 20
Charge quadrupole moment Q [eb]

o

Figure 3.3

The same as in Fig. 3.2, but for the results obtained withirgair
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When searching for different types of rotational strucsutds important to find the
solutions in all local minima which are close to the yrastlin order to properly de-
fine the crossing spins between the rotational structuregfefent nature. This is easily
achievable in the macroscopic+microscopic approach latiagpotential energy surfaces
(PES) in the deformation space covering quadrupole anxidtideformations [83, 112].
However, the computational cost to create similar PES inst#iEconsistent models is
enormous, thus, it has never been attempted in rotatingnual order to overcome this
problem, we use the fact that in self-consistent approaeitasut pairing the deformation
of the basis defines to a large extent the local minima wheredtutions will be obtained.
Thus, the solutions in the ND minima, including triaxial apare searched using three
combinations of the deformation of basigi, = 0.30,v = —30°), (8, = 0.30,~y = 0°),
and(8, = 0.30,v = +30°). In a similar way, the solutions in the SD minima are searched
using the following combinations of the deformations ofibdg, = 0.65,7 = —30°),
(Bo = 0.65,7 = 0°), (By = 0.65,7 = +30°), and (B, = 0.8,y = 0°). The latter de-
formation of basis also leads frequently to the HD solutiombe deformation of basis
(Bo = 1.0,v = 0°) has been used for the search of the solutions in the HD mirlioa-
zero~y-deformations of basis at largi lead either to the same solutionas- 0° or to the
highly excited configurations. For each of the above meetioralues of the deformation
of basis, the lowest in energy solutions are calculated asetibn of spin, and the yrast

line is formed from these solutions.
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3.1.2 The selection of the RMF parametrization.

The NL1 parametrization of the RMF Lagrangian [72] is usethm majority of the
calculations in the current manuscript. As follows fromypoels studies, this parametriza-
tion provides a good description of the moments of inertighefrotational bands in un-
paired regime in the SD and ND minima [20, 105, 70, 11], thglshparticle energies for
the nuclei around the valley gf stability [105, 39] and the excitation energies of the SD
minima [113]. NL3 [64] is an alternative parametrizatione tquality of which has been
tested in rotating nuclei (but less extensively than in thsecof NL1) [105, 114, 70, 69].
Some results with this parametrization will be presenteel Fesults obtained with the
NLSH [115] and NLZ [116] parametrizations will be shown incge3.3.3 in order to il-
lustrate the possible spread of calculated quantities.neécessary to keep in mind that the
quality of the NLSH parametrization in respect of the dgah of rotational properties
of the nuclei as well as their single-particle energies isasogood as that of the NL1 and
NL3 [70, 105, 39], and the force NLZ has not been tested inrdstect.

The spins at which the rotational structures belonging fferint minima in potential
energy surfaces become yrast depend in general on theveedgiergies of these minima
and on the moments of inertia of rotational structures is¢hminima. Previous experience
shows that different parametrizations of the RMF Lagrangjave similar moments of
inertia for the same configuration [105, 70, 114, 11] (see &lg. 3.16 below). Fig.
3.3 also illustrates that the potential energy surfacepiatzero as a function of charge
guadrupole moment obtained with the NL1 and NL3 paramdtoma are similar in shape.

These two facts suggest that the HD configurations shouloregrast at approximately
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the same spins in both parametrizations: this conclusicon$irmed in Sect. 3.3.1. Itis
interesting to note that the NL3 curve in Fig. 3.3 is simitattie one obtained with recently
developed density-dependent meson-exchange effecteaation DD-ME2 [59], which
represents a new class of the RMF parametrizations as cethpath NL1 and NL3.
However, so far this interaction has not been used in theestuaf rotating nuclei, thus,
it is not employed in the current study since its reliabilitythe description of rotational

properties is not known.

3.2 Excited superdeformed bands in**Dy

Theoretical interpretation of the observed superdeforbaedis was performed with
the Cranked Relativistic Mean Field (CRMF) approach [2G]1This approach has been
successfully applied to the interpretation of differemagmrties of SD bands in thé ~
150 mass region [20, 105]. In the past, the interpretation ofsihgle-particle structure
of the majority of observed SD bands was performed by meatigedffective alignment
approach [104, 105]. This approach is also used here asiatrdtion of how this approach
is applied. The effective alignment;; of two bands A and B, i.e. the difference between

their spins at constant rotational frequerigy, is defined as [104, 105]:

e () = () — La(w) (3.9)

This quantity includes both the alignment of the singletipk orbital by which two com-
pared bands differ and the polarization effects assochttdthe occupation of this or-
bital. The spins are not known for the SD bands observed‘idy, however, they are

known for the yrast SD band it¥2Dy [123]. The latter serves as a reference band (band
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A) in the effective alignment method. Thus, by comparingokdted and experimental

effective alignments in the pairs of the SD bandDy(1)/***Dy(i) one can not only es-

tablish the structure of the SD bands'#iDy, but also suggest spins for these bands.
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Figure 3.4

The dynamic moments of inerti&Jof the six SD bands it?*Dy.

The pairing correlations are neglected in the CRMF calauiat As seen from sys-

tematic studies in this mass region, this is a fairly goodraxmation for rotational fre-

quencies abovéw ~ 0.5 MeV [104, 20, 105]. The/® values of the SD1, SD3 and

SD5 bands decrease with increasing rotational frequeeeyFgy. 3.4. This is a feature

typical for rotational bands with weak pairing [20], andtjtiss their interpretation within

the CRMF formalism without pairing. The calculations arefpened with the NL1 pa-

rameterization of the RMF Lagrangian. The CRMF equatioessatved in the basis of
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an anisotropic three-dimensional harmonic oscillator at€sian coordinates character-
ized by the deformation parametegts = 0.5 and~y = 0°, and the oscillator frequency
hwy = 41A~/3 MeV. The truncation of the basis is performed in such a waydhatates
belonging to the shells up to fermionic numh€g=14 and bosonic numbéyz=16 are
taken into account. Our numerical analysis indicates thiatttuncation scheme provides

sufficient numerical accuracy for the physical quantitiemterest.
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Neutron and proton routhians f6¥Dy

All configurations in'*Dy are labeled by the occupation of the two neutron orbitals
above theV = 86 SD shell gap. This means that théDy yrast SD configuration6/72,
in terms of the occupation of the intruder protdn= 6 and neutronV = 7 orbitals, serves
as a reference for labelifg!Dy configurations. All possible low-lying SD configuratigns

for which convergence has been achieved in the calculatéasasncluded in the analysis,

39



and their structures are shown in Fig. 3.5. The single-garbrbitals in this figure are
given along the deformation path of the yrast configuratioi?iDy and obtained in the
calculations with the NL1 parametrization of the RMF Lagyam. Long-dashed, solid,
dot-dashed and dotted lines indicate= +,r = +i), (1 = +,r = —i), (T = —,r = +1)
and (r = —,r = —i) orbitals, respectively. They are labeled pyn.A|Q“" where
[Nn,A)Q are the asymptotic quantum numbers (Nilsson quantum nwehbéthe dom-
inant component of the wave function. The superscrgigs to the orbital labels are
sometimes used to indicate the sign of the signatdice that specific orbitalr = +).
Before performing a detailed theoretical analysis, it iparant to understand the
experimental features of the observed bands, and to dedidéher they agree with pre-
dictions based on the analysis of the SD bands in the neigithouclei'®*Dy and!*>Dy.
This is because the lowest SD bands in these three nuclexpeeted to be built on neu-
tron single-particle orbitals located above tNe= 86 SD shell gap (Fig. 3.5). The large
Z = 66 SD shell gap makes proton excitations across this gap ereaiye unfavored
in the frequently used parametrizations of the RMF Lagramdsee, for example, Figs.
4, 11, and 12 in Ref. [105]). Only one neutron is located alibeeN = 86 SD shell
gap in'*3Dy, allowing one to test the available single-neutron @isiby comparing ex-
perimental and calculated effective alignments. Such CRNE#ysis has been performed
in Ref. [105], which suggests that SD1 banditDy is based on the[761]3/2" orbital
(see Fig. 5a in Ref. [105]), and the signature-degeneratdsb&D2 and SD3 if’*Dy
are based on[402]5/27 andv[402]5/2~ orbitals, respectively (see Fig. 3c in Ref. [105]).
This interpretation is in agreement with the one obtainati@framework of the cranked
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Nilsson-Strutinsky (CNS) approach [104, 117]. PreviousMERcalculations did not give
a consistent interpretation for the signature-degen&fteand SD5 bands i?Dy within

a pure single-particle picture, although the possibilftthe occupation of the[514]9/2*
orbitals was considered in Ref. [105]. According to the EemthWoods-Saxon calcula-
tions of Ref. [118] and the CRMF calculations of Ref. [20]e th521]3/2 orbital may
be the neutron orbital associated with these bands. SDiskandDy and!'*>Dy have
been assigned th/[402]5/2)% and (v[402]5/2)* ® v[761]3/2T) structure in Ref. [105],
respectively. Under this configuration assignment, theekivgtate in SD1 band &fDy
has spin/, = 24h. However, the comparison of the experimental and calcdletiective
alignments in thé®?Dy(1)/*>*Dy(1) and!**Dy(1,2)/5°Dy(1) pairs under these configura-
tion assignments reveals a systematic discrepancy of abdgufl05], which is somewhat
larger than is normally seen.

Under these configuration assignments it is reasonablepecéxhat some of the ex-
cited SD bands in**Dy would originate from the occupation of the singlg02]5/2 or-
bital and of some other neutron orbital located above\Xhe 86 SD shell gap. This would
lead to signature-degenerate SD bands due to signatureetegg for the/[402]5/2* or-
bitals. Indeed, the SD5 and SD6 bandstDy are interpreted as signature-degenerate
bands based on these orbitals (see below). A similar situagi expected if the excited
SD bands are built on neutron orbitals active in either thd 86SD5 bands of*Dy and
some other neutron orbital above the = 86 SD shell gap, as the latter twé*Dy SD
bands are signature degenerate. However, no expectedwsigHiizgenerate partner band
to the SD3 band i**Dy has been observed in the experiment.
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The energies of the calculated SD configurationSiDy.

The energies of the calculated configurations are presénkeg. 3.6. The(v[402]5/2)?
configuration (conf. b) is the lowest one in the calculatioFise effective alignment in the
152Dy(1)/*5*Dy(1) pair is overestimated by 0.5k in the calculations (Fig. 3.7a). In com-
parison, the effective alignments in th&Dy(1)/***Dy(2) and!*?Dy(1)/*>3*Dy(3) pairs,
where the compared bands differ in the occupations of/{he2]5/2* andv[402]5/2~
orbitals, is reproduced well in the calculations (see Fi.ir8 Ref. [105]). If the ad-
ditivity principle for effective alignments [120, 107] wkilihold, theni.;; in the pair
152Dy(1)/**Dy(1) would be close to zero abowe ~ 0.4 MeV. This value is achieved in
the calculations; however, the experimental valye ~ —0.5x for this pair of bands sug-
gests that the additivity of effective alignments is vielatn the data. Indeed, the effective

alignment due to thév[402]5/2)? configuration (Fig. 3.7a) is approximately equal to the
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sum of effective alignments due to th¢l02]5/2" andr[402]5/2~ orbitals (as extracted

from the comparison of the bands'iiDy and!>2Dy, see Fig. 3a in Ref. [105]).

L | L |
1 1 Lvireys2 o 521532
(v[402]5/2f {1} P
E 0_ ] i 152D /154 i
& ! W_ | Y1)/~ Dy(3) | 1
g Dy *Dy(1)
E T @ (b)
c 1 M 1 1 1 1 1 M 1 M 1 M 0
(@]
= 3 T T | I — —r— T 717 7 3
2 t © {F @
g °r 3T 72
| 1 “oywoye
i - 41
v[761]3/2" v [402]5/2" v[761]3/2 v [402]5/2 1
0 M B BT T P R R BT R 0

04 05 06 07 04 05 06 07
Rotational frequencyd (MeV)

Figure 3.7

i.rs for the observed SD bands ittDy and for the assigned configurations.

The likely explanation of this experimental feature is tethto the increase of pairing
in the 1**Dy SD1 band as compared to SD1'idDy. The pairing in the yrast SD band
in 1°2Dy is considerably quenched because it is energeticallgr@sige to scatter pairs of
particles from the states below the larje= 86 andZ = 66 SD shell gaps to the levels
above these gaps [121]. Although pairing is still preseBL[1122], it is weak. As a result,
the calculations performed without pairing are successfdlescribing the properties of
many SD bands [104, 20, 105, 123] in this mass region. Theiaddf one neutron to

the 12Dy SD core, resulting in thé**Dy SD bands, does not change the pairing since
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a single neutron above th® = 86 SD shell gap does not form a pair. This explains
why the experimental data if*Dy are described well in the unpaired CRMF formalism
[105]. The situation is changed when two neutrons are platedwo different signatures
of the same Nilsson orbital above thé = 86 SD shell gap, as is the case ittDy.
The scattering of this neutron pair to other single-pagtmibitals above thé&/ = 86 SD
shell gap is energetically inexpensive in view of the highgity of the available single-
particle states (see Fig. 3.5). Note that this density is higher than the one below the
N = 86 SD shell gap. This will result in increased neutron pairiagthe (1/[402]5/2)?
configuration. In turn, this leads to a decrease in angulanembum at a given frequency
and, thus, to negative values of the effective alignmgntfor the ?Dy(1)/***Dy(1) pair.
This mechanism, however, is not effective (due to the brgaer) in configurations where
two neutrons are placed in different Nilsson states aboxéth= 86 SD shell gap.

It was pointed out in Ref. [103] that the behavior.5P moments with respect thw
is primarily influenced by the number of higl-ntruder orbitals occupied in situations
where the pairing is weak. Th&? values of'*Dy SD1 are essentially the same at all
frequencies as those of SD1'itDy, and SD2 and SD3 it?*Dy [118]. This is because
these four bands, as discussed above, have the sami mgsrder configurationy 6072,
Asis seenin Fig. 3.4(a), the dynamic moment of inertia o8Bd band is described rather
well by the calculations.

The SD3 band undergoes a band crossirfguat- 0.45 MeV (Fig. 3.4b), above which
it exhibits a rather smooth behavior, as follows from theeetfe alignments,;; (Fig.
3.7b) and the dynamic moments of inertia (Fig. 3.4b). Tke values of this band are
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markedly higher than those seen'#AiDy(1) band, but are very similar to those seen in the
13Dy SD1 band, where an additionak» orbital is believed to be occupied [119, 105].
The analysis of the effective alignments (Fig. 3.7b) sutggtsat the SD3 band has the
v[761]3/2T @ v[521]3/2" structure above the band crossing. Under this configuration
assignment the lowest state in the band has #pia 33h. The experimental effective
alignment is reproduced well around ~ 0.5 MeV, but it is overestimated by.5% at the
highest frequencies observed. This is, however, the typimauracy for the description
of effective alignments of the high* intruder orbitals (see Ref. [105]). The experimental
dynamic moment of inertia is also slightly overestimatedhia calculations (Fig. 3.4b).
The calculations suggest that band SD3 should have a srgnpéutner band with the
v[761]3/27 @ v[521]3/2~ structure. As follows from Fig. 3.5 (right panel), these two
bands should be almost signature degenerate because afwalysignature splitting of
the v[521]3/2* orbitals at rotational frequendiw > 0.5 MeV. However, no such band
has been seen in experiment. This could be due to the facthiadiand population is at
the very limit of experimental sensitivity.

The SD5 band undergoes a band crossinguat~ 0.55 MeV (Fig. 3.4e and Fig.
3.7c). Above this crossing, the effective alignment and dynamic moment of inertia are
described very well by the[761]3 /2" ®@v[402]5/2* configuration. Under this assignment,
the lowest state in this band has spin= 314. The J?) values are similar to those of
152Dy(1) band at frequencies lower thaw = 0.53 MeV, but increase compared to the
latter above the crossing. This suggests that a strongastten of some/N = 5% ( here
we label the orbital only by its principal quantum numbkand the sign of the signature)
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andv[761])3/2% orbitals may be responsible for this band crossing, anditea$D5 band
does not contain a[761]3/2* neutron below the crossing.

The SD6 band is the signature-partner of SD5. This is sup@dsy a comparison
of effective alignments of the two bands, which indicatest tihe bands are signature-
degenerate (Fig. 3.7c,d). Thér61]3/2% @ v[402]5/2" structure is assigned to the SD6
band. Under this configuration assignment, the effectiignaient:.;, and dynamic
moment of inertia are described very well above the bandsergg(Fig. 3.4f and Fig.
3.7d). The effective alignment analysis suggests thatawedt state in this band has spin
Iy = 36h. The effective alignments due to thé¢102]5/2* and v[761]3/2" orbitals in
153Dy are well described in the CRMF calculations (see Figs.r8t %a in Ref. [105]).
Furthermore, the effective alignments due to combin@d1]3/2" ® v[402]5/2* config-
urations in**Dy (Fig. 3.7c and d) are very close to the sum of effectiveratignts due to
individual v[402]5/2* andv[761]3/2" orbitals which were seen ifi*Dy. The experimen-
tal effective alignments of these bands with respect ta¥2y(1) band are also described
well in the calculations for rotational frequenéy > 0.5 MeV. Thus, the additivity of
effective alignments is fulfilled in the case of bands SD5 &mb. This is contrary to
the case of the SD1 band i'Dy (see discussion above), where the violation of addi-
tivity of effective alignments is most likely due to the iease of neutron pairing in the
SD1 band of***Dy as compared to SD1 band i?¥Dy. This increase is not present in
bands SD5 and SD6 since their configurations do not involvewtron pair above the
N = 86 SD shell gap. This is, most likely, the reason why the eféectilignments in the
152Dy(1)/***Dy(5,6) pairs are described well in the calculations.
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The J® values of the SD2 and SD4 bands exhibit a very different triagh those
discussed above (see Fig. 3.4). The shape of tli€seurves allows one to suggest a
possible scenario for structure changes. The moments s¢ tine bands decrease grad-
ually with increasing rotational frequency up/a ~ 0.5 MeV. This type of behavior is
typical for configurations in which the pairing is weak. Cmigging the relative properties
of dynamic moments of inertia of these two bands with respetiat of !2Dy(1) band
(see Fig. 3.4), it is reasonable to suggest that SD4 (SD2) haa less (more) intruder
orbitals occupied than the SD1 band#ADy at these frequencies. The dynamic moments
of inertia increase considerably with increasing rotagldrequency in théiw = 0.5 — 0.6
MeV range. Unpaired band crossings due to a strong interaofitwo orbitals with the
same quantum numbers is a possible source for this featheefatt that the band cross-
ing in the SD2 and SD4 bands takes place in the same frequegggsts that the same
pair of orbitals is involved in both instances. Above thissging, the rate of increase
in J® with aw is very similar to the one seen in th&#Dy SD4 and SD5 bands [124]
and in the!*Dy SD1 band [125]. This increase quite likely indicates tise iof pairing
correlations above the band crossing. As shown in Ref. [20]the example of®'Dy
SD1 band, it is unlikely that unpaired CRMF calculations mgproduce this trend id®.
Calculations based on the CNS approach [104], another typepaired formalism, face
the same problem [126]. Band crossings are also seen atghedtiobserved frequen-
cies in the SD2 and SD4 bands '9fDy (Fig. 3.4). There might also be one additional
crossing in the SD2 band &b ~ 0.65 MeV. Experience tells that the calculations of such
structures are quite complicated and seldom lead to a leiiatierpretation in the unpaired
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formalism. Therefore, a detailed interpretation of thadture of bands SD2 and SD4 was
not attempted. Nevertheless, the properties of the SD2 Bddiands abovéw ~ 0.6
MeV suggest that they have more intruder orbitals occugiad the configuration6/72

assigned to the SD1 bandittDy.

3.3 Hyperdeformation at high spin: where to expect and its geeral features

3.3.1 The systematics of crossing spins and transition quagpole moments of the

HD bands

Figs. 3.8, 3.9, 3.10 and 3.11 display the spins at which theaB@DHD configura-
tions become yrast (crossing spins) in the CRMF calculatiém addition, the calculated
transition quadrupole moments of these configurationsiatvgtues close to the crossing
spins are shown. The values for the SD configurations arersboly when they become
yrastat lower spins than the HD configurations. The caledlaiD configurations are
near-prolate. One can see that the crossing sfiffsare typically lower for proton-rich
nuclei. Such a feature is seen in most of the isotope chayngoimg from thes-stability
valley toward the proton-drip line, one can low&f? by approximatelyl0i. The mini-
mum of crossing sping” is reached alV ~ Z + 10 in the Pd, Te and Ru isotope chains
(see Figs. 3.9¢, 3.9a and 3.11a), and the Mo isotope chajn3Hilc) shows almost no
dependence df?? on mass number. In other isotope chains, the minima in argsgins
IHP appear in most proton-rich nuclei. Considering that thesisigity of modern~-ray

detectors allows to study discrete rotational bands onlioup 65/ in medium mass nu-
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clei [127, 123, 128], and that the observation of higher spates will most likely require
a new generation of-ray tracking detectors such as GRETA or AGATA, these feztof
crossing sping/ZP represent an important constraint.

As suggested by the studies of the Jacobi shape transitiRefirf97], the coexistence
of the SD and HD minima at the feeding spins may have an impatt@survival of the
HD minima because of the decay from the HD to SD configuratitirieis mechanism is
active, then only the nuclei in which the HD minimum is lowermnergy than the SD one
at the feeding spin and/or the nuclei characterized by tige lbarrier between the HD and
SD minima will be the reasonable candidates for a searchedfith bands. Figs. 3.8, 3.9,
3.10 and 3.11 show that the HD configurations become yrasivarIspin than the SD ones
only in a specific mass range which depends on the isotope.chiaiis range can be narrow
as in the case of Te isotopes (Fig. 3.9a) or wide as in the ¢&=isotopes (Fig. 3.8a). The
guestion of the population of the HD bands within the RMF feavark definitely deserves
an additional study, but such a study is beyond the scopesgbridsent manuscript. Fig.
3.10 compares the results of the calculations for Cd isctopained with the NL1 and
NL3 parametrizations of the RMF Lagrangian. One can seelibtit parametrizations
predict similar crossing sping’” and I’” and similar transition quadrupole moments.
However, in average, the crossing spiff¢’ calculated with NL3 are somewhat lower (by

1 — 2h) than the ones obtained in the calculations with NL1.
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Figure 3.8

The crossing spins and tldg for the yrast SD (circles) and HD (squares).
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The same as in Fig. 3.8, but for Te, Sn and Pd isotopes.
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Figure 3.10

Similar to Fig. 3.8, but for NL1 (HD[], SD -HW) and NL3 (HD -A, SD - V).

3.3.2 TheA ~ 120 region: the analysis of experimental data

EUROBALL-IV ~-detector array revealed some features expected for H2N9E,
99, 27]. Although no discrete HD rotational bands have bdentified, rotational patterns
in the form of ridge-structures in three-dimensional (3Djational mapped spectra are
identified with dynamic moments of inerti&® ranging from 71 to 111 MeV' in 12
different nuclei selected by charged particle- and/agating (see Table 3.1). The four
nuclei, '8 Te, 1?4Cs, 1?°Cs and'?*Xe, found with moment of inertiad® ~ 110 MeV~!
are most likely hyperdeformetiwhile the remaining nuclei with smaller values &)
are expected to be superdeformed. The width in energy oftikerged ridges indicates
that there arez 6 — 10 transitions in the HD cascades, and a fluctuation analysiwsh

that the number of bands in the ridges exceeds 10. The HDgidgeobserved in the

1The HD ridges int°2Dy are characterized by(®) ~ 130 MeV~"' [26].
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The same as in Fig. 3.8, but for Ru, Mo and Zr isotopes.
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frequency range of about 650 to 800 keV, and their dynamic emsof inertia have

typical uncertainty of 10% (e.d.11 & 11 MeV~! in 124Xe) [129].
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Table 3.1

The experimental values of? [27]. Theoretical results from Ref.[97].

Nucleus J%), J](jzw
126Ba 77 118

2xe 71
22Xe 77 108
2iXe 63
2T 71

118Te 111 97
1%5Cs 100 106

124Cs 111

124Xe 111 111
122| 71

121y 77 102

126Xe 83 110

The experimental data show unusual features never befenarséhe studies of the SD
bands. For example, the addition of one neutron on going ffd@s to'?°Cs decreases
the experimental/® value by~ 10% (from 111 MeV-! down to 100 MeV', see Table
3.1). A similar situation is also seen in the SD minimum: tldeliion of one neutron
on going from'!Xe to '?2Xe increases the experimentdf value by~ 22% (from 63
MeV~!to 77 MeV!, see Table 3.1). It is impossible to find an explanation fahsalbig
impact of the single particle on the properties of nucleeviwus studies in the SD minima
in different parts of the nuclear chart never showed suctufes. The case of the pair of
123Xe and'?*Xe is even more intriguing: a single particle triggers transition from the
SD to HD minima (see Table 3.1). Considering the fact thatithges corresponding to
the SD and HD minima are observed in neighboring nuclei, diffscult to understand

why the ridges corresponding to both minima have not been sethe same nucleus.
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The calculated kinematic and dynamic moments of inertiaelkag transition quadrupole
moments of the lowest HD solutions in the candidate HD numleishown in Fig. 3.12.
The calculated/® moments of inertia somewhat underestimate experimental dde
results of the MM calculations fol'8Te, 12*Xe and!**Cs (see Table 3.1) are closer to
experimental data, but they are obtained at fixed quadrugeflermations; while other
deformation parameters,, 5s and5s are automatically readjusted so as to minimize the
total free Routhian for the vacuum configuration.

In the MM calculations, the kinematic moments of inertialoé tonfigurations in the
HD minimum decrease smoothly with the spin, while their dpiamoments of inertia
are nearly constant (see Figs. 10 and 11 in Ref. [97]). Thawetr of these observables
as a function of rotational frequency (or spin) is completéfferent in the self-consistent
CRMF calculations (see Figs. 3.12, 3.15 and Fig. 3.19 belde kinematic moment
of inertia is either nearly constant or very gradually imses with rotational frequency.
The dynamic moment of inertia gradually increases over #teutated frequency range
showing the features typical to the SD bands in the- 190 mass region which are af-
fected by pairing [130, 19]: this is despite the fact thatipaiis neglected in the CRMF
calculations. The transition quadrupole mom@nis also increasing with rotational fre-
guency; such a feature has not been seen before in the ¢eloslaithout pairing for the
SD bands. The microscopic origin of these unusual featurkd& discussed in more

details in Sect. 3.3.3.
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3.3.3 2*Xe nucleus

The results of the CRMF calculations for some HD configuratim '2*Xe are dis-
played in Fig. 3.13. The HD minimum becomes lowest in enetgpm&2h, and the [1,2]
configuration is the yrast HD configuration in the spin rangeterest. The occupation
of the single-particle orbitals in this configuration is geated in Fig. 3.14. The excited
HD configurations displayed in Fig. 3.13 are built from thimiguration by exciting ei-
ther one proton or one neutron or simultaneously one pratdnoae neutron. The total
number of excited HD configurations shown is 35. It interggtio mention that the con-
figuration involving the lowesfV = 8 neutron orbital (the [1,21] conf. in Fig. 3.13) is

calculated at low excitation energy.

E-A I(1+1) [MeV]

AN
o

KN
N

70
Angular momentum f(h)

Figure 3.13

Energies of the calculated configurations relative to adigiuop reference.

57



The calculations reveal a high density of the HD configuraiavhich will be even
higher if the additional calculations for the excited couofa@tions would be performed
starting from the low-lying excited HD configurations, suahthe [1,21] configuration.
This high density is due to two facts: relatively smélk= 54 and N = 70 HD shell gaps
in the frequency range of interest (see Fig. 3.14) and thimesd of the potential energy
surfaces in the HD minimum. Fig. 3.15b illustrates the katéature: the particle-hole
excitations discussed above, characterised by low exmtanergy, lead to appreciable
changes in the transition quadrupole momep¢s It is interesting to mention that there
are large similarities between the single-particle rarhkiin the vicinity of theZ = 54
andN = 70 HD shell gaps obtained in the CRMF calculations for yrast léDfiguration
in 2¢Xe (Fig. 3.14) and the ones obtained in the Woods-Saxon legicns for the HD
minimum in'?2Xe employing the so-called universal parametrization ef\tfoods-Saxon
potential (see Figs. 8 and 9 in Ref. [97]). As a consequehed)igh density of the excited
HD states in?*Xe is also expected in the MM calculations based on the fasmadf Ref.

