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Chapter 1

Introduction

Any attractive interaction between fermions at low temperatures generally leads to
a fermion pairing analogous to the Cooper pairing of electrons in superconducting
metals. Thus it is not surprising that pairing lies at the heart of nuclear physics. It
is present in finite nuclei, in the nuclear matter of neutron stars (nucleonic pairing)
and it is believed to exist in quark-gluon plasma (color superconductivity).

While the concept of the nuclear pairing was introduced at a very early stage
of the nuclear structure studies [1, 2], there are still questions regarding this funda-
mental many-body mode, e.g. what is the microscopic origin of many-body pairing
in finite nuclei, what part of the effective interaction comes directly from the bare
force and what part is induced [3].

Pairing can determine the stability of nuclei. A classic example is the chain of
helium isotopes among which only the N-even ones are bound. Such an odd-even
effect in nuclear binding energies is well known and particulary important near the
drip lines, where the mean-field approximation is no longer a viable approach.

Since the number of nucleons can be precisely controlled, atomic nuclei are won-
derful laboratories of pairing in finite many-body systems. Extremely proton or neu-
tron rich nuclei are supposed to form various superconducting phases with Cooper
pairs carrying different spin, isospin and angular momenta. In proton-rich nuclei the
coupled proton and neutron fields may lead to a rise of deuteron-like (S=1) pairs.

The concept of such pairing, i.e. the proton-neutron (pn) pairing, was envisaged
over fourty years ago [4]. Theoretical models with the inclusion of proton-neutron
pairs like BCS approaches [5, 6, 7, 8, 9, 10, 11], quasi-spin formalism [12, 13], Inde-
pendent Boson Models [14, 15] etc. have arised and have been constantly developed
giving some idea of the importance of such correlations in the theoretical treat-
ment and yielding sometimes a picture more consistent with experimental data as
compared to the models excluding the possibility of pn pairs.

Recently a revival of the interest on the subject of the pn pairing is taking
place due to the new experimental possibilities. In last years international research
has focused on exotic nuclei. The first synthesized elements revealed unexpected
deformations and new radioactivities [16, 17, 18, 19, 20]. New facilities using Rare

13



14 CHAPTER 1. INTRODUCTION

Isotopes Beams are still to come (e.g., SPIRAL 2 (Systeme de Production d’lons
Radioactifs en Ligne) [21], EURISOL (European Isotope Separation On-Line) [22]).
They would allow to perform experiments on a wide range of neutron and proton-
rich nuclei far from the stability line using different production mechanisms and
techniques to create unprecedented high intensity beams. Gamma ray detectors of
new generation which can be exploited with radioactive and stable beams and with
much improved capabilities and much higher sensitivity than existing instruments
are as well under construction (AGATA (Advanced Gamma Tracking Array) [23],
GRETA (Gamma Ray Tracking Array) [24]).

However, it is fair to say that so far there is no direct experimental evidence
for pn pairing. The distinctive existence of the deuteron is a proof that the T"= 0
channel is an important part of the nuclear interaction but not that a deuteron-like
condensate can be created in heavier, open-shell systems. It was argued based on a
phenomenological analysis of nuclear binding energies of N = Z systems that there
is a strong evidence for the isovector pn pairing while there is little room, if at all,
for the existence of 7" = 0 pair correlations [25, 26].

It goes without saying, that in view of new experiments with exotic nuclei
planned, a fair theoretical description of them is required. On the proton-rich side,
where the proton-neutron pairing may play a role, a reliable approach can not ex-
clude such correlations. On the other hand, future experiments may lead to a clear
answer on what is the role of the pn pairing in the description of ground and excited
states of exotic nuclei and in decay processes, and what is the interplay between
T =0 and T =1 forces in the particle-particle channel.

It is our belief that a fully microscopic theory of nuclei should include explicitely
the proton-neutron coupling already in the particle-hole channel and then be taken
into account in the residual interaction. A step towards has been already done in
Ref. [27] where the general Hartree-Fock-Bogoliubov (HFB) formalism which fully
incorporates the proton-neutron mixing on the mean-field level was derived. In the
present work, since we use different forces in the particle-hole and particle-particle
channels, the terms arising in the effective interaction when densities mix protons
and neutrons were not introduced. We focus here on the proton-neutron correlations
beyond the mean-field, namely on the role of the pn pairing in the description of
medium mass proton-rich nuclei (A ~ 64). First, we revisit and develop BCS and
Lipkin-Nogami (LN) approaches to be able to describe isovector and isoscalar pair-
ing correlations with the use of state-dependent forces. Most calculations of that
type carried out so far based on schematic interactions, ¢.e. monopole pairing forces
(see e.g. [11, 28, 29]). A density-dependent § force has been already applied in the
cranked HFB calculations with the proton-neutron pairing in high spin states (e.g.
[30]), however no particle-number projection was done in such a case. Then, we
discuss the method known as the Higher Tamm-Dancoff Approximation (HTDA),
developed recently [31], which gives a possibility to study ground state correlations
and excited states in a shell model-like framework. It is free of deficiencies of pairing
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approaches of the Bogoliubov type (particle number non-conservation). A general-
ization of the HTDA method to deal with isovector and isoscalar pairs on the same
footing is performed.

We start our considerations with reminding shortly the foundations of the mean-
field theory (Chapter 2), i.e. the outline of the Hartree-Fock method is presented.
We also discuss briefly phenomenological effective interactions and commonly used
parametrizations. In Chapter 3 a short overwiev of experimental evidence and pos-
sible signatures of the proton-neutron pairing is presented. The phenomenological
quantities for nuclei under consideration are derived from experimental data. In
Chapter 4 the correlations of the pairing type are studied in the independent quasi-
particle theory (BCS) with the use of an approximate particle projection (Lipkin-
Nogami) and a realistic two-body contact force to describe the residual interaction
and the possible extensions of the pairing interactions are studied. The generaliza-
tion of models and numerical tools to account for the pn pairing is carried out. The
problem of the Wigner term and its connections with the proton-neutron pairing
is also addressed. In Chapter 5 we perform the study of the correlations beyond
the mean-field in the HTDA approach. This method is used to describe ground
state properties of considered nuclei and then extended to take into account as well
proton-neutron pairs. The role of different types of particle-hole excitations in the
ground states of considered nuclei is discussed. The connections of the HTDA results
with the Hartree-Fock plus BCS calculations are indicated.

The main conclusions and perspectives for further research are presented in
Chapter 6.
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Chapter 2

Hartree-Fock method

The Hartree-Fock (HF) method, like many other ideas in nuclear physics, was
genuinely introduced in another division of many-body theory, namely in atomic
physics. Although the nucleus has much in common with an atom, nucleons are
bound solely by their mutual interaction and, unlike the electrons, they do not feel
any central field. Straightforward applications of many-body theories created for
atomic or solid-state physics to nuclei usually pose difficulties as the nucleus has
its own distinctive features, let us point out the short-range repulsive character of
the nuclear force or the finite number of nucleons. Nevertheless, the Hartree-Fock
method applied the first time to nuclear physics by Kelson in 1963 [32], remains a
great advantage and many of other, more refined models, are only extensions of the
basic HF ideas.

The Hartree-Fock self-consistent field method is an approximation for reducing
the problem of many interacting nucleons to the description of non-interacting par-
ticles in a field. It is a great simplification but as well a harsh approximation which
neglects a large part of the nucleon-nucleon force. Including the residual interaction
ignored in the mean-field approximation is a major dillema of nuclear structure. The
methods of treating the correlations beyond the mean-field are the main subject of
this work, nonetheless let us first have a closer look to the self-consistent field theory
in the present chapter.

2.1 Mean-field approximation

The assumption of the mean-field approach is that nucleons move independently in
an average potential produced by all of nucleons. Such a potential can be determined
empirically, which is the principle behind the shell model. Historically, the shell
model potential was constructed to reproduce the magic numbers. A central field
with a crucial spin-orbit interaction suggested the first time by Jensen and Goeppert-
Mayer in 1949 [33], succeded with the requirements of reproducing shell closures.
The most widely used empirical potentials are

17



18 CHAPTER 2. HARTREE-FOCK METHOD

e The Nilsson potential [34, 35], historically the first single-particle (sp) model
taking into account nuclear deformations. It consists of the axially-deformed
harmonic oscillator potential, a term related to the spin-orbit interaction and
of a correction proportional to I2 that allows to lower the states with high
angular momenta

Viilsson = % {wL(:EQ +9°%) + wzzﬂ — 2khwog (f 4 u(lP= < PP >)) . (2.1)

where k, i are the potential parameters adjusted separately for protons and
neutrons, wy is the spherical harmonic oscillator constant fwgy=41 A'/3 MeV
that reproduces the nuclear radius.

e The Woods-Saxon potential [36], which represents a more realistic potential
well that is consistent with our knowledge of nuclear density distributions:

v
VWS (’f‘) = 0

SR gy (2.2)
where the constant Vj is the depth of the potential well. For a fixed angular
direction, this potential depends on two additional parameters: the radius R

and the surface diffusion a. Together with the spin-orbit term

LdVis(r)» .
2w o 2.
V; r dr S (2.3)

it meets the requirements of reproducing the shell structure of nuclei.

The above potentials can be used to construct single-particle wave functions
and energies. Yet, the single-particle potential can be as well derived from two-
body interactions by a variational principle which is accomplished in the Hartree-
Fock method. The phenomenological potentials are often used to initiate the self-
consistent process of extracting the average field.

2.2 Variational principle. Hartree-Fock equations

The fundamental assumption of the HF theory is that the nuclear wave function
U 4 is an antisymmetrized product of A independent particle wave functions ®. The
antisymmetrization operation leads to the normalized Slater determinant form of
this function

P(1)  Po(1) D4(1)
1| 21(2) 92(2) D4(2)

Va= | (2.4)
D1(A) Do(A) - Da(A)

The best possible wave function of this type is found by application of the variational
principle!.

! An alternative understanding of the HF theory is not directly based on the variational method
applied to the Slater determinant but rather on the assumption that the ground-state energy can
be approximated by a functional of the one-body density matrix [37].
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2.2.1 Variational principle

Consider the A-body system described by a Hamiltonian H and its eigenfunction
|W4) which obeys the standard Schrédinger equation

H|U4) = E|W,). (2.5)

The variational principle of Ritz states that the Eq. (2.5) is equivalent to the
variational equation

SE[W,4) =0, (2.6)
with A
(VA H[Wy)
AR (AT (27)

The variational method is especially well suited for the determination of the ground
state of the system. One can show for any trial function |¥;) that

EW;] > Ey, (2.8)

Ey is always lower than the variational solution.

The variational approximation is based on the fact that |¥;) can be usually
restricted to a set of mathematically simple trial wave functions. If the true solution
is not included in this set, the minimal solution is not the eigenfunction but only an
approximation. Thus the quality of the variational approach depends on the choice
of the set of trial wave functions. In order to decide which set is better to describe
the ground state we have two criteria:

(i) if one set of the wave functions is a subset of the other, it is usually better to
chose the larger one as it contains the first’s set minimum,;

(ii) out of the two trial wave functions the one for which the corresponding energy
is lower should be better, since the exact Fj is a lower bound.

2.2.2 Hartree-Fock equations

Deriving the Hartree-Fock equations one assumes that there exist an average po-
tential (Hartree-Fock potential) whose eigenfunction corresponding to the lowest
energy is an approximation of the exact ground state. This eigenfunction is a Slater
determinant (2.4) that can be as well expressed as

W 4) =11 al|0) (2.9)

where operators a;r correspond to single-particle wave functions ®; of an A-particle
system and |0) is the particle vacuum. A Slater determinant is uniquely character-

ized by its hermitian, projective density matrix

pij = (Ualala; V). (2.10)
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In the trial class of Slater determinants {W;} consisting of A arbitrary but orthogonal
single-particle wave functions, we want to minimize the expectation value of the

many-body Hamiltonian
H=K+V (2.11)

where K is the kinetic energy operator and V an effective two-body interaction. In
the second quantization formalism it reads

. 1 .
H = Z kijaj'ai + 1 Z Vijklaja}alak ) (2.12)
ij ijkl
where f/ijkl is the antisymmetrized matrix element of V. The HF energy

Enp = (VA H|T 4) (2.13)
with the use of Wick’s thorem (Appendix C) can be given as a functional of the
single-particle density
1

9 Z ijvijkzpzz‘

ikl

Eurlp] = Y kijpji+

ij
A 1 ~
= Tr(Kp)+ iTrTr(pr) . (2.14)

The variation of the energy (2.14) leads to the expression (for details see e.g. [38, 39])

0FEur = Enrlp + 6p] — Eurlp] = > hijopi; , (2.15)
ij
with the hermitian matrix OF
pyy = OBuwlel (2.16)
8Pz‘j
connected with the single-particle (Hartree-Fock) Hamiltonian
hur = k + Vigr . (2.17)

It is seen from Eq. (2.14) that Vip = Tr(pV) is a self-consistent field obtained by
folding the two-body potential with a density distribution. In the canonical basis,
i.e. in the basis where p is diagonal, the matrix elements of Vi for any single-
particle states i, j are given as

(i|Varls) = D_(ik[V|ik), (2.18)
k
where the summation runs e.g. over all the occupied states k.
The condition d Eyp = 0 is equivalent to

[, p] = 0. (2.19)

This is a nonlinear equation since Hyp depends on the density p. It also tells us that
hur and p have common eigenstates and can be diagonalized simultaneously. The
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eigenstates of p are either the occupied states (eigenvalue 1) or unoccupied states
(eigenvalue 0). We may use the freedom of choice of the canonical basis to define
the HF basis and to diagonalize the Hartree-Fock Hamiltonian. This converts (2.19)
into an eigenvalue problem

hip|®;) = €|®;) , (2.20)

where e; are called self-consistent single-particle energies.

The way to find the solution of the coupled, nonlinear equations (2.19) is to find
iteratively the self-consistent mean-field. We start by choosing the single-particle
Hamiltonian with a reasonable nuclear potential (e.g. the potential of the shell
model, within this work we use the Woods-Saxon potential to initiate the calcu-
lations). Then, we diagonalize the Hamiltonian to find its eigenvectors. These
eigenvectors allow to determine the density matrix and construct the self-consistent
HF potential corresponding to the effective interaction. Within this new mean-field
a new HF Hamiltonian is obtained and the iterative procedure can be restarted.
The convergence is achieved when the potentials stay constant in two consecutive
steps.

2.3 Numerical aspects

The Hartree-Fock method gives the answer to the question how the single-particle
potential can be extracted out of the sum of two-body interactions. Nonetheless,
another difficulty arises here: the bare nucleon-nucleon interaction is very ill be-
haved from the numerical point of view. A necessary condition for the success of the
HF method is that the two-nucleon interaction has no infinities. Unfortunately, the
interaction between two free nucleons is strongly repulsive at a distance ~ 0.4 fm.
Thence the calculations of matrix elements of such an interaction are vastly problem-
atic. However, a nucleon within the nucleus does not feel the bare nucleon-nucleon
force but interact with another nucleon in the presence of many other particles. It
then justifies replacing the realistic interaction with the hard core by a well behaved
effective nucleon-nucleon interaction.

An effective interaction can be obtained microscopically by solving the Bethe-
Goldstone equation [40]. Yet, solving it in finite nuclei presents many technical
and formal problems. The way out is introducing the so-called reaction matrix
G (Brueckner G-matrix) [41] which in diagrammatic language represents the sum
over all ladder type of diagrams. This sum is meant to renormalize the repulsive
short-range part of the interaction. With a given effective interaction one may work
out the Hartree-Fock equations and then use the HF orbitals to obtain the effective
interaction by resolving the Bethe-Goldstone equation. Such a doubly self-consistent
procedure is called Brueckner-Hartree-Fock method. An approximative scheme that
has become successful in connection with Brueckner-Hartree-Fock theory is the local
density approximation [42, 43, 44] which relies on the assumption that the G-matrix
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at any place in a nucleus is the same as for the nuclear matter of the same density,
so locally one can determine the G-matrix as in nuclear matter calculations.

Determining microscopically effective interactions is non-trivial as well as getting
with them the agreement with experiment. From the opposite point of view it may
be asked if we can figure out the nuclear interaction from empirical binding energies
and spectra. Consequently, phenomenological effective interactions with a number
of parameters adjusted to reproduce experimental data are widely used. There
exists an enormous quantity of different phenomenological interactions that have
been applied to various aspects in nuclear physics. They are employed in specific
problems on which their range of validity depend very much. A bunch of such
interactions is suitable for the case of Hartree-Fock type of calculations, i.e. Gogny
forces [45] and Skyrme forces described in the next section.

2.3.1 Skyrme interaction

In 1956 Skyrme [46, 47] proposed an effective interaction with a three-body term
V=2 V(3.5 + > V(i.jk), (2:21)
i<j i<j<k
V(1,2,3) = t36(r) — 79)0(1 — 73) . (2.22)
The three-body term, purely local and repulsive, favours parallel spin alignement
which contradicts the observed spin saturation and pairing properties of nuclei.

Therefore, to avoid this difficulty the three-body term was replaced by Vautherin
and Brink [48, 49] with a density-dependent two-body interaction

1+ 7

2

V(1,2,3) — V(1,2) = ét3<1 s P plo V(7 — 7). (2.93)

Nowadays, the most commonly used form of the Skyrme interaction is the following

Vsky(l, 2) = to(l -+ xoP”)é(ﬂ — 7?2)
1
+ §t1(1 + ZL‘1PJ) [5(7?1 — Fg)k2 4+ k,25(F1 — FQ)] + tg(]_ + I’QPU)k/(S(FlQ)k
+ ZWO(O_"l + 52) kK x 5(F B )k

1 1+ 17
+ étg(l + ng”)ng(T)5(r1 — 7"2) (224)

where k is the operator of the relative momentum

]_ — —
k= (V1= V), (2.25)

k' acts on the left and P7 = 5(1+ &y - 75) is the standard spin exchange operator.
The first parameter in (2.24), ¢, describes a pure d-force with a spin exchange, the
next two terms simulate the effective range and non-locality, the fourth term is the
spin-orbit interaction in the form suggested by Skyrme. The parameters tq, t1, to, t3,



2.3. NUMERICAL ASPECTS 23

Xo, T1, To, x3 Wy, v are adjusted to experimental data, usually binding energies and
radii of spherical nuclei and to reproduce properties of symmetric nuclear matter.