[97].
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The high density of the HD configurations may question oulew@f pairing. This
is because there are numerous possibilities to scatteorpastd neutron pairs and this
process is energetically inexpensive due to the high deosithe calculated configura-
tions. In order to test the impact of pairing on the momentmeiftia and binding ener-
gies, the comparative studies of the vacuum HD configuratiahits unpaired analog in
124Xe and of the vacuum SD configuration and its unpaired anaild@’Dy have been
performed within the cranked relativistic Hartree+Bogbbv (CRHB) [131] and CRMF
approaches. An approximate particle number projection bgima of the Lipkin-Nogami
method is employed in the CRHB approach. Note that unpamatbg of the vacuum HD
configuration in*?*Xe (built from the [1,2] configuration by the excitation ofetiproton
from then[770]1/2(r = +i) orbital into ther[420]1/2(r = +i) orbital, see Fig. 3.14)
is non-yrast in the spin range of interest. As follows frons tstudy, in both nuclei the
pairing has a similar impact on the moments of inertia of thefigurations under con-
sideration. Taking into account that the SD bands in4he 150 mass region are well
described in the calculations without pairing [20, 105]siteasonable to expect that the
neglect of pairing is a valid approximation for the momerftgiertia of the HD bands in
124Xe. Pairing leads to an additional binding©f500 keV in the case of yrast SD band
in 152Dy; this additional binding slightly exceeds 1 MeV in the eax the vacuum HD
configuration in'?*Xe. The dominant effects in the quenching of pairing cotiets are
the Coriolis antipairing effect and the quenching due tdlgfaps: the latter effect being
more pronounced in the SD bands of the~ 150 mass region because of the larger size
of the SD shell gaps (see Fig. 4 in Ref. [20]). The third medrarof the decrease of
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pairing is the blocking effect [14]. Due to this effect thepatt of pairing on physical

observables will be even lower in the HD bands!'#fXe based on the excitation(s) of
one (two) particles considered in Fig. 3.13. Thus, althowghk pairing will somewhat

modify the relative energies of different configuratiomsnd way will it create an energy
gap between the vacuum and excited configurations.

The calculations suggest that it will be difficult to obsediscrete HD bands if*Xe
since their high density will lead to a situation in which tfeeding intensity will be
redistributed among many low-lying bands, thus drastcatucing the intensity with
which each individual band is populated. On the other hamelhigh density of the HD
bands may favor the observation of the rotational pattertisd form of ridge-structures in
three-dimensional rotational mapped spectra as it hass®smin the HLHD experiment
[27].

Fig. 3.12 shows that the HD shapes undergo a centrifugdthing that result in an
increase of the transition quadrupole momentswith increasing rotational frequency.
This process also reveals itself in the moments of ineti@kinematic moments of inertia
are either nearly constant or slightly increase with insiag rotational frequency, while
the dynamic moments of inertia increase continuously abdtamtially over the frequency
region of interest. On the contrary, the dynamic momentseitia of the HD bands are
almost constant as a function of rotational frequency inMiive calculations (see Figs. 10
and 20 in Ref. [97]), which is most likely a consequence ofdigeadrupole deformation.
The above mentioned features are general ones for the HDsharide A ~ 120 mass
region, see Figs. 3.12, 3.15 and 3.19. They are in completram to the features of
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the SD bands in unpaired regime, in which g J and.J® values (apart from the
unpaired band crossing regions) decrease with increastaganal frequency (see Refs.

[103, 20, 70, 11] and references therein).
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Figure 3.16

JM, J@ Q. andQy of the [1,2] configuration in?*Xe.
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Figure 3.17

Neutron density, (v, z) for the [1,2] configuration in**Xe at(2, = 0.75 MeV.
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Systematic analysis of the yrast/near-yrast HD configoinatin the part of the nuclear
chart under investigation shows that the centrifugal siiay is a general feature. At the
spins, where the HD minimum is lowest in energy, it reveaslit(with very few excep-
tions) by the increase of transition quadrup@leand mass hexadecapdls, moments.
Only in a few HD bands, characterized by the modest tramsdicadrupole moment, at
low rotational frequencies these quantities decrease initfeasing(2,. However, even
in these bands th@; and ()4, values start to increase above specific value of rotational
frequency. Similar features are also seen in the dynamicentsyof inertia; with a few
exceptions the/(?) values increase in the spin range of interest. The varigifbath the
increases and decreases) in the kinematic moments ofaragirather small~{ 2% of
absolute value) in the frequency range of interest.

The basis of the CRMF model is sufficiently large to see if ¢hisra tendency for
the development of necking. Fig. 3.17 shows some indicatafrthe necking and the
clusterization of the density into two fragments in the [t@nfiguration of'>*Xe, but this
effect is not very pronounced in this nucleus.

The kinematic and dynamic moments of inertia as well as #resition quadrupole and
mass hexadecapole moments of the [1,2] configuratiof'Xe are shown for different
parametrizations of the RMF Lagrangian in Fig. 3.16. Thelgahincrease of all physical
observables is due to centrifugal stretching. The NLZ (NL$Hrametrizations provide
the largest (smallest) values of the above mentioned phlysliservables, while the results
obtained with NL1 and NL3 are in between those results. @im#lations between the
results obtained with these parametrizations also existher regions of nuclear chart
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studied so far in the CRMF or CRHB frameworks, namely, inthe 60 [70], A ~ 150
[105] and A ~ 190 [131] regions of superdeformation and in tHe~ 250 [39] region
of normal deformation. The NL1 and NL3 parametrizationsichthave been extensively
used in the previous studies of rotating systems and sufjoendation [11], give the values
of physical observables of interest which differ only by féw It is known that the NLSH
parametrization somewhat underestimates the experitmantaents of inertia [70, 105].
The NLZ parametrization has not been used in the previoukestwf rotating systems, so

it is unknown how well it describes such systems.

3.3.4 Single-particle properties at hyperdeformation: anexample of neighbour-

hood of 1?4 Xe.

The role of the single-particle degrees of freedom at hygferchation was mainly
overlooked in the previous studies. It has been studiedit@saxtent only within the MM
method in Refs. [81, 97]. However, the studies of Ref. [97jgrst that thé** Xe nucleus
is very rigid in the HD minimum: the dynamic moments of inartif different HD bands
differ by no more than 2%, and their changes as a functioniofege very small (see Fig.
10 in Ref. [97]). Similar results were obtained for HD band$*Gd and?Dy in Ref.
[81].

On the contrary, the CRMF calculations for the dynamic manaérinertia of the
yrast and excited HD configurations it Xe show much larger spread and much larger
variations as a function of rotational frequency, see Fi58. In addition, large variations

in the calculated transition quadrupole momepief these configurations are clearly seen
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in Fig. 3.15b. This suggests that the HD minimum is relayiglft and that the individual
properties of the single-particle orbitals play an impotteole in the definition of the
properties of the HD bands. One of our goals is to investitisgempact of the particle in
a specific single-particle orbital on the properties of tH2 bands and to study whether
the methods of configuration assignment based on the relatbperties of different bands

are also applicable at HD.

3.3.4.1 The structure of the wave function

The structure of the wave function at HD is analysed on thengska of a few single-
particle orbitals of the [1,2] configuration it#*Xe (Fig. 3.18). The evolution of these
orbitals in energy with rotational frequency is displayad-ig. 3.14. The wave function

VU is expanded into the basis states by

U => cyalNa> (3.10)

N,«
where N anda represent the principal quantum number and the set of additquantum
numbers specifying the basis state, respectively. We fypthe weighta?, of the basis

states belonging to the specific value/dfin the structure of the wave function as

a?\,: Z C?V,a (3.11)

with the condition)  ,; a3, = 1 following from the orthonormalization of the wave func-
tion of the single-particle orbital.
Hyperdeformation leads to a considerable fragmentatigdheofvave function oven,

which is much larger than in the case of SD. In the regions dwmay the band crossing the
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weighta?; of the dominantV-component of the wave function does not exceed 0.8 while
the weight of second largest component is typically arou2d(Big. 3.18). Very strong
fragmentation of the wave function is seen in the case of i€l ]3/2" orbital: before the
band crossing the weights of thé = 7 and N = 5 components of the wave function are
approximately 0.6 and 0.3, respectively. Even stronggnfientation is seen in the region
of the band crossing of the[761)3/2* and»[301]3/2% orbitals at(2, ~ 0.7 MeV (Fig.
3.14) where they strongly interact and gradually exchahge tharacter (Figs. 3.18a and
c). Similar fragmentation is also seen for t&70]1/2* orbital (Fig. 3.18) which interacts
strongly with ther[532]5/2% orbital in the band crossing region @t ~ 0.8 MeV (Fig.
3.14). For the/[880]1/2~ orbital, dotted lines in Fig. 3.18 are used to connect thghtsi

before and after crossing.
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Figure 3.18

The weights of differenfV-components in the structure of the wave functions.
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3.3.4.2 The methods of configuration assignment

The HD bands in nuclei neighboring té'Xe, which differ by either one proton or
one neutron from the [1,2] configuration'itt Xe, and their relative properties with respect
of the [1,2] configuration if?*Xe are studied in order to investigate the applicability of
different methods of configuration assignment at HD. Theadyic moments of inertia
for the four HD bands in each of these nuclei are compared thighone of the [1,2]
configuration in'?*Xe in Fig. 3.19. The difference between the dynamic momehts o
inertia of the configurations in nuclei with massésand A + 1 is due to the impact of
the particle in the specific single-particle orbital by whiwvo compared configurations
differ. The results of the calculations question convardlavisdom [103] that the largest
impact on the dynamic moment of inertia is coming from thetiplas in the intruder
orbitals. Indeed, the impact of the neutron in the hypeuihér »[880]1/2 orbital on
the dynamic moments of inertia (Fig. 3.19d) is comparabléhtoone of non-intruder
v[642]5/2" orbital or even smaller by a factor ef 2 than the impact due to the neutron in
non-intruderv[532]3/27 orbital (Fig. 3.19b). A similar situation is also seen foofans,
where, for example, the impact of the proton in the hypeuiger 7[770]1/2% orbital is
smaller than its impact in the non-intrudef420]1/2~ orbital. This suggests that not
only angular momentum, carried by the particle in specifiglg-particle orbital, but also
polarization effects it induces into time-even and timetatkan fields [38] are important
when considering relative properties of two configuratioBased on this example, one
can conclude that the configuration assignment of the HD$dased only on the relative

properties of the dynamic moments of inertia of two compdraads, is unreliable.
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Figure 3.19

J? of selected configurations fd*Xe and neighbouring nuclei.

The configuration assignments at SD have been mostly bas#dteaffective align-
ment approach (see Refs. [104, 105, 70] and referencesrther€he success of this
method is due to the fact that it was possible to separatadetrand non-intruder or-
bitals since the former show pronounced dependence of feetigé alignments.;; on
the rotational frequency (see, for example, Figs. 2, 3, Bids&an Ref. [105]). On the con-
trary, the effective alignments of non-intruder orbitale gypically constant as a function
of rotational frequency. It also follows from the studieghe A ~ 140 — 150 region of
superdeformation that the change of effective alignmenthy: within the observed fre-

guency range allows to identify aligning intruder orbitadish a high level of confidence.
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i.fs Of the orbitals near th& = 54/55 and N = 70 HD shell gaps.
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Similar to Fig. 3.20 but foAQ; = Q,(A + 1) — Q:(A).
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A configuration assignment based on the effective alignsmdaepends on how accu-
rately these alignments can be predicted. For example,gpkcation of the effective
alignment approach in thd ~ 140 — 150 region of superdeformation requires an ac-
curacy in the prediction of.;; on the level of~ 0.32 and~ 0.5x for nonintruder and
intruder orbitals, respectively [105, 104, 19]. In the Hijgtleformed and SD bands from
the A ~ 60 — 80 mass region, these requirements for accuracy are someelhaed
[70, 69]. We expect that in thd ~ 125 mass region of HD, the effective alignments
should be predicted with a precision similar to that in thev 140 — 150 region for a
reliable configuration assignment. The effective alignhitween configurations X and
Y is indicated as “X/Y”. In figure 3.20 the configuration X inglighter nucleus is taken as
a reference, so the effective alignment measures the effeéloe additional particle. Our
analysis shows that a reliable configuration assignmerthiBaHD bands based solely on
the effective alignment approach will be problematic (asten theA ~ 125 mass region)
because of several reasons. First, the hyperintruderatsioio not show appreciable vari-
ations ofi. s, with rotational frequency. Fig. 3.20 shows that the effecalignments of
the hyperintruder orbitals such a§770]1/2* andv[880]1/2~ show little variations with
rotational frequency (see Fig. 3.20a,d). On the contréuy,effective alignments of the
v[532]3/2% andv[530]1/2~ orbitals show much larger variations reaching in the spin
rangel/ = 60 — 85k in the case of the latter orbital (see Fig. 3.20b). HoweVerMaria-
tions ofi. ;¢ as a function of rotational frequency are small for the nigjaf the orbitals
in the spin range of interest. Thus, contrary to the case ofitSkill be more difficult to
distinguish between hyperintruder, intruder and nondishér orbitals based on the varia-
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tions ofi.;; with rotational frequency. This situation will become eveare complicated
if the suggestion of Ref. [97] that the spin range over whiehHD bands are expected to
be observed24 at the most; this is shorter than in the case of SD) is truesd@ h&o fea-
tures (small variations af ;; and expected spin (frequency) range of the HD bands) will
lead to a situation where thig;; values for many orbitals will look alike within the typical
‘error bars’ of the description of sy by theoretical models, so that it will be difficult to
distinguish between them within the framework of the effecalignment approach.
Similar to the case of SD [106, 107], additional informatimm how the single par-
ticle affects the properties of the HD bands can be extratitad the relative transi-
tion quadrupole moment&Q,. Fig. 3.21 shows that the hyperintrudel770]1/2* and
v[880]1/2~ orbitals withAQ; ~ 2 eb andAQ, ~ 1.25 eb have the largest impact on the
transition quadrupole moments among the studied protomaantton orbitals. One has
to keep in mind that the addition of a proton changes the pratamber by one. This
change contributes approximately @tbin relative transition quadrupole momekg); of
the proton orbitals. This effect is not present in th@, values of the neutron orbitals.
The AQ); values were used only as a complimentary tool of the configurassign-
ment at SD. This is because of the difficulty to measure theexperiment [108, 109] and
the fact that they show little variation as a function of tmtaal frequency, thus providing
less information than.;;. The same features are also valid at HD; see Fig. 3.21 for the
variations of theA @), values. In addition, some single-particle orbitals such[d32]3 /2~
and~[303]7/2~ (Fig. 3.21c) show very similaA@), values. This will not allow to make
a unique configuration assignment even if the experimekl values for these orbitals
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are available. On the other hand, thej; values differ by~ 17 (Fig. 3.20c), and this fact
can be used in the configuration assignment.

However, the fact that in general the effective alignmerdrapch fails to provide a
unique configuration assignment at HD increases the roleeofitethod of configuration
assignment based on relative transition quadrupole m@aménitr analysis shows thaily
simultaneous application of these two methods by compaxpgrimental and theoretical
(ierr, AQy) values will lead to a reliable configuration assignment at. HD

Let us illustrate this on the hypothetical example of twogiexmental” bands; one in
1231 and another in?*Xe. In this example, the [1,2] configuration is assigned tolhnd
in 12*Xe. Let us assume that the effective alignments in'#hi!?*Xe pair of the bands
increase fromt.04 to 4.254 in the frequency range 0.62-0.87 MeV under selected spins of
these bands. Under these conditions, the “experimentaldddiffer in the occupation of
the 7[770]1/2% orbital (Fig. 3.20a). However, it is reasonable to expeat the spins of
“experimental” bands will not be fixed, so these changesfectfe alignment should be
from (4.0 +n)h to (4.25 + n)h, wheren = 0, £1, £2, .... Assuming that the accuracy of
the description of effective alignments in theoreticakta#tions is aroun@.4h, one can
conclude that forn = —3 the “experimental” bands can also differ in the occupatibn o
either ther[532]5/2~ or 7[651]3/27 orbitals (Fig. 3.20a). In a similar way to the~ 150
region of SD [104, 105], the systematic studies of the pdirthe bands which differ
by one proton may narrow the choice of the orbitals involvéxh the other hand, the
AQ; values for these orbitals are drastically differefd\ty; ~ 2.0 eb for thex[770]1/2*
orbital, AQ; ~ 1.4 eb for 7[651]3/2", andAQ; ~ 0.7 eb for 7[532]5/2~ (see Fig. 3.21).
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So, if both quantities;.;; andAQ);, are measured simultaneously, a unique configuration
assignment for “experimental” band i1 will be possible.

The band crossing features of the HD bands provide an addltiool of configuration
assignment which can be used more frequently than in theafdbe SD bands because
of strong mixing between the different-shells at HD. The large peaks it of thev A
andv B configurations int?*Xe (Fig. 3.19d) are due to the band crossings with a strong
interaction. These crossings are also visible in the e¥feetlignments.;, (Fig. 3.20d)
and relative transition quadrupole momert®); (Fig. 3.21d). They originate from the
crossing of the same signatures of #]801|3/2 andr[761]3/2 orbitals, wherevA and
vB have signatures = +i andr = —i, respectively. The former orbital is occupied
before band crossing, the latter after band crossing. Arsumlufeature of these band
crossings is the fact that they originate from the intecactf the orbitals, the dominant
N-components of which differ b AN = 4. At SD, the crossings between the orbitals
dominated by differentV-shells have been characterized by a weak interactionrgadi
to a sharp jump in/® [20, 132, 133]. The observed unpaired SD band crossings with
strong interaction are between the orbitals with the samamnt NV -shells and they were

observed in the nuclei around Gd [120, 20].
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3.3.5 General observations: the density of the HD bands andhé necking degree of

freedom

As discussed in Sect. 3.3.3 on the examplé?dXe, the high density of the HD
bands is one of the major obstacles for the observation ofetis HD bands. It will lead
to a situation where the feeding intensity will be redisitddd among many low-lying HD
bands, thus, drastically reducing the intensity with whéetth individual band is popu-
lated. As a consequence, the feeding intensity of an indalitiD band will drop below
the observational limit of experimental facility; this fdwas to be taken into account when
planning future experiments for a search of discrete HD bafid/o factors contribute to
the high density of the HD bands, namely, relatively smadtgn and neutron HD shell
gaps in the frequency range of interest and the softnesegfdtential energy surfaces in
the HD minimum (see Sect. 3.3.3). Systematic mapping of #msitly of the HD states
as a function of the proton and neutron numbers is too castlige computational sense
because it involves the calculation of the lowest in ene@yigle-hole excitations. Thus,
we decided to look at the problem of the density of the HD stat@ somewhat simplistic
way by considering the proton and neutron energy gaps batthedast occupied and the
first unoccupied states in the yrast HD configurations; thallssize of these gaps will

most likely point to the high density of the HD bands.
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Proton and neutron single-particle energie&#cd.
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The energy gaps between the last occupied and first unoctaghéals.
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The same as in Fig. 3.17, but f§#Pd at rotational frequendy, = 0.95 MeV.
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The analysis of the Nilsson diagrams in Fig. 3.22 alreadgats/some HD gaps in the
single-particle spectra. At the values@f ~ 17 — 20 eb typical for the HD configurations
in Cd isotopes (Fig. 3.10b), there are very large profoa 48 and neutronV = 48 HD
shell gaps and smaller neutron gapshat= 58 and 60. In Fig. 3.22 solid and dashed
lines denote positive and negative parity orbitals, respelg, and the Fermi energlir
is shown by dotted line. In general, this figure suggeststti@hyperdeformation will
be more favoured in the nuclei with a similar number of pretamd neutrons because
the proton and neutron shell effects for the HD shapes wiltaberently; this trend has
already been seen in the crossings spfr8 for different isotope chains in Sect. 3.3.1.

The size of these gaps and their presence will be alteree¢edly, for medium and
small size energy gaps) when the rotation and the self-stmireadjustment of the neu-
tron and proton densities with the change of particle nunalbertaken into account. In-
deed, this is seen in Fig. 3.23 which shows the energy gap&batthe last occupied and
first unoccupied single-particle orbitals as a functionhe heutron number for different
isotope chains. The largest proton gafFat 48 is seen in Cd isotopes; its size is around
1.5 MeV in proton-rich nuclei and it increases up to 3 MeV wttike increase of neutron
number. In other isotope chains, the size of the proton gngag is smaller than in Cd
isotopes and it fluctuates around 1 MeV. For the majority ef mlaclei, the size of the
neutron energy gap fluctuates around 1 MeV. However, itssaeases up to 1.5 MeV in
some nuclei and iffCd it reaches 2 MeV (see Fig. 3.23 for details).

Taking into account that the proton and neutron HD shell gap$' Xe are around 1
MeV (Fig. 3.14) and considering the results for the dendithe HD states in this nucleus
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as a reference (Sect. 3.3.3), one can conclude that thesemafythe energy gaps suggests
that in most of the nuclei the density of the HD bands will bghhi For these nuclei,
the observation of discrete HD bands using existing faedits most likely not possible.
The only exceptions are Cd nuclei and a few nuclei in whichsilze of at least one gap
reaches 1.5 MeV (see Fig. 3.23 for details). For example,dm@xlei the large size of
the Z = 48 HD shell gap (especially, for nuclei in the valley of thestability) will make
proton particle-hole excitations energetically expeasis a consequence, the density of
the HD bands has to be lower in Cd isotopes as compared withngné other isotopes.

One has to remember that the high density of the HD bands rsweissarily a negative
factor. It favors the observation of the rotational patsamthe form of ridge-structures in
three-dimensional rotational mapped spectra as it hassesmin the HLHD experiment
for a few nuclei [27]. The observation of ridge-structuresaafunction of proton and
neutron number, which seems to be feasible with existingexgental facilities such as
GAMMASPHERE, will provide invaluable information about Hi? high spin.

The importance of the necking degree of freedom for the Bjgh-HD states has been
studied in the MM approach in Refs. [79, 86]. However, thigrde of freedom has not
been investigated in detail at high spin in self-consistgyroaches so far. In order to
fill this gap in our knowledge, the systematics of the seligistent proton density distri-
butions in the HD states obtained in the CRMF calculatioess&iown in Fig. 3.24. One
can see that in some nuclei such'&le, 13°Xe, 3?Ba the necking degree of freedom
plays an important role, while others (for examplf@Mo and!*°Ce) show no necking.
The neck is typically less pronounced in the HD states of idjatér nuclei because of
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their smaller deformation (see also Fig. 5 in Ref. [91]). dcbmes even more important
in extremely deformed structures which according to thguage of Ref. [21] can be
described as megadeformed. Fig. 3.25 shows an example sityddistribution for the
megadeformed state ¥ Pd, which becomes yrast At~ 85A in the CRMF calculations.
The neck is more pronounced in the proton subsystem thamindhtron one both in the
HD and megadeformed structures due to the Coulomb reputditire segments. This is
illustrated in Fig. 3.25. Our self-consistent calculatondicate that the shell structure is
also playing a role in a formation of neck. For example, thekris visible in!32Ba but

is not seen in'®Ba (Fig. 3.24). This is contrary to the fact that the calcdiatransition
guadrupole moments of the HD states in these nuclei (Figl) 28d their density elon-
gations (Fig. 3.24) are comparable. These results indibate in general, the necking
degree of freedom is important in the HD states and that itilshioe treated within the
self-consistent approach which, in particular, allows$edént necking for the proton and

neutron subsystems.
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3.4 " nucleus: a candidate for a doubly magic extremely SD band.

The results of the CRMF calculations for the configuratiansniing the yrast line or
located close to it in energy are shown in Fig. 3.26. Accaydaithe calculations, normal-
and highly-deformed bands, many of which show the high igigy that is indicative of
approaching band termination [112], dominate the yrastiimto/ ~ 644. At higher spin,
more deformed structures become yrast. The configuraticasAtte structure6'v6* and
is yrast in the spin rangé = 64 — 73h: no hyperintrudetN = 7 orbitals are involved
in its structure. In this spin range it is characterized g/tilansition quadrupole moment
Q: ~ 15.7 eb and by they-deformation of~ 1°. The normalized transition quadrupole
moment in this system i@} = 11.7 eb, thus, this band is approximately 35% more
deformed than the SD bandittDy. As a consequence, in terms of deformation, this band
can be characterized as an extremely superdeformed (E8DWdach is only slightly less

deformed than the HD bands.

Table 3.2

The size of the Z=53 and N=58 shell gaps for the configuratiom A' .

NL1 | NL3 | NLZ | NLSH
Z=53|1.45|1.25| 1.65| 0.70
N=58 | 1.75| 1.85| 1.60| 2.00
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Similar to Fig.3.13 but fot!!1.
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The same as in Fig. 3.5, but for the configuration A'ifi.
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The same as in Fig. 3.20, but far; of the single-particle orbitals.
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In addition, the configuration A is well separated from theisd SD/HD configura-
tions below! ~ 73h (see Fig. 3.26). This is due to the presence of the large 53 and
N = 58 ESD shell gaps in the single-particle spectra (see Fig.)3l27his configuration,
all single-particle states below the = 53 and N = 58 ESD shell gaps are occupied by
protons and neutrons, respectively. Thus, this ESD bandasibly-magic one. This band
appears as doubly-magic also in the calculations with widsled NL3 [64] and NLZ
[116] parametrizations of the RMF Lagrangian, see TableBx®ensive calculations with
the NL3 parametrization (similar to the ones presented gn i26) show that this band
become yrast af ~ 62h. The Z = 53 ESD shell gap is smaller than 1 MeV only in
the NLSH [115] parametrization of the RMF Lagrangian (sebl@&.2). However, it is
known that the single-particle energies are not well dbscrin this parametrization [39].
One should note, however, that the size of the ESD gaps inaihiigairation A of!!!l is
somewhat smaller than the one for the yrast SD banté? Dy (compare Fig. 3.26 in the
present manuscript with Fig. 3 in Ref. [20]; see also Fig4.14,12 in Ref. [105] obtained
with different parametrizations of the RMF Lagrangian aglévant for'5' Th).

The dynamic moments of inertia of the configuration Alii and the configurations in
neighboring nuclei are shown in Fig. 3.28. The increasédfat(), ~ 1.2 MeV is in part
due to unpaired band crossing caused by the interactioread¢bupied/[413]7/2~ and
unoccupied/[651]3/2~ orbitals (Fig. 3.27). A centrifugal stretching may also tute
to this increase of . The effect of the occupation of a single proton (neutrotrviter
orbital on the properties of the ESD bands is much more pnoced than that in the
HD bands of the nuclei arourid*Xe (see Sect. 3.3.4); the changes induced into dynamic
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moment of inertia reach at least 10% of its absolute valuér[660]1 /2" (Fig. 3.28c),
n[4+6]1/27 (Fig. 3.28a)¢[651]3/2* (Fig. 3.28d) and/[651]3/2~ (Fig. 3.28d) orbitals. In

a similar way, the effective alignments of these orbitalwel$ as of ther[541]1 /2" orbital
show appreciable variations as a function of rotationajdency (see Fig. 3.29), reaching
at leastlh in the spin range of interest. This suggests that the cormfiigur assignment
based on the effective alignment method will be more refiaithe case of ESD bands as
compared with the HD bands in the nuclei arotitiKe (see Sect. 3.3.4 for a discussion of
these methods). Relative properties of the dynamic monwdnteertia of two compared

bands will also play a complimentary role in the configuna@gssignment.

3.5 Cdisotopes: Prediction of discrete hyperdeformed barsl

Based on the energy gap between the last occupied and firstwwied routhians in
the yrast HD configurations shown in Fig.3.23, it suggeststtie density of the HD bands
in the spin range where they are yrast is high in the majofith@ cases. It also indicates
the Cd isotopes as the best candidates for a search of éis¢Bebands. However, one
has to remember that this type of analysis may be too singpbstause the polarization
effects induced by particle-hole excitations are negtedieparticular, it can overestimate
the size of the energy gap between the yrast and excited Hbgooations. Realistic
analysis of the density of the HD bands should include sicgmifi number of the HD
configurations calculated in a fully self-consistent marwéh all polarization effects
included. Such analysis is time-consuming in computatisease. Thus, a fully self-

consistent analysis of the density of the HD bands will béguared in the Cd isotopes to
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find the best nuclei in which experimental study of discreltdnds can be feasible with

existing experimental facilities.
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The same as in Fig.3.5 but f8FCd .

The excited HD configurations were built from the yrast HD fagurations obtained
in the previous section 3.3.1 by exciting either one protoore neutron or both together.
Proton and neutron configurations generated in this wayadreed byr; andv;, where
1=20,1,2,...andj = 0,1, 2, ... are integers indicating the corresponding configurations.
o ® v, represents the yrast HD configuration. Total excited comdiions; © v; are
constructed from all possible combinations of protgnand neutrorv; configurations

excluding the one withh = 0 andj = 0.
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Table 3.3

Neutron particle-hole excitations A"Cd shown in Fig. 3.30.

label Excitation
v1 [770]1/2F — [413]7/2"
vy [770]1/2F — [413]7/2°
vz [632]3/2~ — [413]7/2"
vy [5632]3/27 — [413]7/2°
vs  [651]3/27 — [413]7/2"
ve  [651]3/2F — [413]7/2°

The selection of excited configurations is also constrabetthe condition that the en-
ergy gap between the orbital from which the particle is edtand the orbital into which
it is excited do not exceed 2.5 MeV in the routhian diagramtifier yrast HD configura-
tion. All configurations are calculated in a fully self-castent manner so that their total
energies are defined as a function of spin.

Fig. 3.30 illustrates the selection of excited configumagiolt shows the occupation
of the proton and neutron orbitals in the yrast HD configoraiin °’Cd. The arrows
indicate the particle-hole excitations leading to excitddl configurations. According to
our criteria only three proton excitations across.the 48 HD gap are considered. On the
contrary, more neutroph-excitations are allowed across the= 59 HD shell gap. Table
3.3 shows their detailed structure. For example ptheonfiguration is created by exciting
one neutron from the [770]172into [413]7/2" orbitals. One can notice that we only
consider theph-excitations between the states which do not have the sambigation

(w,r) of parity 7 and signature. The computer code in general can handle the excitations
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between the states with the same 1), but the configurations based on such excitations
are less numerically stable and require more computatiomal Because of this reason
and the fact that they do not alter significantly the resutgtie density of the HD states,
it was decided to neglect them in the calculations. Howeawuehe cases of large energy

gaps between the yrast and excited HD configurations, thleetaken into account.
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Figure 3.31

The same as in Fig. 3.13 but for the even-e¥er’Cd nuclei.

Figs. 3.31 and 3.32 show the density of the HD states in even*-1Cd and odd
mass!'?1%Cd nuclei studied using above outlined procedure. The grgag between
the yrast HD configuration and lowest excited HD configuraics around 1.5 MeV in

%Cd (Fig. 3.31a). It is comparable with the energy gap betwhenyrast and excited
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SD configurations in doubly magic SD nucleti$Dy (Fig. 7 in Ref. [20]). This energy
gap in%Cd is due to large energy cost of particle-hole excitatiamess theZ = 48 and
N = 48 HD shell gaps which have similar size (see Fig. 3.30 and Tallg All that
together indicates that tHeCd is a doubly magic HD nucleuOnly proton excitations
to the[420]1/2~ orbital above theZ = 48 HD shell gap result in bound excited proton
configurations, the excitations to other orbitals locatedve theZ = 48 HD shell gap
produce the proton-emitting states. The doubly magic eattit®Cd nucleus is confirmed
also in the calculations with other RMF parametrizatiorsb(€ 3.4). It is interesting to
mention that the RMF parametrizations aimed at the desoniftf the nuclei far from
stability such as NL3, NL3*, NLSH show largef = 48 and N = 48 HD shells gaps
in 96:107-109Cd than the parametrizations NL1 and NLZ fitted predomiryatiot|3-stability

nuclei (Table 3.4).
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Figure 3.32

The same as in Fig. 3.13 but f8§-10%:109Cd.
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With increasing neutron number the energy gap between ths&t wnd excited HD
configurations disappears (Fig. 3.31). This is due to redfjtinigh density of the neutron
states above th& = 48 HD shell gap (Fig. 3.30). Indeed, many excited neutron cenfig
urations are located below the lowest excited proton cordigans (Fig. 3.31). One can
also see that even-evEH~1“Cd nuclei are characterized by appreciable density of the HD
states in the vicinity of the yrast HD line (Fig. 3.31). Theabssis of the single-particle
structure in these nuclei indicates that similar densitthefHD bands is expected also in
odd mass nucle’~1%Cd. In no way these nuclei have to be considered as good candi-
dates for a search of discrete HD bands since the feedingsityewill be redistributed
among many low-lying HD bands. As a result, the feeding isitgrof an individual HD
band will most likely drop below the observational limit obehern experimental facilities.
Although there is some energy gap between the lowest four éffigurations and other
excited configurations it’°Cd, this nucleus does not appear to be a good candidate for
a search of discrete HD bands because the presence of folyilghHD configurations
will lead to a fragmentation of feeding intensity. This iseoof possible reasons why the
HD bands have not been observed in this nucleus [134].

On the other hand, the high density of the HD bands in abovaugsed nuclei will
most likely favor the observation of the rotational patteimthe form of ridge structures
in three-dimensional rotational mapped spectra [27]. Ttoeysof these patterns as a
function of neutron number can provide a valuable infororaabout HD at high spin.

Further increase of the neutron number brings the neutromiHevel to the region
of low density of the neutron states characterized by thgelar = 59 and N = 61 HD
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J?, Q. andQ, of the yrast HD bands in the nuclei under study.

shell gaps (Fig. 3.30) with the combined size of these twasdsgng around 2.5 MeV
(Table 3.4). As a result, th€"-1Cd nuclei show appreciable energy gap between the
yrast and lowest excited HD configurations (Fig. 3.32). Tap is especially pronounced
in the case of""Cd for which it is around 1.3 MeV. Note that the size of this dap
defined by the size of th& = 48 HD shell gap, since the lowest excited configuration
is based on proton excitation (Fig. 3.32a). Similar or ewagdr energy gap between
the yrast and excited HD configurations is expected in the NNIZ3, NL3* and NLSH
parametrizations for which the size of the = 48 and N = 59 HD shell gaps is at
least 1.7 MeV in'%’Cd (Table 3.4). The energy gaps between the yrast and exdi@ed
configurations at the spins where the HD configurations becgast are somewhat lower
in 108:19Cd being around 0.9 and 1.1 MeV. This energy gap’#Cd is dictated by the

size of theN = 61 HD shell gap since lowest excited HD configurations are based
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neutron excitations. Thus, i¥®Cd it will be smaller (similar) in the case of the NLZ
(NL3, NL3*) parametrizations and larger in the NLSH paranzettion as compared with
the one obtained in the NL1 parametrization (Table 3.4)hindase of?Cd, the energy
gap between the yrast and excited configurations will bestgigmaller) in the NL3, NL3*

and NLSH (NLZ) parametrizations (Table 3.4).

Table 3.4

The size of the Z=48, N=59, and N=61 HD shell gag23at= 1.00 MeV.

RMF Parametrizations
Nucleus Gap NL1 NLZ NL3 NL3* NLSH
9%Cd Z=48 1.75 193 243 227 271
N=48 2.00 2.07 259 244 3.03
18Cd 7=48 1.62 166 223 199 2.06
N=59 1.30 1.70 150 1.46 1.20
N=61 1.20 0.74 1.20 1.19 1.50
59+61 2.50 2.44 270 265 2.70
Wrcd 7z=48 1.70 1.73 2.22 218 2.27
N=59 1.89 2.16 2.08 2.04 1.74
109Cd /=48 152 161 1.89 1.84 1.54
N=61 1.37 1.16 183 1.74 2.16

Two factors make the observation of discrete HD band$%@d ? with existing fa-
cilities less probable than in odd-ma$$!°°Cd nuclei. First, the yrast HD line in this
nucleus is built from two signature degenerate configunatid-ig. 3.32b) in which the

last neutron is placed into one of the signatures of{4h8]7/2 orbital (see Fig. 3.30 and

2Two bands with very extended shapes observeldied in Refs. [95, 96] were assigned as superde-
formed in Ref. [91].
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Ref. [91]). This reduces the feeding intensity of each okéhbands by factor of 2 as
compared with the case when the yrast HD line is built frongleiconfiguration. Second,
the energy gap between the yrast and excited HD configusatleareases with increas-
ing spin (Fig. 3.31b). As a result, further reduction of fieedintensity of the yrast HD
bands is expected if the bands are populated at spins highertthe spin at which they
become yrast. On the contrary, the energy gap between theamd excited HD config-
urations is more constant as a function of spin’fCd and especially if’"Cd. All these
results strongly suggest that th& Cd nucleus is the best candidate for the experimental
search of the discrete HD band3his conclusion is also supported by detailed analysis
of the single-patrticle routhians in the yrast HD configuwas of even-even nuclei studied
in Sec. 3.3; this analysis does not suggest any alternase which would provide sim-
ilar or larger gap between the yrast and excited HD configawatin even-even, odd and
odd-odd nuclei of th&Z = 40 — 58 part of the nuclear chart.

The calculated properties of the yrast HD bands in studiedienare shown in Fig.
3.33. The HD shapes undergo a centrifugal stretching tlsafltren an increase of the
transition quadrupole moments with increasing rotational frequency. This process also
reveals itself in the dynamic moments of inertia: they iasewith increasing rotational
frequency in the frequency range of interest. On the othedhthe mass hexadecapole
moments(),, do not show a clear trend as a function of rotational frequearad stay
nearly constant in the majority of the HD bands. Unpaireddbaessings due to interac-
tion of different single-particle orbitals are seen in tbaefigurations of the yrast HD bands
in 190,102,106 Cd nuclei. For example, the interaction between(the: +i) signatures of the
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v[770]1/2 andr[532]5/2 orbitals is responsible for the crossing seefat~ 1.05 MeV

in the yrast HD band in°®Cd. This crossing may be an extra factor (in addition to the
density of the near-yrast HD bands) which complicates treenfation of the HD bands
in 1%Cd: such bands have not been observed in experiment of F34f.[1

The current study clearly shows that the polarization éffectime-even and time-odd
mean fields have an important impact on the density of the lEstand especially on
the energy gap between the yrast and excited HD states. Thedaantity is apprecia-
bly smaller (by up to~ 0.5 MeV, compare Figs. 3.31 and 3.32 with Table 3.4) than the
respective HD shell gap in the routhian diagram.

The role of time-odd mean fields in the definition of the enaggp between the yrast
and excited HD configurations is quite complicated. Thidlissirated by the fact that the
energy gap between the yrast HD and the lowest excited pestdmeutron HD configu-
rations is larger bye 0.2 MeV in the calculations without NM than in the ones with NM at
spins where the HD configurations become y(dst 674). This fact reflects two differ-
ent mechanisms by which the time-odd mean fields affect théve energies of different
rotational bands. In the first mechanism, the angular monmerdontent of the single-
particle orbitals is modified in the presence of time-odd méelds, see Ref. [38] for
details. There are two important consequences of this nmésaha First, the same total an-
gular momentum of the system is built at rotational freqyemkich is by~ 25% lower in
the calculations with NM than in the calculations without N8&cond, the changes of the
single-particle angular momenta of the single-particlgitats surrounding the HD gaps
of interest (ther[420]1/2 andn[541]1/2 orbitals for proton subsystem ani{13]7/2 and
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v[651]3/2 for neutron subsystem (Fig. 3.30)) induced by NM modify theyke-particle
energies of these orbitals. As a result, these gaps areesrbgl- 0.12 MeV in the cal-
culations with NM at/ = 67h. The second mechanism is related to additional binding
due to time-odd mean fields. The time-odd mean fields are ggran the excited HD
configuration than in the yrast HD configuration. Thus, adddl binding due to NM is
stronger in excited HD configuration than in the yrast HD agunfation. This also leads
to the decrease of the energy gap between the yrast anddekifiteonfigurations in the
calculations with NM as compared with the ones without NM.

The presence of time-odd mean fields reveals itself alsodarettergy splitting of the
opposite signatures of thg770]1/2 orbital visible at2, = 0.0 MeV (Fig. 3.30); the oc-
cupied orbital is more bound than unoccupied one in the RMBrih(Ref. [20]). Detailed
investigation on the properties of time-odd mean fields beélpresented in Ch.4.

When considering theoretical predictions one has to keegral that they are subject
of the errors in the description of the energies of the shpglgicle states, which exist
in the RMF theory at spherical shape [135], normal deforomaf89] and quite likely at
superdeformation [91]. The extrapolation from spherical aormal deformation towards
HD is itself a potential source of errors since it is not knoswhwell the response of
the mean field (or the single-particle potential and liquidpdin the MM method) to the
extreme elongation of the nucleus is reproduced in modelt&aions. Such errors are
not restricted to the self-consistent models; they areatpected in the phenomenogical
potentials (used in the MM method) which describe singlgiga energies at normal
deformation better than self-consistent models. Howeesteral facts support the results
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and interpretations given above. First, all RMF paramations used in this study lead to
the same HD configurations 1h'97~1%°Cd nuclei which become yrast at similar spins (see
Fig. 3.10 for comparison of the results obtained with NL1 &hdB) and to similar sizes
of the proton and neutron HD shell gaps (Table 3.4). Secdwdatge size of theZ = 48
andN = 59 (and especially of combined neutrof + 61 gap) HD shell gaps reduces the
importance of the errors in the description of the energiepecific single-particle states.
Third, the MM results of Ref. [86] suggest similar conclussdor the nuclei arount#®*Cd.
Indeed, largeZ = 48 shell gap and low density of the single-particle states éwilinity

of the N = 59 and N = 61 HD shell gaps is clearly visible in Figs. 4 and 5 of Ref. [86].
The N =59 andN = 61 shell gaps are separated by the signature-degenératédtate
(Fig. 5 in Ref. [86]). Thus, similar to our case, the yrast Hiielin °Cd will be formed

from two signature degenerated configurations in the MMuatons.
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CHAPTER 4

THE PHYSICS OF TIME-ODD MEAN FIELDS

The mean fields a basic concept of every DFT. One can spetifye-everandtime-
odd mean fields [33, 38] dependent on the response of these feettie faction of time-
reversal operator. The properties of time-even mean fielagiclear density functionals
are reasonably well understood and defined [10, 11]. Thisestd the facts that (i) many
physical observables such as binding energies, radii etcsemsitive only to these fields,
and (ii) the model parameters are fitted to such physicalrebbkes.

On the other hand, the properties of time-odd mean fieldsglwappear only in nu-
clear systems with broken time-reversal symmetry, arepsidrly understood. However,
it is already known that these fields are important for pragescription of rotating nu-
clei [32, 67, 68, 33, 38], band terminations [34, 136], mdign@oments [36], isoscalar
monopole vibrations [137], electric giant resonances [[la8ge amplitude collective dy-
namics [139], fussion process [140], the strengths andgesenf Gamow-Teller reso-
nances [35], the binding energies of odd-mass nuclei [142, 39] and the additivity of
angular momentum alignments [107]. They also may play airotke N = Z nuclei
[45, 141] and affect the definition of the strength of pairaogrelations [37, 39]. Note that
the effects, produced by the magnetic potential in the Dapation and called amiclear
magnetism(NM) [66] in the framework of the CDFT, are due to time-odd méalds.

101



Rotating nuclei represent a system which is strongly agfiebty time-odd mean fields.
The representative studies of few examples [32, 68, 33,&G;|8arly show that the kine-
matic and dynamic moments of inertia of the nuclei rotatmgallective manner are con-
siderably affected by time-odd mean fields. It was shown e@@@DFT framework [38]
that microscopic mechanism of this modification is tracetklia the modifications of the
expectation values of the single-particle angular momarity); in the presence of NM.

The contribution tq;, ); due to NM is defined as

A<]m>2 = <5:B>NM - <jx>WNM (41)

where the subscripts NM and WNM indicate the values obtainelde calculations with
and without NM, respectively. ThA(j,); is positive at the bottom and negative at the
top of theN-shell [38]. The absolute value &(j,); correlates with the absolute value of
(j.):. Note that the contributions tg,); due to NM are small in the middle of the shell.
The A(j.); contributions can be decomposed into the contributionstdspin (A(s,);)
and orbital A(l,);) angular momenta, which have complicated dependencendtie
frequency and the structure of the single-particle orhitaler study [38]. Similar features
are expected also in non-relativistic DFT [38].

The changes in the alignment properties of the singlegarirbitals induced by NM
(Eq. (4.1)) reflect themselves also in physical observasleh as effective alignments
and the energy splittings between signature partner ¢sljgmnature splitting), measured
experimentally [38]. Moments of inertia and effective aligents in normal- and superde-
formed nuclei in different parts of nuclear chart [68, 205100, 69, 131, 11, 136] are

well described by the parametrizations which include noadr self-couplings only for
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the o-meson. This fact strongly suggests that NM is well accalimethis type of the
relativistic mean field (RMF) parametrizations. In additiZNM can have an impact on
the terminating states [136] and on the additivity of angmiamentum alignments [107].
Many-particle configurations (further nuclear configuras or configurations) are spec-
ified by the occupation of available single-particle orlsitaln the calculations without
pairing, the occupation numbersare integer{ = 0 or 1). In odd nuclei, all single-
particle states with exception of one are pairwise occupM@ will call this occupied
single-particle state of fixed signature for which its tinesersal (signature) counterpart
state is empty ablocked staten order to simplify the discussion. The total signature
and the parity of the configuration are the same as the ondwedilocked state. In the
CRMF code, it is possible to specify the occupation of either +i or r = —i signature
of the single-particle state. The specification of nuclearfiguration by means of listing
all occupied single-particle states is unpractical. Thes)abel the nuclear configuration
in odd mass nuclei by the Nilsson label and the signatureebtbcked state. Note that
many physical observables, such as additional binding adddM, do not depend on the
signature of the blocked state in odd-mass nuclei. In thases; we will omit the sig-
nature from the configuration label. In odd-odd nuclei, this$én labels of the blocked
proton and neutron states and their signatures are useadrifigaration labelling. Note
that the labelling by means of Nilsson labels is performdg ainen the calculated shape

of nuclear configuration is prolate or near-prolate.

103



In order to investigate the impact of NM (time-odd mean figlols physical observ-
ables, the CRMF calculations are performed in three cdiomal schemes for the fixed

configurations:

¢ fully self-consistent calculations with NM included (fbdr denoted as NM calcu-
lations which take into account space-like components efvééctor mesons (EQs.
(2.20), (2.22) and (2.17)), currents (Egs. (2.20), (2.224 (2.26)), and magnetic
potentialV (r) (EqQ. (2.17));

o fully self-consistent calculations without NM (furtherrd®ted as WNM calculations
which omit space-like components of the vector mesons (E420), (2.22) and
(2.17)), currents (Egs. (2.20), (2.22), and (2.26)), andmeéic potentiaV (r) (Eq.
(2.17)). Note that the results of the NM and WNM calculatiaresalways compared
for the same nuclear configuration;

e perturbative calculations (the physical quantities oéliast are indicated by super-
script perf). Fully self-consistent calculations with NM provide arsitag point.
Using their fields as input fields, only one iteration is parfed in the calculations
without NM: this provides perturbative results. Time-eveean fields are the same
in both (fully self-consistent and perturbative) calcidas. Then, the impact of
time-odd mean fields on calculated quantities (for exangiiféerent terms in the
total energy (see Eq. 2.31)) is defined as the differencedmivthe values of this
guantity obtained in these two calculations. In this wag,pilre effects of time-odd
mean fields in fermionic and mesonic channels of the modesalated because no
polarization effects are introduced into time-even medddie

These are the ways in which the effects of time-odd mean feddsbe studied, and
as such they are frequently used in the DFT studies for ntating and rotating systems,
both in relativistic and non-relativistic frameworks [3B41, 74, 142, 36, 68, 38, 136].
One should, however, keep in mind that if time-odd fields aglected, the local Lorentz
invariance (Galilean invariance in non-relativistic frawork [33, 12]) is violated. The
inclusion of time-odd mean fields restores the Lorentz iavee.

It is interesting to compare the basic features such as tonevariance and the defini-

tion of the coupling constants of the time-odd channel of@Bé- theory discussed above
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with the ones of non-relativistic Skyrme energy densityctional (EDF) theory. It was
recognized in earlier Skyrme DFT studies, that the conardietween the coupling con-
stants of time-odd and time-even channels depends on wtit @amely, Skyrme force
or energy density functional is considered to be more furetdai [33, 12, 143]. If the
Skyrme force is considered more fundamental then the tidtkeonstants are determined
as a function of time-even constants [33, 143]. Howevegesiie time-even coupling
constants are usually adjusted solely to the time-evenradigies, the resulting values
of the time-odd coupling constants simply “fictitious” otltisory”, as noted already in
Ref. [144] (see also Ref. [143]). On the contrary, in the fearark of the Skyrme energy
density functional theory, time-odd properties of the fimtal are independent of time-
even properties which is a consequence of broken link betwee Skyrme force and the
density functional.

The question of whether Galliean invariance must be impas&kyrme EDF is not
yetresolved [12], despite the fact that it is imposed in metogies. Note that in many phe-
nomenological approaches, such as the noninteractinggvacting shell models, Galilean
symmetry is not considered, because the translationalbmadi not within the scope of
such models [12]. It is also important to mention that thenkiiag models based on phe-
nomelogical Woods-Saxon or Nilsson potentials do not ipoate time-odd mean fields.

However, they succesfully describe rotating nuclei [14&/]1
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4.1 Binding energies in odd mass nuclei

The time-reversal invariance is conserved in the groun@staf even-even nuclei.
The nucleon states are then pairwise degenerated, andritrédoation of the state to the
currents cancels with the contribution of its time-revdrpartner. Time-odd mean fields
reveal themselves in odd- and odd-odd mass nuclei and irfrivadti-)quasiparticle states
of even-even nuclei. This is because an unpaired (odd) ondlecaks the time-reversal
invariance in intrinsic frame and produces the contributmthe currents and spin. In this
case, the Kramer’s degeneracy of time-reversal partnéatsiis also broken.

While there was a considerable interest in the study of taé@-mean fields in odd-
and odd-odd mass nuclei at no rotation within the Skyrme ERIR [142], relatively little
is known about their role in the framework of the CDFT. So fae impact of time-odd
mean fields on binding energies has been studied in the CCdfiefvork only in odd-
mass nuclei around doubly magic spherical nuclei in Ref5]1and in few deformed

nuclei around?S [148] and®**No [39].

4.1.1 Binding energies in light nuclei

The impact of NM on the binding energies of light odd-masdeius shown in Fig.
4.1. The calculations have been performed with the NL3 patanation of the RMF
Lagrangian. They cover the nuclei from the proton-drip ligeto the neutron-drip line.
One can see that in all cases the presence of NM leads toadditiinding the magnitude
of which is nucleus and state dependent. The absolute valisadditional binding is

typically below 200 keV and only reaches 300 keV in some lomess nuclei. On the
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average, the magnitude of additional binding due to NM i®isely correlated with the
mass of the nucleus; it is the largest in the lightest nucidithe smallest in the heaviest
nuclei. For each isotope chain, it is the largest in the vigiaf the proton-drip line and
the smallest in the vicinity of the neutron-drip line. Theag@ation effects induced by
NM and the energy splitting between blocked state and it€cunmied signature partner
induced by NM decrease with the increase of mass (compatesrdld and 4.2 below).

This explains the observed trends in additional bindingtdugM.
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Figure 4.1

The impact of NM on binding energies of light odd-mass nuclei

The modifications of the binding energies and quasiparicéetra are the most impor-

tant issues when considering time-odd mean fields in naatingt systems. The binding
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energies are important in nuclear astrophysics applica{ib49], and their modifications
due to time-odd mean fields may have considerable conseegitar¢he-- andrp-process
abundances. Thus, it is important to understand the infaiehtime-odd mean fields on
binding energies of odd- and odd-odd mass nuclei, espgaieihe context of mass table
fits [150]. With the current focus on the spectroscopic du@dFT [151], the knowledge
on how time-odd mean fields influence the relative energiediftérent (quasi)particle

states in model calculations is also needed.
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The same as in Fig. 4.1 but for Ar isotopes with different pagtizations .
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Fig. 4.2 shows that additional binding due to NM only weakgpdnds on the RMF
parametrization; this is also seen in the analysis of teatmyg states in Ref. [136]. In
both cases, the largest deviation from the NL3 results ismesl in the case of the NLSH
parametrization.

It is interesting to compare these results with the onesimddain the Skyrme EDF
(see Fig. 4 in Ref. [141]). The modifications of total bindergergy due to time-odd mean
fields are given by th&* quantity in Ref. [141], which is an analog of ti#g&"" — pWNM
guantity. The general dependence of both quantitie§ er¥ is similar in odd-mass nuclei
apart from a few cases such‘d3i and**Sc in SLy4 Skyrme EDF (Fig. 4 in Ref. [141]).
Neither RMF nor Skyrme EDF calculations in odd-mass nucldidate the enhancement
of time-odd mean fields in the vicinity of th¥ = Z line. This is contrary to Ref. [141]
which suggested that the effects of time-odd mean fieldsrdrareed at thé/ = 7 line.
The absolute values @f° andEVM — EWNM quantities are similar being below 300 keV
in the majority of the cases. The principal difference bemvéhe RMF and the Skyrme
EDF lies in the fact that time-odd mean fields are always @tir@ and show very small
dependence on the parametrization in the RMF calculatihisié also supported by the
analysis of terminating states, see Ref. [136]), while tbay be both attractive (SLy4
force) or repulsive (Slll force) and show considerable aej@gace on the parametrization

in Skyrme EDF (Ref. [141]).
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4.1.2 Binding energies in the Cé~Z = 58) isotopes

The role of time-odd mean fields is studied here in medium r@assotopes in order
to facilitate the comparison with the results obtained imithe Skyrme EDF with the SLy4
force in Ref. [142]. This reference represents the mostlddtatudy of time-odd mean
fields in odd-mass nuclei within the Skyrme EDF. We consitlerlbwest configurations
of positive and negative parities, while Ref. [142] studialy the lowest configurations in

each nucleus.
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Figure 4.3

ENM - pWNM and deformation in odd mass C& & 58) nuclei.

The configurations in Figs. 4.3 an@are labelled by the Nilsson labels of the blocked
states; the configurations at and to the right of the Nilsabellup to the next Nilsson label
have the same blocked state. Figs. 4.3 anghow the additional binding due to NM. The

comparison with the Skyrme EDF results of Ref. [142] revealsumber of important
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differences. First, similar to the results in light nucl8e¢t. 4.1.1) and in actinide region
(Sect. VI H in Ref. [39]), time-odd mean fields are attraciivéhe RMF calculations for

the Ce isotopes. On the contrary, they are repulsive in thel $larametrization of the

Skyrme EDF [142]. Note that the SLy4 force produces attvadime-odd mean fields in

light nuclei (Ref. [141]). This mass dependence of the ¢ffe€ time-odd mean fields in

the Skyrme EDF may be due to the competition between isovedim isoscalar effects
[142]. The average absolute magnitude of the change ofgndiie to time-odd mean
fields in the RMF calculations is only half of the one seen m3kyrme calculations with

the SLy4 parametrization. It was also checked on some examntipht additional binding

due to NM only weakly depends on the parametrization of thé=Rlgigrangian.

Second, the results of the calculations do not reveal agtiependence of additional
binding due to NM on deformation. For example, the defororaf the»[615]11/2
configuration in thé™~181Ce chain changes drastically frg#n ~ 0.23 down toj3; ~ 0.06
(Fig. 4.3, bottom panel), but the additional binding due td eemains almost the same
(Fig. 4.3, top panel). The[523|7/2 andr[505]11/2 configurations are another examples
of this feature (Fig??).