There are several sets of parameters called Skyrme I, II, etc. The first two,
dubbed SI and SII, were introduced by Vautherin and Brink [48]. Within SII
parametrization they were able to reproduce the binding energies over the whole
periodic table and at the same time, the nuclear radii. This had not been pos-
sible with the usual density independent forces. Next parametrizations, SIII-SVI
were found by Beiner et al. [50] by fitting the masses and charge radii of spherical
nuclei. All these forces yielded similar results, however the one called SIII real-
ized a reasonable compromise between the deeply-bound levels and those around
the Fermi surface. The capability of reproducing overall level spectra in a satisfac-
tory agreement with experiment and at the same time total binding energies and
charge radii with a good accuracy, makes this force the most popular among SI-SVI
parametrizations.

In addition to the ’classical’ parametrizations SI-SVI, there exist a variety of
others: the SkM of Krivine [51] fitted to reproduce well the mulitipole moments and
charge radii, which gives however too low fission barriers, the improved version of
SkM, called SkKM* [52], modified to give a correct fission barrier of ?*°Pu, the T6 of
Tondeur et al. [53] which takes into account the width of the neutron skin in 2**Pb
and assumes that the effective nucleon mass is equal to the mass of a free particle.
A very special case was the SKP force [54] which was the first attempt to reproduce
as well the data in the particle-particle channel. It is worth noting here the group
of parametrizations introduced by Chabanat et al [55], with the most widely used
SLy4 force, which is said to be suitable to reproduce well spectroscopic properties
of nuclei far from the (-stability line.

In Table 2.1 we list the widely used parametrizations of the Skyrme force, be-
ginning with the SIII one applied in this work.

Due to its zero-range force form that simplifies significantly all the calculations
and its capacity to reproduce the masses and radii over the entire periodic table
within a reasonable set of parameters, the Skyrme-force remains extensively used in
Hartree-Fock calculations. However, despite the success of different Skyrme forces,
it has been argued that the zero-range force might not be able to simulate the long
range or even the intermediate range parts of the realistic effective interaction and,
regardless of several encouraging attempts, fails to reproduce properly the pairing
correlations in nuclei.

2.3.2 Skyrme energy functional

The total energy of a nucleus is given as a sum of kinetic energy, potential energy
and Coulomb energy. Because of the zero-range of the Skyrme force (2.24) it is
possible to express the energy by an integral over the energy density [48]

E = (U,|H|Y,) = / dr Mo (1) | (2.26)
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Table 2.1: Common parametrizations of the phenomenological Skyrme effective
force.

to t t t3 W
(MeVfm3)  (MeVfm®) (MeVfm®) (MeVm3+37)  (MeVfm®)
SIII -1128.75  395.00  -95.00 14000.0 120.0
SkM* -2645.00 410.00 -135.00 15595.0 130.0
SLy4 -2488.91 486.82 -546.39 13777.0 123.0

o Ty T2 T3 Y
SIII 0.450 0.0 0.0 1.0 1
SkM* 0.090 0.0 0.0 0.0 é
SLy4 0.834 -0.344 -1.0 1.354 é

where the total energy functional Hy(7) is the sum of Skyrme functional, kinetic
and Coulomb energies:

Htot<’l“) = HSky(’l“) + Hkin('r) + HCoul(T) . (2.27)

For the Slater determinant even due to the time-reversal symmetry (which is the
case of the calculations performed in this work) Hgky(r) can be decomposed as

HSky(r) = Hvol(r) + Hsurf(’l") + HSO(T) . (228)

The Hio(r) is an algebraic function of three quantities:
(i) the nucleon density

p(r) =3 |@i(r, o) (2.29)
(ii) the kinetic energy density
k(r) =Y [V®i(r, o) (2.30)

1,0

(iii) the so-called spin-orbit currents

J(r) = (=i) 3 [®F(r,0)| [VEi(r,0') x (0]5|0")] . (2.31)

i,00’

The summations are taken over all occupied single-particle states.

Within these definitions the terms appearing in Eq. (2.27) can be expressed in
forms

- —fikﬁ 2.32
Hk1n<r) - m ) ( 3 )
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1 1 1 1
Hel(r) = 5750(1 + Exo)PQ - 5150(5 +30) Y p2
1 1 , 11 ,
+ gtes(l+ §$3)P7+ — 1gptslg T s’ ;PT
1 1 1
1 1 1
: [t1(2+x1) —t2(2+x2)] S poks | (2.33)

1 1 -

1 1 -
|:3t1(2 -+ Q?l) + tz(i -+ .Z'Q):| Z pTV2pT y (234)

1 - S0
Heo(T) = —5Wo <pVJ + ZpTVJ> : (2.35)

The total densities are defined as p = p,+p,, k = k,+k, (kinetic energy density)
and J = J, + fp (spin densities), where n, p corresponds to neutrons and protons,
respectively.

The Coulomb energy functional consists of two terms, the direct term generated
by the proton density p, and the exchange term treated in the Slater approximation
[56, 57]:

1 3e? 3\ /3
ou =3 TV oul — —— | — 4/3 2.36
Heou(r) 5PrVoow — = <7r> IS (2.36)
where e is the electron charge and the Coulomb potential is given by
2 Pp(T’)
Veou(r) = e /drm. (2.37)

The long-range character of the Coulomb interaction makes the exchange contri-
bution to be only a small fraction of the total Coulomb energy therefore the local
approximation for the exchange term, which assures the simplicity of the Skyrme -
HF equations, is well satisfied. A comparison with exact calculations shows that the
Slater approximation underestimates the Coulomb exchange part by less than 10%
[58].

The Hartree-Fock equations for the Skyrme force are obtained by variation of
the energy (2.26).

2.3.3 Constrained Hartree-Fock calculations

Unrestricted HF calculations give only one point on the energy surface, namely
the local minima. Nevertheless, usually one searches for an energy surface as a
function of one or more collective parameters ¢, i.e. quadrupole and hexadecapole
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deformations. In these cases we are interested in a wave function |¥;(q)) which
minimizes the energy under the constraint that a certain operator has a fixed average
value

g = (T]QIT;) = (). (2.38)

The method for solving this problem is adding an extra term to the Hamiltonian
(Wil H'|0;) = (Wi H W) + f(u,(Q)) 4 (2.39)

where f is a function of x4 and (Q), and minimizing (¥;|H'|¥;) instead of (¥;| H| ;).
In addition to the unconstrained calculations (f = 0) one usually considers linear

Fu Q) = —p(Q) (2.40)

and quadratic

(Q) —n)? (2.41)

Fls (@) =~

forms of constraints.
In the calculations presented in this work the mean value of the mass quadrupole
moment

(U4 Qa0|W;) = (W;]2r2 Pa(cosh)| W) (2.42)

is considered under constraint. To obtain the required value of the quadrupole
moment the quadratic type of constraint (2.41) is applied.



Chapter 3

Experimental signatures of
proton-neutron pairing

The strongest evidence of proton-neutron pairing comes so far from measured bind-
ing energies— the proton-rich N ~ Z nuclei are much more bound than their neigh-
bours. In phenomenological models of macroscopic-microscopic type [59, 60, 61,
62, 63] as well as in microscopic approaches [64, 65] this additional binding energy
needs to be taken into account in the form of the so-called Wigner (or congruence)
energy added to the mass formula. Both empirical facts and shell model calculations
suggest that the Wigner term can be traced back to the isoscalar part of the nuclear
interaction, however it is unclear to what extent it is due to the pairing interaction.
The shell model calculations of Ref. [66] have shown that the Wigner term can not
be solely explained in terms of correlations between deuteron-like pairs, although
their contribution is dominant, and that the mechanism responsible for the extra
binding of self-conjugate nuclei is more complex. Interestingly, other shell model cal-
culations done in the same mass region A ~ 50 [67] led the authors to the conclusion
that the Wigner term can not be at all explained as a pairing effect. Nevertheless,
due to the division into particle-hole and particle-particle channel inherent only to
mean-field models, some of the shell model definitions of pairing may be not appro-
priate from the point of view of mean-field calculations [29]. Indeed, the calculations
within HFB and BCS frameworks with pn pairs done in Refs. [29, 68] succeded in
reproducing the spike in the isobaric mass parabola for Z = 24, 38 isotopic chains.

In the forthcoming sections we will discuss shortly the methods of extracting the
informations on the Wigner energy from experimental data [66, 69, 70].

Other facts suggesting the presence of the proton-neutron pairing and the meth-
ods proposed to detect the pn pairing experimentally are the following. First, con-
sider the ground states of N = Z odd-odd nuclei. For A < 40 these isotopes have
a T = 0 ground state that may suggest that the last proton and neutron couple to
T = 0 rather than to 7" = 1, indicating the nuclear interaction is stronger in the
T = 0 channel’. Most notably, the deuteron is bound with 7" = 0 while dineutron

Hereafter we use italic face T to indicate the isospin channels of the two-body interactions. The
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(diproton) is not bound. For A = 42 — 54 the odd-odd N = Z nuclei have T = 1
(except *®*Cu). However, it was also argued [25, 26] that the intriguing switch from
T =0 to T =1 ground states in odd-odd N = Z nuclei arises from a competition
between symmetry energy and full isovector pairing correlations, without any need
for the isoscalar pairing. There is unfortunately little experimental data concerning
heavier nuclei (A = 58 — 98) to be compared with theoretical predictions [71].

It seems that proton-neutron pair transfer reactions could be a proof of the exis-
tence of pn pairing correlations: the value of the pair transfer amplitude (A + 2|aiai, |A)
depends upon whether the two nucleons form a Cooper pair or not; therefore a
proton-neutron transfer amplitude (A + 2|alal|A) should measure wether or not
proton and neutron form a correlated pair and prove pn pairing. At present such
data are unavailable.

Let us further consider the Coriolis anti-pairing effect. It is well known that
in rotating nuclei pp and nn pairs are destroyed since the Coriolis force has an
opposite effect of each nucleon in the pair. However, for a pn pair the spins of both
nucleons may be parallel and rotation alignes both spins along the rotation axis
without breaking such a pair and loosing pairing energy. This permits a situation
in which the ground state band with 7" = 1 pairing is crossed by a 7" = 0 band
at some crossing frequency. Such a scenario was proposed for the ™“Rb nucleus
and it seems to explain well the experimental evidence [72]. The significance of
the so-called delayed alignements in N = Z nuclei are at present investigated both
experimentally [73, 74] and theoretically [75, 76, 77].

Another signature of the pn pairing was addressed in Ref. [78], namely the
anomalous behaviour of the second moment of inertia in the superdeformed band
of 9°Zn as compared to its neighbours. This behaviour cannot be explained in a
consistent way within standard approaches with 7" = 1 pairing only. The authors of
[78] have shown that a correct qualitative reproduction of experimental data can be
reached when a T' = 0 neutron-proton configurations mixing of signature-separated
bands is considered.

The proton-neutron pairing is also believed to affect the structure of low-lying
collective states [79, 80|, e.g. the low energy of the second 0 state of Mo and its
prolate shape are difficult to reproduce by means of existing collective models. An
explanation was proposed in Ref. [79] assuming that some features of the collective
excitations may be due to the proton-neutron interaction responsible for creation of
deuteron-like clusters. The inclusion of the pn pairing within the Interacting Boson
Model (IBM-4) improves considerably the agreement of observed and calculated
energies and suggest that the competition between isoscalar and isovector modes of
pairing vibrations could play a non negligible role in the description of the collective
excitations in different regions of nuclei.

Furthermore, the pn pairing is expected to play a significant role in 3 [81] and
double  decay [82, 83, 84, 85|, a decay and « correlations and in properties of

roman face symbol T would refer to the total nuclear isospin.
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low-density nuclear matter.

3.1 Wigner energy

As already said, a sharp increase in the binding energy of N = Z nuclei is observed.
In the semi-empirical mass formulae this additional term related to the pn pairing
is usually parametrized as

By = epn(A)Tpn — Ew (3.1)
where .
T = (1= (=1)M)(1 = (-1)?). (32)

It is seen that the first contribution to the pn-pairing energy (3.1) is equal to zero for
even N, Z, therefore it represents an additional binding due to the residual interac-
tion between the two odd nucleons in an odd-odd nucleus. The second contribution
to (3.1) dubbed Wigner energy consists in two parts:

Ew = W(A)N = Z| + d(A)Tpndnz , (3.3)

where the d-term is a correction for odd-odd nuclei. The |N — Z| dependence in
Eq. (3.3) was first introduced by Wigner [86] in his analysis of SU(4) spin-isospin
symmetry of nuclear forces and then commonly used in literature as it accounts
properly for the behaviour of nuclear masses when an isobaric chain crosses the
N = Z line.

In Ref. [66] the Wigner energy coefficient W was defined in terms of binding
energies (B) of various combinations of nuclei in the quantity 0V (N, Z), where

SV(N,Z) = i [B(N,Z)— B(N —2,2)
2B
ONOZ'

— B(N,Z—2)+B(N—-2,Z-2)]~ (3.4)

For an even-even nucleus (N = Z = A/2) the Wigner energy strength is given by

while for odd-odd nuclei (N = Z = A/2) one has

W(A) = 6V(;1 1, f;‘ —1)

1 A A A A
+ 2{5V(2+1,+1)+5V(+1,2—1)}.

. 5 (3.6)
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Figure 3.1: Experimental values of W (A) (filled circles) and d(A) (crosses) of N = Z
nuclei extracted from nuclear binding energies according to Eqs. (3.5-3.7). The
experimental masses were taken from Ref. [88].

It is seen W (A) for odd-odd nuclei involves only the binding energies B of even-even
systems. The term d(A) for odd-odd nuclei is given as

A A
a4) = V(5,5 -2)
17 A A A A
SV 4+2,5) —40V(=+1,= = 1) . .
+ VG2 V(G LS - (3.7)

The experimental values of W (A) and d(A) are shown in Fig.3.1. The values of W (A)
decrease smoothly with increasing mass number following roughly the dependence
47/A, showing oscillations around the closed shells. The values of d(A) are more
irregular. The estimates of Ref. [87] suggest a constant value of the ratio d/W equal
to one.

3.2 Empirical pairing gaps

In order to extract empirical information on the magnitude of pairing correlations
one usually implies mass indicators assuming the nuclear mass (binding energy) may
be decomposed into a part M(Z, N) which varies smoothly as a function of N and
Z and a fluctuating term. To determine the experimental values of pairing gaps
we use the discrete Taylor expansion of the mass in the vicinity of the mass of our
interest.

Let us define a smooth variation of the mass surface M(Z, N) formed by a set of
even-even nuclei. In the case of even-even nuclei this value is equal to the measured
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mass M (Z, N). The mass of a nucleus with an odd number of nucleons is obtained
by adding a pairing gap D(Z, N). We have [89]

M(Z, N)even—even M(Z,N),
M(Z, N)odd-proton M(Z,N)+ A,,
M(Z, N)odd—neutron = M(Z,N)+ Ay,
M(Z,N)oad—oaa = M(Z,N)+ A, + A, —A,,, (3.8)

where A, is the proton gap, A, the neutron gap and A,, is the attractive residual
proton-neutron interaction energy. We represent the mass surface in the vicinity
of the mass of interest by the Taylor expansion of M(Z, N) as a function of the
nucleon number. Performing the Taylor expansion as a function of two variables N
and Z we obtain

M(Z,N) = M(Zo,Ny) + [(Z — 2027 (Zo, No) + (N = No) 25423, Vo)
b (2= P 0 ) + 202 = 2 - Ny )
+ (N — N0)2%2]<7\f (Zo, NO)]
+ ; l(Z — ZO)S%Z\;{(ZO, Np) + (N — N0)3%3]<[\;l (Zy, No)
+ 3(Z — Zy)*(N — No)%(zo, No)
+ 3(Z = Zy)(N — N0)2Eg’aj;/;v(zo, NO)]
+ -+ +D(ZN). (3.9)

Taking into account the terms up to the second derivative we obtain the 3-point
formula for the pairing gap. For an even-even nucleus one has:
for neutrons

AB® = ; [M(Z,N+1)—2M(Z,N)+ M(Z,N —1)] (3.10)

n

and for protons

AB) —

p

[M(Z+1,N) —2M(Z,N) + M(Z —1,N)] . (3.11)

N | —

The same way we may calculate the proton-neutron pairing gap

1
3)
A = Z[M(N+1,Z+1)—M(N—LZH)
— M(N+1,Z—-1)+M(N—-1,Z-1)] . (3.12)
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Table 3.1: 3 and 5-point pairing indicators (Egs. 3.10-3.15) determined from exper-
imental masses for N ~ Z Ge (Z = 32) isotopes.

Mass number A®)  AB) - ABG) AGAG) T AG)

P pn n 2 pn
62 1.33 1.12 0.63 2.82 1.64 0.49
64 148 1.14 1.39 214 1.80 1.50
66 1.60 1.21 048 1.86 1.58 0.81
68 1.65 1.24 0.52 1.88 1.61 0.63

The 5-point formula for the pairing gap takes into account also the terms of the third
order. The expressions for neutron, proton and proton-neutron pairing indicators
this time are the following

AD) = ; (M(Z,N +2) — 4M(Z, N + 1) + 6M(Z, N)
— AM(Z,N —1)+ M(Z,N - 2)], (3.13)

1
AD = ZIM(Z+42,N)—4M(Z+1,N)+6M(Z,N)

P 8
— 4M(Z —1,N)+ M(Z -2,N)], (3.14)
A = i {2[M(Z,N +1)+ M(Z,N —1)+ M(Z —1,N)

+ M(Z+1,N)—4M(Z,N)| — [M(Z+1,N +1)
+ M(Z—-1,N+1)+M(Z+1,N—1)+M(Z—-1,N—-1)]}. (3.15)

The values of pairing gaps extracted from masses for Ge isotopes of interest in
this work are listed in Tab. 3.1. The experimental mass values were taken from
Atomic Mass Evaluation (AME2003) of Audi and Wapstra [88].

We have followed the argumentation of Refs. [90, 91] to determine the 3-point
gap of an even-even nucleus: the proper measure of pairing correlations of an even
system with n nucleons is the average value of the pairing indicators evaluated for
its odd neighbours:

1
AB)(n = even) = i(Af’)(n +1)+ AP (n —1)). (3.16)

In cases where the experimental data was not sufficient to calculate the average value
of two pairing gaps, we have adopted the gap of one odd neighbour to be the 3-point
gap of the even nucleus. In addition to empirical values extracted from masses, in
Table 3.2 we give the values of two average models for pairing gaps: the traditional
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Table 3.2: Average pairing gaps (see Eq.(3.17)) for N ~ Z Ge (Z = 32) isotopes.