Third, the binding energy modifications due time-odd medddiare completely dif-
ferent in the RMF and Skyrme EDF calculations. In the Skyrnbd-Ealculations, the
magnitude of these binding energy modifications is relatétl three properties of the
blocked orbital. In decreasing order of importance they[a#2]: a smallQ2 quantum
number, a down-sloping behavior of the energy of the sipgleicle state with mass num-
ber A, and a large total angular momentyrfor the spherical shell from which the single-
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particle state originates. For example, the binding energgifications due to time-odd
mean fields will be larger for the configuration based on bdalckingle-particle state with
small€) than for the configuration with large of the blocked state if both blocked states
belong to the samg-shell. On the contrary, the RMF calculations do not revieisl type

of correlations between additional binding due to NM and strecture of the blocked
state. Indeed, the configurations which have the largestggsin binding energies due to
NM (|[ENM — EWNM| > (.1 MeV) are [413]5/2, [404]7/2, [640]1/2, [631]3/2, [505]9/2

and [501]1/2.

4.1.3 Current distributions

When discussing current distributions, it is importantémember that the calcula-
tions are performed in one-dimensional cranking approtona Although the rotational
frequency is equal to zero in the calculations, the resoitgtfe currents still obey the
symmetries imposed by the cranking approximation. Thisdarty seen when consider-
ing the signature quantum number in the limit of vanishingtional frequency?, (see
Ref. [152]). In this case definite relations exist betweendtategw, r, > of good sig-
naturer, (v denotes the set of additional quantum numbers) and theespagticle states
employed usually in the low spin limit. For the latter stateaxially symmetric nuclei, we
obtain doubly degenerate single-particle state€), > and|v, (2, >, where(), denotes
the projection of angular momentum on the symmetry axiseHer<2, > is an eigenstate
with definite angular momentum projectiéh, while |v, €, > denotes the time-reversed

state (with angular momentum projectietf),). In the limit of vanishing rotational fre-
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quencyf), = 0, the statesv, r, > with definite signature, become linear combinations

of the statesr, 2, > and|v,Q, >

1 _
lvr,=—i> = —={—|v,Q, > +(—1)Q”_1/2\1/, Q, >},
V2
1 _
vy =4i> = S {(=DY T Q> . 0 >)

4.2)

These relations may be considered as a transformation eetwe representations of the
single-particle states: the one with good projectipn(the |v, €2, > representation) and
the other with good signature(cranking representation). In the, €, >-representation
the alignment of angular momentum vector of a particle issigel along the axis of
symmetry. As a result, the axial symmetry is conserved amglammuthal currents with
respect of the symmetry axis are present. In the crankingdbsm (which allows also
triaxial shapes), the alignment of angular momentum veadtarmparticle is specified along
the r—axis perpendicular to the axis of symmetry. As a result, tineents follow the
symmetries of cranking approximation and have the didtiobg discussed below.

Total neutron current distributions in the configuratiohselected nuclei having sim-
ilar quadrupole deformations are shown in Figs. 4.4 and #tte currents in panels (d)
and (e) of Fig. 4.4 are plotted at arbitrary units for bettisuglization. The currents in
other panels are normalized to the currents in panels (djgrxy using factor F. They are
predominantly defined by the currents generated by the btbokbitals. This is clearly
visible from the comparison of Figs. 4.4 and 4.6: the latgure shows the currents pro-
duced by single neutron in different Nilsson states oftlé€0]1,/2 configuration in'™ Ce.

113



Neutron currents are characterized by the complicateenpeatin different cross-sections
of the nucleus. Fig. 4.6 clearly shows that these pattemdeifined by the density distri-
butions of the blocked states. Moreover, there are cleaelkedions between the patterns
of the currents in thg — z plane ¢ is the symmetry axis and is the rotation axis in the
CRMF theory) and thé) value of the Nillson label of the blocked orbital (Figs. 4rda
4.6). AtQ = 1/2, the single-particle densities are concentrated in thiaitycof the axis
of symmetry, and, as a consequence, the currents showationg (vortices) which are
concentrated in the central region of the nucleus. Howewdr,increasing?, the densities
(and, as a consequence, the currents) are pushed away feamithof symmetry of the
nucleus towards the surface area. In addition, the stresfgtie currents correlates with
Q). As follows from the values of factaF' the strongest currents appear for fhe= 1/2
states. These orbitals are aligned with the axis of rotgtieaxis) already at no rotation.
As aresult, the single-particle angular momentum vectthef) = 1/2 orbitals performs
the precession around theaxis, thus orienting the currents predominantly in ghe =
plane. This extra mechanism is not active in other configumat The strength of the cur-
rents decreases with the increas€ofor example, the currents generated by the blocked
(2 = 11/2 orbitals are weaker by a factor of almost 200 than the cusrgenerated by the
blocked? = 1/2 orbitals (compare scaling factors F in Fig. 4.4 for the bextktates with
different(2 values). In Fig. 4.6 the shape and size of the nucleus areatedl by density
line which is plotted ap = 0.01 fm=3 (p = 0.0005 fm~3 in panel (b)). The single-neutron
density distribution due to the occupation of the indicat#ldson state is plotted starting
with p = 0.0005 fm~3 in step of 0.0005 fm? (0.0003 fm~2 in panels (d-f)). The currents
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in panel (d) are plotted at arbitrary units for better visetion. The currents in other pan-
els are normalized to the currents in panel (d) by using fdetdhe currents and densities
are shown in intrinsic frame in the — z plane atr = 0.48 fm. In thex — y plane, the
majority of the configurations show the current patterrh@ligh with different strength of
the currents and their localization in space) visible on Bigb, while the typical pattern
of the currents in the — = plane is shown in Fig. 4.5a. Figs. 4.4d,e show that the chahge

the signature of the blocked orbital leads only to a changledrdirection of the currents.
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The same as in Fig. 4.4 but in the- x plane and in thg — = plane.
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J"(r) produced by single-particle states in #660]1/2 configuration'™ Ce.
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4.1.4 Particle number dependences of additional binding deito NM

Neutron and proton number dependences of additional kgretlie to NM (thg £V —
EWNM| quantity) are presented in Fig. 4.7. These figures are basttbgesults obtained
in Sects. 4.1.1 and 4.1.2 and on some extra calculationseléwra calculations include
odd-Z nuclei with N = 94, odd-NV nuclei withZ = 98, and odd# nuclei with N = 154
and cover these isotope and isotone chains from proton-utwaredrip lines.

The calculations of nuclei arourtt? Cf were also performed in order to check the im-
pact of pairing on th¢ ENM — EWNM) quantity. For the same blocked states, thé/ —
EWNM) yalues obtained in the calculations without pairing in thesgnt manuscript were
compared with the ones obtained in the Relativistic HarBegoliubov calculations of
Ref. [39] (see Table IV of Ref. [39]). Although the pairingaleases additional binding
due to NM in the most of the cases, there are still one-(gpagikle configurations in
which the| ENM — pWNM| quantity is smaller in the calculations without pairing.i§h
is a consequence of the complicated nature offfié’ — E"WNM quantity defined by (i)
the interplay of time-odd mean fields and the polarizatidect$ (Sect. 4.2) and by (ii) the
differences in the impact of pairing on different terms dat@nergy.

The calculatedENM — EWNM| quantities were fitted by simple parametrization

Cc

AE = —
Qa

(4.3)

where() is equal either to proto# or neutronN numbers. Note that thg VM — gWNM|
values from odd-proton (odd-neutron) nuclei were usederfitrof Z — (N —)dependence
of AE. The results of the fits are shown by solid lines in Fig. 4.7.e@an see that
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the powersa are similar for different fits (proton or neutron). On the etlihand, the
magnitudes differ considerably between proton and neutron quantitiescating weaker
additional binding due to NM for odd-proton nuclei. Thisukss consistent with the
analysis obtained in Sect. 4.3.

The three-point indicator [153]
AB(N) = %N [B(N — 1) + B(N + 1) — 2B(N)] (4.4)

is frequently used to quantify the odd-even staggering (GE®inding energies. Here
7y = (—1)" is the number parity ané(N) is the (negative) binding energy of a system
with N particles. In Eq. (4.4), the number of protafiss fixed, andV denotes the number
of neutrons, i.e. this indicator gives the neutron OES. Huotor depending on the number
parity 7, is chosen so that the OES centered on even and odd neutrorentymbll both
be positive. An analogous proton OES indicatd?) (Z) is obtained by fixing the neutron
numberN and replacingV by Z in Eq. (4.4).

The A®)(N) (and similarlyA® (Z)) quantity will be modified in the presence of time-

odd mean fields as
ASLN) = APro(N) + 6Ero (4.5)

where the subscripts 'TO’ and 'WTQO'’ indicate the values aied in the calculations with
and without time-odd mean fields, and'r is the contribution coming from time-odd
mean fields. If the\®) (N) quantity is centered at odd-nucleus, thé £ quantity rep-

resents the change of binging energy of this odd-mass raigteuced by time-odd mean

fields. This is because the time-odd mean fields have no effettie binding energies of
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the ground states of even-even nuclei. Note that with sulgttsen é o is negative if
the time-odd mean fields provide additional binding in odassnucleus.

In the CDF theory, thé £ quantity is equal tav¥™ — EWNM gnd thus it is always
negative: this result does not depend on the RMF paramedrizésee Sect. 4.1.1 for the
dependence of the¥¥ — EWNM quantity on the RMF parametrization). In addition, the
magnitude of the Ero quantity depends only weakly on the RMF parametrization. On
the contrary, the sign and the magnitude 6%, depends strongly on the parametrization
in the Skyrme EDF calculations. For example, in the caloatetwith the SLy4 force the
0 Ero quantity is positive for medium mass nuclei (Refs. [154,,1¥65]) but negative in
light nuclei (Ref. [141]). On the other hand, th&,, quantity will be positive in light
nuclei in the calculations with the SlII parametrizatiohd]].

It is interesting to compare the averaged effects of timg4m@an fields as given by
the A £’ quantity with the experimental global trends for OES as shbwdashed lines in
Fig. 2 in Ref. [154]. The latter trends were obtained usingm@menological parametriza-
tion with the same functional dependence as in Eq. (4.3) with4.66 MeV (4.31 MeV)
anda = 0.31 for neutron (proton) data sets. The comparison of theoryexperiment
suggests that time-odd mean field contributions into OESbeaas large as 10% in light
systems and around 5-6% in heavy systems. These are nag#nlegtontributions which
have to be taken into account when the strength of pairiregation is defined from the
fits to experimental OES. The analysis of the Sn isotopes fn[B€] showed that time-
even and time-odd polarization effects induced by odd mucfgoduce OES reduced by
about 30% as compared to the ones obtained in standard cgileaiculations. As a con-
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sequence, an enhancement of pairing strength by about 208¢used to compensate
for that effect. Our calculations show much smaller reductf OES in part because
the polarization effects in time-even channel are alreaétgri into account in the calcu-
lations without NM. Thus, the current calculations sugdkat a much smaller increase
of the strength of pairing (by approximately 5%) would beuieed to compensate for the

reduction of OES due to time-odd mean fields.
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Figure 4.7

Particle dependences of additional binding due to NM.

4.2 The mechanism of additional binding due to NM in odd-massuclei

In the current section, a detailed analysis of the impactMfdh the energies of the

single-particle states and on different terms in the totargy expression (Eq. (2.31)) is
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performed in order to better understand the microscopidwar@sm of additional binding

due to NM. We use the[413]5/2 configuration of '?Ce as an example in this analysis.

4.2.1 Energy splittings of time-reversal counterpart sintg-particle states in the pres-

ence of NM

Fig. 4.8 shows that the presence of time-odd mean fields tedtie energy splitting
AFE,::(i) of the single-particle states which are time-reversal tenparts. This corre-
sponds to the removal of the Kramer’s degeneracy of thesesst®ne of these states
moves up by~ AE,,;;/2 as compared with its position in the absence of NM, while an-
other moves down by AE,;;/2. The results of the calculations in Fig. 4.8 are shown
for the configurations of'?Ce in which either the[413]5/2~ (column (1)) orv[413]5/2*
(column (3)) states are blocked. These signatures are diegged in energy in the calcu-
lations without NM (column (2)). Note that the single-peleistates of interest are shown
at arbitrary absolute energy in the column (2). Solid (opmitjes indicate occupied (un-
occupied) states. Solid (dotted) lines are used forthe +i (r = —i) states. Detailed
analysis of the single-particle spectralifiCe and'?*Xe reveals general features which
are also found in other nuclei. TH&Ce nucleus is axially symmetrie/ (= 0°) while
123Xe is triaxial withy = —26°. This difference in the symmetry of nucleus results in
important consequences: the energy splittings appearsingle-particle states in triaxial
nuclei, while only the states with = (2, (the subscriptbl’ indicates the blocked state)

experience such splittings in axially symmetric nuclei.eTfhrmer feature is due to the

122



fact that(2 is not a good quantum number in triaxial nuclei and each sipglticle state
represents a mixture of the basic states with differentesbf().

It is important to mention that the occupied and unoccupiatks as well as the pro-
ton and neutron states show energy splittings (Fig. 4.8g dgiittings of the proton and
neutron states of the same structure are similar. This iausecthe largest contribution
to magnetic potential (Eq. (2.17)) is due to space-like congmts of theo-meson fields
which do not depend on the isospin. In addition, the occugiate is always more bound

than its unoccupied time-reversal counterpart.
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Figure 4.8

AFE,; between different signatures of single-particle statestdlNM in''“Ce.
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The change of the signature of the blocked state leads toeesion of the sigha-
tures in all pairs of time-reversal orbitals (compare calgrfil) and (3) in Fig. 4.8). The
explanation for this process is the following. The changéhefsignature of the blocked
state results in the change of the direction of the curremtie¢ opposite one (compare
Fig. 4.4d with Fig. 4.4e). This leads to the change of theatima of the vector potential
V (r) in the Dirac equation to the opposite one, which in turn cadise inversion of the
signatures in all pairs of time-reversal orbitals. Howevke additional binding due to
NM (the ENM — EWNM quantity) does not depend on the signature of the blocked sta

in odd-mass nuclei.

4.2.2 Polarization effects induced by NM

The polarization effects induced by NM are investigated dwysidering its impact on
different terms of the total energy (Eq. (2.31)). The resaftthis study are shown in Table
4.1. One can see that the total energy terms can be splitwmotgrtoups dependent on how
they are affected by NM. The first group includes gy, E]”, E;fL and E¢,,; terms

which are only weekly influenced by NM, and thus, they will betdiscussed in detail.
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Table 4.1

The impact of NM on the energy in thé13]5/2" configuration of'°Ce.

Quantity| EVNM AE; | AEP
1 2 3 4
Epare | —2849.889 | —0.410 | —0.237
E, —17079.532 | —2.231
E.nL 343.341 | —0.017
ETL 14356.156 | 2.054
ESt 0.0 —0.124 | —0.124
ETt 2.044 0.003
ESE 0.0 —0.010 | —0.010
Ecou 481.196 0.017
Een —6.252 0.0
Epo —959.349 | —0.104 | —0.103
Ejin 1630.386 | —0.099 | —0.237

Table 4.2

The same as in Table 4.1 but for t}#©6]13 /2" configuration in'*3Ce.

Quantity| EVNM AE; | AEP
1 2 3 4
Epare | —4139.512 | —0.157 | —0.095
E, | —23720.872 | —0.608
E,nL 541.423 | —0.004
ETL 19696.151 | 0.538
ESE 0.0 —0.043 | —0.043
ETE 236.863 | 0.009
ESE 0.0 —0.005 | —0.005
Ecou 437.326 0.002
E. —5.416 0.0
Eior ~1335.818 | —0.045 | —0.047
Erin 2561.558 | —0.045 | —0.095
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The second group is represented by #g,;, E,, EL* and E5” terms which are
strongly affected by NM. Thé&5~ term is directly connected with the nucleonic currents
(see Eq. (2.37)). Th&, and ET~ terms depend only indirectly on time-odd mean fields:
the minimization of the total energy in the presence of tmde-terms leads to a very small
change of equilibrium deformation induced by NM. The quadita and hexadecapole
moments change by0~* of their absolute value when the NM is switched on; a similar
magnitude of changes is seen alsdinand EZL. One should keep in mind that only the
E, + ETT quantity has a deep physical meaning since it defines a miclpotential; this
sum is modified by NM only on -177 keV.

The largest modification (by-410 keV) is seen in theZ,,,; energy, with the half of
it coming from the change of the single-particle energy £by-200 keV) of the blocked
orbital (ther[413]5/2 orbital) in the presence of NM. Note that since both sigresof
other pairs of time-reversal orbitals below the Fermi learel occupied, the large energy
splittingsE,,;;; seen for some of them do not have a considerable impakl,on(see Eq.
(2.32)) since this splitting is nearly symmetric with resp® the position of these orbitals
in the absence of NM. Thus, the rest of the modificatiohgf., is related to small changes
in the single-particle energies of occupied states caugélagochanges in the equilibrium
deformation induced by NM.

This detailed analysis clearly indicates that fii¢" — EWNM quantity is defined by
both time-odd mean fields and the polarization effects irteden mean fields induced by
time-odd mean fieldse¥™ — EWNM — 104 keV is a result of near cancellation of the
contributions due to fermionic{410 keV) and mesonic{306 keV) degrees of freedom.
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Note that the latter appears with a negative sign in Eq. j2.8he fermionic degrees of
freedom are represented by thg,,, and E,,,, terms, while the other terms of the total
energy are related to the mesonic degrees of freedom. Theoigic contribution into
ENM _ pWNM is defined by more or less equal contributions from time-o@édunfields
and the polarization effects in time-even fields. On the @yt time-odd mean fields
define only= 1/3 (E5* = —0.124 keV) of the mesonic contribution inte™* — EWNM

while the rest is due to polarization effects in time-everamields.
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The ratioAE,,;;/(ENM — EWNM) in the Ce isotopes.
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It turns out that these contributions are highly correlasadan be seen from the ratio
AE g /(ENM — EWNM) in the Ce isotope chain (Fig. 4.9AF,,;; depends only on
time-odd mean fields in fermionic channel, whilg" — EWNM) depends both on time-
odd mean fields and the polarizations effects in time-eveamiields in fermionic and
mesonic channels. One can see thd,,;/(E"Y — EWNM) ~ 4 for the majority of
nuclei. Similar relation exists also in the Skyrme EDF chdtions for the Ce isotopes (see

Eq. (7) in Ref. [142]).
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The AE: ~comst _ AEPS and ENM — EWNM for odd-neutron nuclei.

The impact of NM on different terms of the total energy in th€06]13 /2" configura-
tion of the'®3Ce nucleus, which is located at the neutron drip line, is shimwTable 4.2.

The comparison of Tables 4.1 and 4.2 allows to understanchitr®scopic origin of gen-
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eral trend which shows the decrease of the impact of NM (iteftkio the( EVY — EWNM)
guantity) with increasing particle (proton, neutron or g)asumber (see Figs. 4.1 and 4.7).

In the '**Ce nucleus, the impact of NM on the;" and E5* terms, which directly
depend on time-odd mean fields, decreases by the factoestd@and 2 relative to the
'“Ce case (see Table 4.1), respectively. The impact of NM othe, v, EL*, E]",
Ecou terms, which depend on time-odd mean fields only throughrizalion effects,
decreases even more dramatically (by a factor close to 4g tdat the contribution of the
p-meson to thé VM — EWNM) quantity is marginal even at the neutron-drip line. Other
investigated cases also indicate the decrease of the irapBidfl with increasing particle
number.

The general trend of the decrease of the impact of NM on bgndimergies with in-
creasing particle number can be understood in the followiag The effects attributable
to NM are produced by odd particle which breaks time-revesgametry. With increasing
particle (proton, neutron of mass) number the nucleus besdarger and thus more ro-
bust towards time-odd and polarization effects inducedd/marticle (or in other words,
the effective impact of single particle on total nucleargeies becomes smaller).

It is interesting to compare the results of self-consistent perturbative calculations.
The AE; = ENM — EWNM quantities will be used for simplicity in further discussio
These quantities are shown in columns 3 and 4 of Tables 4. #4.@xdheAFE,, AE,ny,
AFETL and AEZL quantities are zero in perturbative calculationsE,,; = 0 for odd-
neutron system in perturbative calculations (Tables 4dl4af), but it can differ from O
in the systems containing odd number of protons (Tables@d3ad). The results of self-
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consistent and perburbative calculations for tg5* andAEfL guantities are the same
with the exception of conf. B if*Cl where only small difference exists (Tables 4.1, 4.2
and 4.4).

It is seen from Tables 4.1 and 4.2 that
AETm = AR (4.6)

for odd-neutron nuclei. Note that the superscisptf-const’refers to fully self-consistent
results. Fig. 4.10 shows that this equality is fulfilled ire thnajority of nuclei of the Fe
and Ce isotope chains with high degree of accuracy (as caupéth thep VY — pWNM
quantities).These results clearly indicate that the additional bindiug NM (theE VM —
EWNM quantity) is defined mainly by time-odd fields and that theupzhtion effects in
fermionic and mesonic sectors of the model cancel each talelarge degree.

As a consequence it is important to understand the relatietvgeen different polar-

ization effects. Particle energy '/ ~“"*' obtained in self-consistent calculations can be

part

split into two parts: the parﬁgo which directly depends on time-odd mean fields and the

art

part E”Olt which is defined by the polarization effects in the fermioséctor of model.

par

ThUS,ESElf_conSt _ Eg‘o + Epol

part art par

candEXT ~ ETO  Taking into account Eq. (2.31) and

part part*

above mentioned features of theé="*"* terms one can conclude that

pol __ sel f—const sel f—const
AEPGN _ AEU + AEicrNL

T L[sel f—const] T L[sel f—const]
+AE] + AE!

FAEH eonst, (4.7
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This relation clearly indicates that the polarizationgef$ in the fermionic £

part term)

and mesonic & Esel/—eonst | el —eonst | A pTHsetimeonst] igng A g M meomsl terms)
sectors of the model are strongly correlated. Eq. (4.7) allewvs to understand clearly
the physical origin ofAEﬁjﬁt. The terms on right hand side are related to the change
of the nucleonic potential induced by NM. This change leadthé modifications of the
single-particle energies of all occupied states (as coetpaith the case when NM is
absent) which are reflected mEggit. On the contrary, thAEZ;% Is due to the breaking

of the Kramers degeneracy between the blocked state andotscupied time-reversal
counterpart. Note thaiEg;?t ~ —1/2AE,,;: (minus sign reflects the fact that the blocked
state is always more bound in the presence of NM) andXlg,,;; values obtained in

self-consistent and perturbative calculations are theestimthe pairs of time-reversal

counterpart states involving blocked state.
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Figure 4.11

The same as in Fig. 4.10, but for odd-prot®n= 94 nuclei.
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The relation similar to Eqg. (4.6) exists also in odd-protarclei but in this case it has

to be corrected for thA EZ”", energy change:
AE; 7= ~ AELT + EP (4.8)

Fig. 4.11 shows that this relation is fulfilled in odd-protdyn= 94 nuclei with high degree
of accuracy (as compared with t#&"" — EWVNM quantities). Eq. (4.8) also leads to the

condition of Eq. (4.7) and to the interpretation@ﬁ‘git discussed above.

4.2.3 The impact of time-odd mean fields on the properties ofrpton-unstable nu-

clei

The blocked state always has lower energy than its unocd tipiee-reversal counter-
part in the calculations with NM; this fact does not dependr@nsignature of the blocked
state (Sect. 4.2.1). The energy of the blocked state in thgepce of NM is lower by
~ AF,,;:/2 than the energy of the same state in the absence of NM. Thiscadd bind-
ing will affect the properties of the nuclei in the vicinity the proton-drip line via two
mechanisms discussed below. They are schematicallyrdkestin Fig. 4.12.

In the first mechanism, the nucleus, which is proton unbostatg A in Fig. 4.12) in
the calculations without NM, becomes proton bound in thewdations with NM (state A
in Fig. 4.12). The necessary condition for this mechanisimetactive is the requirement
that the energy of the single-particle state in the abseh®éwis less thanAEy,;;; /2.
This mechanism can be active both in the ground and excitgdssof the nuclei in the

vicinity of the proton-drip line.
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In the second mechanism, the energy of the single-partetie &tate B’ in Fig. 4.12) is
lower in the presence of NM, but the state still remains umgoT his will affect the decay
properties of proton emitters and the possibilities ofitbbservation. Indeed, the lowering
of the energy of the single-proton state will decrease tlodatility of emission of the
proton through combined Coulomb and centrifugal barriesinilresults of the physics of
proton emitters are conventionally expressed in termsexfhenergies which depend on
the difference of the binding energies of parent (odd-prptmd daughter (even-proton)
nuclei. Note that for simplicity we consider here only ev€muclei. NM leads to an
additional binding in odd-proton nucleus but it does nogeifthe binding of even-proton
nucleus. Thus, th§), values are lower by the value of this additional binding wiien
NM is taken into account.

Two consequences follow from lowé}, values. First, experimental observation of
proton emission from the nucleus will become impossibléé®, value moves outside
the (), window favorable for the observation of proton emission ecdimes possible if
the @, value moves into th€),, window favorable for the observation of proton emission.
The size of th&), window for rare-earth proton emitters is abOut — 1.7 MeV, while it
is much smaller in lighter nuclei [158, 156]. Lar@g values outside this window result in
extremely short proton-emission half-lives, which ardiclifit to observe experimentally.
On the other hand, the decay width is dominatedhylecay for low), values below the
@, window. This consequence of the lowering@f due to NM is especially important in
light nuclei where the impact of NM on binding energies isexsally pronounced and the
(), window is narrow.
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Second, the lowering of th@, values due to NM will increase the half-lives of proton
emitters. For example, the lowering @f, due to NM will be around 50 keV in rare-earth
region since this is typical value of additional binding doeNM in odd-mass nuclei of
this region (Sect. 4.1.2). This can increase the half-lofgsroton emitters by a factor of
~ 2 at the upper end of th@, window and by a factor ok 4 at the bottom end of th@,
window (see Fig. 5 in Ref. [156]). The effects of NM have beeglacted in the existing
RHB studies of proton emitters with > 50 (see, for example, Ref. [157]) but this should
not introduce significant error in this mass region.

On the other hand, the impact of NM can be dramatic on thelival-of proton emit-
ters in lighter nuclei. This is due to two factors, namely,tkie general increase of ad-
ditional binding due to NM and the magnitude &fF,;;; with decreasing mass and (ii)
the narrowing of the), window with the decrease of mass due to the lowering of the
Coulomb barrier. This can be illustrated by several examplde change in proton en-
ergy of around 300 keV if’Br causes a change in the proton decay lifetime of 11 orders
of magnitude [158]. This effect is even more pronouncedghtir systems. The half-life
window of 10 to10~* s corresponds to proton energiesiof — 150 keV in nuclei around
Z = 20 [159], while the variation of the), value between 3 to 50 keV ifB changes
the half-lives by 30 orders of magnitude [156]. The energgnges quoted in these ex-
amples are either of similar magnitude or even smaller agpeoed with the changes of
the energies of single-proton states and ¢hevalues induced by NM. As a result, one
can conclude that the effects of time-odd mean fields have taken into account when
attempting to describe the properties of proton emittefight nuclei.
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Figure 4.12

Impact of time-odd mean fields on odd-proton nuclei near th&op drip line.

4.3 0Odd-odd mass nuclei: a model study of the impact of nucleanagnetism on

binding energies.

The nuclei around?S in superdeformed minimum are considered in the present Sec
tion. Their selection is guided in part by the desire to corappae CRMF results with the
ones obtained in the Skyrme EDF in Ref. [160], where the sigeaseparation induced
by time-odd mean fields has been found in the excited SD b&ndSorhe CRMF calcu-
lations have been performed for some SD configuratiofs3rand in neighboring nuclei.
The starting point is the doubly magic SD configuraticéiz 32 in 32S (further 'SD core’)
(see Ref. [148]) in which all single-particle orbitals belthe N = Z = 16 SD shell

gaps are occupied (Fig. 4.13). Here the configurations beddd by the numbers of occu-

135



pied proton (p) and neutron (n) higk-intruder orbitals (theV = 3 orbitals in our case):
this is commonly accepted shorthand notatiov*v N? of the configurations in high-spin
physics [20]. Then the configurations in the nuclei undersatgration (Fig. 4.14) are
created by either adding particles into t262]5/2* orbital(s) or/and creating holes in
the [330]1/2* orbitals: these are the orbitals active in signature-sgpdrconfigurations

discussed in Ref. [160].
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Figure 4.13

Similar to Fig. 3.5 but for the doubly-magic SD configuratiest»3? in 32S.

Similar to the results shown in Sects. 4.1.1 and 4.1.2, thdé#ds to additional bind-

ing in the configurations of odd mass nuclei (the configuretio S and®*Cl created by
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adding a particle to the SD core or the configuration8ihand®'S created by removing a
particle from the SD core, see Fig. 4.14). This additionatibig does not depend on the
signature of the blocked state.

Fig. 4.14 shows that additional binding due to NM is smalbethe configurations with
blocked proton state as compared with the ones with blocketton state. For example,
the configurations irfi'P and3'S are built on the same blocked Nilsson state. However,
additional binding due to NM is smaller in odd-proton nudétiP) than in odd-neutron
one ('S). Similar situation also exists S and®**Cl. These results are consistent with a
general systematics (Sect. 4.1.4) which shows that additmnding due to NM is smaller
in the proton subsystem than in the neutron one.

The results of perturbative calculations for the configoratvith the proton hole in
7[330]1/2~ in odd-proton*'P nucleus and for the configuration with the neutron hole in
v[330]1/2~ in odd-neutror¥' S nucleus are shown in Table 4.3. These hole configurations
are formed by removing either protoH®) or neutron{'S) from theN = Z 32S SD core.
One can see that the decrease of additional binding due to Nigloong from neutron
to proton configuration of the same structure can be tracéidetehanges in the particle
energy AES from —0.349 MeV in odd-neutror®'S nucleus to-0.250 MeV in odd-
proton®'P. This explains the major part of the change in th&”"" quantity on going
from odd-neutror’'S (AE"Y" = —0.165 MeV) to odd-protor®'P (AEPS" = —0.100
MeV). The contributions of other terms inth £ on going from odd-neutrof'S to
odd-protor®'P nucleus are smaller: 0.020, 0.001, and 0.013 MeV forXiag”, AES"
andAFE¢,,; terms, respectively.
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In perturbative calculations, the changes in particle@navE%. ; can be easily related
to the energy splitting\ £;,,;;, between the blocked state and its unoccupied time-reversal
counterpart througtﬁEf,’jﬁ ~ —%AEsplit since the sum over the energies of other occu-
pied single-particle states is the same in the calculatratis and without NM because
the polarization effects are absent (Sect. 4.2.2). Theggraplittings between different
signatures of the blocke@30]1/2 state areAE,;; = 0.653 MeV and AE;,;; = 0.476
MeV for odd-neutron{S) and odd-proton*{P) nuclei, respectively. This result clearly
indicates that the contributions of the Coulomb force togiwon single-particle energies
in the presence of NM are at the origin of the fact that addéldinding due to NM is

smaller for odd-proton nuclei as compared with odd-neubres. The analysis étS and

33Cl leads to the same conclusions.

holes particles
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Figure 4.14

The impact of NM on binding energies, in the vicinity' 88 SD core.
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Table 4.3

The AEP"" = (ENM — pWNMypert for different terms of the total energy.

Quantity | 3!S sip 33 33Cl
1 2 3 4 5
AEPTT [ —0.349 [ —0.250 | —0.198 | —0.136
AESHPrt | 0168 | —0.148 | —0.093 | —0.080
AESHPr 0,016 | —0.015 | —0.010 | —0.009
AEZT 0.0 | 0.013 0 0.010
AEPT" | —0.165 | —0.100 | —0.095 | —0.057
AEPT | —0.348 | —0.276 | —0.198 | —0.155

kin

Table 4.4

AE; = ENM — pWNM jn the SD configurations ofCl.

Quantity | E)VNM(A, B) | AE;(A) | AEP""(A) | AE/(B) | AEP(B)
1 2 3 4 5 6
Epart —835.845 | —1.471 | —0.791 | —0.004 | —0.003

E, —4415.660 | —7.862 +0.004

E,ni 84.884 —0.036 —0.001

ETE 3698.240 7.126 —0.003

ESE 0.0 —0.414 | —0.414 0.0 —0.001
Et 0.061 0.0 0.0

ES* 0.0 0.0 —0.043 | —0.043
Ecou 59.832 0.052 0.025 | —0.002 | —0.003
E. —9.492 0.0 0.0

Eior —272.693 | —0.376 | —0.402 0.041 0.043
Ewn | 479210 | —0.103 | —0.841 | —0.002 | 0.003 |
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The situation is more complicated in odd-odd nuctP(and**Cl) in which consid-
erable energy splitting between the= +1 andr = —1 configurations is obtained in the
calculations. The microscopic mechanism of binding modiftns is illustrated in Table
4.4 on the example of configurations A and B*cl.

NM provides additional binding of around 0.4 MeV in the configtion A which has
signature- = —1. In this configuration, proton and neutron currents due émitcupation
of proton and neutron 5/2[202]states are in the same direction which results in appre-
ciable total baryonic current. This baryonic current letmsizable modifications in the

E

varts Eoy EXE, ESL terms (Table 4.4). These are precisely the same terms which a

strongly affected by NM in odd-mass nuclei, see Sect. 4.2t fermionic contribution
into ENM — pWNM (the AE,,.. term) is defined by more or less equal contributions from
time-odd mean fields and the polarization effects in timeremean fields. On the con-
trary, time-odd mean fields define ondy 1/3 (AESL = —0.413 MeV) of the mesonic
contribution intoEVM — EWNM "while the rest is due to the polarization effects in time-
even mean fields (thAE,, AE! terms).

NM leads to the loss of binding in the configuration B which has +1. In this con-
figuration, the proton and neutron currents due tostfa2]5/2% and»[202]5/2~ states
are in opposite directions, so the total baryonic currenery close to zero. As a result,
the impact of NM is close to zero for the majority of the termsHq. (2.31) (see Table
4.4). The only exception is thE;?L term which represents space-like component of the
isovector-vectop-field. This term depends on the difference of proton andrmeautur-
rents (Eq. (2.38)), which for the present case of oppositeents gives a non-zero result.
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As follows from Table 4.4, this term is predominantly resgibie for the loss of binding
due to NM in the configuration B.

It is well known that many physical quantities are additiwvehe calculations without
pairing (see Ref. [107] and references therein). The adlgitprinciple states that the
average value of a one-body operat@rin a given many-body configuratioh, O(k),
relative to the average value in the core configuratigif,, is equal to the sum of effective
contributionso?// of particle and hole states by which theh configuration differs from

that of the core [107]
SO(k) = — 0t = Z ca(k)oc!! (4.9)

Coefficientsc, (k) (ca(k) = 0, or + 1 or — 1) define the s.p. content of the configu-
ration k& with respect to the core configuration (see Ref. [107] foad&t Let us check
whether additional binding due to NM (th&E,,, = ENM — EWNM quantity) is addi-
tive. The doubly magic SD configuratiorB?23? in even-ever¥?S nucleus is used as a
core for this analysis: the effective contributiohs// of particle state(s) ta\ E,,, are
given bys ES// = [E;(nucleus A) — E;(core)]MM — [E;(nucleus A) — E;(core)]VNM =
ENM(nucleus A) — E}YNM(nucleus A) = AFE;(nucleus A)) because the core configu-
ration is not affected by NM. Thus, the additivity impliesatt\ E,; (31Cl(r = +1)) =
AFE;:(33S) + AE: (3C1) (AE1: P*Cl(r = —1)) = AE;(3S) — AE:(33C1)) for the
situation when the proton and neutron currentg*dl are in the same (opposite) direc-
tions. Fig. 4.14 clearly shows that additivity conditiome aot fulfilled and that additional
binding due to NM is not additive in self-consistent caltidas. The analysis involving

odd-odd*P and odd'P,3'S nuclei leads to the same conclusion (see Fig. 4.14).
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The additivity is also violated in perturbative calculaiso the comparison of Tables
4.3 (columns 4 and 5) and 4.4 (columns 4 and 6) reveals thaotigitionsA E7" (34Cl(r =
+1)) = AEP(338) +£ AEP"*(33C1) are violated both for the total energiy £ tot) and

individual components of the total energy = part, 5t 5t Coul). The analysis of

7w7p7

AEfjj,’fﬁ (this terms provides the largest contributionAd”"" (see Tables 4.3 and 4.4))
allows to understand the origin of the violation of additjvior the AE?S™ quantity. In

odd-proton3'Cl nucleus, AEPP“" ~ —1/2AEP . (AE? . is the energy splitting be-

part split split

tween blocked proton state and its signature counterpacd fplit depends predom-

inantly on the proton current induced by odd proton. The s&nrteue in odd-neutron

33S nucleus wheré\ E”

< depends predominantly on the neutron current induced by odd

neutron. Additivity principle implies\ E22¢, *Per] ~ —(1/2AEL;, + 1/2AE7, ) for
the3'Cl(r = +1) configuration, in which the proton and neutron currents atbé same
direction. However, protomEfl[jftd_"dd} (neutronAE:p[thld_"dd}) energy splitting between
blocked proton (neutron) state and its time-reversal apatt in odd-odd nuclei depend
on total baryonic (proton+neutron) current in this confagion. On the contrary, the ad-
ditivity principle implies that these proton and neutroragtities depend on individual
proton and neutron currents in odd-odd nucleus, respégtivienis total current is ap-
proximately two times stronger than individual (proton @utron) currents in odd mass
nuclei. As a consequenca flg‘l’id”dd] andAE;;[fi‘id_Odd] values in odd-odd mass nucleus
are larger than the same quantities{? ;,, AE? ;) in odd-mass nuclei by a factor close
to 2. As aresultAEPT (3*Cl(r = +1)) =~ 2(AEPTH(33S) + AEPT(33C]) (see Tables 4.3

part part part
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and 4.4) which clearly indicates the violation of additpior theAEf,’jﬁ quantity (and for
the AEPS" quantity).

Fig. 4.14 also shows the results for the 4-particle excitedsttesr(ab) ® v(ab) in
323, for which the calculated rotational structures displaygignature separation induced
by time-odd mean fields [160, 148]. The configurations arenéat by exciting proton
and neutron from th¢330]1/2~ orbitals below theV = 16 andZ = 16 SD shell gaps
into the [202]5/2* orbitals located above these gaps. They haverthe3! structure in
terms of intruder orbitals. When NM is neglected these fanfigurations are degener-
ated in energy. This degeneracy is broken and additiondirogn which depends on the
total signature of the configuration (0.907 MeV for the- +1 configurations and 0.468
MeV for ther = —1 configurations in the calculations with the NL3 parametiad), is
obtained when NM is taken into account. The NL1 and NLSH patamations of the
RMF Lagrangian give very similar values of additional bimglidue to NM. The essential
difference between the relativistic and non-relativisiculations lies in (i) the size of
the energy gap between the= +1 andr = —1 configurations and (ii) the impact of
time-odd mean fields on the energy of the: —1 states. This energy gap is about 2 MeV
in the Skyrme EDF calculations with the SLy4 force [160], l&ht is much smaller being
around 0.45 MeV in the CRMF calculations with the NL1, NL3 a¥ldSH parametriza-
tions. The energies of the= —1 states are not affected by time-odd mean fields in the
Skyrme EDF calculations [160], while appreciable addiidsinding is generated by NM

for these states in the CRMF calculations (Fig. 4.14).
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The impact of NM on binding energies in odd-odd Al nuclei.
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The same as in Fig. 4.15 but for odd-odd CI nuclei.
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Impact of NM on binding energies of odd-odd nuclei nearihe- Z line.

Figs. 4.15 and 4.16 show the results of the calculationsrougd state configurations
in odd-odd Al and Cl nuclei, where the upper panel showdthé& — EWNM quantity for
different signatures. The structure of the blocked statesshown by the Nilsson labels
only in the cases when the configurations are near-proldte. s@me state is blocked in
the proton subsystem of all nuclei. The bottom panel shoegitand~-deformations of
the configurations under study. The calculations suggestsignature separation due to
time-odd mean fields is also expected in the configuratioreddfodd nuclei located at
zero or low excitation energies. The signature separasi@specially pronounced in the
N = Z *Al (the 7[202]5/2 ® v[202]5/2 configuration) and*Cl nuclei. This is because
proton and neutron currents in these configurations areslthe same both in strength
and in spatial distribution. As a result, their contributio the total energy is large when
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these currents are in the same direction {the —1 configurations) and close to zero
when these currents are in opposite directions«the+1 configurations). Note thafAl

is axially deformed whilé*Cl is triaxially deformed withy ~ 30°. However, both of them
show the enhancement of the signature separatioh-at~.

The signature separation is rather small for the majoritynaélei away from the
N = Z line. This is a consequence of the fact that the strengtheo€tinrents in one sub-
system (and thus the impact of NM on binding energies) is nsticinger than in another
subsystem. As a result, there is no big difference (largeasige separation) between the
cases in which proton and neutron currents are in the sameppuasite directions. How-
ever, some nuclei away from thé = Z line also show appreciable signature separation.
These are®Al and 2%4%°°Cl nuclei (Figs. 4.15, 4.16) for which the strengths of proto
and neutron currents (but not necessarily the spatiailoligiton of the currents) are of the
same order of magnitude.

It was suggested in Ref. [141] that the effects of time-od@migelds are enhanced
attheN = Z line. However, Fig. 4.17 clearly shows that the enhanceroksignature
separation is not restricted to thé = 7 line. Indeed, signature separation of the con-
figurations based on the same combination of blocked pratdmautron states are very
similarintheN = Z andN = Z + 2 nuclei despite the fact that the deformations of com-
pared nuclei differ sometimes appreciably. There are denable signature separation in
the configurations based on the same blocked proton andonesiites in theV = 7
andN = Z — 2 nuclei (Fig. 4.17b). On the other hand, almost no signatpligtiag is
observed in theV = Z and N = Z + 2 nuclei when the configurations are based on dif-
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ferent blocked proton and neutron states (Fig. 4.17a). Jugests that the enhancement
of signature splitting is due to similar proton and neutrarrent distributions (see discus-
sion in previous paragraph). In Fig. 4.17, the results aogvalonly in the cases when the
convergence has been achieved for b¥th= Z and N = Z — 2 (or N = Z + 2) nuclei.
When considering odd-odd nuclei one has to keep in mind tiegptesent approach takes
into account only the part of correlations between blockedgn and neutron and neglects
the pairing. In particular, the residual interaction of ampd proton and neutron leading
to the Gallagher-Moshkowski doublets of two-quasipagtsfates with'. = Q, + Q,
andK. = |Q, — Q,| [161, 162] is not taken into account. Thus, future developnoé
the model is required in order to compare directly the expental data on odd-odd nuclei

with calculations.

4.4 Nuclear magnetism and band crossing features

As mentioned earlier in Ch.2, the Coriolis term is preseniiM and WNM calcu-
lations in rotraing nuclei. This means that the currents (E@®6)) are always present in
rotating nuclei. However, it is important to distinguisketturrents induced by the Coriolis
term and the ones which appear due to magnetic potentialcdinents, which appear in
the WNM calculations, are generated by the Coriolis termusltwe will call them as
Coriolis induced currentsOn the contrary, the currents in the NM calculations are gen
erated by both the Coriolis term and magnetic potential. difference of the currents in
the NM and WNM calculations is attributable to magnetic ptitd. Thus, the currents

[F7P ()] VM — [57P(r) W NM will be calledmagnetic potential induced currents
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In the following, the contributiom\O"* ~<oni" (in percentage) of NM to the physical
observable) is defined as

ONM _ OWNM

AQNM=contr — SN x 100%. (4.10)

The physical observables, most frequently used in the aisaby rotating nuclei, are kine-

matic (/™)) and dynamic {?)) moments of inertia which are defined as

SO = 2 TN = (4.11)

where.J is the expectation value of the total angular momentum atbeg-axis. In the
CRMF theory, this quantity is defined as a sum of the expectatalues of the single-

particle angular momentum operatgrof the occupied states

J =2 ilieli). (4.12)

Thus, the modifications of the moments of inertia due to NM lbartraced back to the
changes of the single-particle expectation val(g$;, = (i|).|i) and the corresponding
contributions of spin(g,);) and orbital (/,);) angular momenta [38].

Since NM substantially modifies the single-particle prajgsr(energies, alignments)
[38, 11], it is reasonable to expect that the band crossiatyfes are affected by NM. In
order to study this question, the CRMF (without pairing) &mel CRHB+LN calculations
have been performed for lowest superdeformed (SD) bar&‘ib. In the CRHB+LN
calculations, the D1S Gogny force [163] is used in pairingrotel and an approximate

particle number projection is performed by means of the ingkogami method [131].
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The unpaired proton band crossing seen in the CRMF calon&toriginates from
the interaction between theg642]5/2" and=[651]1/2" orbitals (Fig. 4.18a). Since NM
increases somewhat the single-particle alignmigpt (Fig. 4.18b) and the slope of the
routhian for ther[651]1/2" orbital (Fig. 4.18a), the band crossing takes place at lower
frequency. The shift of crossing frequency due to NM is cdesable (120 keV) from
0.465 MeV (WNM) down to 0.345 MeV (NM), Fig. 4.18a. The calatibns also suggest
that the strength of the interaction between two intergabirbitals at the band crossing is
modified in the presence of NM as seen in the change of theedertgnce (gap) between
these two orbitals at the crossing frequency (Fig. 4.18a).

An additional mechanism affecting the band crossing fraqigs will be active in odd-
and odd-odd mass nuclei as well as in excited configuratibesem-even nuclei. In such
configurations, there is at least one single-particle shet@pposite signature of which is
not occupied. This results in the currentdat = 0.0 MeV, which is discussed in Ch 4.
The energy splitting between different signatures of thglsi-particle states at no rotation
is a typical consequence of these currents (see Sec. 4&sla result, the energy gap
between interacting orbitals &, = 0.0 MeV can become larger or smaller dependent
on the impact of the currents on the single-particle ensrgfeinteracting states. Con-
sequently, this change in the energy gap will translate higber or lower band crossing
frequencies. Note that for simplicity we assume thatthe= 0.0 currents will not modify
the alignment properties of interacting orbitals; thisiiates into the independence of the
single-particle routhian slope in the energy ver&ysplot (see, for example, Fig. 4.18a)
on thef2, = 0.0 currents.
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Fig. 4.18a can be used to illustrate this mechanism. Letnasghat the2, = 0.0
currents will increase the energy gap betweentlid2]5/2% andr[651]1/2" orbitals at
Q, = 0.0 MeV: this will lead to higher band crossing frequencies. dwer, the band
crossing frequencies will decrease in the case when thgyegap between these orbitals
at(), = 0.0 MeV becomes smaller in the presence of fhe = 0.0 currents. The as-
sumption that th&2, = 0.0 currents do not have an impact on the alignment properties of
interacting orbitals is definitely too simplistic but it @ll's to illustrate the fact that NM
can both decrease and increase the band crossing fregglencie

This mechanism is not active in the configuration of evermé¥&b nucleus discussed
above since both signatures of all states below the Ferral e pairwise occupied. As
a result, no current is presentat = 0.0 MeV.

The impact of NM on band crossing features is also seen inRi¢E>LN calculations
where the alignment of the pairs ¢f;» neutrons and, 3/, protons causes the shoulder
and peak in total dynamic moment of inerti& (Fig. 4.19c) (see also Ref. [131]). Note
that each of these two alignments creates a peak in the dgnament of inertia of
corresponding subsystem. NM shifts the paired neutron baoss$ing to lower frequencies
by 70 keV from0.485 MeV (WNM) to 0.415 MeV (NM). Paired proton band crossing lies
in the calculations with NM a®, = 0.535 MeV, while only the beginning of this crossing
is seen in the calculations without NM (Fig. 4.19c).

The origin of this effect is twofold. Similar to the unpairedlculations, the part of
it can be traced to the fact that NM increases the expecta&hres(jx>i of the orbitals
located at the bottom of the shell (the discussed orbit@®athis kind) [38]. The corre-
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sponding larger slope of the quasiparticle routhians eatleeshift of the crossing to lower
frequencies. However, an additional contribution comemfthe modification of the pair-
ing by NM. There is a difference in the pairing energies caliad with and without NM
which increases with rotational frequency, see Fig. 4@20the pairing in the calculations
with NM is weaker. This can be explained by the increaséjgf; of the orbitals located
at the bottom of the shell due to NM (see above). The gradwaking of highs pairs
proceeds faster, which is reflected in a faster decreasdrafguwith increasing?,. Thus

we can specify this effect an anti-pairing effect induced by NM
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Figure 4.20

The same as Fig. 4.19, but f@% , Q0, E™* . and((AN)?).

pairing
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These considerable differences in the crossing frequetiined in the calculations
with and without NM cannot be attributed to the differenaeequilibrium deformations,
since calculated transition quadrupole momeéptand mass hexadecapole momenis
obtained in the calculations with and without NM differ omiarginally before band cross-
ing, see Figs. 4.20a,b.

The influence of time-odd mean fields on band crossing feathes been studied
by means of a schematic non-self-consistent model basedeo8kyrme forces in Ref.
[32]. In this study, time-odd fields emerging from t8éand —SAS terms of the Skyrme
Hamiltonian shift the alignment of thg;» neutron pair to higher frequencies ¥ Dy.
On the contrary, this crossing appears at lower frequemntitee CRHB+LN calculations
when NM is taken into account. This difference is not suipgsconsidering the fact
that time-odd mean fields are not well defined in non-relstiiwidensity functional theo-
ries [33, 164]. It was also suggested in the cranked Skyrmreé¢aFock framework that
time-odd mean fields may be responsible for band crossingst guperdeformed band of
60Zn [45]. However, this crossing is described as paired baosksing in the CRHB+LN
calculations [148].

Above discussed CRMF and CRHB+LN examples clearly show tteatmodifica-
tions of band crossing features (crossing frequenciestantitaitures of the kinematic and
dynamic moments of inertia in band crossing region) causedM are substantial and
depend on the underlying modifications of single-partigigperties such as alignments

and single-particle (quasi-particle) energies.
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4.5 Particle number and deformation dependences of the impa of nuclear mag-

netism on the moments of inertia

In the current section, the particle number and deformatependence of the impact
of NM on the kinematic moments of inertia are discussed iraitletWe consider the
contribution of NM to kinematic moment of inertia, namel!yet(J](Vlj)w — Jéé)]\,M)/J](\}J)V[
guantity, and its variations as a function of particle nurmdoed deformation. In addition,
we investigate how close fully self-consistent value of kireematic moment of inertia
comes to the rigid body moment of inertig;,. The latter quantity is obtained in one-
dimensional cranking approximation with the rotation defiraround the:-axis from the

calculated density distribution(r) by

Jrig = /p(r)(y2 + 22)d*r (4.13)

The contributions of NM to kinematic moment of inertia (thé\}}w - Jéé)]\,M)/J](\}J)V[
guantity) for normal deformed bands in a number of isotopErshwith proton number
Z > 50 are shown as a function of neutron number in Fig. 4.21. Ordyctises in which
the nuclear configurations are the same in the calculatighsand without nuclear mag-
netism are shown in this figure. NM typically increases tHewudated kinematic moments
of inertia by 10-30%. However, this increase is around 40%héV = 108,110 W iso-
topes. Considerable fluctuations of ttué&@ — Jéé)NM)/J](Vl}VI quantity as a function of
neutron number seen in some isotope chains are due to thgeshemunderlying single-
particle structure. Large changes in mé,lz)w - Jéé)]\,M)/J](\}J)V[ quantity are seen on going
from the isotope with neutron numbé¥ to the isotope withV + 2 when two neutron
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single-particle orbitals, by which the configurations ohqmared nuclei differ, have the
expectation values of the single-particle angular moménta strongly affected by NM.
The opposite is also true when two neutron single-partiddéals, by which the configu-
rations of compared nuclei differ, have the expectationesbf the single-particle angular
momenta(J, ); that are only marginally affected by NM. Note that in someesagroton
configurations of two neighboring nuclei with neutron nums®& and N + 2 are also
different due to the deformation changes; this also cautiesinto the fluctuations of the
(J](\}J)w - Jéé)NM)/J](\}]@ quantity as a function of neutron number.

One can also extract from Fig. 4.21 the dependence of theilsotons of NM to
kinematic moments of inertia on proton numkgby considering the results of the calcu-
lations at constant value of neutron numbér Such analysis reveals the fluctuations in
the (J](\}])w — Jéé)NM)/J](Vl}VI quantities which are similar to the ones discussed above. Th
origin of these fluctuations can again be traced back to taegds (as a function of proton
number) in underlying single-particle structure.

Fig. 4.22 compares rigid body moments of inetfig, (Eq. (4.13)) with fully micro-
scopic kinematic moments of inertla&,lj)w (Egs. (4.11) and (4.12)) obtained in the cal-
culations with NM using thé.J,., — J\1,)/J,:, quantity. One can see that considerable
deviations (in majority of the cases being in the windowt30% but reachingt60% in

some nuclei) between these two moments of inertia are obdetvnormal deformation.
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The contribution (in %) of NM ta/(") at normal deformation.
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The difference (in %) betweef,;, and.JV) calculated with NM.
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The analysis within the framework of the periodic orbit thed 65] concluded that the
deviations of the moments of inertia from the rigid-bodyueaht high spin are determined
by the shell structure of a system of independent fermion§ired by a leptodermous po-
tential. For the case of prolate deformation and the ratgierpendicular to the symmetry
axis (the majority of the cases studied in the current maiptdall under this category),
the meridian orbits determine the shell moments of inedi@alise only they enclose rota-
tional flux [165].

Large similarities are seen between the results of our lons and the ones based
on the cranked Woods-Saxon potential in Ref. [165]. For ganright bottom panel in
Fig. 10 of Ref. [165] shows the differendg,., — J,;, between the moments of inertig,..
calculated in the cranked Woods-Saxon potential and tgidy moments of inertid,;,,
for the case of prolate deformation and the rotation arobedakis perpendicular to the
symmetry axis. If one corrects for the difference in the espntation of calculated quan-
tities [(Jpper — Jrig) IN Ref. [165] and(J,;, — J}Vl])w) /Jrig in the present manuscript], then

one can see that our results show similar shell dependertbe @I](\}])w —J!

-ig) Quantities
as the one seen in Fig. 10 of Ref. [165]. Some differencesdmiwhese two calculations
are in part due to simplistic method of the calculation ofrigel-body moments of inertia
in Ref. [165] (see Sec. IIB of Ref. [165] for details).

The CRMF calculations describe rather well the kinematiarmaots of inertia of
normal-deformed [69, 57] and smooth-terminating [11, 5&hds at high spin where
the pairing is negligible. Experimental data on kinematmnments of inertia of normal-

deformed rotational bands at low spin [which are strondigaéd by pairing] are also well
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described in the cranked relativistic Hartree-Bogoliulbalculations [166, 39]. These
results together with the ones presented in the current scaipti strongly support the
conclusion that weakly- and normal-deformed nuclei shaavittoments of inertia which

strongly deviate from the rigid-body value (see also R&f45[ 165]).
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Figure 4.23

Similar to Figs. 4.21, 4.22

Figs. 4.23 and 4.24 show the results of calculations forty8&sconfigurations in the
A ~ 150 mass region of superdeformation and for yrast hyperdefdrfd®) configura-
tions in theZ = 40 — 58 part of the nuclear chart, respectively. It is clearly sdwt the
(J](\}])w - Jéé)NM) / J](Vl}w and (J,;, — J}Vl])w) /Jrig Quantities at these extreme deformations
show much smaller fluctuations than the ones at normal defttom Indeed, the contri-
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bution of NM into kinematic moment of inertia at SD and HD isiarrow20 — 27% range
(Figs. 4.23 and 4.24), while it covers much lafye- 43% range at normal deformation
(Fig. 4.21). In addition, the values of kinematic momentrwdriia calculated with NM
are typically within 5% of the rigid body value for the momaeitinertia at SD and HD
(Figs. 4.23 and 4.24), while much larger fluctuations (tgticwithin 40% of the rigid
body value) are seen in the case of normal deformation (F2g)4

Microscopic origin of these features can be traced backeaitiderlying shell struc-
ture. The analysis within the periodic orbit theory [165pgls that the single-particle
orbits that cause shell structure of prolate superdeformexdiei do not carry rotational
flux if the axis of rotation is perpendicular to the symmetrysa Therefore, the mo-
ments of inertia of the SD bands in such nuclei should be emutile rigid body value
[165]. Such conclusion is in general supported by our mawpg calculations which
show that the calculated moments of inertia are typicallhiwi5% of rigid-body value.
The experimental deviations (obtained under spin assigtsy# Refs. [104, 105]) from
the rigid-body values are about 6% or less in the- 150 region of superdeformation (see
Fig. 5 in Ref. [165]).