Traditional model Vogel et al.

Mass number Ay AN Nnp  App
62 1.52 0.32 1.80  0.50
64 1.50 0.31 1.80  0.48
66 1.47 0.30 177 047
68 1.45 0.29 1.72 0.45

model [92] and the model developed by Vogel et al. [93]. The parametrizations of
pairing gaps in these two models are specified as:

A, = 12MeV/VA, A, =20MeV/A  (traditional model)

N—-Z

)2> MeV/AY3 A, =31MeV/A  (Vogeletal.)
(3.17)

A, = (7.2—44(

It is seen that the traditional model values are closer to those of 3-point gaps
while the model of Vogel reproduces better 5-point gaps. It should be noticed that
in any of the models the values of proton-neutron gaps are not negligible thus the
proton-neutron interaction is expected to play a significant role in the construction of
the quasiparticle field in these nuclei. On the other hand, one should bear in mind
that since pair-correlation indicators are given by finite differences, the physical
interpretation of exctracted quantities is disturbed near the N = Z line. Another
remark, concerning as well the values derived in Sec. 3.1, is that with the present
set of experimental mass data near the N = Z line the uncertainties for extracted
quantities may be consequential.
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Chapter 4

Proton-neutron pairing in
BCS-type approaches

The initial theory of nucleon pair correlations included Cooper pairs which contain
two protons or two neutrons [1, 2]. In this theory, known as the BCS approximation,
quasiparticle operators are defined by a 2 x 2 unitary transformation of particle
operators. In N ~ Z nuclei, valence neutrons and protons fill similar shell model
orbitals and interact through the stronger 7' = 0 force as well as the 7' = 1 force.
One may therefore expect the appearance of a static pn pair condensate, especially
in heavier N ~ Z nuclei where the large valence space allows for creation of many pn
pairs. In the early 1960’s it was recognized that the pairing theory was incomplete
and that for N ~ Z nuclei it should be generalized to include as well proton-neutron
Cooper pairs [4]. In the forthcoming years (1964-1972) this generalization was done
in several steps. First, Goswami and others [5, 6, 8] have generalized a special
quasiparticle transformation to include pp, nn and pn pairs, where the bar indicates
that the second particle occupies a time-reversed orbital. In these pioneering articles
the two particles were coupled to 7' = 1 isospin. Then a BCS theory for pn pairs
coupled to T' = 0 was presented in Ref. [7]. A synthesized formalism to deal with
T =1 and T = 0 Cooper pairs of the pp, nn and pn type was developed in Refs.
9, 10]. In such a theory quasiparticles are defined by a 4 x 4 unitary transformation
of particle operators.

Since neutrons and protons are not hindered by the Pauli exclusion principle to
occupy the same spatial orbitals, they can form correlated pairs of the pn type. A
completely isospin generalized BCS theory which includes pn (and pn) pairs, as well
as pp, nn and pn Cooper pairs was derived by Goodman in Ref. [11]. This time the
quasiparticles are given by 8 x 8 unitary transformation of particle operators.

The starting point of our considerations are the eigenstates of an axially-deformed
Hamiltonian (see Appendix A). The basis consists in two groups of states with re-
spect to the time-reversal symmetry. Since the pn mode tends to restore axial
symmetry while the pn mode introduces nonaxial deformations [94], we restrict our-
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selves here to include the nucleonic pairs in time-reversed orbits which we will refer
to as pp, nn and pn pairing.

4.1 Pairing Hamiltonian

In the following we propose a generalized pairing Hamiltonian which contains all
possible kinds of pairs of nucleons moving in time-reversed orbitals interacting via
a two-body force represented by its antisymmetrized matrix elements ngl’TT,:

~

_ T=1t
Hpair = — Zk lgkl pppkpp Plpp
T 1
- Z Gkl nnpknn Inn

T=1 pT=1%}
- ngl,pnpkpn 7Dlpn
k,l

= T=0
- Zglg,p?mpkpn Tplpn ’ (41)
k,l

where the operators P7=1 and PT=C" accounting for different isospin pairs of par-
ticles read

Pip | = abyal (4.2)
Pt = alal | (4.3)
P;Z;H = 12<a£paj—m+a£na£p>, (4.4)
P,Z;OT = %(alpaln—alnazl)), (4.5)

and where a)_ is either a particle creation operator of a neutron (7 = 1 or n) or of

a proton (7 = —1 or p).
The antisymmetrized matrix elements gy, are given by

s = (7, Rt BT |1, 1) (4.6)

pair

Here k is the time-reversal partner of the state k. The choice of the pairing force is
rather arbitrary but may influence further results. The simplest way to treat pairing
correlations is to assume a constant value of matrix elements (4.6)

G = (ii|0yy;]77) = const, (4.7)

where G is the overall strength of the interaction. This approach is known as
monopole pairing or seniority pairing and has been applied in different calculations
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for many years. It should be pointed out that the majority of calculations with the
pn pairing in HFB-type approaches were done using these schematic pairing forces
with constant matrix elements (see e.g. [11, 28, 29]).

More realistic pairing interactions are those with state-dependent matrix ele-
ments: Gogny and d forces. The Gogny force was originally introduced within the
conventional Hartree-Fock-Bogoliubov method as it is suitable to reproduce data in
both, particle-particle and particle-hole channels [95]. This is so because the Gogny
force has been chosen of finite range in the singlet even channel which describes
like-particle pairings [96].

The § force has been used to simulate pairing interaction in different nuclear
calculations for over fourty years. Green and Moszkowski [97] have used a 0 force to
describe the pairing correlations understood as a surface phenomenon in the surface
delta interaction (SDI). A modification of this interaction that contained a density
dependence was first proposed by Chasman in Ref. [98]. However, the most popular
is a simple, density independent § interaction. Omne of the first calculations with
such a volume § force was done in Refs. [99, 100, 101, 102].

Contrary to the finite range of the Gogny force the ¢ is the zero-range force.
The zero-range nature of pairing interaction tends to overestimate the coupling to
continuum states. This defect does not occur in the case of finite range forces but
can be easily cured by introducing an energy cut-off which plays the role of an addi-
tional parameter (similarly, a cut-off is necessary when using the monopole pairing
interaction). Any change of the dimension of the single-particle space requires a
readjustment of the pairing strength, thus the definition of the pairing interaction
is complete for the cut-off and pairing strength given together.

These seemingly different types of pairing interactions should in fact produce
similar results— the coherence length (the size of a Cooper pair) is of the order of
the size of a nucleus, thence its structure should not be sensitive to the details of the
interaction in the particle-particle channel [103]. In Ref. [104] we have shown that at
least in proton-proton and neutron-neutron channels both Gogny and ¢ forces after
a proper renormalization lead to the pairing matrix elements of similar magnitudes.

Since the Gogny force is more difficult to handle numerically we choose the
volume ¢ force to evaluate the matrix elements of the pairing interaction in pp, nn
and pn channels. Nevertheless, due to the fact that such an interaction is active
only in L = 0 channel, the space-spin-isospin possibilities are limited: since the two-
particle function needs to be antisymmetric we have only L =0, S =0inthe T'=1
channel and L = 0, S = 1 for the T" = 0 channel. The latter component becomes
strongly quenched due to the destructive influence of the spin-orbit interaction when
entering pf nuclei [67]. A relatively simple way to enrich the § interaction to have
all spin-isospin channels like in the case of the Gogny force, is to add a Skyrme,
to-like component (cf. Eq. (2.24)) to the § force. The extended, Skyrme-like form
of the pairing interaction is given as

A

Voair = Vs + Viske
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= > Vor[6(f12) + xk'6 (7o) RITITTT, (4.8)
T
where . ,
K'0(r2)k = §<V1 — V2)é(m — FQ)Z(VI — Va), (4.9)

VL, x determine the strength of the interaction and IT1°, TI7 are the operators pro-
jecting onto spin-isospin subspaces:

s — ;(1—(—1)5130), (4.10)
nr = ;(1—(—1)TPT), (4.11)

where P7 =1/2(1+ 6, -d5), PT =1/2(1+ 71 - 72) are the standard spin and isospin
exchange operators. The second term of (4.8) is antisymmetric in its spatial part
(L = 1), therefore active in S = 1, T'=1and S = 0, T = 0 channels. However,
it is not clear what the ratio of L = 0/L = 1 components in the particle-particle
channel should be thus the x parameter needs to be fitted by comparison to available
data. The integral formulae for pairing matrix elements of the interaction (4.8)
derived in the axially symmetric harmonic oscillator basis are given in Appendix
B.3. It should be added that the matrix elements can be as well evaluated using the
properties of the asymptotic basis, as was proposed in Ref. [105]. Such a calculation
is highly time-consuming as compared to the integral method but may serve as a
test, therefore in Appendix B.2 we remind the formulae necessary to calculate the
two-body matrix elements of the interaction (4.8) in the asymptotic basis.

Examples of the matrix elements of the interaction (4.8) and a discussion of the
results obtained with such an extended interaction are given in Sec. 4.4.2.

4.2 Generalized BCS theory

4.2.1 Quasiparticle transformation

The conventional BCS theory which omits the proton-neutron interaction defines
the quasiparticle operators of by a two-dimensional transformation of the particle

OéJr u — (lJf
o) = () w2
(073 Vk Uk ay,

where k is a single-particle (HF) orbital. The isospin generalized BCS theory replaces

operators a'

Eq. (4.12) with the eight-dimensional transformation

()-8 2)() o
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where af(k) and a'(k) are the four-component vectors

achl alTep

t O'/ITCQ t azn
a'(k) = el I a'(k) = i : (4.14)

Oél]:cl afp

A2 pp,

U(k) and V (k) are four-dimensional complex matrices. Since we consider here only
the kk pairing, the transformation (4.13) splits into two 4 x 4 transformations, the
following one [28]

a;l Uk1p u;;ln Uk1p Uzln aJlrfp

OéJlch _ u22p Uk2n U22p Uk2n a’chn (4 15)
gy —Uklp _Ul);ln Uk1p U’Zln Afp '
o) _U22p —Vkan u22p Uk2n Akn

and its Hermite conjugate. The matrices V (k), U(k) of Eq.(4.13) have now the form

0 0 —Vkip —Vip,
0 0 —vr —Uko
V(k) = k2p I 4.16
( ) Vk1lp Vkln 0 0 ( )
Ukop Uk2n 0 0
Uglp Uk, O 0
Uk) = | Y w00 (4.17)
0 0 Uklp Ukln .
0 0 Uk2p Uk2n

The occupation amplitudes ugip, Ugon, Vk1p and vy, are real numbers while w1y,
Up2p, Vkin and vgg, are complex.

The Bogoliubov transformation needs to be unitary and preserve the Fermi an-
ticommutation relations

{qs aqu,} = 0310qq'» {ohg, qug } = {a,iq, aqu,} =0, q,¢ = 1,2 (4.18)
what requires the standard normalization conditions for v and v amplitudes
Z <|ukq7|2 + |UkQT|2) =1. (4.19)
T=p,n

In the limit where there is no proton-neutron pairing ugi, = Ug2p = Vgin = Vk2p = 0
and the isospin generalized transformation (4.15) reduces to two conventional 2 X 2
BCS transformations (4.12), first for protons (ux1p = Ukp, Vk1p = Ukp) and the second
one for neutrons (uxon = Ugn, Vkon = Vkn)-

To obtain the BCS equations it is also indispensable to know the inverse trans-
formation of (4.15) which reads

i T
App Ukip Uk2p —Uklp —Uk2p Qg1

T il
Q. o Ukin Uk2n —Vkln —Uk2n Qo (4 20)
agp Vklp VUk2p  Uklp Uk2p k1

Ak, Vkin Vk2n Uk1n Uk2on Qo
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Let us define the density matrix and the pairing tensor given by their matrix
elements as

pu = (afag) | (4.21)
ki = (aag) . (4.22)
In matrix notation one has
p=Viv, (4.23)
k=VIU. (4.24)

The structures of (4.23) and (4.24) are found by substituting Eqs. (4.16) and (4.17)
into Eqs. (4.21) and (4.22):

P Pre 00

Pk nn
P Pre 0 0
P= e | (4.25)
0 0 W P
0 0 W P
pp n
0 0 Frk  Frk
0 0 K" g
= kk  Vkk
K= Pp* pnx s (426)
_“kg K 00
npx nnx
—Fe R 00
with the components listed below
k’i = 7Jl?:lp + |Uk’2p’2 ) (427)
Pik = [veinl® + Via (4.28)
Pk = VkipUkin + VkzpUio » (4.29)
HZ;’; = U;1nuk1n + VkonUkon , (430)
Kip = Ukipliklp T UkoyUkzp (4.31)
Kzz Uk‘lpuk;ln + UZqukzn y (432)
KZ% = U;c(lnuklp + VkonUk2p - (433)

Due to the conservation of the time-reversal symmetry (see Sec. 4.2.4) the p density
does not connect the states k with k& while the pairing tensor has non-zero elements
only between k and k states.

The p7, pir, Kj and k)7 tensors are real while in the complex proton-neutron
part the consequent relations are fulfilled

Prk = Pik (4.34)

ki = Kop (4.35)
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4.2.2 Quasiparticle vacuum
Consider any Bogoliubov transformation of the form (cf. Appendix C.2)
of = (Alm‘&L + Bkiak> ;
k
o =" (Agar + Bhal) - (4.36)
k

The Thouless theorem [39] states that any product wave function which is not
orthogonal to the vacuum |0) may be expressed in the form

9) = Nexp (—z Lajal) 10 (137

where the normalization factor N' = det'/?A" and Z = BA~'. With the use of the
Thouless theorem we may now construct the quasiparticle vacuum for the transfor-
mation (4.13). We have

Z=BA'=-V({U)™", (4.38)

where tilde means a transposed matrix. Using the antisymmetry properties of the
Z matrix after strigthforward calculation we obtain from Eq. (4.37)

vacuum) = [][wriptrn — wkoptinin
k

+ (Uklpuk2n - UJ:qukln)aLpa£p
+ (VkanUk1p — Ui1nuk2p)@2na£n
+ (UZQ Uklp — UklpquP)ach%n
+ (V1 Ukon — Uanukln)a};paJIrcn
+(

Uk1pUkan — UkankZp)aLpa’chn kp k ”O> (439)

In the case of the usual BCS theory which omits the proton-neutron coupling we
have ug1, = Ukgp = Vk1n = Uy = 0 and the vacuum state (4.39) reduces to the well
known form of the BCS wave function

[vacuum) = [ J[ux, + vkpa,zpa%?] X [ugn + vkna,tna£n] 0) . (4.40)
k

4.2.3 Isospin generalized gap equations

Having defined the quasiparticle transformation Eq. (4.15) one can decompose the
Hamiltonian of the system

H = Hg + HY + Hpair (4.41)
with ]:Ipair given by Eq. (4.1) in terms of quasiparticle operators

H= ﬁoo + ﬁll + lﬁfzo + FIOQ + ﬁ22 + ﬁ31 + ﬁ13 + ﬁ40 + ﬁ047 (4.42)
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where the indices denote the numbers of creation and annihilation quasiparticle
operators, e.g.,
Hyy = Z Hab;cdalagacad, (4.43)
absed
and Hgp.q are expansion coefficients. The terms ffzg, ﬁgl,glg,ﬁ40 and 1%4 which
describe the residual interaction between quasiparticles are neglected in this formal-
ism. The standard BCS condition

Hao + Hpy = 0 (4.44)

leads to the generalized set of equations which allow to treat protons and neutrons
as non-separable systems

~ pp pn
€kp 0 A Ay Ukgp Ukgp
~ pnk
0 €ken Ak Azm ukqn - F ukqn 4.45
APP APY ¢ 0 — kg ) ( : )
k k €kp Ukqp Ukqp
pnx ~
Ak AZ" 0 —€kn Vkgn Vkgn

where €, = e, — A;. The diagonalization of the matrix (4.45) for each state k yields
quasiparticle energies Fj, and occupation amplitudes u, v. The state-dependent pair-
ing gaps appearing in Eq. (4.45) are given by

T T=1 *
Am - Z gmk,TTvququT7
k,q

1 A0
AP = AP AP
T=
Agﬂ = ngk,lpn%e ('UkQPUan) ’
k.q
0 T=0
A’rrzzm = gmk,pn%m (qupqun) : (446)
k.q
It is seen that the proton-neutron pairing gap in this formalism is a complex quantity
with the real part associated to the T" = 1 pairing mode and the imaginary part
containing 7" = 0 pairs.
The Fermi levels A, for protons and neutrons are adjusted as usually so that the
particle number conservation relations for neutrons and protons

N =2 Ukgnpgn - Z =2 UkgpUpgp (4.47)
kq kq

are satisfied. The pairing energy, calculated as the mean value of the Hamiltonian
(4.1) in the BCS state, has the form

Boir = — Y. Ghenkin K75 (4.48)
ki, 77", T
In practice the equations (4.45-4.47) are solved iteratively until the acquired
accuracy for pairing gaps (or pairing energy, equivalently) and the particle number
is achieved.
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4.2.4 Time-reversal invariance and isospin symmetry

breaking

43

It was shown by Goodman [11] that the time-reversal invariance and other sym-

metries limit considerably possible solutions of the generalized BCS theory. In this

section we study the consequences of imposing time-reversal invariance and axiality

in isospace on the possible BCS solutions in the case of Bogoliubov transformation

(4.15) adopted in our calculations.
First, the time-reversal invariance condition:

T T
k2 Ok
where T is the time-reversal operator, implies the following relations:

e for hermitian density matrix:

Prke = PiE >
P = PR
pri = 0,
o = 0,

e and for antisymmetric pairing tensor:

Kip = Kig s
K = 0,
Kpe = 0,

K =~k

where 7 is p or n. The components pi; and xj; are real.
Next, consider the generalized density matrix R:

_(r E
R_<KT1—ﬁ>’

(4.49)

(4.58)

where p is the transposed p matrix. From the idempotency condition R? = R (which

implies p? — p = k'K, pk = Kp), one obtains

K (o — ppe) = PR — KR |
R IR = AL = ol Il
R KR = o — o+ Lol
K (R ki) = P (efk + ok — 1)

The condition of the isospin conservation vector is given by

(4.59)

(4.60)
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and is analogous to the more familiar constraint (J) = 0. Deformed HF intrinsic
states do not have angular momentum as a good quantum number, nevertheless one
may insist that the average of J vanishes in the ground state. Similarily, the HFB
(BCS) states can be deformed in the isospin space, so that T is not a good quantum
number. Still one can require that the average of T vanish in the ground state. For
a N = Z nucleus it means sphericity in isospace (T,) = (T,) = (T.) = 0. In a
N # Z nucleus T, = (N — Z)/2 is not equal to zero so the imposed symmetry is
this time the axiality in isospace. The condition (4.60) requires that (see Appendix
E)

(T,) = Re Y ol =0 (4.61)

and
(T,) =SIm > plr =0. (4.62)
k

The last two relations are fulfilled if p}; is equal to zero. It is seen from conditions
(4.59) that then the non-trivial pn solutions are possible if pit = ppy and s}2 = —K}3
which is fulfilled for N = Z only. This is the solution found by Goodman [11]. In
N # Z nuclei neither ppp = ppp. nor x5 = —k}f so the generalized BCS theory
does not allow for a coherent pn paired solution. In conclusion, the pn pairing is
ruled out due to the imposed symmetries: time-reversal invariance and axiality in
isospace.