We also expect that similar mechanism is also responsibkiaéobserved features of
the moments of inertia at HD. However, the periodic orbibttyeanalysis of such features

is not available and it goes beyond the scope of the currentstaipt.
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Figure 4.24

The same as in Fig. 4.23 but for the hyperdeformed configunsati

4.6 Currents in intrinsic (rotating) frame of collectively rotating nuclei

Current distributions in the intrinsic (rotating) framevieabeen studied earlier in
several publications. It is well known that there are no enis in the intrinsic frame
if the rigid non-spherical body rotates uniformly (rigidtation) (see Sec. 6A-5 in Ref.
[167]). The general aspects of the velocity (current) figddge been discussed in detail
in the framework of single-particle Schrodinger fluid [1,6&hich exhibits a remarkably
rich variety of fluid dynamical features, including comsiede flow and line vortices.
Nuclear intrinsic vorticity and its coupling to global réitans have been studied within
the so-called routhian approach both in semiclassicalagmpr [169, 170] and in fully
self-consistent cranked Hartree-Fock and Hartree-FameBubov approaches based on

the Skyrme force [171]. The current distributions in ratgtframe have been studied
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in phenomenological cranking approaches based on harnogniltator [172, 173, 174,
169] and Nilsson [175] potentials and in self-consisteahking approaches based on the
Skyrme force [176, 171]. Note that the intrinsic currentdi@s any vector field according
to the Hemholtz’s theorem) can be split into irrotationad antrinsic vortical fields [170].
Fig. 4.25 shows typical current distributions obtainedhie CRMF calculations for
selected normal-, super- and hyperdeformed nuclei. Thetsesf calculations are shown
at rotational frequencieQ, = 0.3 MeV and(2, = 0.5 MeV for the ND and SD config-
urations, respectively, and at the spin,(~ 1.0 MeV) at which the HD configurations
become yrast (see Sec. 3.3.1 for details) in the case of Hilgcwations. Despite the
fact that the moments of inertia of the SD and HD configuratiare very close to the
rigid-body values (Sec. 4.5), the presence of strong \estidemonstrates the dramatic
deviation of the currents from rigid rotation. For examples HD configurations i*Mo
(Fig. 4.25a) and®Cd (Fig. 4.25b) show two strong vortices centered: atz +2 fm.
Note that the vortices (i.e. the curl) of the current fields aligned or antialigned along
a principalz-axis of the ellipsoid because of the use of one-dimensicnaalking approx-
imation. On the other hand, the HD configuration'ifiTe (Fig. 4.25¢) shows one very
strong vortice centered at= 0 fm, and 2 weaker vortices centeredzatz +4.5 fm. All

three vortices rotate clockwise.

1The existence of vortices at these points implies non-tamgscurrent circulations which are defined
asC(r) =V x j(r) [174].
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Thej™(r) produced by single neutron in the yrast SD configurationiby.
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The currents in the rotating frame of reference that is fixethé body are caused by
guantized motion of the fermions. Thus, the differencewben the currents if¥Mo and
1%8Cd on one hand and the ones'ifiTe on the other hand are caused by the differences
in the underlying single-particle configurations. Congrés the HD configurations, the
current distributions in the SD configurations'éfSm, **Gd and!'*?Dy are characterized
by a single very strong central vortice (Figs. 4.25d-f). 1€at patterns in normal deformed
nuclei'®°Sn and'*®*Ba look more disordered than in the SD and HD nuclei (Fig5d12).
This is because three (four) large vortices%tsn ('*Ba) are spread out over the volume
of the nucleus. On the other hand, the current pattern ismkenl by a single large central
vortice in the ND configuration of°Nd (Fig. 4.25i).

Note that all considered configurations are characterizethé weak current in the
surface area. On the contrary, the average intrinsic cufl@us mainly in the nuclear
surface in the semiclassical description of currents imaband superfluid rotating nuclei
[169]. This underlines the importance of quantum mechatrieatment of the currents.

The total current is the sum of Coriolis induced and magnaatential induced cur-
rents. Total current is dominated by the Coriolis inducedents; magnetic potential
induced currents represent approximately 5-20% [30%] tal turrent in the HD and SD
[ND] nuclei shown in Fig. 4.25. The only exception’®Vio, in central region of which
magnetic potential induced currents are larger than Qsrimtuced currents by a factor
close to 2. The spatial distribution of Coriolis induced andgnetic potential induced
currents is similar in the majority of nuclei shown in Fig28. However, the spatial dis-
tribution of these two types of currents differ substahtiad “2Mo, *°Gd and'*Ba.
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Comparing current patterns shown in Fig. 4.25, one can odedhat for a system of
non-interacting fermions, the total current, being the safrthe single-particle currents
(see EqQ. (2.26)), is, in general, quite complicated. Th& t®nsequence of the fact that
the localization, the strength and the structure of theeturvortices created by a particle
in a specific single-particle state depend on its nodal siraqsee Ref. [174] and Sec.
4.1.3. In this respect it is important to mention the resoiltRef. [174] which showed that
Coriolis induced current for a single-particle in a slowbtating anisotropic harmonic
oscillator potential has, in fact, a rather simple struetut exhibits a number of localized
circulations with precisely predictable centers and s@igetation. The centers of the
circulations are found at the nodes and peaks of the ostikagenfunctions, thus, forming
a rectangular array somewhat similar to a crystal lattice.

The wavefunction of the CRMF approach is more complicatea that of a rotating
anisotropic harmonic oscillator because of the presenapioforbit interaction and the
split of the wavefunction into large and small componenterddver, there are magnetic
potential induced currents in addition to Coriolis induagtes. However, the analysis
of single-particle vortices in rotating nuclei in generahéirms the observations made in
Ref. [174]. The typical features of the single-particlerents in the CRMF approach
are considered below on the example of three neutron spayiécle states occupied in
the yrast SD configuration df2Dy. The current and density distributions of these states
are shown in Fig. 4.26. Let us first consider #642]5/2" state. The comparison of
Figs. 4.26¢c and 4.26d reveals that the rotation of a nuclensiderably increases the
currents in this state. On the other hand, the density digtan is almost unaffected by
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rotation. The rotation of a nucleus also leads to a changharstructure of the circu-
lations. At€), = 0.0 MeV, there are three weak circulations centered around ddes
at(y = 0fm,z = 0 fm) and(y = 0 fm, z &~ +4 fm); they are due to magnetic poten-
tial. Only two much stronger circulations are visibletat = 0.5 MeV: they are centered
around the nodes located @t = 0 fm, z ~ +2.5 fm). This change of the structure of
vortices can be attributed to additional currents produmethe Coriolis term as well as
to the change of the structure of wave function with incnegsotational frequency. The
wave function in terms of two largest components has the 8824p/2+5%[633]5/2 and
63%][642]5/2+13%[651]3/2 structurat), = 0.0 MeV and(), = 0.5 MeV, respectively.

Even much large changes are induced by rotation into thetateiof thev[411]1/27
state. The wave function in terms of two largest componeasstine 57%[411]1/2+
23%[651]1/2 and 84%[411]1/2+13%[411]3/2 structuréat= 0.0 MeV and), = 0.5
MeV, respectively. One can see that theV = 2 interaction, leading to a considerable
admixture of the [651]1/2 component into the structure ofevlunction, plays very im-
portant role at no rotation. The change in the wave functioluced by rotation leads to a
considerable changes both in the nodal structure of dedsitsybution and in the current
distribution (compare Fig. 4.26e with Fig. 4.26f).

The wave function of the[770]1/2~ state is changed considerably by the rotation: its
structure in terms of two largest components is 62%[7760]1726[761]1/2 at), = 0.0

MeV and 39%[770]1/2+28%][761]3/2 artd, = 0.5 MeV. The increase of rotational fre-

°The percentages show the weights of respective componkithis wave function in the total structure
of the wave function. Note that only two largest componefth® wave function are displayed.
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guency does not lead to appreciable modifications in theiyadistribution but consider-
ably decreases the strength of the currents and changelsape ef the circulations (see
Figs. 4.26a,b). The latter is a consequence of additionab{@induced currents. It is
interesting that for this state the currents show maximuength at the densities far be-
low the maximum densities. This most likely explains refativeakness of the currents
in this state as compared with those in thjé11]1/2" state. On the contrary, for many
single-particle states the strongest currents are seencse to local increases in the
densities (see Figs. 4.26¢,d,f,g and Fig. 4.6).

Our calculations show that the moments of inertia of the S® ldD configurations
are very close to rigid-body values (Sec. 4.5). However,itrnsic currents show the
dramatic deviations from rigid rotation. Usually the deigas from the rigid-body mo-
ment of inertia imply that the flow pattern must substantidiviate from the current of a
rigidly rotating mass distribution, i.e. there are stromg currents in the body-fixed frame
[165]. However, the opposite is not true: the closenessehitbments of inertia to rigid
body value does not necessary implies that the currenildistyn should correspond to
rigid rotation. On a microscopic level, the building bloakghe total current, namely, the
single-particle currents certainly do not have a rigid-flcvaracter; on the contrary, they
have the vortex-flow character (see Fig. 4.26).

Earlier non-relativistic studies also point to above dgsmd relations between cur-
rents and rigid body moments of inertia. For example, it wasag in Ref. [173] for
Schrodinger equation that single-valuedness requirerimerthe wavefunction implies
non-existence of rigid-flow in a quantum fluid. Furthermdteyas demonstrated for a
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system of independent particles employing cranked harenastillator potential that the
current is not of the rigid-flow type even when the moment efriia assumes the rigid-
body value ([173], see also Ref. [172]).

Current distributions shown in Figs. 4.25 and 4.26 are ®ldior collective rotation
around ther—axis perpendicular to the symmetry axis. Note that the atigmt of the
angular momentum vector of a particle is specified along:tagis in one-dimensional
cranking approximation (see also discussion in Sec. 4fICho4). The2 = 1/2 orbitals
are aligned with the axis of rotatiom{axis) already at no rotation. As a result, the single-
particle angular momentum vector of the= 1/2 orbitals performs the precession around
the z-axis, thus orienting the currents predominantly in ¢he z plane. In addition, the
) = 1/2 orbitals show vortices which are concentrated in the cerggion of nucleus.
For the configurations witkl # 1/2, this mechanism of alignment becomes active only
when the rotation sets up. Moreover, with increasingthe densities and currents are
pushed away from the axis of symmetry of the nucleus towaedstirface area (Figs.

4.26c¢,d and Fig. 4.6).
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4.7 Frequency and configuration dependences of the impact oficlear magnetism

on the moments of inertia

In this section, the frequency dependence of the impact ofdéMhe moments of
inertia is studied using considerable number of SD and fitgkeformed configurations in
%0Zn obtained in unpaired CRMF calculations. The propertiegrast SD band in this
nucleus were well described in this formalism above bandsing which takes place at
Q, ~ 1 MeV [177, 70], while the CRHB+LN formalism gave good destiop of this
band in the band crossing region [148]. The neutron routtiagram for this configura-
tion obtained in the calculations with the NLSH parametra@ais shown in Fig. 1 of Ref.
[70]; the results with the NL1 parametrization are simitattte ones obtained with NLSH.
All proton and neutron states below thle= 30 and N = 30 SD shell gaps are occupied
in this configuration (note that proton routhian diagramnsilar to the neutron one). The
configurations are labelled by the shorthand notaltiop|, wheren (p) is the number of
occupiedygy/, neutrons (protons). In this notation, the yrast SD band ia$2,2] config-
uration. Excited configurations under consideration aiit by means of proton or/and
neutron particle-hole excitations across the- 30 and N = 30 SD shell gaps.

The results of calculations for contributions of NM into dynic (AJ](VQJ)VI_C()W) and
kinematic @J](\}])w_wm) moments of inertia are shown in Fig. 4.27. At low frequescie
the average contribution of NM into kinematic moment of tieers slightly larger than
20% (Fig. 4.27a) and thAJ{), . quantities show considerable dependence on con-
figuration. The origin of the latter observation can be tdaback to the specific features

of some occupied single-particle orbitals.
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The contributions of NM to/(Y) and.J (.

Let us consider as an example the [2,2] configuration. At legdencies, thAJ](\}J)V[_COm
values for this configuration are considerable higher thamt]}\}@_com values averaged
over all calculated configurations. This is due to the faat thpsloping branches of the
proton and neutrofd40]1/2* orbitals (in the2, = 0.0 — 0.7 MeV range, see Fig. 1
in Ref. [70]), characterized by the expectation values efdimgle-particle angular mo-
mentum(j,); strongly affected by NM, are occupied @ < 0.6 MeV. At frequencies
2, ~ 0.8 MeV, these orbitals strongly interact with proton and neaftt31]3/2" orbitals
and exchange the character of the wavefunction. This leadgisgaired band crossing (see
Ref. [70]) which is seen in considerable changes?.&d‘lfvlj)w_wm andAJ](\?])w_com quan-

tities. The band crossing process is completed alpve- 1.1 MeV, where the orbital
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labeled ag440]1/2" is downsloping as a function of rotational frequency (seg Eiin
Ref. [70]). At these frequencies, trm]%_wm quantity for the [2,2] configuration is
slightly below the value oﬁJ](\}J)V[_com averaged over all calculated configurations (Fig.
4.27a). Note that this unpaired band crossing is not aatitke [1,1] configurations be-
cause neither proton nor neutrpfl0]1/2* orbitals are occupied. The calculations also
suggest that it is considerably suppressed in the [3,3] gorgtions due to the changes in
the deformations and currents induced by the occupatidrirofg, » orbital both in proton
and neutron subsystems. However, the presence of thisrogasstill visible (especially,

in the AJ](\?])VI_C()W quantity) in some [2,3] configurations.
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Figure 4.28

The contributions of NM t@,, v-deformation (4, and total energy.
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With increasing rotational frequency, the average coatidn of NM into kinematic
moments of inertia decreases and it falls below 15%.at- 2.5 MeV (Fig. 4.27a). In ad-
dition, the configuration dependence of thd](\}}w_com quantities is weaker than the one
at low frequencies. At these frequencies, the majority apeed single-particle orbitals
are either completely aligned or very close to completenatignt. However, NM do not
modify the expectation values of the single-particle angaoiomenta j, ), of completely
aligned orbitals [136]. As a result, only remaining orkstalihich are still aligning, con-
tribute intoAJ ](Vlj)w_wm. The combined contribution of these orbitals o ](\}J)V[_com is
smaller than the one at lower frequencies because the adigihohthese orbitals is not far
away from complete.

The impact of NM on the dynamic moments of inertia is shown ig. B.27b and
it clearly displays much more complicated pattern as coegpavith the impact of NM
on the kinematic moments of inertia. The irregularitiesha AJ](\?J)V[_COHW quantities are
related to the band crossings. For example, the dip infig), . values of the2, 2]
configuration a2, ~ 0.9 MeV is caused by the unpaired band crossings which take
place at different frequencies in the calculations with anttiout NM. Similar deviations
from smooth trend as a function of rotational frequency as#le in other configurations.
However, one can see that for some configurations the catitibof NM into dynamic
moment of inertia is a smooth function of rotational freqeenver extended frequency
range. In this frequency range, the configurations remaschamged. It is interesting
that for some of these configurations the contributions of M dynamic moments of
inertia are either close to zero or even negative; such rieatiave not been seen in the
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previous analyzes of the impact on time-odd mean fields ordyimamic moments of
inertia [68, 33, 20, 38].

The impact of NM on other physical observables of interestiswn in Fig. 4.28, in
which the results of the NM and WNM calculations are compad function of total an-
gular momentum. One can see that the quadrupole deformsatidifrig. 4.28a) obtained
in the calculations with and without NM differ by less than 3¥he only exception is con-
figuration B for which this difference reaches 7%. The défeze in mass hexadecapole
moments),, obtained in the calculations with and without NM is larget typically be-
low 10% (Fig. 4.28c); the only exception is the configuratidfor which this difference
reaches 20% at ~ 20h. The~-deformations obtained in the calculations with and with-
out NM differ by less than 15(Fig. 4.28b). The only significant difference is seen in the
total binding energies (Fig. 4.28d), where the NM solut®miore bound than the WNM
solution. This effect, which is due to the modifications ie thoments of inertia induced
by NM, is very large: additional binding due to NM reaches KA8V at spin/ = 30h.
These systematic results are consistent with the onesnebitan the previous studies of
single SD configuration il’2Dy [38] and single terminating configuration ifiNe [136].
They also give a hint why the cranked models based on the pemalogical potentials
like Woods-Saxon or Nilsson, which do not include time-odebmfields [33], are so suc-
cessful in the description of experimental data. When d&rsid as a function of spin the
deformation properties of the rotating system are only Weaftected by time-odd mean
fields, and the proper renormalization of the moments otim§t45] takes care of the
versus angular momentum curve.
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4.8 Parametrization dependence of the contributions of NMa the moments of in-

ertia
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Figure 4.29

The contribution of NM to the physical observaldle

It was shown in Ch. 4 that additional binding due to NM in orsetjgle states only
weakly depends on the RMF parametrization; this is also settre analysis of terminat-
ing states in Ref. [136]. In this context, it is important taderstand how the contributions
of NM to the kinematic and dynamic moment of inertia dependhenRMF parametriza-
tion.

The dependence of the dynamic moments of inertia on the RM&hpetrization has

earlier been analyzed on the example of the SD bant$Tiv and!“*Eu in Ref. [105] and
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in 3Cu and®®Zn in Ref. [70] employing the NL1, NL3 [64] and NLSH [115] panatriza-
tions of the RMF Lagrangian. The latter study includes alsoresults of calculations
for kinematic moments of inertia. Additional calculatidios these nuclei have also been
performed with NL3* [57] and NLZ [116] parametrizations ftre current manuscript.
As follows from these results, the kinematic and dynamic mots of inertia depend only
weakly on the parametrization of the RMF Lagrangian. Inde¢diven frequency all the
results for kinematic [dynamic] moments of inertia fit inkeetwindow which have a width
equal to approximately 5% 8%) [approximately 6%+ 10%)] of the value of kine-
matic [dynamic] moment of inertia in thé ~ 150 (A ~ 60) region of superdeformation.
The larger spread of calculated values in the- 60 mass region are most likely due to
(i) larger softness of potential energy surfaces in thesdéenas compared with the ones
in the A ~ 150 region of superdeformation and (ii) to larger relative intpace of each
particle and, thus, model uncertainties in the descriptictheir single-particle energies.
Fig. 4.29 shows the dependence of the contributions of NNhédkinematic and dy-
namic moments of inertia on the parametrization of the RMgraagian. For simplicity
of comparison, these quantities are normalized to thossradat in the calculations with
the NL1 parametrization. Very weak dependence (within 5%dew with respect of the
NL1 results) of the contribution of NM to the kinematic mone inertia on the RMF
parametrization is seen in whole frequency rangeiby (Fig. 4.29¢) and at frequencies
Q, > 0.75 MeV in %°Zn (Fig. 4.29a). In the latter nucleus the deviation from kel
results reaches 10% at lower frequencies. The possiblenedgr the larger dependence
of calculated quantities on the parametrizatioi®iin has been discussed above. On the
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other hand, the deviations from the NL1 results are largetife dynamic moments of
inertia. These deviations can be as large as 8% at highegtefineies in the yrast SD
configuration of'*?Dy (Fig. 4.29d) and as large as 20% in the yrast SD configuratio
%0Zn (Fig. 4.29b). Considering that the dynamic moment oftinés related to the second
derivative of the total energy with respect of spin, a lardependence of the dynamic
moment of inertia on the parametrization is expected.

These values can be used to estimate the uncertainty infinéida of the moments of
inertia in the CRMF calculations due to the uncertainty in NIMe latter is related to the
dependence of thO¥M —OWNM] . quantities (Fig. 4.29) on the RMF parametrization
discussed above. Dependent on nuclear system and configurdte NM contribution
to the total kinematic and dynamic moments of inertia is apjpnately 10-25% (Secs.
4.5 and 4.7). Thus, the uncertainty of the definition of theaddlnte value of the total
dynamic and kinematic moments of inertia due to the unadstan the definition of NM
is modest, being in range 0.5-5.0%. The fact that the monoéimsrtia of rotational bands
of different structure in unpaired regime are well (typigaithin 5% of experimental data
[20, 105, 70, 11, 69, 178]) described in the CRMF calculaistnongly suggests that NM

and its impact on the moments of inertia is reasonably wéihdd in the CDFT theory.
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4.9 Terminating states

2 0 . 5 -5 0
Symmetry axis Z(fm) Z(fm)
Figure 4.30

4™(r) in the intrinsic frame for the state 6fV terminating at/ = 17.5%.

The majority of rotational bands which do not have large deftdion at spin zero will
terminate in a non-collective terminating statd,at, [179, 180, 145f. The regime of nu-
clear motion in terminating state is usually referred asi4gollective rotation’ [152, 145].
This is because of the fact that for an axially symmetric ptéd the nucleon orbitals
are not influenced by the rotation around the symmetry axthisfpotential; thus, col-
lective rotation about that axis is not possible. Non-aile rotation is also realized in
the aligned states such as ‘yrast traps’ (or 'yrast isomét81, 14, 182]. The study of
terminating states in the context of understanding of todd-mean fields is of consider-
able interest because of several reasons. First, time-eda fields provide an additional

binding to the energies of the specific configuration, ansl akliditional binding increases

3Only recently the evidences for non-termination of somatiohal bands af,,,,, have been found
[148].
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with spin and has its maximum exactly at the terminatingestaB6]. This suggests that
the terminating states can be an interesting probe of tidieroean fields [34, 147, 136]
provided that other effects can be reliably isolated [13&econd, at the band termina-
tion, the NM does not modify either total angular momentunthar expectation values
of the single-particle angular momen(ta.); [136]. Third, terminating state is a (multi)-
particle+(multi)-hole non-collective state in which thegallar momenta of all particles

and holes outside the core are aligned along the symmetsy axi

£ o
> N
-5 0 5 -5 0 5 -5 0 5
Symmetry axis Z(fm) Symmetry axis Z(fm) Symmetry axis Z(fm)
Figure 4.31

Same as Fig. 4.30.

We will consider in this section the(ds ») 1+ (f7/2)a®@v( f1/2)4 terminating state iV,
which hasl,,., = 17.5%, as an example. The structure of this state is given withe@tsp
of the4°Ca core. This state is characterized by the largest impadtvbbn the binding
energies amongst terminating states studied in Ref. [1B&.nearly spherical with the

quadrupole deformatiof, ~ 0.03 (Fig. 6 in Ref. [136]). Our goal is to understand the
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impact of NM on the current distribution and microscopi@ariof additional binding due
to NM.

In terminating states, the angular momenta of valencegbestand holes are aligned
along the symmetry axiscfaxis). As a consequence they perform precession arousd thi
axis, generating azimuthal currents with respect to thesgtry axis. This is illustrated in
Fig. 4.30. One can see two azimuthal circulations inithez plane: the circulation in the
central region of nucleus is directed counterclockwise@vtiie one in the surface region
is directed clockwise. Fig. 4.31 shows total [left panelriGlis induced [middle panel]
and magnetic potential induced [right panel] currents. €aresee that surface circulation
is generated by the Coriolis term, while the central cirtalaby the magnetic potential.
The currents in the — z andz — y planes are perpendicular to thexis (Fig. 4.30). This
clearly shows that the currents are azimuthal.

In Ch. 4, the polarization effects induced by NM have beemrstigated in one- and
two-particle configurations of odd and odd-odd non-rotatiuclei. Terminating states
differ significantly from these configurations. First, thase multi-particle+multi-hole
configurations. For example, théds »)1(f7/2)s @ v(f7/2)s terminating state i’V has
8 particles and 1 hole outside tH&a core. Second, the alignment of the angular momenta
of these particles and holes generates considerable tmalaa momentum/(= 17.5hin
the discussed terminating state'6f) aligned along the axis of symmetry; this momentum
is much larger than the one in odd and odd-odd nuclei studiéxhi 4. Third, terminating
states are characterized by the azimuthal currents wigleot$o the symmetry axis, while
the states in non-rotating nuclei are characterized by tineects shown in Figs. 4.4,4.5
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and 4.6. Thus, itis interesting to see how these differeatfest the polarization effects
induced by NM and whether these polarization effects ardainm nature for these two
classes of non-collective states, namely, low-spin ond-te-particle configurations of

non-rotating nuclei and high-spin terminating states.

Table 4.5

The same as Table. 4.1 but for the staté’dfterminating at/ = 17.5".

Quantity| EVNM AE; | AEP
1 2 3 4
Epae | —1217.668 | —15.5 | -7.296

Ecor 42.0 0

E, —6381.875 | —85.231
Eonr 109.368 | —2.815

ETL 5371.721 | 79.291

B 0.0 ~351 | -3.51
ETE | 0549 | —0.002

EEL 0.0 —0.038 | -0.038
Ecou 102.168 0.515 0.240
Ee., —8.521 0.0

Eiot —386.121 | —3.704 | -3.983

Polarization effects induced by NM are investigated by aering NM impact on
different terms of the total energy (Eq. (2.31)). The resaftthis study are shown in Table
4.5. Similar to the results in the non rotating nuclear syst&ee table. 4.1), thE;FL and
EST terms are only weakly influenced by NM, and thus, they will hetdiscussed in
detail. Somewhat stronger impact of NM is seen inkqg,;, £, 1, andE5" terms. Note

that only last term was appreciably affected in low-spinfigurations of odd and odd-odd
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nuclei in table. 4.1. Much larger polarization effects agersin thek,,,;, £, and ETL
terms. TheF, and EXL terms depend only indirectly on time-odd mean fields thraixgh
polarizations of time-even mean fields induced by NM. Onaukhkeep in mind that only
the £, + ELL quantity has a deep physical meaning, as it defines a nuclpoteéntial;
this sum is modified by NM on -5.9 MeV.