For Bogoliubov transformations which yield purely imaginary off-diagonal el-
ements of the density matrix (as the transformation (4.15) does) the condition
(T,) = 0 is automatically fulfilled. For N = Z nuclei we obtain in our model a
class of solutions in which the condition (4.60) is satisfied.! For N # Z the pre-
sented solutions are triaxial in isospace, i.e., (T.) # 0 and (T,) # 0. Hence, the
appearance of the pn paired field can be viewed as the spontaneous isospin symmetry
breaking.

The non-conservation of the isospin is a drawback of the BCS theory and a
deficiency of our model. The methods proposed to restore isospin symmetry include
e.g., Random Phase Approximation [106, 107], exact projection [108], cranking in
isospace [75, 109, 110]. It is beyond the scope of the present study to apply the
isospin symmetry conservation techniques in the case of the BCS approach. In the
next section we focus on another problem related to the BCS approach, that is on
the non-conservation of the particle number.

4.3 Generalized Lipkin-Nogami approach

A strightforward application of the BCS theory to finite systems has two main draw-
backs. First, the BCS function is not an eigenstate of the particle number operator,

'In actual calculations the isospin symmetry is already broken on the mean-field level. Thus
even for the N = Z nucleus the symmetry conditions are not fulfilled.
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so the number fluctuation is an issue for small systems like nuclei. Second, there is
some critical value of the pairing strength below which no non-trivial solution can
be found. Several methods were proposed to cure this problem: Random Phase Ap-
proximation (RPA) calculations in addition to BCS [111], particle number projection
after variation (PAV) [112] which is valid only for pairing strengths above the critical
value, similarly as the appraoch based on the Generator Coordinate Method (GCM)
within the Gaussian Overlap Approximation [113, 114, 115]. Projecting the wave
functions before variation (VAP) in principle works well for all pairing strengths
[116]. It should be, however, mentioned that solving the VAP equations is not easy
and numerical calculations of that type are highly time consuming. Additionally, the
full projection of the BCS functions in the case of the pn pairing taken into account
becomes quite complicated already on the formal level. A simplified prescription for
the last technique is an approach proposed by Lipkin [117] and applied by Nogami
[118] which has been quite successful in overcoming some of the problems related to
applications of the BCS to nuclei (for early applications see e.g. [119, 120]).

In the forthcoming we describe the generalized Lipkin-Nogami method suitable
to treat as well pn pairing correlations. We follow here the considerations of Refs.
[121, 122] done in the case of rotating nuclei with nn and pp monopole pairing. It
should be added that the Lipkin-Nogami formalism extended to the case of T' =1
and T = 0 monopole pairing was already presented and applied in Refs. [29, 109].

4.3.1 Outline of the method

Let [¢)nz) be a quasiparticle vacuum state of the system consisting of neutrons and
protons

aklnz) =0, (4.63)

where the subscripts NZ denote the average numbers of particles, both neutrons N
and protons Z. The usual conditions of particle number conservation are
N, T=n,

(4.64)

(Unz|N-|Ynz) = { 7 r—p

and N, = >k aLTakT is the corresponding particle number operator.
The particle number operators N, commute with the Hamiltonian (4.41): [H, N,] =
0 and the set of operators {N, Z, H} has common eigenfunctions which we denote

by |¢N0Z0>:

NT|¢NOZO> = N0T|¢N0Z0> 9 (465)
Hlon,z,) = EnozolONozo) - (4.66)

This allows to write the quasiparticle vacuum state (4.63) in terms of the eigenstates
of NT and H:
[Unz) = D enz NozolSnozo) - (4.67)

NoZy
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From Eq. (4.65) it follows

(Wnz|NEZ N z) = 7 lenno,zz0 P NS 28 (4.68)
NoZo

for K, L=0,1,....
Suppose that the eigenvalue Fyz can be expanded in particle-projected state
(limiting this expansion to terms of the second order in N and Z) as

Enz = (¢nzlHlpnz) = Xo+ D AN:+ > Arr NoNor (4.69)
The expectation value of the operator

H=H-Y AN —> AN N, (4.70)

T/

in the |y ) state equals

(Unz[H|Unz) = D lenno,zz0|*(Onozo HIONoz0) = Ao - (4.71)

NoZg

Consequently, substituting (4.71) into (4.69) one obtains

<¢N0Z0|IA{|¢N0Z0> = <¢NZ|F[|77Z)NZ>
- ZAT<¢NZ|NT_NT|1/JNZ>

- Z)\TT/<wNZ‘(NTNT’ - NTNT/)|¢NZ> . (472)

e

The last equation shows that the minimization of the energy En,z, = (dnozo| H|Onyz,)
in the projected state |¢n,z,) is equivalent to the minimization of the right hand
side of this equation which depends on the displayed expectation values calculated
in the quasiparticle vacuum state |ty z).

The set of constants {\} entering the equation (4.72) has to be determined. To
do this let us calculate the average value of the operator

H\)NEZL, (4.73)

where H(A) is given by Eq. (4.70) and K, L =0, 1,..., in the quasiparticle vacuum
state |¢,,). After using the expansions (4.67) and (4.69) as well as the formula
(4.68) one obtains

(Wnz2HONNEZ nz) = (na HO Wonz) w2 [ NS ZEN)[bwz) . (4.74)

In the given second order approximation in A’s the equations (4.74) for A, and A,
are specified by taking K, L = 0,1, 2:

<1/}NZ|H(A>\)]AVT|¢NZ> = <1/}NZ’H()\)‘wNZ><wNZ|]SfT’§DNZ> (4.75)
(UNZ|HN)NNo[onz) = (Unz|HN) [Wnz) (Onz| Ne Nelhnz) - (4.76)
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The variation of (¢¥nz|H(N)|¢nz) at constant A, and under the constraints (4.64)
leads to the expression for A, satisfying automatically equations (4.75). The last
four equations (4.76) have to be solved separately.

In the model of non-interacting quasiparticles one assumes the terms of H 51+ His
and of higher order in the Hamiltonian of Eq. (4.42) vanish. The variation of the
energy is equivalent to the BCS condition (4.44). Therefore, in this approximation
the equations (4.76) take the form

S (OH(oa B (AN, N )30f0) = 0. (4.77)
{4}
where |4) (4| projects onto the subspace of all 4-quasiparticle states. From the above
conditions one determines the values of A\ ..
The term (H(A))os in Eq. (4.77) consists of the two following terms (up to second
order in \)
H(A)os = — Z(GPPI)M - Z Aot (No Ny Joa (4.78)
pp’ pp’
where the operator G*' is the two-body part of the Hamiltonian (4.41) and p, p’ =
p,n. The other parts of the full Hamiltonian of the system do not contribute to the
(04) part of this decomposition. We can rewrite Eqs. (4.77) in the form

G+ ZAM,NTT = (4.79)
where
G = > (O1(G*)aol ) (4| (N Ny )ou|0) (4.80)
pp' {4}
and
w7 = (01N, Ny ) 0| B (R (N7 N Yo D) (4.81)
{4}

The Eq. (4.79) is in fact the set of three linear equations, as A, = A,,. The
exact expressions for G77 and N prT,/ as well as special cases of solutions are given in
Appendix D.

4.3.2 Isospin generalized Lipkin-Nogami equations

As already said, the Lipkin-Nogami method aims at minimizing the expectation
value of the operator (4.70). The coefficients A,,» contrary to A, are not Lagrange
multipliers. Their values are obtained from subsidiary conditions (4.76) which lead
to the set of linear equations (4.79). Having calculated the values of A\, one can
obtain the Lipkin-Nogami equations which take the form of BCS equations with
single-particle energies and pairing gaps renormalized as follows

g](gI:—N) - ng + 2)\7sz2 )

AN AT on kT (4.82)
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with particle desities p and pairing tensor x defined as before (Eqs. (4.21,4.22)).

The pairing energy in the Lipkin-Nogami approximation is given by

Ein = Bpair — 2 Y MhjE K™ (4.83)

k77’

Solving the LN problem is therefore equivalent to the diagonalization of the matrix

gl(;N) 0 AZP(LN) Ain(LN) Ukgp Unap
0 e AP AR Unan | N | ke |y g
Aip(LN) NZ”(LN) _gl(cI;N) 0 Ukqp o Ukgp .
Ain(LN)* AZMLN) 0 —€,§;LN) Ukqn Vkgn

for each single-particle state which provides new amplitudes v and v necessary to
calculate A\, coefficients, pairing gaps and particle numbers. Proceeding like in the
BCS case we obtain the Lipkin-Nogami equations solutions in an iterative procedure
when the required accuracy is reached.

4.4 Results

4.4.1 Potential energy curves of N~Z Ge nuclei

In the present section we describe the results of our investigation of potential energy
curves of the %Ge (N = Z) nucleus and the neighbouring isotopes (N = 28 — 36)
obtained in the Skyrme-HF model with two variants of the residual interaction
employed in pp and nn channels. The self-consistent fields obtained here in the
minima of deformation will serve as a departure point for further calculations in the
BCS(LN) approaches and in the HTDA method (Chap. 5).

The %4Ge nucleus has already been a subject of many theoretical investigations.
The ground state shape of this nucleus is very sensitive to the model used in cal-
culations. The HF and HFB approaches with central Yukawa potential [123, 124]
predicted *Ge to be deformed with an oblate shape. In Strutinsky-like calculations
with folded Yukawa single-particle potential [125] the ground-state minimum was
found to be prolate with e;=0.2 deformation. The calculations based on a non-axial
WS potential predicted a triaxial ground state minimum with £,=0.2 [126]. The
Skyrme-HF model, with SIII force and constant pairing gap approximation suggest
a prolate minimum, however with a small prolate-oblate difference [127].

The Ge isotopes ®*Ge and ®Ge have been also a subject of a great interest in both
experimental [128, 129, 130, 131, 132] and theoretical studies [133, 134, 135, 136]
for many years. Due to large gaps between single-particle spectra at prolate and
oblate minima of N, Z = 34 — 36 nuclei, shape coexistence is a typical phenomenon
in this region. The prolate-oblate shape transition and possible v-softness in these
germanium isotopes were suggested by many authors, however different models do
not necessarily provide the same picture of ground state deformations.
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To find the dependence of the total energy of a nucleus on the quadrupole de-
formation we have performed constrained HF+BCS calculations assuming the axial
symmetry of the nucleus. The calculations were done with the SIII parametriza-
tion of the Skyrme force which was shown to be a very good interaction as far as
spectroscopic (single-particle or collective) properties of nuclei are concerned. All
the results were obtained with an axially deformed harmonic oscillator basis with
No=16 shells. The parameters ¢ = w, /w, and b = \/mwy/h (with wy = (W2 w.)'/?),
characterizing the oscillator basis, were optimized all along the energy curve, as
described e.g. in Ref. [137]. To obtain the needed deformation we use a quadratic
constraint on the quadrupole mass moment with an approach which adjusts iter-
atively the Lagrange multipliers to provide the requested expectation value of the
constraint operator [138].

Pairing correlations were treated in two approaches: the usual BCS formalism
with a seniority force (G force) and the state-dependent one based on the surface-
independent (volume) § interaction. In both cases the BCS equations were solved in
a truncated space of single-particle levels, taking into account states with energies
less or equal to ep+8 MeV, er being the Fermi level energy. The constant matrix
elements of the G force are given by

9r

=T 4.
G- 11+ N, ’ (485)

where N, is the number of particles with isospin 7 (neutrons or protons) and
gn =17.1MeV, g, =15.6 MeV. (4.86)

This parametrization was found for four germanium nuclei (A = 62—68) by compar-
ing the calculated minimal quasiparticle energies with those obtained from nuclear
binding energies by 3-point formula. The fit was done in the minima of the poten-
tial energy. In Fig. 4.1 theoretical and experimental pairing gaps for protons and
neutrons are shown for considered nuclei. The zero-range ¢ interaction acting in
the isovector (|T.| = 1) channel is of the form?

1 —01-09

%(F12> = %T 4

o — T3), (4.87)
where V- is the coupling constant for particles of a given 7. Since the level densities
of neutrons and protons are a priori different, the numbers of neutron and proton
levels contained in the window of the same size e + X MeV may differ considerably,
and thus similarly the adjusted Vi, Vo, values. Nevertheless, this is no longer the
case of N ~ Z nuclei where assuming that Vp,, = Vp, is well justified.

To make a reasonable comparison of the results obtained with G and d- forces,
the intensities of the latter have to be adjusted properly. We determine Vj, from
the condition that the traces of the pairing tensors are the same as in the G force

2Indices T, 7 in VgL will be dropped in cases where it will not lead to a misunderstanding.
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Figure 4.1: Neutron (circles) and proton (squares) pairing gaps calculated with G
force in comparison to A®) pairing indicators.

5 .
. Ge
> 37
o
W2t p, BCS(G) =
p, BCS(3) =
1 | Vgn=Vp=310 MeV fm® M BCS(C;) “
0,=17.1, g;=15.6 N, BCS() *

60 62 64 66 68 70
A

Figure 4.2: Traces of the pairing tensor >, u;v; calculated with seniority and o
forces for neutrons (circles) and protons (squares).
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Figure 4.3: The potential energy E (MeV) as a function of the mass quadrupole
moment g, = (Qa) (in barns) for germanium (Z = 32) nuclei with mass numbers
A = 62 — 68. The results of two calculations are presented: BCS calculations with
constant matrix elements (solid line) and with the ¢ force (dashed line).

case. This way we obtain the ¢ force strengths for both charge states and for all
considered nuclei equal to

Von = Vop = 310 MeV fm* . (4.88)

The traces > ;- u;v; of pairing tensors x evaluated with both pairing forces with
parametrizations described above are shown in Fig. 4.2.

The potential energy as a function of the mean value of the mass quadrupole
moment (Eq. (2.42))

@2 = (Q) (4.89)

for studied Ge isotopes is depicted in Fig. 4.3. The results of two calculations
are reported: with seniority and ¢ forces. Although the energy curves depend on
the pairing type, the general conclusions concerning the shape of the nuclei under
consideration remain the same. Namely, %2Ge is predicted to be prolate however
the energy difference between both deformed minima is only about 700 keV. %4Ge,
as said previously, is predicted to be prolate in its ground state, with the oblate
minimum being higher on about 0.5 MeV. %°Ge appears to be a transitional system
with two almost degenerate minima, the prolate one laying about 20 keV lower in



52 CHAPTER 4. PN PAIRING IN BCS-TYPE APPROACHES

Table 4.1: Oblate (Qa0), and prolate (Q), deformations (in barn) and correspond-
ing energy values £ (in MeV) for studied nuclei. The results concerns the calcula-
tions with the G force.

nucleus  (Qa0)o (b) E (MeV) (Qa0)p (b) E (MeV)

2Ge -2.1 -514.0 24 -014.7
%1Ge -24 -540.0 2.6 -540.5
Ge -2.6 -563.9 2.8 -064.1
BGe -3.0 -586.2 2.9 -585.8

Table 4.2: Same as in Table 4.2 but for the ¢ force.

nucleus  (Qa0)o (b) E (MeV) (Qa0)p (b) E (MeV)

02Ge -2.1 -514.1 2.3 -014.7
01Ge -24 -540.2 2.6 -540.6
6Ge -2.7 -564.1 2.9 -564.1
BGe -3.0 -586.3 2.9 -585.9

the case of the G force. A similar case is ®Ge nucleus, this time the oblate minimum
being energetically favoured. The detailed values of equilibrium deformations and
corresponding total energies resulting our calculations are listed in Tables 4.1 (the
seniority force case) and 4.2 (for the ¢ force).

The effects of including proton-neutron pairing and applying different methods to
solve the pairing problem presented in the forthcoming sections are studied with the
spectra generated as described here in the ground states of considered germanium
isotopes.

4.4.2 Skyrme force-like extension of nuclear pairing inter-

action

In Sec. 4.1 we have introduced the pairing interaction Eq. (4.8) in the form which
allows to study all possible space-spin-isospin components and is relatively simple
for numerical calculations. First, consider the matrix elements of such an interac-
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Figure 4.4: Neutron-neutron pairing matrix elements vs single-particle energies nor-
malized to the energy of Fermi level for *Ge nucleus. The upper panels show
diagonal matrix elements in the equilibrium deformation (a) and in the spherical
point (b). Panels (¢) and (d) shows off-diagonal matrix elements for levels k& with
the k) corresponding to the Fermi energy. Squares corresponds to the ¢ force anti-
symmetrized matrix elements, filled circles to the k’d0k case. Vertical lines represent
single-particle spectrum.

tion in the like-particle case. In Figs. 4.4, 4.5 we show an excerpt of bare (i.e.,
VL = 1,x = 1) antisymmetrized pairing matrix elements of Vs (squares) and Vi
(filled circles) interactions (see Eq. (4.8)) calculated for the %Ge nucleus in its equi-
librium deformation and in the spherical point as functions of the single-particle
levels relative to the Fermi energy. It is seen that the bare pairing matrix elements
of the § force are larger than those of k'dk and that they are not correlated. The
non-diagonal matrix elements of the k'dk force are nearly equal to zero or negative
suggesting a locally repulsive character of the interaction in T'=1, L =1, S =1
channel. The behaviour shown in Figs. 4.4 and 4.5 is common for all studied nuclei.

Similarily, in Figs. 4.6, 4.7 we show an excerpt of antisymmetrized proton-
neutron matrix elements of 0 (squares) and k'dk (filled circles) forces calculated for
64Ge in its equilibrium deformation and in the spherical point as functions of single-
particle levels normalized to the Fermi level energy. We chose the proton spectrum
as the reference one. It is seen that the pn pairing matrix elements in the 7' = 1
channel (Fig. 4.6) have a similar behaviour as those of pp and nn pairing interactions
shown in the preceding, however they are on about two times smaller. The diagonal
pn pairing matrix elements in 7' = 1 and 7" = 0 channels are pretty equal for both
kinds of interactions, while the off-diagonal ones have somewhat different behaviour.
As in the case of the like-particle pairing, the k'dk elements are much smaller than
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Figure 4.5: Same as in Fig. 4.4 but for proton-proton pairing interaction.

those of the ¢ force in all cases.

In Fig. 4.8 the pairing gap deviation as a function of the strengths of the pairing
interaction in L = 0 and L = 1 channels is displayed. The gap deviation is defined
as

on = J LS (am - oy, (4.90)

2 T=p,n
where the lowest quasiparticle energy is adopted as a theoretical pairing gap and the
experimental one is the 3-point pairing indicator. As seen, for all considered cases
there exists a valley of equivalent minima, no x value being conspicuously favoured.
In Ref. [139] we have shown that an analogous situation is found when the proton-
neutron pairing is taken into account and that the inclusion of the f/k/(;k term does
not influence much the obtained results as far as the behaviour of the BCS solutions
and the Wigner energy are concerned. Hence, in the forthcoming sections we will

use only the § force to perform the BCS(LN) calulations with the pn pairing.
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Figure 4.8: Pairing gap deviation (o) as a function of the § interaction strength Vj
and of the ratio x of the strengths of k'dk and § forces.
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4.4.3 Generalized BCS results

The results discussed in here are obtained in the minima of the energy of Ge isotopes
calculated as decribed in Sec 4.4.1. We will use the variant with the § force since this
is the main interaction we will consider in generalized BCS(LN) calculations. We
adopt the same value of the interaction strength Vil =* = 310MeV fm? for pp, nn and
pn pairing in the T' = 1 channel basing ourselves on isospin invariance arguments.
It has been proposed that the pn collectivity can be also accounted for in an isospin
broken model with ViI=t > ViI=h see e.g. [140, 141, 142]. Nonetheless, we do not
see any argument supporting such an approach.

While fitting the strengths in like-particle channels basing on experimental data
is well established, for the T" = 0 channel very little is known on the subject. Since
T = 0 pairing correlations are believed to be responsible for the occurence of the
Wigner term the pairing strength might be then adjusted to reproduce this quantity.
On the other hand, one may try to fit the pn pairing gap extracted from masses
but, as already mentionned, the meaning of this gap for N ~ Z nuclei is not clear.
However, it is not our aim here to reproduce the experimental data but to study the
basic features of the pn pairing in our model. Hence, in the following we discuss most
of the results of BCS and LN calculations as functions of the ratio of the pairing
strengths in 7'= 0 and 7" = 1 channels

r = Vi=0/vi=t (4.91)

The pn pairing is supposed to play a significant role mostly in self-conjugate
nuclei. Increasing the number of neutron pairs increases the collectivity of the
neutron condensate, making fewer neutrons available to pair with protons and the
binding of pn condensate dropping dramatically. The situation can be viewed as a
blocking phenomenon where the role of an odd particle is played by the additional
neutrons (or protons) outside the N = Z core [29).

A general feature of most calculations with the pn pairing [29, 66, 143, 144] is
quenching of the pn pairing in the ground state of |N — Z| = 4 nuclei. Surprisingly,
the authors of Ref. [28] have obtained the pn superfluid solutions even for the
N — Z = 8 nucleus ("®Ge) in a BCS approach with the Bogoliubov transformation
(4.15) in the calculations with monopole pairing forces and the single-particle levels
of an axially deformed Woods-Saxon potential. Our previous calculations of this
type [139, 145] are in agreement with those of Ref. [29], i.e. no collective pn pairing
was observed for T, > 2. In the present study, in both BCS and LN schemes, in
T, = —1 and T, = 2 Ge nuclei only trivial pn solutions are found in the studied
range of parameters thus the majority of the results is discussed only for the cases
of %Ge and %Ge.

Pairing gaps

Since we deal here with the state-dependent pairing, 7.e. for each single-particle
level there exist a BCS pairing gap parameter, it is convenient to present the results
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for the so-called spectral pairing gap which we consider to be a reasonable measure
of pairing correlations. This quantity in the case of the usual BCS treatment is

defined as
>is0 A

Zi>0 U; U;

A= (4.92)

In our particular case with the Bogoliubov transformation (4.15) this definition leads
to the subsequent expressions for nn, pp and pn spectral gaps

pp
AP — 20 AT (Vinn U]y, + Uianvion) APP — 2iz0 A7 (Vigplify, + UitpUip)
Yis0(Vitn Ui, + WianVizn) Yis0(ViapUiy, + Witpvitp)
T=1 T=0
Yiso(AF T Re(vinpusyy, + Vigpthizn) + AT Sm(vinptify,, + Vigpliion))

> (Vitpfy, + Vigpllion)

AP —

In Fig. 4.9 the dependence of the pp, nn and pn spectral pairing gaps as functions
of the z parameter is shown for ®*Ge and %*Ge nuclei for BCS and Lipkin-Nogami
calculations. The pn pairing gap is a priori a sum of the solutions in 7" = 0 and
T = 1 channels (see Eq. (4.46)). However, in fact, the T = 1 pn pairing gap is
constantly equal to zero (cf. Fig. 4.10). It is found that in the BCS scheme in
the N = Z nucleus above some critical value of the x parameter (x¢i ~ 2.03) the
pn solution arises, at the same time the like-particle gaps being decreased. There
is a narrow region of x in which all the three gaps do coexist. In the calculations
with schematic pairing forces there was rather a sharp transition from 7" = 1 to
T = 0 pairing at the critical point (see e.g. [28, 29]). Let us mention that in the
calculations with the seniority pairing a simple relation is fulfilled: a non-trivial
T = 0 solution emerges for GI=° > GT=', so that the critical value is close to 1.
The fact that the critical value found here is two times larger should be attributed
to the magnitudes of the matrix elements of the § force dependent on the channel.

A situation different from that observed in the N = Z case is realised in %Ge
nucleus, where the mixing of the 7" = 1 and 7" = 0 phases is allowed for all
T > T ~ 2.

In the approximately particle conserving LN scheme the scenario changes in the
N = Z nucleus: the pn mode shows up at a larger value of x parameters (zq; ~ 2.06)
but coexists with like-particle coherent field, similarily like in the N # Z nucleus.
The situation in %Ge is qualitatively the same in LN and BCS cases, the only
differences being the magnitudes of pairing gaps at a given x value and the increase
of x4 in LN approach.

It is worth noting that in the Lipkin-Nogami case the gaps are considerably
enhanced in the absence of the proton-neutron pairing in both 5¢Ge (on average 0.5
MeV) and %Ge (0.25 MeV) nuclei as compared to the corresponding BCS solutions.
For comparison, in the neighbouring ®*Ge and ®Ge nuclei the change of the pairing
gap in the particle-conserving approach is less than 0.15 MeV.

In Fig. 4.10 we show the pairing gap parameters AZTT, plotted on the sp spectra
(as previously, proton spectra is chosen) normalized to the Fermi level energy in the
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Figure 4.9: Spectral pairing gaps as functions of the 7" = 0 and 7" = 1 pairing
strengths ratio z in **Ge and %Ge nuclei. The left part of the figure corresponds to

BCS calculations, the right part to the Lipkin-Nogami (LN) solutions.
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Figure 4.10: State-dependent pairing gaps in *Ge nucleus vs proton single-particle
energies normalized to the Fermi energy. Two results are shown: BCS calculations
(upper panel) and LN solutions (lower panel) in the point of the coexistence of nn,
pp and pn solutions.

point of the coexistence of the three solutions (x ~ 2.05). Two results are reported,
of the BCS and Lipkin-Nogami calculations. The magnitudes of pairing solutions
for a given x depend on the method, but the results remain qualitatively the same.
It is seen that the real, T = 1 part of the pn pairing gap is equal to zero for all
states. It seems that T'= 0 and T' = 1 pn pairing modes are exclusive in our model.
It is also observed that the like-particle gaps have a smooth dependence on the
energy, slightly decreasing with the growing single-particle energy. The structure of
pn pairing parameters is more irregular with magnitudes changing even on 1 MeV

for neighbouring levels and reflects the pattern of diagonal matrix elements shown
in Fig. 4.7.

Occupation probability

In Fig. 4.11 it is exhibited how the presence of the pn pairing influences the occu-
pation probability
vi= ) Vigr U, (4.93)

q=1,2
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Figure 4.11: Occupation probability v2 as a function of sp energy normalized to
the Fermi energy for neutrons (left panel) and protons (right panel) in the %Ge.
The BCS solutions with (open circles) and without (filled circles) 7' = 0 pairing are
shown.
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Figure 4.12: Lipkin-Nogami )\, parameters as functions of the z ratio in ®Ge

nucleus.

in the vicinity of the Fermi level for neutrons and protons in the %Ge nucleus. We
show the dependence of v? on the sp energy in the case where no pn pairing is
present V=" = 0 (filled circles) and in the case where there is a pn collectivity
(open circles). The solutions are chosen in such a way that the pairing energy in
both cases (with and without pn pairing) is approximately the same. In the BCS
case it corresponds to the situation where only 7" = 0 pairing is present (x = 2.19).
It is seen that the smooth diffusivity around the Fermi level is significantly disturbed
when the pn pairing is taken into account.

Lipkin-Nogami )., parameters

It is worthwhile to notice that the Lipkin-Nogami parameter \,, appears negative in
numerical calculations thus the correction to the pairing energy associated with the
pn mode is positive. Nevertheless, the corrections associated with the like-particle
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Figure 4.13: Normalized pairing energy as a function of z ratio in LN and BCS
methods for %Ge (T, = 0) and ®Ge (T, = 1) nuclei.

pairing are such that the total Lipkin-Nogami correction is negative and its absolute
value increases slightly with the increase of VI =% strength.

The A, values increase when the pn pairing is activated. The A, values as
functions of x fulfil roughly the relation

Apn & —=Arr (4.94)

therefore the Lipkin-Nogami correction is not symmetric in different pairing channels-
the pn pairing is weakened while the pp and nn gaps are enhanced which results
in the above mentionned shift of the critical value x..; with respect to the corre-
sponding BCS value. The behaviour of Lipkin-Nogami parameters as functions of x
is demonstrated in Fig. 4.12 in the case of the N = Z nucleus.

Pairing energy

In Fig. 4.13 the dependence of the pairing energy normalized to the BCS solution
without the pn pairing is plotted as a function of the x ratio for the two studied
cases. In the N = Z nucleus the absolute value of the pairing energy decreases when
all the three modes are present. Hence, such a system prefers to form only one type
of pairs. The LN corrected solution lies on about 4.2 MeV lower than the BCS one.
The pairing energy is a decreasing function of  but the gain in energy due to the
appearance of the pn mode is very modest. In the T, = 1 case the pairing energy
diminishes with growing = value in both models. The LN solution is on about 2.5
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MeV lower than the BCS one.

Let us point out the main features of BCS and LN solutions.

1. In the BCS method, the like-particle and the pn pairing can coexist in a narrow
region of x parameters in the case of the N = Z nucleus. With the increase
of the pairing strength in the 7" = 0 channel the system undergoes a phase
transition and prefers to form 7" = 0 pairs only. In the T, = 1 nucleus the pn
pairing mode does appear only in coexsistence with like-particle modes.

2. In the approximately particle-conserving scheme (LN) 7" = 0 and T" = 1
superfluid phases can coexist in both nuclei for all values of x above ;.

3. Particle number conservation in the Lipkin-Nogami method acts destructively
on the T = 0 pairing and enhances like-particle modes. Thence the T' = 0
phase occurs for a larger x value as compared to the BCS results.

4. No coexistence of the pn pairing in T'=1 and 7" = 0 channels is found.

5. No pn collective solutions are observed for T,=-1 and T,=2 nuclei.

4.4.4 Wigner energy

In what follows we apply the method proposed by Chasman [69] which allows to
estimate the pairing strength in the 7' = 0 channel basing ourselves on the knowledge
of spectroscopic properties of nuclei.

In Sec. 3.1 we have shown how the Wigner energy is defined in terms of different
combinations of binding energies of nuclei. To understand better the Wigner term
we decompose the binding energies (B) into two parts: the Slater energy and the
correlation energy. The Slater energy is the binding energy of the configuration
obtained by filling the lowest single-particle levels. The correlation energy, which
increase the binding, is the difference between the total binding energy and the
Slater energy. This decomposition is useful because the correlation energy is almost
constant from one even-even nucleus to the next and we may assume there is no
change in the quantity

SV(N,Z) = =[B(N,Z)— B(N -2,7)

1
4
B(N,Z-2)+ B(N —2,7Z —2)| (4.95)

due to the correlations. Hence, we only need to derive the Slater energy for each
of the configurations appearing in dV (N, Z). The energy of the single Slater de-
terminant wave function is just a sum of the diagonal energies evaluated for the
Hamiltonian (4.41). We obtain for even-even N = Z nuclei

1
SV(N,Z) = 5(G}fl + GL7Y, (4.96)
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Figure 4.14: Experimental and calculated strength of the Wigner energy of even-
even N = Z nuclei. The results of two theoretical calculations are given, see text
for details.

where
Gl =Vi g (4.97)

and g is a bare diagonal pairing matrix element of the proton-neutron interaction.
If N # Z one has
OV(N,Z)=0. (4.98)

Plugging in the energies of the relevant configurations we get the Slater approxima-
tion to the Wigner energy of even-even N = Z nuclei:

1
W(A) = (G + G, (4.99)

Thence, we may adjust the pairing strength to the Wigner energy having calcu-
lated the matrix elements of the pairing interaction. In Ref. [139] we have shown
that this method provides similar values for the coupling strengths as fitting them
to the pn pairing indicators (Eq. (3.15)).

In Fig. 4.14 we show the experimental and calculated (Eq. 4.99) values of W (A)
Wigner strength for even-even N = Z nuclei in the vicinity of *Ge. The general
trend 47/A is indicated with a dashed line. Theoretical points are shown for the best
results of two fits: one with the fixed value Vi ='=310 MeV fm?® which was adopted
in preceding calculations (th;) and of the second, done on a two dimensional mesh
of V=t and VI =° values (thy). This way we have obtained the subsequent sets of
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Figure 4.15: Normalized ground state energy (AE = E(V]=" £ 0) — E(V=° = 0))
as a function of the reduced isospin T, = (N — Z)/2 for various values of the "= 0
and 7' = 1 pairing strengths ratio x obtained in the Lipkin-Nogami approach.

parameters:

Vi =1=310 MeV fm?, V/=°=670 MeV fm?
and

ViI=1=360 MeV fm3, V;=0=620 MeV fm3.

It is seen that the theoretical results obtained for the two parametrizations given
above are close to each other so they give similar deviations for the Wigner energy
strength W(A). It is worth pointing out that the calculated values follow nicely the
trend of the experimental data.

Although the two sets of values adjusted to the W(A) strength provide similar
resuls for this quantity, the second fit (thy) gives the pairing strengths the ratio of
which x = 1.72 lies below the critical value x4 ~ 2 obtained in our calculations.
Thus, no pn collective solution will occur for this parametrization and for that reason
it is not appropriate to reproduce the Wigner cusp.

The first set of fitted parameters gives z ~ 2.15, a value for which the pn pairing
is activated in both BCS and LN approaches. Nevertheless for the BCS method
it lies in the region of the 7" = 1 to T" = 0 pairing phase transition with almost
no additional binding due to the pn pairing. In Fig. 4.15 the normalized ground
state energy AFE = E(V=° £ 0) — E(V=° = 0) is presented as a function of T,
for various values of the T" = 0 and 1" = 1 pairing strengths ratio x obtained in
the Lipkin-Nogami approach. It is seen that for x > 2.1 some additional binding is
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gained due to the pn pairing and that its value is the largest for the N = Z nucleus.
For the value adjusted in this section there is the additional binding attributed to
the T' = 0 pairing, however very modest (of about 0.5 MeV).

Since the mean-field models ignore the explicit proton-neutron coupling they are
a priori unable to reproduce the Wigner term (see however [29, 68]). It is known
that the deviations in calculated and experimental masses in the vicinity of the
N = Z line are of about 2 MeV in an Extended Thomas-Fermi model [146] which
is supposed to take into account properly the effects attributed to the particle-hole
channel. Thus, the 2 MeV energy offset can be associated with the lack of pn
correlations. It is seen from our calculations that in principle the BCS(LN) model
taking into account the isoscalar pairing might produce a sharp slope discontinuity
in the mass parabola that might contribute to the Wigner term. However, the gain
in energy is too modest for the residual 7' = 0 interaction to be the solely explanation
of the Wigner term. On the other hand, the fit to W(A) value may be questionable
due to the uncertainties of the empirical Wigner strengths values.

4.4.5 Summary

Let us summarize the results obtained in this part of the work. In the ground states
of several Ge isotopes obtained in the Skyrme-HF model we have performed BCS and
Lipkin-Nogami calculations for the pairing Hamiltonian which includes all possible
nucleonic pairs in time-reversed orbits. The two-body interaction between nucleons
was accounted for with a state dependent interaction. Studying the pairing matrix
elements of the § and k'dk forces and basing ourselves on our previous calculations
with the proton-neutron pairing we have shown that a reasonable description of the
pn pairing is yielded by the 0 force, that is to say in terms of T = 1,J = 0 and
T = 0,J =1 coupling. The results of the generalized BCS and LN calculations with
the state-dependent force are qualitatively comparable to the results of other authors
obtained in BCS(LN) and HFB approaches with schematic pairing interactions. The
generic feature of the BCS method is the T'= 1 to T' = 0 pairing transition in the
N = Z nucleus which is smeared out in the formalism conserving the particle number
symmetry. No coexistence of the pn pairing in 7" = 0 and 7" = 1 channels is found
while the like-particle and 7" = 0 modes do coexist.