Comparing these results with those presented in Ch. 4, aneareclude that polariza-
tion effects for different total energy terms in termingtistate under study are stronger
by at least one order of magnitude than in low-spin one- ardgarticle configurations
of non-rotating nuclei. This is a consequence of the faat aligparticles (8) and holes
(1) outside thei’Ca core participate in building the total angular momentueh @urrents
in terminating state, while only one (two) particle(s) papate in generating the currents
in non-rotating odd (odd-odd) nuclei Sec. 4.1.3. Despit the relative impact of NM
on different terms of the total energy is, in general, simifathese two classes of non-
collective states as can bee seen from tables 4.1, 4.2 and 4.5

Total modifications of the energies due to NM in the mesonitmseare -11.79 MeV.
Only one third of these modifications comes from the terfi$“( £5%) which directly
depend on nucleonic currents, whereas the rest from theficettthns of time-even mean

fields induced by NM.
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It is interesting to compare the results of self-consiséeat perturbative calculatiohs
The AEP" = ENM — EWNM guantities will be used for simplicity in further discussio
These quantities are shown in columns 3 and 4 of Table 4.5.ATHg AE, Nz, AELE
and AET" quantities are zero in perturbative calculations becainse-¢ven fields are
fixed in these calculations. TheE3" and AES" are the same in self-consistent (column
3) and perturbative (column 4) calculations becausefthe andE;{L terms depend only
on time-odd mean fields, which are the same in the parts ofalwelations that include
NM. Particle energie’,,,, are strongly modified by NM in self-consistent calculations
they change by-15.5 MeV. Perturbative calculations show that only one halbdf,,,; is
coming directly from time-odd mean fields (see Sec. 4.2l@) rést is due to polarization
effects in time-even fields induced by NM. The same is truetferCoulomb energy term

ECoul-

It is evident from Table 4.5 that
AE; = AER. (4.14)

Note that the superscrifgelf-const’and’pert’ refers to fully self-consistent and perturba-
tive results. The analysis of polarization effects in otteeminating states of thd ~ 40

mass region shows the same relation. These results cledlilyate that the additional

4Fully self-consistent calculations with NM provide a sitagtpoint for perturbative calculations. Using
their fields as input fields, only one iteration is performedhe calculations without NM: this provides
perturbative results. Time-even mean fields are the samethn (fully self-consistent and perturbative)
calculations. Then, the impact of time-odd mean fields ooutated quantities (for example, different terms
in the total energy (Eg. (2.31)) is defined as the differenewvben the values of this quantity obtained
in these two calculations. In this way, the pure effects mietiodd mean fields in fermionic and mesonic
channels of the model are isolated because no polarizdferi®are introduced into time-even mean fields.
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binding due NM is defined mainly by time-odd fields and thatpb&arization effects in

fermionic and mesonic sectors of the model cancel each tdleelarge degree.

4.10 Signature-separated configurations

Signature separation phenomenon induced by time-odd melds fias been found
earlier in excited 4-particle SD configurations®8 [160, 148].1t reveals itself in a con-
siderable energy splitting of the,, = +1 andr;,; = —1 branches of the configurations
which have the same structure in terms of occupation of stpglticle states with given
Nilsson labels. Such a signature separation could not heee bbtained in phenomeno-
logical cranking models, such as the ones using the WooxrlsrASar Nilsson potentials,
since time-odd mean fields are absent in these models.

However, the description of rotatiny ~ Z nuclei requires isospin projection [183]
which can modify above mentioned results. Since this ptmeds beyond the current
framework, we concentrate at the nuclei away from dhe= 7 line. In Sec. 4.3 it was
shown that signature separation is expected also in sudhinbat it is weaker as com-
pared with the one seen in the nuclei around ahe- 7 line. Unfortunately, the survey
of odd-oddA = 20 — 52 nuclei (some of which were studied in Ch. 4) does not reveal
experimental bands in the nuclei away from fkie= Z line in which signature separation
is expected.

Fig. 4.32 shows that signature separation phenomenon sarbalpresent in heavier
nuclei. This figure shows the results of calculations for-odd Eu isotopes in which

odd proton occupies fixed[532]5/2" state, and odd neutron occupies different neutron
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states of the: = +i signatures along the isotope chain. Additional binding ttusiM

is shown for total proton-neutron configurations with diéfet total signatures,,;, = +i.
Significant signature separation (on the level of 100-150) ke seen in ther[532]5/2 ®
v[523]5/2 (PSEu), 7[532]5/2 ® v[642]5/2 (5310Eu), 7[532]5/2 ® v[633]5/2 (*“SEu), and
7[523]5/20v[752]5/2 (***Eu) configurations. Either= —1 orr = +1 states can be more
bound in signature separated configurations of Eu isotdfigs 4.32). This depends on
mutual orientation of proton and neutron currents indugeddd proton and odd neutron;
the state with the same orientation of these currents is bauad.

Fig. 4.33 illustrates that four rotational sequences (twith wotal signaturer;,; =
+1 and two withr,,, = —1) can be built in the 2-particle configurationsa > (r =
+i) @ v|b > (r = +i) (Where|a > and|b > indicate the blocked proton and neutron
Nilsson states, respectively) of odd-odd nuclei. For theecaf '>*Eu we consider 2-
particle configurations based on the> = [532]5/2 and |b > = [642]5/2 states. In the
WNM calculations, the,; = +1 andr;,; = —1 configurations are almost degenerate in
energy up to spid ~ 104 (Fig. 4.33). On the contrary, there is a considerable sigeat
separation£ 150 keV) due to time-odd mean fields between these configuratiotie
calculations with NM.This feature is a strong spectroscopic fingerprint of thesprece
of time-odd mean fieldNote that rotational sequences A and B undergo unpaired band
crossings af ~ 20h.

Unfortunately, the experimental data on odd-odd Eu nudse do not reveal the con-
figurations discussed above in which the signature separatiexpected. This situation
may be resolved by a systematic search of signature sepam@tégurations both in the
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experimental data on odd-odd rare-earth nuclei and in th@ehnzalculations. The best
way to confirm the existence of this phenomenon would be toifindodel calculations
the configurations of odd-odd nuclei which show no signaspléting in the absence of
time-odd mean fields and measurable signature separatithre ipresence of time-odd
mean fields, and then to find their experimental counterpetsh show signature sepa-
ration. However, such an investigation is definitely beytmelscope of the current study.
The difficulty of such a study is also underlined by the factttexisting interpretations
of two-quasiparticle configurations in odd-odd nuclei aasdxl on Woods-Saxon or Nils-
son potentials. In these potentials, the signature degeynés considered to be a strong
fingerprint of specific configurations. However, time-oddaméields in EDF provide ad-
ditional mechanism of breaking the signature degeneradiesexperimental data on such

configurations has to be reanalyzed in density functioraléations.
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Figure 4.32

Similar to Fig. 4.3 but for odd-odd EW(= 63) nuclei at2, = 0.0 MeV.

Although the model calculations clearly indicate the intpnot role of time-odd mean
fields in creating signature separation phenomenon in aldidraclei, the direct compar-
ison with experiment will be complicated by the number of middnitations which are

related to
e the presence of residual proton-neutron interaction ofired proton and neutron,

e the coupling scheme of angular momenta vectors of unpanadmand neutron at
low spin.

In odd-odd nuclei the angular momenta of unpaired protonwanmhired neutron in
2-quasiparticle configurations can be coupled either iralfgror antiparallel fashion,
namely intoK'. = Q,4Q,, andK_ = |, —Q,|, whereQ,,, represents the projection of
single quasiparticle angular momentum of proton (neutoomthe axis of symmetry. For

example, in'*®Eu this will lead to rotational sequences with. = 0 and K. = 5. The
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degeneracy of the bandheads of ftie. doublet pair (called Gallagher-Moszkowski dou-
blet [161]) is lifted by inclusion of the residual protonuteon interaction and also by the
zero-point rotational energy. Relative energy orderinghef. and K- bands is deter-
mined by the empirical Gallagher-Moszkowski (GM) rule whiglaces the spin-parallel
band lower in energy than its spin-antiparallel counterfi61] in odd-odd nuclei (and
vise versa in even-even nuclei [184]) and has only few exaep{162, 185]. Another im-
portant consequence of the residual interaction of ungaiteleons is the observed shift
of the odd- and even-spin rotational levels relative to eztbler in theK = 0 bands; this
feature is generally referred to as the Newby or odd-eveh[4i8i6].

Residual proton-neutron interaction of unpaired nuclésmeglected in the cranking
models; we are not aware about any publication which indudeSo, neither Gallagher-
Moszkowski splittings nor Newby shifts can be describechin¢urrent calculations. It is
also necessary to recognize that 2-quasiparticle confignsin odd-odd and even-even
nuclei show a daunting complexity due to the high densitytates and the large number
of couplings and interactions possible. The problem of tbscdption of the Gallagher-
Moszkowski splittings and Newby shifts is far from beingtiest even in the framework
of conventional particle+rotor model [162, 185, 187, 18841 For example, the residual
interaction of unpaired proton and neutron in odd-odd riwgllews pronounced depen-
dence on the mass region under study [162, 185]. It is ever whfficult to understand
why in 2-quasiparticle configurations of the rare-earthiaeglifferent residual interac-
tions are required to describe the interaction betweenitegpproton and neutron in odd-
odd nuclei and between unpaired protons (neutrons) in even-nuclei [184] despite the
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expectations that they should be the same due to isospin symnTo our knowledge,
self-consistent description of Gallagher-Moszkowskitsphs and Newby shifts has been
attempted only in the framework of the rotor+two-quasigéetmodel based on Skyrme
Hartree+Fock approach in Ref. [189].

At zero rotational frequency the angular momenta of oddgmreind odd neutron are
aligned (parallel or anti-parallel) with the symmetry awiBich leads to band-head states
with K. = Q,+Q,, andK_. = |Q, —,|. However, in one-dimensional cranking approx-
imation nuclear configuration on top of which rotationalseace is built does not depend
on coupling ofQ2, and(2,,. This is well known (although seldom stressed) deficiency of
one-dimensional cranking approximation. However, wittr@asing rotational frequency
the angular momenta of odd proton and odd neutron startgo alith the axis of rotation
which is perpendicular to the axis of symmetry. Althoughsitempting to employ tilted
axis cranking (TAC) approximation for the description oétbombination of these two
angular momenta coupling schemes at low spin, this doesesotve the problem of the
description of signature separation since signature i®ngdr good quantum number in
the TAC approximation [190]. On the contrary, one-dimenalaranking approximation
used in the current manuscript has a clear advantage thrapiegy accounts for the align-
ments of valence particles and holes along the axis of ootati medium and high spins
wherel > K [182], and thus provides correct description of signateqasation at these

spins.
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CHAPTER 5

FISSION BARRIERS IN ACTINIDES AND SUPERHEAVY NUCLEI

The progress in the study of the fission barriers within CDES been slower than
in its non-relativistic counterparts. Inner fission basian several nuclei have been cal-
culated in the axially symmetric relativistic mean field (RM+ BCS approach in Refs.
[191, 90, 192, 193, 194]. However, these investigationsleynjhe constant gap approx-
imation in the BCS part. The recent study of pairing schensesl dor the calculations
of fission barriers clearly shows that this approximatiadieto unphysical results for the
fission barriers [195]. Thus, the results of these works hiavee treated with a caution.
Fission barriers have also been studied in axially symm&F calculations within the
BCS approximation using an effective density-dependertd-znge force in the pairing
channel; this force represents a much more realistic appedon for pairing [195]. Re-
cently also relativistic Hartree-Bogoliubov (RHB) calatibns with the Gogny force D1S
and withj-forces in the pairing channel have been carried out [1954 fstudy of fission
barriers with axial symmetry.

Unfortunately, axially symmetric calculations cannot Irectly compared with exper-
imental data since, as has been shown in non-relatividalegions [43, 44], the lowering
of fission barriers due to triaxiality is significant and caach 3-4 MeV in some nuclei. At
present, no systematic studies of the effects of triaxigtekes of freedom on the height of
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inner fission barriers are available in the covariant dgrigitctional theory; this degree of
freedom has only been studied in specific nuclei sucti‘ats [52] and**°Pu [10] within
the RMF+BCS approach as well #8Pu [197] within the RHB approach. Thus, the main
goal of the current manuscript is to perform a systematiestigation of the inner fission
barriers within the triaxial RMF+BCS approach, and for thstftime to confront these
important experimental quantities with CDFT in a systema#ay.

This chapter is organized as follows. The treatment of pgistrength is discussed
in Sec. 5.1. Sec. 5.2 is devoted to the analysis of the effefctie truncation of the
basis in the particle-hole channel of the model. Truncagitbects in the pairing channel
are considered in Sec. 5.3. The results of the calculatidghefission barriers, the role
of triaxiality and the comparison with experiment are dssed in Sec. 5.4. Finally, in
Sec. 5.6, we report on calculations with others relatiwigiirameter sets based on density

dependent coupling constants.

5.1 Pairing strength

In Ref. [198] empirical pairing gap parameters

48 48
An e W MeV, A;l) P = W MeV (51)

have been determined by the systematic fit to experimental @aneutron and proton
gaps in the normal deformed minimum.

These empirical gap parameters form the basis for the definif the strength pa-
rameters’.. in the current manuscript. Two procedures have been uséatlz@ analysis

of different truncation (Sec. 5.2) and pairing schemes.(56), the values:,,(Z, N) and
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G,(Z, N) are defined for each nucleus with neutron and proton numband Z under

study from the requirement that, in the normal deformed mim, the calculated pair-
ing gaps coincide with the empirical values. b) In the sysitrrcalculations of potential
energy surfaces and fission barriers in actinides the saowegure is used first for all
even-even nuclei in th& = 90 — 100 and N — Z = 42 — 66 ranges resulting in a set of

the strengths-,,(Z, N) andG,(Z, N). Then, the following expressions [199]

N-Z
A-Gy =G} = Gy == MeV (5.2)

N -7

are used in the calculations. The parametgfsG%, G} andG% are defined by the least
square fit to the set of th&,,(Z, N) andG,(Z, N). Their values depend on the parameter
set of the Lagrangian and they are given in Table 5.1. In thig we have strength param-
eters for the effective pairing interaction depending inresth way on the neutron and
proton numbers and, because of the changing level deniséygdp parameters derived

from those values show fluctuations as a function of the gdaniumbers.

Table 5.1

The pairing strength parameters [in MeVH,..ox = 120 MeV for actinides.

Force G? Gy GY GY

NL3* 9.1 6.4 8.1 10.0
DD-PC1 9.2 54 8.0 114
DD-ME2 9.2 5.8 8.1 11.2
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Table 5.2

The same as Table. 5.1 but for superheavy niclei

Force GY Gy GY G

NL3* 10.7 -104 7.40 18.9
DD-PC1 105 -7.38 7.5 19.2
DD-ME2 11.0 -10.3 7.9 17.0

Correlations beyond mean field can influence the calculadkes of fission barrier
height and the excitation energies of the superdeformedmaimssociated with the fis-
sion isomer [200]. The inclusion of rotational correlasoran be performed by a sym-
metry restoration (angular momentum projection) and thatilrations by a mixing of
mean field states corresponding to different shapes by thteothef generator coordinates
(GCM). So far such an investigation has been performed anl§‘tPu within the gener-
ator coordinate method based on Skyrme DFT under the rigstrito axially symmetric
shapes [200]. It was found that compared to the ground statgjlar momentum projec-
tion lowers the (axial) inner barrier by about 0.6 MeV and figsion isomer by about 1
MeV. In addition, it was found in Ref. [200] that the schemattational correction based
on the Belyaev moment of inertia [201] frequently used inlitezature gives a reduction
of the fission barrier height which is appreciably largemttiae one due to angular mo-
mentum projection. Based on these results, no rotatiomedctions are taken into account
in our calculations. A similar approach has been used in éng successful calculations

of Ref. [49].
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5.2 Truncation effects in the particle-hole channel

The RMF+BCS equations are solved in the basis of an anigottioee-dimensional
harmonic oscillator in Cartesian coordinates charaadrikzy the deformation parameters
By and, and the oscillator frequendyw, = 41A~'/3 MeV (see Refs. [66, 20] for de-
tails). The deformation parameters of the oscillator basend~, are selected to be close
to expected values, and~ of constrained solution; this improves the convergence and
minimizes the computational time. The truncation of thadesperformed in such a way
that all states belonging to the shells up/e fermionic shells andVz bosonic shells
are taken into account. The computational time increasesid@erably with the increase
of Ny but it is much less dependent dv. Thus, special attention has been paid to the
selection of N of the basis to be chosen for a systematic study of fissionebaiffior the
nuclei of interest, which provides at the same time a reddemaumerical accuracy in the
predictions of the physical observables.

The selection of the truncation scheme was guided by thdettnalysis of the con-
vergence performed in axially symmetric RMF+BCS and RHR @lations of Ref. [195].

In this reference, extensive tests of numerical convergédrave been performed in the
spherical, normal-deformed and superdeformgd~ 0.7 — 1.0) minima in the RMF cal-
culations without pairing on the example of the nuéfU and3°4120 with Z = 120 and
N = 184. Contrary to the previous studies of the convergence in ki€ Ramework
which were based on the comparison of flie and N + 2 results, the “exact” solution
(extending the calculations up t8r = 36, Ng = 36) has been defined. Then it was

shown that the binding energies and inner fission barrigrd’fo= 20 and Nz = 20 were
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described with an accuracy of approximately 200 keV and B} iespectively, as com-
pared with the exact solution. Therefore, the systematautations have been carried out
with N = 20 and Nz = 20. This selection of the basis is in line with our previous con-
vergence tests in different mass regions (see the diseuss©h. 3) which clearly show
that at large deformations full convergence of the bindimgrgies is reached at larger val-
ues of N than at lower deformations. In addition, they show thatdagjzes of the basis
(larger N and N values) are needed for the nuclei with larger pratband neutronV
numbers (see Refs. [70, 20]).

Of course, as long as the same number of fermionic sh&lland the same deforma-
tion of the basisj, is used, calculations with the axial code should give idetiesults
to those obtained with the triaxial codesat= 0°. In fact for nuclei under study we find
agreement with an accuracy of approximately 50 keV througtiee deformation range of
interest, which is caused by small differences in the mesghtgof the Gaussian integra-
tions for the matrix elements. As a result for axially symnoethapes, the fission barrier
heights which depend on the relative energies of the saddi¢ pnd normal deformed
minimum differ by less than 50 keV in these two calculations.

Extensive convergence tests in axially symmetric Skyrnaetide-Fock calculations
also show that a similar size of the basis is needed (see IBeim Ref. [110] for more
details). The comparison of these convergence tests sisggasthere is no big difference
in the convergence of total energies as a function of theddibasis in the relativistic and

non-relativistic approaches.
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Because the fermionic basis contains large and small coemeiof the Dirac spinor,
the diagonalization of the Dirac equation is by a factor gfragimately 8 more time con-
suming than the corresponding Schrodinger equation imtrerelativistic case. As a
consequence, triaxial RMF+BCS calculations are more coatipmally demanding than
the ones performed in the triaxial Skyrme EDF with BCS appnation of Ref. [43]. This
is also a reason why we treat the pairing channel in the prés@xial RMF calculations in
the BCS approximation despite the fact that triaxial craifRelativistic Hartree+Bogoliubov
approach has been developed in the end of nineties [196,168] and successfully ap-
plied to the description of rotational structures in theripgi regime in different mass re-
gions [196, 131, 39, 69, 166]. The RMF+BCS calculations ess time-consuming than
the RHB calculations. In addition, as follows from our expece of the calculations in
axially deformed RMF+BCS and RHB codes [195], the RMF+BCl8wdations are more

stable (especially, in the saddle point region) than the RelBulations.

5.3 Truncation effects in the pairing channel

It is rather customary to analyze the dependence of totdimgnenergies (or other
physical observables) on the truncation of basis (see SBE. Blowever, we were not
able to find any detailed investigation where the impact efdize of the oscillator basis
on the parameters of pairing in the BCS framework has beemusked in detail. Thus,
we studied the dependence of the strength of the pairingaictien on the numbeW of
fermionic shells under the condition that the proton andnmeeupairing gaps in the normal

deformed minimum are fixed for all values &% and cut-off energie&. ;of-
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The same as in Fig. 5.4 but f&¥Cf.

RMF+BCS calculations in the normal-deformed minimum hagerbperformed with
several values of the cut-off ener@y...¢ in EQ. (2.47), namely...¢# = 30, 60, and 120
MeV. In addition, the prescription of Ref. [202] (indicatasl “Eq. (5.4)” in the figures) has
been used. This prescription introduces smooth energgratlmt cut-off weights [203]

1

= T epller =& = AE) /]

(5.4)

for the evaluation of the local pair density. In this equiati. are the eigenvalues of the
Dirac equation and the chemical potentialsof the proton £ = p) or neutron £ = n)
subsystems are determined by the particle numbersThe cut-off parameterA £, and
ur- = AE./10 are chosen self-adjusting to the actual level density invtbiaity of the
Fermi energyAFE. is fixed from the condition that the sum of the cut-off weightdudes

approximately one additional shell of single-particledessaabove the Fermi surface

> fi=N+ LN (5.5)
kEQ‘r

199



In Eq. (5.5),(2, denotes the single-particle space used in the calculations

Figures 5.1, 5.2 and 5.3 summarize the results of this stodihe normal-deformed
ground state if**Pu. One can see in Fig. 5.1 that the strengths of the pairteggiction
depends not only on the cut-off ener@y,;.¢ but also on the numbe¥ of fermionic
shells employed in the calculations. This dependence ig welk for the prescription
of Ref. [202] because here the effective pairing window igegamall being around 7
MeV. On the other hand, the dependence of the pairing stiemigtVy increases with
the increase of..¢. This can be understood in the following way: an increasé&/ pf
brings more single-particle states into the pairing windbws effectively requiring the
decrease of pairing strength in order to keep the pairingfigad. This effect becomes
more pronounced for larger pairing windows, which expldhres steeper decrease of the
pairing strength as a function ofx with increasingE..;of -

The dependence of proton and neutron pairing energfgs and £7;. on the cut-off
energyFE....¢ and on the numbel of fermionic shells employed in the calculations is
shown in Fig. 5.2. These energies depend only weakly¥ pim the case of prescription of
Ref. [202] because of the small effective pairing windowwdger, similar to the pairing
strengths the dependence of pairing energied pincreases significantly with increasing
E...orr- The origin of this feature is the same as in the case of thengastrengths; it is
discussed above.

Note, however, that the dramatic changes in the pairingggreamnot be seen directly
in the change of the energy, because they are compensatedhto extent by the fact
that larger pairing seen in pairing energies causes a widathdition of the occupation
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probabilitiesv? around the Fermi surface. Therefore, we study in Fig. 5.3ethergy
difference between the binding energigs** — Eralr ghtained in two self-consistent
calculations with and without pairing. It turns out that f§f- > 14 this difference, that
reflects the real physical impact of pairing, is smaller thaMeV and it does neither
depend on the cut-off energy....x hor on the value ofVr. Somewhat different values of
Epair _ punpair gt |ower N values are due to the fact that at these values,othe effects
of the truncation of basis in the particle-hole channel hastebeen eliminated (see Sect.
5.2 for detalil).

In Figs. 5.4 and 5.5 we compare the deformation energy ctiovéisree different pair-
ing schemes for the nuclé&i®Pu and®*°Cf. The deformation energy curve for the axially
symmetric solution is obtained as the= 0° cross-section of the potential energy surface.
The deformation energy curve for the triaxial solution isaded by the minimization of
potential energy surface along the-direction. We show the deformation energy curve
for the triaxial solution only in the range ¢f, values where it is lower in energy than
the deformation energy curve of the axially symmetric solut Note that the potential
energy surfaces are normalized to zero at the normal-defdmnimum. As discussed in
Ref. [195] we can see that these different schemes prediwtwbat different fission bar-
riers. In the systematic calculations presented in thevotlg sections, we use the cut-off
energyE...ox = 120 MeV. The selection of this value is based on the results of R66],
where it was shown that the difference in the height of fisb@miers obtained in the RHB
calculations with finite range D1S Gogny force and zero-eairfprce is minimal when
the cut-off energy...ox = 120 MeV is used (see Fig. 6 in Ref. [195]).
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5.4 Fission barriers in actinides

In this section we carry out a systematic investigation @lidis barriers of even-even
nuclei in the actinide region based on the parameter set Nin@* the pairing strength
parameters given in Table 5.1. In Fig. 5.6 we show as an exathpl potential energy
surface of the nucleu&’Pu in the3-y plane. For axial symmetry we find the normal
deformed minimum of the ground state at a deformatiorn 0.28, a maximum a3 ~
0.52 and a superdeformed minimum @t~ 0.96. We observe that the fission path (the
part of blue dashed line between normal and superdeformeni@) bypasses the axial
barrier between the normal and superdeformed minima. Thebaeight is determined

by the maximum of the energy along this fission path. The dedtion energy curves

stin(y+30)

Bzcos(y+30)

Figure 5.6

Potential energy surface #’Pu. Equipotential lines are seprated by 0.5 MeV.
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for other even-even nuclei in this region obtained in thedeutations are shown in Fig.
5.13. Full black lines show axially symmetric solutions,iltwe show the values of the
deformation energy curves along the triaxial fission patheafull curves. One can see
that by allowing for triaxial deformation the fission barrleeights are reduced by— 4

MeV as compared with axially symmetric solutions. This lonvg depends on the proton
and neutron numbers. It also brings in average the resultiseofalculations in closer
agreement with experimental data shown by green solidesiticl Fig. 5.13. These circles

display the height of the experimental fission barrier atdaleulateds-deformation of
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the saddle point. The calculateedeformations of the triaxial parts of the fission path are
shown in Fig. 5.8. On average they are close to The microscopic origin of the lowering
of the barrier due to triaxiality can be traced back to thenges of the level density in the
vicinity of the Fermi level induced by triaxiality. Fig. 5€hows the Nilsson diagrams for
protons and neutrons for the axially symmetric solutioftfiiPu. The blue boxes in these
diagrams define the deformation and energy ranges in whielatrally symmetric and
triaxial solutions are compared in Fig. 5.10. The lower @ppleformation in these boxes
corresponds to the deformation range over which the tidiadktion (red curve in Fig.
5.13) is lower in energy than the corresponding axially syatria solution (black curve in

Fig. 5.13). The lower and upper energy values in these baxededined approximately

ascr = 3 MeV.
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The~-deformations of the calculations shown by red lines in big.
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Proton and neutron single-particle energies within thegerchation and energy ranges
are shown for axially symmetric and triaxial solutions igF5.10. One can see that the
single-particle level density at the Fermi level is lowartitaxial solutions than for axially
symmetric solutions. This is especially clear at the defdram corresponding to the sad-
dle point of the axially symmetric solution (indicated byrtveal dotted blue lines in Fig.
5.10) which correspond to a maximal level density and makjpaaing correlations. A
lowering of the level density at the Fermi surface leads tamaemegative shell correction
energy (as compared with axially symmetric solution), aasla consequence, to a lower
fission barrier. This is in agreement with the analysis of. R&f] which also attributes
the lowering of the inner fission barrier due to triaxialibyrhicroscopic (shell correction)
part of the macroscopic+microscopic model. A similar mad$mm is responsible for the
lowering of the asymmetric saddle with respect to symmetdule at outer fission barrier
(see Sect. VI in Ref. [49]).

Figures 5.11 and 5.12 show the differences between cadcldaid experimental heights
of inner fission barriers. The average deviation betweearthand experiment is 0.76
MeV. This is comparable with the results obtained in the msoopic+microscopic method
(see Sec. IVC and Fig. 11 in Ref. [48] and Sec. VII A in Ref. [A8hich describe exper-
imental fission barriers with an average error of around 1 MeV

It is necessary, however, to say that neither proton norroeuarticle number de-
pendences of fission barrier height are completely reprediut these calculations. This
is clearly seen in Figs. 5.11 and 5.12. However, the samderobxists also in macro-
scopic+microscopic calculations (see Fig. 11 in Ref. [48] &igs. 23-32 in Ref. [49]).
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A comparison of single-particle energies at axially anaxial solutions.
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The same as in Fig. 5.11 but as a function of proton number
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There are very few energy density functional calculatiointhe fission barriers with tri-
axiality included, and neither of them confronts in a sysitBoway experimental data in
actinides. However, limited results in the Skyrme EDF pnésé in Ref. [53] show similar

unresolved particle number dependences for the innerriggiaier heights.

5.5 Fission barrires in superheavies

The nucleus®®?120 is predicted to be a spherical doubly magic nucleus in TDF
[52, 39]. Its potential energy surface in the- v plane is shown in Fig. 5.6. It is interest-
ing to compare it with the PES of the nucleid$Pu shown in Fig. 5.6. These two PES'’s
are representative examples of typical PES’s in actiniddsaperheavy nuclei. The gross
structure of these two PES’s is defined by the fact that tta ¢éoiergy is generally increas-
ing when moving away from the = 0° axis; so it looks like a canyon. However, there
are local structures inside the canyon which define theréifiees between the two mass
regions with respect to the impact of triaxiality on the inaad outer fission barriers.