Chapter 5

Particle number conserving
treatment of correlations

It is well known that the non-conservation of particle number in the BCS method is
especially harmful in the case of phase (normal/superfluid) transitions as a function
of some continous parameter (deformation, temperature, rotational frequency, and
as we have previously seen, pairing strengths ratio in 7" = 0 and 7' = 1 channels).
There exists a number of methods to deal with this problem, the first consisting in
projecting BCS wave functions onto a good particle number. It is however quite ob-
vious that such an approach will not be of any help in the situations when the level
density around the Fermi surface is too low to provide any solution except the trivial
HF one. It should be as well stated clearly that these projections are rather com-
plicated and time-consuming in numerical treatment even for like-particle pairing
and that completely microscopic calculations of this type are not available on ex-
tensive scale (however, see e.g. [147, 148]). In practical cases a simpler variant, that
is to say projection after variation is performed, often with further approximative
schemes [149]. Other approaches used to remove the effects of spurious dispersion
of the particle number are Generator Coordinate Method within Gaussian Over-
lap Approximation (GCM+GOA) [113, 114, 115] and the Lipkin-Nogami [117, 118§]
method already discussed in this work. However simple in practical treatment, they
both allow to treat pairing correlations only in an approximately particle number
conserving scheme.

In this part of the work we will describe ground states of N ~ Z nuclei in an
approach explicitely conserving particle number, both reliable and tractable. This
method, known as the Higher Tamm-Dancoff Approximation (HTDA) [150] has
been recently applied successfully to describe GS properties and isomeric states of
IHf nucleus [31, 151] and then developed for odd-nuclei [152]. Some work has been
done as well to treat pairing correlations in high spin states in a Routhian-HTDA
(RHTDA) method [153].

The main purpose of this part of the work is to extend the HTDA method to be
able to treat proton-neutron pairing correlations on the same footing as like-particle
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correlations. We restrict ourselves to the study of the ground states of even-even
nuclei, however the formalism presented in this work and the numerical code are
developed to treat as well excited states.

The numerical calculations are performed in the GS of Ge isotopes obtained in
the HF+BCS(G) approach described in Sec. 4.4.1.

5.1 HTDA method

The purpose of the method is to describe the pair diffusion phenomenon around the
Fermi surface as a particular, yet very important, part of some many quasiparticle
excitations of the particle-hole type over a Slater determinant vacuum |Wy). Thus
one can consider dealing with a kind of higher Tamm-Dancoff approximation or
equivalently with a highly truncated shell model calculation. The latter point of
view makes it clear that the success (i.e., the fast convergence in terms of the
number of considered quasiparticles) of such a truncation scheme will depend on the
realistic character of the vacuum in use. Such a favorable situation may be expected
when the vacuum is defined from the mean-field carrying most of the single-particle
properties (even those yielded by the correlations) associated with a given effective
Hamiltonian. Let us assume that we are describing the nuclear system with an
effective interaction V. It is therefore advisable to choose for the wave function |Wo)
the Hartree-Fock solution obtained from the HF potential Ve corresponding to the
desired number of particles and possibly taking into account various constraints (e.g.
deformation) and symmetries (e.g. time-reversal symmetry). In some cases when
the level density around the Fermi level is not high enough to provide a converged
HF solution (oscillations during the iterative process between two almost degenerate
minima) some arbitrary amount of pairing correlations may be added e.g. in the
BCS approximation to get a converged mean-field solution. The detailed outline of
the HTDA method is given in the next subsection.

One must remind that performing exact pairing calculation on the top of a
Hartree-Fock calculation (or some approximations thereof) has already been achieved
[154, 155, 156, 157]. While the authors of [154]-[156] have used a schematic seniority
force, in [157] a more realistic interaction has been used. However, both approaches
included a simple pairing Hamiltonian involving only matrix elements between pairs
of Kramers degenerate orbitals. It should be pointed out that the HTDA is far be-
yond a method of treating only pairing correlations. Since it admits correlations in
the ground state it is as well an approach far more complete than the usual Tamm-
Dancoff approximation or even than the RPA method, as it takes into account a
larger variety of possible excitations.
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5.1.1 Outline of the method

As mentioned above, we use an effective interaction V to describe the nuclear system
The nuclear Hamiltonian consists then in two parts, V and the kinetic energy K:

H=K+V. (5.1)

A HF solution resulting from a mean-field calculation is chosen as the vacuum for

particle-hole excitations
HHF‘\IJO> - EO’\IJO> 5 (52)

where
Hyp = K + Vur, (5.3)

Vir being the one-body reduction of V' for |W).

The |¥y) vacuum may now serve to construct an orthonormal N-body basis in
which we will diagonalize Hamiltonian (5.1). In principle to build this basis we
should consider the Slater determinant corresponding to the OpOh state and all the
particle-hole excitations: 1plh, 2p2h, 3p3h and so on. It is, however, obvious that in
practice we need to truncate the space of particle-hole excitations. More attention
to the subject will be paid in the discussion of numerical aspects and results of this
work in Sec 5.2.

The ground state wave function can be decomposed in the following way

T) = xo|To) + D> xa|P1)+ D> xo|¥a)+---. (5.4)

{1p1lh} {2p2h}

The ensemble of |U;) Slater determinants represents a complete orthogonal basis
with real coefficients y; fulfilling the relation

>oxi =1 (5.5)

which assure the normalization of the function (5.4). It is clear [151] that this
function has a good particle number (V|N|¥) = N.
The solution of the problem is equivalent to the diagonalization of the subsequent

matrix

| |

Hoo | Hoy, | Hys
| |

Hio | Hyy | Hyy
: I (5.6)
| |

Hyy | Hy, | Hj,
| |
| |
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where H,; stands for the set of the N-body matrix elements of the Hamiltonian (5.1).
Let us rewrite the Hamiltonian (5.1) in the following form

~

H = K+ Vir — (Wo|V|To) + V — Vigp + (To|V|Tp)
= (VolH[Vo) + Higp + Vies , (5.7)

where the independent quasiparticle Hamiltonian I:IIQP reads

Hqp = Zﬁmfm ; (5.8)

where 7];-[ equals to the particle creation operator a;r for i being a particle (unoccu-
pied) state and to the annihilation operator a; in the case of hole (occupied) states.
For & we have: & = ef) or & = e}, with e’ indicating the single-particle energy
corresponding to the particle or hole level, respectively. As seen from Eq. (5.7), the
residual interaction reads

Vies = V — Vitp + (Uo|V [Ty . (5.9)

The matrix element H;; of the Hamiltonian above given in the multi-particle
multi-hole basis takes the form

Hyj = (U, H|V;) = ((‘1’0|H|‘1’0> + Ef)—h) 83 + (U, Vies| U) (5.10)

with
=D e D 6 (5.11)
p h

being the particle-hole excitation energy of the N-body state |¥;) calculated with
respect to the Slater determinant of the lowest energy |¥y). The residual inter-
action (5.9) is defined as a difference of two-body and one-body operators. The
matrix elements appearing in (5.10) can be calculated using expressions given in
Appendix C.

From now on, the following convention is chosen for indicating the single-particle
states: greek letters are used to specify particle states, the latin a, b, ¢, d letters stand
for hole states, the i, j, k,[ ones are applied to define one and two-body operators,
i.e. they may be both, particle or hole states.

Diagonal matrix elements

Let us first consider in detail a diagonal matrix element of (5.7). From Eq. (5.10)
one has
Hii = (Vo |H|Wo) + By, + (V3] Vies| ¥5) (5.12)

The last term of (5.12) can be evaluated using formulae (C-17) and (C-22) :

1 h(le h(qu p(\Ilz p(\I’z) h(‘ljz p(\pz

(U Vies | T;) = Z S Y 23 S KUVIED,  (5.13)
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where the notation is the same as in the Appendix C, that is to say the summations
22(%) and Zg(qji) runs respectively over all the hole states in |¥;) with respect to
|Wo) and all the particle states in |¥;) with respect to |Uy).

In the case where |¥;) = |¥y), the expression (5.13) for the diagonal matrix ele-
ment of Vres is equal to zero and the first diagonal matrix element of the Hamiltonian

(5.1) is a constant

Hyo = (Uo|H| W) . (5.14)

Using relations (5.12), (5.13) and (5.14) we obtain a general expression for any
diagonal matrix element of (5.1)

H; = H00+Ei h

1 h(¥;) h(¥;)  p(¥;) p(¥s) h(¥;) p(¥;)
k

Z >+ S -2 Z Z (kl|V|KL) . (5.15)

l l

Non-diagonal matrix elements

Since H is a sum of one- and two-body operators it is clear that the non-diagonal
matrix elements H;; calculated between | ;) and |¥;) states are equal to zero if |U;)
differs from |W;) by more than two nucleons. Consequently, we need to consider only
the two following cases:

1. |U,) differs from |¥;) by one nucleon, namely up to a phase factor (due to a
possible reordering of the hole states in |U;) and |U,))

|U,) = alad|¥,) . (5.16)

The matrix element of Vip is equal to (Eq. (C-20))

(Wil Vire | V) = (al Virrla) = Ek:(k’alffll@ : (5.17)

while for the two-body operator using Eq. (C-24) we obtain

R h p(¥;) h(¥;)
WAV = [+ Y = Y | (ka|V]ka) . (5.18)
k k k

Combining Egs. (5.17) and (5.18) we find the final expression for the non-diagonal
matrix elements in this case

p(¥i)  h(¥y)

Hij = (V3| Vies| 1) [Z Z

(ka|V|ka) . (5.19)

2. |¥;) differs from |¥;) by two nucleons, namely up to a phase factor

U;) = alabaaa,|T;) . (5.20)
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In this case we have

(W, |Vip|9;) = 0 (5.21)
and N
(Uil V(W) = (ba|V|af) . (5.22)

Using the method developed in [152] (presented in the Appendix C) for the
calculation of N-body matrix elements, we have shown that simple and double sum-
mations over the hole states in |¥) disappear in the calculation of matrix elements
of Vies. As we have seen from Egs. (5.17-5.19) these terms appear in both V and
Vitr components and are automatically cancelled making it so that all Hartree-Fock
contributions are removed expliciting therefore the genuinely residual character of
the interaction (5.9).

Self-consistent HTDA

It is possible to insert our approach in a self-consistent framework. Assuming that
we have at our disposal a correlated wave function |U) (which is e.g. after one
diagonalization of the matrix) we may compute the matrix element of the one-body
reduced density

(ilplg) = (V]ata;| V). (5.23)

Folding this density with the two-body effective potential, in our case a Skyrme
interaction with the SIII parametrization, one gets a new mean-field and then di-
agonalize the associated one-body Hamiltonian Hyp yielding a new Slater deter-
minant |¥o). From particle-hole configuration mixing defined in terms of the HF
single-particle states associated with Hyrp one gets a new correlated wave function
|W) from which a new density matrix p is evaluated from Eq. (5.23) and so on, until
the self-consistency is reached. In this way we incorporate in the mean-field all the
sp properties resulting from the many-particle correlations.

Time-reversal symmetry

We have used an ensemble of Slater determinants to build the orthonormal basis
in which we diagonalize the Hamiltonian (5.1). However, the function (5.4) is not
even with respect to time-reversal symmetry in its 1plh and 2p2h parts (except for
the pair excitation for the latter). This may be especially harmful in the case of pn
correlations where the excitations (1plh), ® (1plh),, are of particular interest.

To restore the time-reversal symmetry, we use the following combination instead
of (5.4)

|Wi(£)) = —=(1W:) £[¥)) (5.24)

1
V2
and replace the matrix elements

<\I]i|‘7resllpj> (525)
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by
1 . _
5 (Wit WiV [0y £ 7). (5.26)

Considering the time-reversal operator for a system of N, particles with a spin 1/2
like the nucleons in an atomic nucleus we may write

T = (11 (~io, ) K)> = (~1)™". (5.27)

Since we consider even-even nuclei for which 72 = 1 we restrict ourselves to the basis
containing only many-body states even under the time-reversal symmetry which
limits additionally the size of this basis.

5.1.2 Technicalities
The § force

In Sec. 5.1.1 we have presented the HTDA method introducing the residual inter-
action

Vies = V — Vit + (¥[V| o) . (5.28)

However, most of the effective forces of the Skyrme type, including the SIII force

applied in the HF part of this work, are not able to reproduce well the data in

the particle-particle channel. Therefore, in practical calculations we replace the

effective interaction defining the residual interaction by a ¢ force. The advantages

of the zero-range interaction of this type have already been discussed in Sec. 4.1.
With the use of a J force, the exact Hamiltonian

H=K+V = (U|H|Uy) + Higp + Vies (5.29)
is substituted with
H' = (Vo | H|Wg) + Higp + Vs — VI (| V5| W) (5.30)

where V¥ is the one-body reduction of the Vj interaction. The latter in the isovector
(|T.] = 1) channel was defined by Eq. (4.87).

In other words, the real residual interaction is approximated by Vs — V(;HF +
(Wo|V3|%) so in practice one needs to replace the two-body interaction V by the &
interaction when calculating many-body matrix elements in Eqs. (5.13, 5.15, 5.19,
5.22). The exact expressions for two-body matrix elements of V; for like-particle
interaction are given in Appendix B.

Construction of 0T states

In the limit of vanishing proton-neutron coupling the nuclear wave function is a
product of two correlated wave functions, one for each charge state. The problem is
then decoupled into two separate problems of finding correlated functions for protons
and neutrons.
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(OpOh) (1plh) (4pdh)

o i

2 pairs excitation

(2p2h) (2p2h) (6p6h)
1 pair excitation 3 pairs excitation

Figure 5.1: Examples of particle-hole excitations considered in this work. Red lines
indicate Fermi levels.

It is clear that in practice we need to truncate the space of particle-hole excita-
tions which relevance needs to be checked a posteriori. The global size of the sub-
space of retained single-particle configurations being defined, the particular choice
of i-particle i-holes states to be included in the calculations is then constrained by
the symmetries of the many-body state to be described. In what follows we conserve
axial symmetry and parity and specify the states by quantum numbers €27.

To produce a nuclear state of a given (2™ number one has to couple proton and
neutron configurations 27 (mp —mh) ® €27 (m'p —m’h) of some m(m’)-particle m(m’)-
hole states in such a way that

Q= Q,(mp — mh) + Q,(m'p — m'h),

7 = T, (mp — mh)7,(m'p — m'h). (5.31)
where
Q,;(mp —mh) = Z Qp — Z Qrn (5.32)
P h
and
7(mp —mh) = [[7rp x [[7n - (5.33)
P h

In the above mentionned decoupling scheme and in view of the scalar and parity-
conserving character of the residual interaction (J force) it is obvious that the states
corresponding to various coupling schemes will not mix. In practice, when search-
ing for a GS configuration the discrimination between possible candidates may be
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approached on the basis of unperturbed energies. In view of the latter, it is very
likely that the ground state of an even-even nucleus, which is of course a 0" state,
will result from two 0% configurations, one for protons and one for neutrons. In that
case the correlated wave function will include the following configurations:

e OpOh (Slater determinant) state;

e 1plh states such that both the particle and hole states should have the same
quantum numbers which limits considerably their number;

e 2p2h states corresponding to a pair excitation, 7.e. two particles placed in
Kramers doubly degenerate hole orbital are promoted to Kramers doubly de-
generate particle state;

e 2p2h states where only hole or conversely only particle states are Kramers
degenerate;

e 2p2h states where none of the hole or and particle states form a pair;
e multi-pair excitations;

Schematic examples of the particle-hole excitations are shown in Fig. 5.1.

If the physical assumptions behind the usual BCS pairing treatment are to hold,
one expects that most of the correlations beyond |¥y) should come from pair exci-
tations, as was found formerly in the HTDA framework studies. Nevertheless, for
the completeness of this study we will discuss the role of other excitations for the
considered mass region.

Matrix diagonalization

The HTDA method can be viewed as a kind of the shell model calculation thus it is in
practice limited by the dimensionality of the configuration space that can be handled
by a computer. In practice, to diagonalize matrices (5.6, 5.44) we use the common
shell model tool, which is the Lanczos algorithm [158] within the code developed
by Parlett and Scott [159]. Such a method allows to search for the lowest energy
configurations in a reasonable time. The advantage of the HTDA method is the
realistic character of the vacuum in use, that is of the HF solution corresponding to
the desired number of particles, deformation etc., which allows for a fast convergence
in terms of the number of included quasiparticles. Classifying states according to
the invariance groups of the Hamiltonian (e.g. the rotation over the z axis) and
conserving time-reversal symmetry limits considerably the matrix dimension. As it
appears, the matrix diagonalization problem is then far from attaining the difficulty
level of the so-called shell model calculations. In the mass region of interest and
within the truncation scheme adequate for this type of study, typically we need to
handle matrices ~ 10* x 10%.
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Table 5.1: Numbers of many-body configurations of different types depending on the
number of sp (hole/particle) levels contained in the sp configuration space window
for the cut-off value E.Y,. These numbers correspond to the neutron spectrum of
0 Ge.

EZX.(MeV) Number of h/p levels 1plh 1 pair 2p2h 2pairs 3 pairs

6 4/8 6 32 162 168 224
12 8/12 12 96 1744 1848 12157
15 9/20 48 180 6596 6758 58404
18 11/27 76 297 13706 14230 >100000

5.2 Results: limiting case of nn & pp interactions

Before extending the HTDA framework to accommodate the pn pairing correlations,
we apply the formalism for the calculations with nn and pp interactions only and
discuss the validity of the HTDA approach with all its advantages and caveats. First,
the problems of the basis truncation and a possible way to fix the ¢ force strength
are presented. Some words are devoted to the self-consistency of our approach and
its impact on physical quantities. A special attention is paid to the power of the
method in its description of pairing correlations.

The departure point of our calculations are deformed mean-fields obtained in
HF+BCS(G) calculations in the ground states of several Ge isotopes (see Sec. 4.4.1).
These fields are used to initiate the self-consistent HF process thus to obtain the
vacuum Slater determinant from which the HTDA particle-hole space is constructed.

5.2.1 Basis truncation and fitting procedure

Having chosen a configuration space size in terms of the complexity of the many-
particle many-hole states, one has to further truncate on single-particle levels from
which these configurations will be built. In that we are facing a situation met in
usual BCS calculations. Typically we will limit our sp subspace to the so-called
single-particle configuration space window of the form

er £ EP, (5.34)

er being the Fermi energy defined as the average between the single-particle ener-
gies of the last occupied and the first empty levels and EZY, the cut-off parameter.
Its actual value should be such that the inclusion of further single-particle levels
does not introduce any significant physical consequences but only a possible slight
renormalization of the relevant quantities.
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Let us exemplify the dimension of the matrix to be handled depending on the
sp basis size. In Table 5.1 the number of possible configurations of various types

depending on the number of hole and particle levels contained in the window of the

P

P, is listed (the numbers concern the neutron spectra of %Ge).

size ep + B

The ¢ force for matrix elements calculations being used, it goes without say-
ing a cut-off and a coupling constant have to be given together to define fully the
interaction. In the HF+BCS calculations the pairing strengths were adjusted to
reproduce the 3-point experimental pairing gaps. Here we may act in the same way
to determine the strength of the ¢ force, however an analog of the BCS pairing gap
(quasiparticle energy) in the HTDA case is required. Assuming that the appearance
of the pairing gap is related to a breaking of the Cooper pair of the lowest energy we
perform for each charge state a calculation with the level closest to the Fermi energy
blocked and consider the difference of the expectation value of the residual interac-
tion of blocked and unblocked cases as a proper measure of pairing correlations that

can be compared to the empirical gap. Namely, we define
A =[E(n) = Exqp(n)] — [E(n — 1) — Erqp(n — 1)] (5.35)

where Eiqp = (U|Hiqp|¥), E = (U|H|¥) and n indicates here the number of sp
levels contained in the window.

Since we deal with N ~ Z nuclei, similarly like in the BCS(J) case, coupling
constants and cut-off energy values are assumed to be equal for neutrons and protons.
The strength of the ¢ interaction for the HTDA approach in the ground states
of considered nuclei is adjusted in non self-consistent calculations, that is to say
performing a single diagonalization of the Hamiltonian (5.7) matrix.

For a given sp configuration space with E.b, = 12MeV, we investigate the role
of different particle-hole excitations. The discussion is limited to the case of the
%4Ge nucleus. The quantity we will refer to in the following is the correlation energy
defined in the HTDA approach as the difference of the mean values of the Hamilton

operator of the system in the correlated and non-correlated states
Eeowe = (WA W) — (W] A]W). (5.36)

Let us first report the outcome of the calculations performed with 1plh and 2p2h
excitations. In Table 5.2 the percentage of different components is listed in such a
case. It is seen that 1plh component is fully negligible while 2p2h excitations of
other types do not contribute to more than 1% of the total amount. As expected,
the non-pair components can be neglected in the description of the ground states
which introduces a great simplification from the numerical point of view, since the
number of pair-excitation type components is highly limited as compared to all
possible particle-hole excitations (cf. Table 5.1).

In Table 5.3 a similar presentation is made for calculations with 1 pair, 1 and 2
pairs, and finally, with 1, 2 and 3 pairs embedded in the calculations. The absolute
differences in the correlation energy resulting from the addition of the next pair
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Table 5.2: Percentage of different components of the ground state correlated wave
function of %*Ge. These results concern the case where all types of particle-hole
excitations up to the 2°¢ order are taken into account.

OpOh 1plh 1 pair 2p2h (all included)

neutrons 69.6 0.003  29.6 30.4
protons  70.6 0.005  28.3 29.3

mode are given in the last column. As can be seen, the 1 pair element is dominant
in each case. The probability for 3 pairs excitations is negligible and their presence
does not influence neither the values of the energies nor the percentage of other
components. Similarily, the probability for 2 pairs is very small (~ 2%), yet their
presence boosts the population of 1 pair excitations and yields appreciable changes
in the correlation energy. This indicates that for such a correlation regime 1 and 2
pairs added to the vacuum are sufficient for further calculations in this nucleus and
that, a priori, they need to be taken into account when extending the method for
the proton-neutron pairing case.

Some words of caution are necessary when dealing with the interaction strength.
Upon using a zero-range force, any change of the configuration space requires a
readjustment of the interaction parametrization. Obviously, the results in Tables
5.2, 5.3 were obtained with different interaction strength. Those in Table 5.3 were
given for a value adjusted in the calculation accounting for 1 and 2 pairs excitations
only (Vo, = 300MeV fm? for both charge states), for the sake of simplicity. However,
it is reasonable to presume that the adjustment done with 3 pairs would not change
this value or eventually would provide a slight decrease of the coupling constant
which would even reduce their anyhow insignificant influence on the results. In Fig.
5.2 it is shown how the correlation energy evolves with the increasing interaction
strength V{, for neutrons and protons when subsequent types of pair excitations are
added. The difference between various calculations increasing toward larger values
of Vi, it is still sizable only for the two first cases, precisely for the calculations with
1 pairs only and those including as well 2 pairs excitations.

Figure 5.2 shows also that for weak pairing interactions one pair excitations space
is sufficient to account for the full amount of the correlations in the system.

The last, obvious remark suitable here, is that the method of exact diagonal-
ization of the Hamiltonian matrix in the space of pair excitations does not collapse
for any weak interactions, contrary to the BCS treatment and some approximate
projections, i.e. Lipkin-Nogami, GCM+GOA or Projection After Variation method.
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Figure 5.2: Correlation energy vs interaction strength for neutrons and protons in

%4Ge. The data concerns calculations with 1 pair excitations (1 pair), 1 and 2 pairs (2

pairs) and finally, 1,2 and 3 pairs (3 pairs) excitations embedded in the calculations.
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Table 5.3: Percentage of various components of the correlated wave function and
the correlation energy values for neutrons and protons in ®*Ge. Results of three
calculations are reported: with 1 pair excitations added to the vacuum, with 1 and
2 pairs and with 1, 2 and 3 pairs included. The last column contains the difference
in the correlation energy between consecutive calculations.

OpOh 1 pair 2 pairs 3 pairs AF., (MeV)

neutrons 65.4  34.6 - - 0
49.55  48.5 1.95 — 0.27
49.0 489 2.1 0.02 0.02

protons  65.3  34.7 — - 0
47.7  50.2 2.1 — 0.30
46.9  50.7 2.3 0.04 0.02

5.2.2 Self-consistency

In Sec. 5.1.1 it was described how to insert the HTDA into a self-consistent frame-
work. The self-consistent versions of the HT'DA calculations presented in the forth-
coming were performed until the accuracy 1076 MeV for the energy and about
107* b (b?) for the mass quadrupole and hexadecapole moments, respectively, was
achieved. In the case studied here (that is for *Ge) and in calculations starting
with the HF+BCS mean-field the convergence was achieved after ~ 40 iterations.
In view of the rigorous convergence conditions assumed here one may consider the
HTDA self-consistent process to converge rapidly. It seems to be a consequence of
the realistic vacuum and of the size of the valence space in use. However, there is
no guarantee that a fully self-consistent calculation with varying deformation would
not become problematic and numerically unstable and that a small configuration
space chosen here would be adequate to investigate the energy dependence on the
deformation.

Let us have a look what are the modifications brougth to the mean-field by the
self-consistent HTDA process. For the case of the %4Ge nucleus the neutron and
proton spectra in the vicinity of the Fermi surface are plotted in Fig. 5.3 and Fig.
5.4 before (HF+BCS) and after the HTDA self-consistent process (scHTDA). The
Fermi levels are indicated with dashed lines. Conspiciously, the qualitative and
quantitative differences are minor, the energy shifts in single-particle levels being
much smaller than 100 keV.

It is clear that self-consistent calculations of that type are a bit time consuming
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Figure 5.3: Neutron single-particle spectra in the vicinity of the Fermi level resulting
HF+BCS and self-consistent HTDA (scHTDA) calculations for %Ge. Fermi levels
are indicated with dashed lines.
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Proton single-particle levels
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Figure 5.4: Same as in Fig. 5.3 but for protons.
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Figure 5.5: Theoretical (HTDA, Eq. (5.35)) and experimental 3-point pairing gaps
for neutrons and protons for considered Ge isotopes.

due to the computation of a large number of matrix elements at each iteration.
Hence, we limit the further discussion to consider only the results of a single HTDA
matrix diagonalization.

5.2.3 Ground states properties of Ge isotopes

Within fixed single-particle (Egh, = 12MeV) and particle-hole excitation spaces
(4p4h) the non self-consistent HTDA calculations are now performed. The ¢ force
strength (Vo,=V,=300 MeV fm?) is adjusted to reproduce the 3-point pairing gaps
of considered nuclei. Experimental and theoretical gaps for both kinds of particles
are plotted in Fig. 5.5. As can be seen, there is an undesirable (and explained below)
zigzag in the calculated neutron gaps pattern. The trend in theoretical proton gaps is
satisfactory though the gaps are systematically overestimated. Of course it could be
cured by reducing the coupling constant for protons, however it is not our aim here
to reproduce exactly the phenomenological quantities (for which the uncertainties
are quite large anyway) but to discuss the main features of the method within a
reasonable and possibly simple parametrization of the interaction.

Equilibrium deformation and radii

In the following the results obtained for quadrupole and hexadecapole mass mo-
ments and radii are demonstrated and compared to the HF4+BCS ones. Since these
properties in the HF+BCS do not differ significantly upon the pairing force in use
(see Sec. 4.4.1), the results concern the simple G force pairing.

Let us recall the definitions of quadrupole and hexadecapole moments operators
A

on = 2(275@2 - %2 - 3/12) ) (5.37)

i=1

A
Quo = > riYio(0;) . (5.38)
i=1
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Table 5.4: Quadrupole (g2) and hexadecapole (g4) mass moments and mass radii
(rm) obtained in HF4+BCS and HTDA calculations.

nucleus g2 (b) qs (b?) Tm (fm)
HF+BCS HTDA HF+BCS HTDA HF+BCS HTDA

2Ge 243 2.46 0.0312 0.0301 3.8743 3.8735
%1Ge 2.65 2.67 0.0085 0.0051 3.9148 3.9133
%Ge 2.83 2.84 —0.0106  —0.0186 3.9548 3.9518
BGe —2.98 -3.00 0.0422 0.0410 3.9970 3.9946

The mean values of the quadrupole and hexadecapole moments calculated in the
correlated HTDA state | V)

Q2 = <‘I’|Q20|‘I/>> qs = (‘I’|Q40|‘I’> (5.39)

are expressed as matrix elements of these operators between many-body states |U;).
Using formulae of Appendix C these matrix elements can be written as sums of
matrix elements calculated between single-particle states.

The root mean square radius r,, is calculated as

()

m = A\ (5.40)

where the expectation value of the squared position operator 72 is obtained by

integrating the isoscalar nuclear density p(r) (neutron+proton) times r? over the
whole space

(72) = / &Erp(r)r? . (5.41)

Again, this definition can be translated into the HTDA language if we take
proper mean values in the correlated state |¥). With the use of Eq. (C-17) we
obtain the mean value of the operator in the correlated state as a sum of matrix
elements calculated between single-particle states.

In Table 5.4 we list the equilibrium deformations ¢o (in barns), ¢4 (in squared
barns) as found in HF+BCS and HTDA approaches. As seen the deformation hardly
varies in the HTDA calculation and the mass radii remain almost unchanged. This
is not surprising in view of the non self-consistent HTDA calculation done in the
HF+BCS minimum.

Occupation probability

The occupation probability in the HTDA method is contained in the single-particle
density p. Let us point out that this density is not diagonal in the HF basis, so one
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Figure 5.6: Occupation probabilities v? for neutrons (left panel) and protons (right

panel) plotted as functions of normalized sp energies for studied nuclei. The re-
sults concern: BCS with seniority pairing (BCS(G)), BCS with the J-pairing force
(BCS(0)) and HTDA calculations.
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Figure 5.7: Occupation probabilities v? for neutrons (left panel) and protons (right
panel) plotted as functions of normalized sp energies. The results correspond to
BCS, Lipkin-Nogami (LN), Projection After Variation (PAV) and Variation After
Projection (VAP) calculations performed in the ground state of %*Ge nucleus.

should first find a canonical basis which (by definition) diagonalizes p. The diagonal
matrix element p;; is the occupation probability v?.

In Fig. 5.6 the occupation probabilities for neutrons and protons as functions of
the single-particle energy normalized to the Fermi energy are plotted for all studied
cases. In addition to the BCS calculations (with seniority pairing and ¢ forces) the
HTDA ones are presented. It can be seen that both BCS approaches give similar
values of v? which, in the majority of cases, are more diffused than those produced
in the HTDA method.

For comparison, the results of similar HF+BCS(9) calculations [160] for this
nucleus obtained in other particle-conserving approaches, precisely: Lipkin-Nogami
(LN), Projection After Variation (PAV) and Variation After Projection (VAP) re-
sults in addition to the corresponding BCS ones are depicted in Fig. 5.7 for neutrons
and protons in the ground state of %Ge. As can be seen, the diminution of pair
diffuseness around the Fermi surface is a typical behaviour for particle number con-
serving approaches. It is seen in Fig. 5.7 that the same effect is observed in LN,
PAV and VAP methods, however the changes are far more significant in the exact
projection case (VAP) which is equivalent (a priori) with the HTDA case due to the
Ritz theorem.

Degree of correlations

To measure the effect on the energies of pairing correlations one can resort to the
consideration of the correlation energy, defined in the HTDA approach as the dif-
ference of the mean values of the Hamiltonian in correlated and uncorrelated states
(see Eq. 5.36). However, this quantity has no realistic analogue to be compared
with in the HF+BCS method as used in our case. Another variable that might shed
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Figure 5.9: Discrepancies in calculated and experimental binding energies (in MeV)
for HF+BCS models with seniority and d-pairing forces and for HTDA method.

light on the degree of the correlations is the trace Y, u;v; of the pairing tensor k.
In the HTDA approach we may define v; and u; amplitudes through the density
matrix in the canonical basis. In Fig. 5.8 the traces of pairing tensors as obtained
in different approaches are shown for both types of particles. They deviate up to 30
percent in the case of neutrons, the results being closer to each other for protons.
Clearly, the diffusivity around the Fermi level reckoned with this quantity turns out
to be smaller in the HTDA approach (cf. Fig 5.6).

Let us now consider the total energy of the system. In Fig. 5.9 the discrepancies
between calculated and experimental binding energies are shown for the HF+BCS
approximation with two pairing models (seniority and d-pairing) and for the HTDA
method. All three methods fail to the same extent in reproducing the extra binding
of the N = Z isotope— this problem will be rephrased when discussing the proton-
neutron pairing. For other nuclei the binding energy is lower in the HTDA approach
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Table 5.5: Percentage of various components of the correlated wave function result-
ing the HTDA calculation for neutrons and protons in studied nuclei.

neutrons protons

nucleus OpOh 1 pair 2 pairs OpOh 1 pair 2 pairs

02Ge 87.4 12.1 0.4 54.6 43.4 2.0
®Ge  49.0 48.6 2.3 47.8 49.9 2.3
Ge 78.6 20.3 1.1 41.0 56.5 2.5
BGe 68.1 30.2 1.7 71.5 27.2 1.3

by an amount of 0.3-1.0 MeV. It is then seen that interestingly the particle-number
conserving approach yields a similar (or even lower) total energy like the HF+BCS
approximation with a simultaneous reduction of the diffusivity around the Fermi
surface.

5.2.4 Ground state wave function decomposition

We have already examined the amount of different types of particle-hole excitations
in the ground state of %*Ge while discussing the basis truncation. Here, for the
completness of the study, we give the percentage of each type of p-h excitations in
the correlated wave function for all considered nuclei in Table 5.5.

The numbers in Table 5.5 show that together the vacuum and the 1 pair exci-
tation content are the dominant components in all cases and that the 2 pair exci-
tations are less probable. The amounts of vacuum and pair excitations parts differ
considerably for various isotopes which may be clarified by the consideration of the
single-particle spectra.

In Tables 5.6-5.9 particle-hole energy, probability and type of configuration for
the major components of the correlated solution are listed for neutrons and protons
in all cases. The numbers determining the type of the configuration correspond to
the indices of single-particle levels listed in the table. Only the levels contained in the
sp configuration space window are given. Each single-particle level is characterized
by its energy (emr), quantum numbers 7, mean square radius ({r?)) and the mean
value of the third spin component ((s,)) determined for this level. Additionally, the
single particle-spectra normalized to the Fermi level energy are plotted for neutrons
and protons in each case in Figs. 5.10-5.13.

As seen, in all cases the most probable pair excitation is that with the lowest
quasiparticle energy (or the two lowest ones in the case of nearly degenerate single-
particle levels). It may be noted that the large gaps (~ 2.5MeV) in spectra in the
vicinity of the Fermi level diminish the probability of one pair excitations— this is
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the case of neutrons in N=30, 34 isotopes. The opposite situation found in the
other cases leads to the increase of this probability. This also explains the pattern
of neutron pairing gaps in Fig. 5.5 obtained with the same value of Vj,, for all nuclei.

A case demanding some special attention is that of protons in N=34 isotope
where the pair excitation with the lowest p-h energy is slightly favoured over the
vacuum (43% and 41% respectively), that is to say the ground state is a mixture
of the dominating 2p2h excitation and the vacuum. This is very easily understood
in view of the nearly degenerate character of the last occupied and first unoccupied
states (1/2~ and 3/27, respectively) as seen on Fig. 5.12.

In the N = Z nucleus, as may be expected, the decomposition of the correlated
wave functions of protons and neutrons is supremely analogous.
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Table 5.6: Particle-hole energy ( fkh> in MeV, probability x? and type of particle-
hole excitations contributing the most to the correlated wave functions of neutrons
and protons in ®*Ge. The numbers describing configuration type correspond to the
indices of listed single-particle levels which are contained in the sp configuration
space window. Single-particle energies (eyr), quantum numbers (Q7), the third spin
component ({s.)) and mean values of the squared radius ({r?)) are given for each
level. Bars indicate time-reversed states.