In 24°Pu, a large hill is located at the axial shape ~ 0.5 inside a canyon. As a
consequence, the fission path from the normal deformed ramimitially proceeds along
axially symmetry, then bypasses the ax#a+0.5 hill via a path withy ~ 10°, and then
proceeds along the bottom of the canyon on an axially symer@th. As a result of this
bypass, the inner fission barrier heights of the actinidedaavered byl — 4 MeV due to
triaxiality. However, the calculated outer fission bagief the actinides are not affected

by triaxiality.
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The Same as Fig. 5.7 but for tile= 120, N = 172 nucleus
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The same as in Fig. 5.6 but far = 120, N = 172 nucleus
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The properties of the PES of the nuclétfsl20 along the fission path are completely
opposite to the case 3f°Pu since there are two triaxial and one axial hills inside the
PES canyon of??120. Two triaxial hills are located at moderate deformati¢s, ~
0.35, v ~ £30°), while the axial hill is superdeformed{ ~ 0.75). The fission path
(shown by red dashed line with solid circles in Fig. 5.6) tstat a spherical shape, then
proceeds between two triaxial hillgy{ ~ 0.35, v ~30°) and bypasses the axial hill at
By ~0.75 via ay ~ 7° path. They-softness of the PES, which exists between the two
triaxial hills, has only a minor effect on the shoulder of ihieer fission barrier; the triaxial
solution is lower than the axial one by 100-200 keVpgat= 0.2 — 0.3 deformations
(see Fig. 5.7). However, this figure shows that the heighthoér fission barrier is not
affected by triaxiality. On the contrary, the triaxialitp$ a considerable impact on the
shape and the height of outer fission barrier which is lowesed 3 MeV. Thus, one can
conclude that due to the structure of the PES in the fissidmadtey, we observe in the
superheavy region situation opposite to the one in actiniaédei where the triaxiality has
a considerable (no) impact on inner (outer) fission barriers

Fig. 5.17 shows deformation energy curves for the- 112, 114 and 116 nuclei for
the three classes of CDFT models. Experimental estimatesef fission barrier heights
were obtained for these nuclei in Ref. [40]. The potentiargy structure of these nuclei
is similar to the one seen #2120 (Fig. 5.6); the only difference is that the ground states
are somewhat deformed in these nuclei (see Figs. 5.17 ab8)5.Thus, similar to the
292120 nucleus the triaxiality does not affect the inner fisddanriers. However, it has
considerable impact on the shape and height of the outesrfigsirriers; the decrease of
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the heights of the outer fission barriers due to triaxiaBtgypically in the range of 1.5-2.0
MeV and it depends on particle number and on the RMF pararaéivh. Note that this

decrease reaches 3 MeV in some calculated nuclei not shokig.ib.17.
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The height of inner fission barrier and the deformation ofgtaind state.

There is only one experimental work [40] in which some esteran the heights of
inner fission barriers in superheaiy= 112, 114 and 116 nuclei have been obtained. Un-
fortunately, experimentally the fission barriers are asids only indirectly and a model-
dependent analysis is used to obtain these quantitieshvdaigses an ambiguity in the
comparison with theoretical results. Even in the actingtgan where the fission barrier
heights were extracted from a number of independent expetswith high statistics (see,
for example, Ref. [49]), a typical uncertainty in the expental values, as suggested by

the differences among various compilations, is of the oadet0.5 MeV [110]. These
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uncertainties are expected to be higher in superheavy ininlee the estimates of Ref.
[40] are based on experimental data represented by lowstatatand on a method which
differs from the methods used in the analysis of fission bailieights in actinides. In
addition, there is no independent confirmation of the inrssidn barrier height estimates
of Ref. [40]. The interpretation of experimental data onssreections in terms of fission
barrier height becomes even more complicated when therigsith has a double hump
structure, which according to many calculations may be éise in superheavy nuclei. The
widening of the barrier due to the second hump (or its remveotild require the lowering
of the inner fission barrier height; this possibility has been taken into account in the
analysis of Ref. [40]. Based on this discussion it is cleat the level of the confidence of
fission barrier height estimates in superheavy nuclei isiogntly lower than the one in
the actinides.

According to Ref. [40], the estimated lower limits for fissibarrier heights in even-
evenZ = 112,114 and 116 nuclei shown in Fig. 5.17 are 5.5, 6.7 and 6.4 MeVagesp
tively. Our results for the heights of inner fission barriethese nuclei are always smaller
than the experimental data by~ 3 MeV. Considering the discussion above, it is not clear
at this moment how serious this discrepancy is. Howeverrahalts of the calculations
suggest one possible way to increase the heights of innevrfibsirriers. Potential en-
ergy surfaces in the ground state region of these nuclepdreneely soft (see Fig. 5.17).
For such nuclei, the correlations beyond mean field takereXample, by generator co-
ordinate method can lower the energy of the ground state bwaveV, thus effectively
increasing the height of inner fission barrier.
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Systematic calculations of inner fission barriers have ljpsformed for even-even
Z = 112 — 120 nuclei with N — Z = 52 — 68 using the NL3* parametrization. Similar
to the earlier discussed nuclei, the triaxiality has no iotgmn the heights of the inner
fission barriers. The evolution of the heights of the innesidis barriers as a function of
the neutron numbeV¥ is shown in Fig. 5.15a.

The Z = 112, 114 and 116 isotope chains show the general trend of increaking t
barrier height with the increase of the neutron number. EitSb suggests that the origin
of this trend can be traced back to the deformation of thergt@tiate. At low values of the
neutron number, these nuclei are deformed in the grounel. stidwever, they gradually
become spherical when approachiNg= 184 because there is a spherical shell gap at
this neutron number (see, for example, Fig. 28 in Ref. [3Blle negative shell correction
energy at the ground state is larger in absolute value in itiaity of the N = 184
spherical shell gap than at lower neutron numbers, whergrthend state is deformed and
characterized by a larger level density in the vicinity o termi level. The level density
(and, as a consequence, the shell correction energy) aadldespoint of the inner fission
barrier does not change so drastically as the one at thegsiate. As a result, the heights
of inner fission barriers, which are defined as the energgmdiffces between the binding
energies of the ground state and saddle point, show thewausfratures.

The Z = 118,120 nuclei (with the exception of th&®¥118 nucleus) are spherical in
the ground state due to the presence of zhe- 120 spherical shell gap. Apart of two
lightestZ = 118 isotopes, the fission barrier heights of the= 118 isotopes are nearly
constant as a function of neutron number and they are clds&t®V. The??2120 nucleus
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has the highest value of the fission barrier among studienueéhich is connected with
its doubly magic nature in CDFT. In the = 120 isotope chain, moving away from the
N = 172 shell closure, shell effects at spherical shape becomeples®unced which
leads to the decrease of the inner fission barrier, the heigivhich in these nuclei is
defined with respect of spherical ground state.

It is interesting to compare current results with the ondaiokd in other models. The
results of Skyrme DFT calculations of Ref. [54] for the = 184 isotones show that the
impact of triaxiality on the inner fission barrier is smalltime Z = 112 nucleus, but it
increases with increasing Z (see Fig. 4 in Ref. [54]). Thedomg of the height of the in-
ner fission barrier due to triaxiality is around 2 MeV in tHe= 120 nucleus and exceeds
3 MeV in the Z = 126 nucleus. In the extended Thomas-Fermi plus Strutinskyrate
(ETFSI) model calculations [51] the inner fission barriews lawered due to triaxiality in
the(Z = 112, N = 182) and(Z = 114, N = 184) nuclei by 0.5 and 1.1 MeV, respec-
tively. In the macroscopic+microscopic calculations of . R204] the largest reduction of
the inner barrier height due to triaxiality is about 2 MeV arabpear in the region around
7 ~ 122, N =~ 180 (see Fig. 2 in Ref. [204]).

These results are in clear contradiction with the ones pbtafor superheavy which
do not show the impact of triaxiality on inner fission barsieHowever, this feature is
not surprising. As mentioned in the previous Sec. 5.4, tdaaton of inner fission bar-
rier height due to triaxiality is caused by the level dewsitin the vicinity of the Fermi
level which are lower at triaxial shape as compared withlaxi@. As a consequence,
shell correction energies are more negative at triaxigbsbavhich leads to the fission
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path alongy ~ 10° bypassing the axial saddle. However, the different locatibthe
“magic” shell gaps in superheavy nuclei in non-relativagat 7 = 114, N = 184 in
macroscopic+microscopic method and predominantly at 126, N = 184 in Skyrme
DFT) and CDFT (aZ = 120, N = 172) results in deformed single-patrticle structures at
the deformations typical for the saddle of the inner fissiarribr and particle numbers un-
der study which favor (disfavor) triaxiality near the sagldi non-relativistic (relativistic)
theories.

Our calculations indicate that triaxiality plays an img@ort role at the outer fission
barriers. Usually, the triaxiality of these barriers is nantioned in the publications. To
our knowledge, it is only Ref. [48] which states that in aictés the non-axial degree of
freedom plays an important role in the description of oussidin barriers.

As discussed above, the reduction of inner fission barriertduriaxiality depends
on the underlying single-particle structure in the vigindf the Fermi level at the de-
formations of the first saddle. This structure depends omgkly (through deformation
changes) on the pairing model. This suggests that the charthe pairing model (BCS
to RHB) or the type of pairing (constant G or zero-rarg®rce to finite range Gogny
force) would not significantly affect our conclusions witlispect of the impact of tri-
axiality on the heights of inner fission barriers. Thus, adie published studies within
the axially symmetric RMF+BCS model withpairing [205] and axially symmetric rela-
tivistic Hartree-Bogoliubov calculations with the finitange Gogny D1S force in pairing
channel of Ref. [195] should remain valid. The inner fissi@nrier heights of the nu-
clei, for which experimental estimates exist [40], obtainath the NL3 parametrization
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in the RMF+BCS [205] and RHB [195] calculations are by apjpmately 0.5 and 1.0
MeV higher than our results. Note that the inner fission leatieights are always higher
in the models employing a pairing interaction of finite ramigen in those based on zero-
ranged-pairing (see Ref. [195] for details). Only RHB calculatsowith the DD-ME2
parametrization give inner fission barriers the heights loictv are close to the estimates
of Ref. [40]. However, a comparative analysis of the resafitSec. 5.4 and [195] suggests
that this parametrization will systematically overestienthe fission barriers in actinides
by 1 — 2 MeV.

One should note, however, that our results for outer fissamdys should be taken
with care since it is known that reflection-asymmetric (pctie deformed) shapes become
important at the deformations corresponding to secondfidsarrier and beyond it (see
Refs. [43, 49] and reference therein). However, dependenganticle number triaxial
reflection symmetric shapes may compete in this region wihllsgt symmetric reflection
asymmetric shapes. Our results suggest that in some sapgrhaclei the combination
of two deformations (triaxiality and odd-multipole defaatrons) may be important in the
definition of the fission path &, > 0.5. The CDFT calculations with both deformations

included are at present not yet possible, but require furtivestigations.

5.6 Results for the parameter sets DD-ME2 and DD-PC1

In order to investigate to what extent our results dependhendensity functional
under investigation we performed also an analysis of thefidsarriers of the two nuclei

240py and?*°U using the parameter sets DD-ME2 [59] and DD-PC1 [65]. Thst f&r a
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representative of the class of the RMF models [58, 59] whieeenucleus is described
as a system of Dirac nucleons interacting via the exchangeesbns with finite masses
leading to interactions of finite range. An explicit densitgpendence for the meson-
nucleon vertices is used. The DD-PC1 parameterizatiomigslto the class of the RMF
models in which the finite-range meson exchange is replagestin-range interactions

with density dependent coupling constants and derivagitras [206, 207, 65].
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Figure 5.16

The same as in Fig. 5.7 but for fission barrierdifPu and**U.

In Fig. 5.16 we compare the deformation energy curve¥tu and?*°U obtained
in the calculations with the three parameter sets NL3*, DDtRnd DD-ME2 of the
RMF Lagrangian. Although there are some differences betwiee deformation energy

curves obtained in the calculations with different parameéations, in general, they show
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the same features. In addition, calculated fission baregyhts reasonably agree with

experimental data.
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Deformation energy curves for tiie= 112, 114 and 116 nuclei.
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Fig. 5.17 shows deformation energy curves for the- 112, 114 and 116 nuclei for
three classes of the CDFT models. In Fig. 5.17 solid lineglaisthe deformation energy
curves for the axially symmetric solutions, while dashetd the deformation energy
curves along the triaxial part of the fission path. Thick $irsge used for the lowest in
energy solutions, while thin solid lines show the axiallyrsgetric solutions in the defor-
mation range in which the triaxial solutions are lower inrgiye Experimental estimates
of inner fission barrier heights were obtained for theseeiunlRef. [40]. The potential
energy structure of these nuclei are similar to the one se&120 (Fig. 5.14); the only
difference is that the ground states are somewhat deformiggse nuclei (see Figs. 5.17
and 5.15b). Thus, similar to t€*120 nucleus the triaxiality does not affect inner fis-
sion barrier. However, it has considerable impact on theaslaad height of outer fission
barrier; the decrease of outer fission barrier due to trixis typically in range 1.5-2.0
MeV and it depends on particle number and on the RMF pararagtyn.

Among different classes of the CDFT models, the DD-ME2 patairation always
gives the highest values of inner and outer fission barrigrht® which are (in average)
by 1 and 1.5 MeV higher than the ones obtained in the NL3* andHI1 parametriza-
tions. With the exception of theZ = 116, N = 178) and(Z = 114, N = 176) nu-
clei, the heights and the shapes of inner fission barriersiargar in the NL3* and DD-
PC1 parametrizations. The outer fission barriers also cdase ¢o each other in these
two parametrizations; they differ substantially from thees obtained in the DD-ME2

parametrization.
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CHAPTER 6

CONCLUSION

In this dissertation, covariant density functional the@@pPFT) has been successfully
applied to describe and explain several physical phenortteataare of interest to the
nuclear physics community. These phenomena are studidaiefdirst time in a systematic

manner in the frame work of CDFT.

6.1 Super- and hyperdeformation at high spin

Super- and hyperdeformation at high spin was studied in @syic way within the
framework of a fully self-consistent: the cranking relétic mean field theory in Ch. 3.
Recently observed excited super-deformed (SD) band&' Dy were interpreted within
this theor. The highN intruder configurationr6*»7? was suggested for SD1 band, while
7640 7% was suggested for SD3, SD5, and SD6 bands at frequencies abev 0.5 MeV.
The rise of dynamic moment of inertia with increasing rataél frequency, seen in bands
SD2 and SD4, may indicate the presence of pairing and of barsdiags. Those features
cannot be addressed in the current calculations within tipaived formalism. The study
of hyperdeformation (HD) covers even-even nuclei in the= 40 — 58 part of nuclear
chart. In this study, the crossing spifé”, at which the HD configurations become yrast,

were calculated and found to be lower for proton-rich nucldiis is a feature seen in the
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most of studied isotope chains; by going from thstability valley towards the proton-
drip line one can lowefZ? by approximatelyi04. Near these spins (the crossings spins)
the density of the HD bands is high in the majority of the cagem such densities, the
feeding intensity of an individual HD band will most likelyap below the observational
limit of modern experimental facilities. The physics of leygeformation at high spin
is also defined by the fission barriers; the competition wikidfin certainly makes the
population of the HD states difficult. The stability of the HiEinimum is defined by its
depth, the fission barrier height and the height of the babetween the HD and normal-
deformed/superdeformed minima [21, 97]. The results akthin Ch.3 clearly indicate
that the HD minimum is localized in the potential energy soef.

Our calculations indicate Cd isotopes (see Sect. 3.3.5f@ild) as the best candidates
for the search of discrete HD bands. Our analysis for thestepes indicate®’Cd as a
doubly magic HD nucleus in this part of nuclear chart; its moigis due to largeZ =
48 and N = 48 HD shell gaps. However, experimental study of HD in this eusl
is problematic with existing facilities due to it§ = Z status. The low density of the
neutron single-particle states in the vicinity of the = 59 and 61 HD shell gaps and
sizableZ = 48 HD shell gap lead to appreciable gaps between the yrast anigexiD
bands int°"~1%Cd nuclei, thus offering better opportunities to obsengedite HD bands.
Among these three nuclei, the best candidate for obserfiegliscrete HD bands with
existing facilities is'®”Cd nucleus. The microscopic+macroscopic (MM) calculatioh
Refs. [86, 97] indicate that the fission barriers are suffityelarge in the nuclei around
18Cd so that the HD minimum could survive fission for a significeange of angular
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momentum. An alternative candidate is the doubly magicexély superdeformed band
in 11, the deformation of which is only slightly lower than thdtthe HD bands, and
which may be observed with existing experimental factitie

This high density of the HD bands will most likely favor thesalvation of the ro-
tational patterns in the form of ridge-structures in thdé®ensional rotational mapped
spectra. The study of these patterns as a function of pratdmautron numbers, which
seems to be possible with existing facilities, will providesaluable information about
hyperdeformation at high spin. The HD shapes undergo aiftegaf stretching, with a
very few exceptions, that results in an increase of the gadfi¢he transition quadrupole
Q: and mass hexadecapdalg, moments as well as the dynamic moments of ineftfa
with increasing rotational frequency. The kinematic motsesf inertiaJ") show very
small variations in the frequency range of interest. Theseganeral features of the HD
bands which distinguish them from the normal- and superdedd bands. Such features
have not been seen before in the calculations without gaitmunpaired regime, th@,,
J? andJ® values decrease with rotational frequency in the SD cordiipns; the only
exceptions are the regions of unpaired bands crossingsindhadual properties of the
single-particle orbitals are not lost at HD. In the fututegyt will allow the assignment of
the configurations to the HD bands using the relative prageedf different bands. Such
methods of configuration assignment were originally dgvetbfor superdeformation. In
contrast to the case of SD, our analysis inthe 125 mass region shows that only simul-
taneous application of the methods based on effective rakgts and relative transition
quadrupole moments by comparing experimental and theatéti s, AQ;) values will
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lead to a reliable configuration assignment for the HD baMisreover, additional infor-
mation on the structure of the HD bands will be obtained fromland crossing features;
the cases of strong interaction of the bands in unpairedwegt HD will be more common

as compared with the situation at SD.

6.2 The physics of time-odd mean fields

Time-odd mean fields (nuclear magnetism) have been studiezhirotating and rotat-
ing nuclear systems in a systematic way within the framewedrtovariant density func-
tional theory in Ch. 4.

In odd-mass nuclei, it was found that nuclear magnetism y@weads to an addi-
tional binding indicating its attractive nature in the CDHhis additional binding only
weakly depends on the parametrization of the RMF Lagrangiam the contrary, time-
odd mean fields in Skyrme EDF can be attractive and repulsideshow considerable
dependence on the parametrization of density functiortat ddditional binding is larger
in odd-neutron states than in odd-proton ones in the CDFRhdveork. The underlying
microscopic mechanism of additional binding due to NM haasrnbstudied in detail. The
perturbative results clearly indicate that additionaldiiig due NM is defined mainly by
time-odd fields and that the polarization effects in ferngcemd mesonic sectors of the
model cancel each other to a large degree. This additiondlry due to NM can have a
profound effect on the properties of odd-proton nuclei e gnound and excited states in
the vicinity of the proton-drip line. In some cases it camsfarm the nucleus which is

proton unbound (in the calculations without NM) into the lews which is proton bound.
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This additional binding can significantly affect the decagperties of proton unbound
nuclei by (i) increasing the half-lives of proton emitteby (nany orders of magnitude in
light nuclei) or (if) moving the®, value inside or outside th@, window favorable for
experimental observation of proton emission.

In the medium and heavy mass nuclei, the relative energiéi$fefent (quasi)particles
are shown to be weakly affected by time-odd mean fields. Wikielresult of that the ad-
ditional bindings due to NM show little dependence on blatkmgle-particle state. This
suggests that time-odd mean fields can be neglected in the fitsvariant density func-
tionals aimed at accurate description of the energies o$itigde-particle states. Within
specific configuration the impact of NM on the binding enesgigaches its maximum at
the terminating state [136]. Underlying microscopic metkia for additional binding
due to NM at such states has the same features as those seengpih one- and two-
particle configurations of odd and odd-odd nuclei. Howetrer,magnitude of the effects
is significantly larger. The perturbative results cleangicate that additional binding due
NM at terminating states is defined mainly by time-odd fieldd ¢éhat the polarization
effects in fermionic and mesonic sectors of the model cagaeth other to a large degree.

The phenomenon of signature separation [160] and its ndops mechanism was
addressed in both non-rotating and rotating systems. Irroi@ting systems, it was found
to be active in the configurations of odd-odd nuclei, confijons that have the same
blocked proton and neutron states show an enhancment ophleisomena; this takes
place either at ground state or at low excitation energy @rthclei at or close to the
N = Z line. Some configurations away from thé = 7 line also show this effect but

226



signature separation is appreciably smaller. In rotatysgesns it is shown that the effects
neglected in the current approach such as the residuahatiien of unpaired proton and
neutron and the coupling scheme of angular momenta vedttrese particles at low spin
considerably complicate quantitative description of thectra of odd-odd nuclei. The best
way to confirm the existence of this phenomenon would be to(both in experiment and
in calculations) the configurations of odd-odd nuclei whstlow no signature splitting in
the absence of time-odd mean fields and measurable sigrsajp@eation in the presence
of time-odd mean fields.

NM affects the band crossing and it can considerably motsfigatures (crossing fre-
guencies, the properties of kinematic and dynamic moméimgudia in the band crossing
region). In the calculations without pairing, these moditicns depend on the underlying
changes in the single-particle properties such as aligtsvad energies induced by NM.
These effects are also active in the calculations with pgiriln addition, in the calcu-
lations with pairing the gradual breaking of highpairs proceeds faster in the presence
of NM, which is reflected in a faster decrease of pairing witbreasing(2,. Thus we
can specify this effect a@n anti-pairing effect induced by NNDutside the band crossing
regions, the contribution of NM to the kinematic and dynamiements of inertia only
weakly depends on the RMF parametrization.

The moments of inertia of super- and hyperdeformed configursin unpaired regime
come very close to the rigid-body values. Despite that tlesgumce of strong vortices

demonstrates the dramatic deviation of the currents frgid riotation. On the contrary,
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the moments of inertia of normal-deformed nuclei deviatestderably from the rigid-
body value in the calculations without pairing.

Complicated structure of the currents in the rotating systef independent fermions
is the consequence of the fact that total current is the sutineo$ingle-particle currents.
The single-particle currents show vortices (circulatjpise strength and localization of
which depend on the single-particle state.

Although time-odd mean fields affect different physical@ables, this investigation
clearly shows that rotating nuclei still offer one of the tygobes of this channel of den-
sity functional theories. This is because the impact of todd mean fields is significant
representing on average 20% of kinematic and dynamic mara@ninertia. In addi-
tion, it shows appreciable variations with configuratioartigle number and rotational
frequency; these variations provide a useful tool for advetst or definition of time-odd
mean fields. Significant amount of the data on different tyjpesmal- [69], superde-
formed [20, 105, 70, 208, 104, 11], and smooth terminatidd[11]) of rotational bands
in unpaired regime available in different mass regionsreféetesting ground for time-odd
mean fields. This data is also extremely useful for fittinggheameters of time-odd mean
fields as needed, for example, in Skyrme energy densityifumads, in which these fields
are not well defined (Refs. [33, 164]). Our investigationwbkeer, suggests that such fit
has to be performed to a significant set of rotational strestoepresenting different mass
regions and different configurations and spanned overfgignt frequency range in order

to minimize the dependence of the fit parameters on the clobieeperimental data.
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6.3 Fission barriers in actinides and superheavy nuclei

The study of fission barriers in Ch. 5 was the first systematiestigation of the ef-
fect of triaxiality on the height of the fission barriers irethctinide and superheavy regions
within covariant density functional theory. The calcubais have been carried out with the
parameter set NL3* and they have been compared in specifis eath the results of pa-
rameter sets DD-ME2 and DD-PC1. Pairing correlations &ertanto account in the BCS
approximation using seniority zero forces adjusted to eicgdivalues of the gap parame-
ters. In the actinide region it is found that with only one eption ¢34Th) in all the nuclei
under investigation the height of the inner fission barseeduced by allowing for triaxial
deformations byl — 4 MeV. The fission path avoids a maximum of the axially symneetri
potential energy surface between the first and the seconiiomim by going through a
valley in the(3, v) plane with a triaxial deformation ~ 10°. A systematic comparison of
our results with experimentally determined fission basriarthis region shows reasonable
agreement with data comparable with the best macroscojicascopic calculations.

Contrary to the results in actinides, triaxiality does nlat/a role for inner fission bar-
rier in superheavy. However, it lowers the outer fissionibesrby 2-3 MeV in reflection
symmetric calculations. Inner and outer fission barriensioled in the NL3* and DD-
PC1 parametrizations are similar. On the contrary, the DE2NMarametrization produces
barriers which are by 1-1.5 MeV higher than the ones obtamé&dNL3* and DD-PC1.
The comparison of our results of calculations with thosean-relativistic models clearly

shows that CDFT predictions for the heights of inner fissiarribrs still remain on the
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lower end among nuclear structure models used so far. Tieeglso lower than the esti-

mates of inner fission barrier heights of Ref. [40].
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DETAILS OF THE CONSTRAINED CALCULATIONS AND CURRENTS PLOTING
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A.1 Details of constrained calculations

The aim of the constrained calculations is to calculate tlopgrties of the atomic
nuclei under study at any deformation and shape. In the ledilcns of the fission barrier
one needs to calculate the binding energy as a function afrgpale deformation.

The number of points needed to plot a two-dimensional patiesriergy surface (PES)
in the (G, v) plane, exceeds 200 points per nucleus. Fig. A.1 shows thespm the
(¢20,922) plane. Running these extensive calculations on a singlegssor would requires
months of computer power. Fig.A.2 shows the time requiregktoa convergent solution
for deformation near the normal- and superdeformed minasaell as the dependence of
the binding energy, on number of fermonic shélls. It clearly shows that for the actinide
and superheavy region$r = 20 is required to achieve an accuracy around 100 KeV for
the binding energy. One point in the deformation space reanbdrmal-deformed mini-
mum requires around 12 hours, while near the superdefornigichom it takes almost a
day to get a convergent solution.

The interface is built to run the code using Message Passiegdce (MPI) libraries.
The program reads from the input file the points of the defdionaspace, at which the
calculations are required. The user has the option to gpkoiv many constrains to run
and what are the constrained operators are. The user cahaworstrains on eithép,,
and, 22 moments or both of them. To obtain axially symmetric solutmth 5y, 22

should be constrained. However, the later should be consttdo zero.
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Figure A.2

The binding energy and the time required for convergencé&fai.
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It is worth to note that in the calculations one never getsctxdahe desired point
in the deformation space. Fig. A.1 shows the difference betwthe desired points and
calculated points in thelog,(Q022) plane. The dependence of this difference on the number
of fermonic shellsVr is also shown. The difference between the desired and edéclil
points increases with the increasing values of the com&daoperators. There is almost
no difference in the values of these points near the axigihyrsetric shapes. However,
when deviate from axial shapes and the value ohtdeformation increase the difference

start to increase.

A.2 Currents plotting

In the case of reflection symmetry, the solution of the CDFliagigns is obtained
only in one octant of a sphere. One has to perform reflectigheo€urrents into the other
octant, in order to create the current plot in the xy-planedhe two planes. However,
the currents are vector quantities and one has to follow eifspeeflection rules for the
vectors.

The reflections rules for the components of the current vecte
¢ Reflection around the x-axis:

j:v(_'rayuz) = —jx(l’,y,Z) (Al)
jy(—x,y,z) :jy(x7yaz)
jz(_xvyvz) :jz(x,y,z)

e Reflection around the y-axis:

jy(l’, -Y, Z) = jy(x7 Y, Z)
jz(xv -Y, Z) = —jz(l’, Y, Z)
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¢ Reflection around the z-axis:
jx(xayv _Z) = —jx(x,y,z) (AS)
jy(ﬂj, Y, _Z) = _jy(x7 Y, Z)
jz(xa Y, _Z) = ]z(xv Y, Z)
A matlab code has been developed to plot the currents, whashused to plot Figs.

(4.4,4.5,4.6, 4.25,4.26,4.30 and 4.31) in Ch. 4. The ctsrenthose figures were plotted

at an arbitrary scale F for better visualization.
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