62Ge
neutrons protons
B, MeV) 3 type B, (MeV) X2 type
0.0 0.87 OpOh 0.0 0.54 OpOh
4.6 0.02 1p161h151pgglhes 0.8 0.3 1p171hig1pg=lhyg
5.5 0.01 1p171h151p=lhes 4.1 0.02 1p1slhiglpiglhyg
10.1 0.006 1p19lhys1pgglhyg 4.5 0.02 1p19lhiglpglhyg
7.5 0.005 1p161hi41pgglhyg 5.4 0.015 1p171lhi51pg=lhys
neutrons protons
Ne eqr Qr (s2) (r?) Ne eHr Qr (s2) (r?)
9 -23.488 3/2% -0.432  13.607 9 -11.907 3/27F -0.429 14.012
10 -22.954 1/2% 0.465 13.651 10 -11.213 1/2% 0.467 14.138
11 -20.680 1/2~ 0.164 18.966 11 -9.322 1/2~ 0.166  19.583
12 -19.882 3/27 0.334 18.588 12 -8.497 3/2° 0.337 19.191
13 -18.551 5/2~ 0.438 17.957 13 -7.093 5/2~ 0.436  18.512
14 -16.406 /27 0.500 17.197 14 -5.222 7/2 0.500 17.766
15 -14.972 1/2~ 0.058 18.754 15 -3.592 1/2- 0.035 19.939
Fermi level 16 -1.273 1/2~ 0.206  19.856
16 -12.653 1/2~ 0.193 18.322 Fermi level
17 -12.190 3/2™ -0.183  18.079 17 -0.883 3/2™ -0.167  19.270
18 -10.238 3/2~ 0.349  17.908 18 0.797 3/2~ 0.329  20.008
19  -9.903 1/2% 0.107 22.394 19 0.989 1/2+ 0.110 23.673
20 -9.290 3/2% 0.263 22.146 20 1.612 3/27 0.267  23.398
21 -8.813 1/2~ -0.415 18.875 21 2.065 1/2~ -0.408 21.801
22 -8.757 5/27 -0.438 17.852 22 2.229 5/27 -0.436  19.094
23 -8.164 5/2F 0.371  21.658 23 2.775 5/2% 0.374  22.934
24 -6.623 7/2% 0.447  21.048 24 4.337 7/2“‘ 0.445 22.353
25 -4.480 9/2% 0.500  20.490 25 6.147 1/2% 0.382  36.030
26 -3.895 1/2% 0.345 26.072 26 6.153 9/2+ 0.500  21.939
27 8.046 3/2%F 0.381  38.526
28 8.065 1/2“‘ -0.306  38.625
29 9.168 1/2+ 0.365 51.333
30 9.593 5/2% 0.475  44.485
31 9.772 3/2% -0.383  44.117
32 9.854 1/2~ 0.453  69.347
33 10.728 1/2“‘ -0.048  40.600

34 10.873 3/2° 0.424  57.250
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Figure 5.10: Single-particle spectra normalized to the Fermi level energy for neutrons
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Table 5.7: Same as in Table 5.6 but for the N = Z Ge isotope.

64Ge
neutrons protons
By, (MeV) X; type El, MeV) X} type
0.0 0.49 OpOh 0.0 0.48 OpOh
0.6 0.33 1p171hyislpgzlhyg 0.5 0.35 1p171hislpzlhyg
5.1 0.02 1p1slhilpiglhyg 4.9 0.018 1p19lhi51pgglhys
5.2 0.017 1p19lhilpgglhyg 5.0 0.016 1p1slhiglpiglhyg
5.4 0.016 1p171hi51pgzlhes 5.0 0.015 1p19lhiglpyglhyg
neutrons protons
Ne EHF Qr (s2) (r?) Ne EHF Qr (s2) (r?)
9 -23.314 3/2%F -0.437 13.786 9 -13.103 3/27F -0.438  14.202
10 -22.716 1/2% 0.466  13.730 10 -12.366 1/2% 0.470  14.226
11 -20.630 1/2~ 0.149 19.210 11 -10.603 1/2- 0.146  19.729
12 -19.919 3/2™ 0.335 18.913 12 -9914 3/2~ 0.334  19.432
13 -18.531 5/2~ 0.445  18.320 13 -8.547 5/2~ 0.445  18.847
14 -16.303 /27 0.500 17.357 14 -6.316 /27 0.500 17.891
15  -14.977 1/2~ 0.045 18.987 15 -5.008 1/2~ 0.036  19.869
16 -12.694 1/2~ 0.229 18.621 16 -2.785 1/2~ 0.245 19.733
Fermi level Fermi level
17 -12.388 3/2~ -0.220 18.343 17 -2.519 3/2~ -0.234  19.225
18 -10.098 3/27 0.386  18.074 18 -0.288 1/2% 0.095 23.548
19  -9.992 1/2% 0.095  22.600 19  -0.251 3/2~ 0.400  19.668
20 -9.476 3/2% 0.255 22421 20 0.210 3/2+ 0.255  23.343
21 -8.737 5/2~ -0.445  17.982 21 1.017 5/2~ -0.446  18.966
22 -8.600 1/2~ -0.424 19.080 22 1.100 1/2~ -0.428 21.167
23 -8.414 5/2% 0.373  22.046 23 1.242 5/2% 0.374  22.980
24 -6.794 7/2% 0.454  21.458 24 2.830 7/2% 0.455  22.429
25 -4.472 9/2% 0.500  20.647 25 5.122 9/2+ 0.500 21.767
26 -3.957 1/2% 0.359  26.410 26 5.177 1/2% 0.385  33.323
27 -2.014 1/2% -0.195 26.586 27 6.989 3/2+ 0.333  33.925
28  -1.968 3/2% 0.273  26.498 28 6.989 1/2% -0.257  33.698
29 8.733 1/2% 0.196  46.591
30 8.831 3/27F -0.222  35.377

31 9.124 5/2% 0.424  40.649
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Table 5.8: Same as in Table 5.6 but for the Ge isotope.

0Ge
neutrons protons

El_,, (MeV) X7 type B, (MeV) X3 type

0.0 0.78 OpOh 0.0 0.41 O0pOh

5.0 0.018 1p191lhy71pgglhy= 0.3 0.43 1p171lhilpgzlhyg

5.0 0.016 1p1slhi71pglhy= 4.0 0.02 1p171lhi51pg=lhys

5.4 0.014 1p1s1hilpiglhyg 5.9 0.01 1p1slhiglpiglhyg

5.4 0.012 1p19lhislpiglhyg 6.4 0.01 1p19lhislpglhyg

neutrons protons
Ne eHF Qr (s2) (r?) Ne EHF Qr (s2) (r?)
9 -23.169 3/2% -0.440 13.957 9 -14.306 3/2%F -0.444  14.395
10 -22.543 1/2% 0.466  13.843 10 -13.524 1/2% 0.473  14.347
11 -20.541 1/2~ 0.135  19.437 11 -11.819 1/2~ 0.130  19.888
12 -19.907 3/2™ 0.335 19.215 12 -11.243 3/2” 0.330  19.655
13 -18.477 5/27 0.449  18.670 13 -9.931 5/27 0.452 19.161
14 -16.235 /2™ 0.500 17.548 14 -7.440 /27 0.500  18.057
15 -14.959 1/2~ 0.045 19.202 15 -6.339 1/2~ 0.041  19.864
16 -12.745 1/2~ 0.248 18.910 16 -4.234 1/2~ 0.267  19.703
17 -12.528 3/27 -0.235 18.588 Fermi level
Fermi level 17 -4.076 3/2~ -0.257  19.302

18 -10.043 3/2~ 0.401 18.274 18 -1.512 1/2% 0.083  23.524
19  -10.033 1/2% 0.084 22.823 19  -1.337 3/2~ 0.427  19.449
20 -9.603 3/2% 0.247  22.706 20 -1.114 3/27F 0.245  23.399
21 -8.759 5/2~ -0.448 18.144 21 -0.234 5/27 -0.451 18.954
22 -8.601 5/2F 0.373  22.440 22 -0.195 5/2% 0.372  23.116
23 -8.504 1/2~ -0.428 19.317 23 0.056 1/2~ -0.439  20.820
24 -6.928 7/2% 0.458 21.872 24 1.391 7/2% 0.460  22.608
25 -4.521 9/2% 0.500  20.865 25 4.033 9/2+ 0.500  21.783
26 -4.059 1/2% 0.375  26.854 26 4.146 1/2% 0.390  32.264
27 -2.242 3/2%F 0.275  26.909 27 5.794 3/2+ 0.297  32.603
28 -2.226 1/2% -0.200 26.971 28 5.795 1/2+ -0.232  32.240
29  -0.267 3/2% -0.091  27.250 29 7.585 3/2+ -0.134  33.800
30 0.377 1/2% -0.121  32.978 30 7.738 1/2+ 0.090 48.578
31 0.575 5/2%F 0.229  30.071
32 0.607 1/2~ 0.067  28.482
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Table 5.9: Same as in Table 5.6 but for the %Ge isotope.

68Ge
neutrons protons

By (MeV) X3 type By oy MeV) X7 type

0.0 0.68 OpOh 0.0 0.71 OpOh

1.0 0.25 1p191higlpyglhyg 1.9 0.11 1p171lhiglpg=lhyg

1.2 0.20 1p201hig1psglheg 2.5 0.06 1p171hi51pg=lhys

3.4 0.04 1p211higlpsrlhyg 6.2 0.03 1p1glhislpglhys

5.3 0.02 1p221higlpsslhyg 5.6 0.02 1p1slhiglpyglhyg

neutrons protons
Ne EeHF Qr (s2) (r?) Ne eHF Qr (s2) (r?)
10 -20.689 /27 0.500  19.760 9 -17.348 1/2“‘ -0.137  14.900
11 -20.650 1/2% 0.407 13.733 10 -13.432 7/27 0.500  20.260
12 -19.119 5/27 0.131  19.086 11 -12.906 1/2“‘ 0.415 14.154
13 -18.298 3/2~ 0.175  18.745 12 -11.751 5/2~ 0.112  19.608
14 -17.803 1/2~ -0.018 18.563 13 -10.830 3/2° 0.175  19.198
15 -13.751 5/2~ -0.131  18.995 14 -10.320 1/2- -0.023  18.987
16 -13.649 3/2™ 0.157 18.815 15 -6.591 5/2~ -0.112  19.589
17 -12.642 1/2~ -0.192  19.231 16  -6.272 3/2” 0.131  19.296
18  -10.586 9/2% 0.500  23.259 Fermi level
Fermi level 17 -5.328 1/2~ -0.170  19.781

19  -10.046 1/2~ -0.127  18.392 18 -3.488 9/2%F 0.500 23.746
20 -9.971 3/27 0.168 18.651 19 -2.616 3/27 0.194 19.284
21 -8.892 7/2% 0.249  22.661 20 -2.566 1/2~ -0.175  19.042
22 -7.928 5/2% 0.210  22.456 21 -1.706 7/2“‘ 0.240 23.192
23 -7.223 3/2%F 0.082  22.320 22 -0.620 5/2+ 0.201  23.000
24 -6.872 1/2% 0.056  22.336 23 0.149 3/2+ 0.075  22.892
25 -6.209 1/2~ 0.338  19.280 24 0.521 1/2% 0.056  22.944
26 -3.312 5/2%F 0.344  25.767 25 1.390 1/2~ 0.369  20.277
27 -2.139 1/2% 0.378  29.379 26 3.994 5/2% 0.334  27.735
28  -1.809 3/2% -0.378  28.545 27 5.056 1/2% 0.371  33.607
29  -1.758 7/2% -0.249 24.715 28 5.062 7/2% -0.240 25.642
30  -0.334 11/2~ 0.500 27.276 29 5.256 3/27F -0.373  31.308
31 0.102 3/2% 0.209 28.584
32 0.558 1/2% -0.242  30.187
33 1.118 5/2% -0.053  25.944

34 1.389 9/2- 0.309  26.970
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98 CHAPTER 5. PARTICLE NUMBER CONSERVING APPROACH

5.2.5 Summary

Before extending the HTDA framework which we have to account for pn pairing let
us summarize the main features of the approach. We have shown that the method
proposed here, applied for the calculations in the minima of the deformation of
several Ge isotopes, leads to the results being in qualitative agreement with those
of the customary HF4+BCS approach yet being free of the particle number non-
conservation. The unquestionable advantage of the method is that it is valid in any
region of the interaction strengths and brings in a reasonable amount of correlations
in both, low pairing and superfluid regimes. Thus it seems a proper approach to
investigate the T" = 0 and T' = 1 pairing correlations which are known to compete
with each other in the BCS picture producing the isovector to isoscalar superfluidity
transition.

It was shown for the case of ®*Ge that the so-called pair excitations are the
most important parts of the particle-hole excitations in the ground state. The space
of 1 and 2 pair excitations is sufficient to account properly for the ground state
superfluidity as the addition of 3 pairs has negligibly influenced the results. The
constitution of the correlated wave function for other even-even Ge isotopes suggests
that limiting the configuration space to 4p4h excitations of the pair excitation type
should be adequate as well in those nuclei.
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5.3 Proton-neutron HTDA

We have discussed in detail the HTDA method for the case where only the proton-
proton and neutron-neutron correlations are present. However, in the ground states
of N ~ Z nuclei the proton-neutron pairing plays a non negligible role. Therefore,
in what follows we extend the HTDA approach by including explicitely the pn part
of the residual interaction.

As expected, (see the results of Sec. 5.2), the main contribution in the ground
states of considered nuclei beyond |¥() comes from the so-called pair excitations,
1.e. when two particles in Kramers degenerate hole orbitals are promoted to two
Kramers degenerate particle states. The 1plh excitations, as well as other types
of excitations are of minor importance. Accordingly, one can expect that the pn
pair excitation will be also the dominant phenomenon as far as pn correlations are
concerned.

The extended HTDA method is outlined for the general case where all type
of excitations are considered. The expressions for the matrix elements given in
the forthcoming are also suitable for the most general case of many-particle many-
hole excitations. Nevertheless, mostly for practical reasons, the numerical code
with proton-neutron coupling built for the purpose of this work can handle only
pair excitations. In this very first approach to pn correlations within the HTDA
framework the results of numerical calculations with 1 and 2 pairs excitations added
to the vacuum are presented.

5.3.1 The method

In the following we still consider Hamiltonian (5.7) but we do not neglect the proton-
neutron coupling in the residual interaction Vs, namely we allow for the correlated
wave function the following expansion (indicating by 7 and 7’ two different charge

states):
U) = [WTU) = xol¥g@¥5) + Y xwlPTeU)+ > xol¥ieUy)
{1plh}, {1p1h},,
+ > e+ Y xl¥e )+ Y xel¥)e )
{1p1lh}-{1plh} ./ {2p2h}, {2p2h} ./
o (5.42)

with the normalization condition given as previously
dxi=1. (5.43)
1

The solution of the problem involves, as in the decoupled problems, the diagonal-
ization of the Hamiltonian matrix defined in (5.7) which may be written for the
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many-body states (5.42):

HOO,OO HOO,OI HOO,IO HOO,ll HOO,2O H00,02

, (5.44)

where the pairs of indices signify the numbers of particles and holes in neutron
and proton Slater determinants, respectively. The general expression for the matrix
element of (5.7) in many-body state (5.42) writes as follows

Hyy = <<qfo\ﬁf|xpo> + 3 E”h> 817 4 (U1 Vies| W) (5.45)
T=pn
where |U;) = |7 @ U7, |¥o) = |¥] @ ¥7') and Y r—pn Bl is the total particle-
hole excitation energy of |W¥;) with respect to the vacuum Slater determinant. In
the forthcoming paragraph we repeat the expressions for diagonal and non-diagonal
matrix elements (Eqgs. (5.15)-(5.22)) upon inserting the modifications due to the
presence of the proton-neutron interaction.

Diagonal matrix elements

In what follows the diagonal matrix elements of the Hamiltonian (5.7) are first
considered. From Eq. (5.45) the most general diagonal matrix elements writes

Hrr = (UoH| W) + Y BT+ (U1 Vies| T 7) . (5.46)

T=p,n

Following the steps of the paragraph 5.1.1 and using the formula (C-17,C-22)
one obtains
h(T7) h(PE)  p(T7) P(TF) h(¥7) p(¥7)

Wiliel) = 5 |3 S+ Y X 2% 3| inrlVlinge)

{h(wz h(wz’) p(¥]) p(¥])  h(¥]) p(¥])

_|_

> 2 (i, j7'|V]ir, '),
- £

)

(5.47)

where the summations Z?(\PD(ZP(‘I’;)

;") are taken over all hole (particle) states of

with respect to the quasi-vacuum.
Since the average of the residual interaction is equal to zero in the non-correlated
state |W7 ® W7'), the diagonal matrix element of (5.7) can be written as (taking into
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account Eqs. (5.46, 5.47)):

Hi = Hp+ Y, Ef,zh

T=p,n
h(UT) h(W7)  p(P) p(V7) h(7) p(¥7)

Z Z + Z Z -2 Z Z <ZT,jT|V‘Z7T,\3T>

? J

+

1

1 (T h(T)  p(ED) p(¥)  B(TE) p(¥]) -

R VNN DD DD DR D1 DR DR KU i A N
t J

TET =p,n 7 J 1 J

with the constant term Hgo = (U] @ W5 |H|¥f @ Ug').

Non-diagonal matrix elements

Let us consider a general matrix element H;; between different many-body states.
It is seen from Eq. (5.45) that only the residual interaction contributes to the matrix
element in such a case. Since Vi comprises one and two-body operators, we must
consider the following cases: |¥;) deviates from |V ;) by one nucleon (one proton or
one neutron) or by two nucleons (two protons, two neutrons, one proton and one
neutron). All other non-diagonal matrix elements are vanishing.

Using the formulae (5.13) and (5.19) of Sec. 5.1.1 as well as the equation (C-36)
we find the matrix element in the case when the two many-body configurations differ
by one particle of the type 7 (up to a phase factor due to the ordering of sp states
in |U;) and |W¥;) which is carefully accounted for in the numerical code)

|\Ijl> = CLLTCI,QT‘\I/J>, (548)
1 [Py ey ee) @) p(vp) o
Hp; = 5 + Z Z -2 Z Z <iT,7jT/|V|iT/7jT/>
7 J 7 J % J
p(¥])  h(¥]) A
+ Z — (iT,at|V|iT, aT)
IRECRERI )
+ 5 > = > | i ar|V]iT' aT). (5.49)

Next, in the case when we deal with a two-particle two-hole excitation of two
particles of different types, we get (up to a similar phase factor)

|\III> = (ITBTCLLT,abTCLaT/|\I/J> . (550)

Using Eqgs. (5.19) and (C-38) one obtains

p(¥;)  h(¥})

Hypy = [Z - Z] (iT, br|V'|iT, B7)
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p(¥7)  h¥]) o
+ | Y. = > | e |Vt ar)
U,
- §<a7' 1| Viar!, Br) . (5.51)

The last possibility to be taken into account is a two-particle two-hole excitation
of two particles of type 7 (two neutrons or two protons)

|\IJI> = QETCLLTCLI)TCL@T’\DJ> ) (552)
inserting Eqgs. (5.19,5.22) one obtains

n(e7 ) h(w7)  p(e7)p(¥7) R p(¥])

Z Z + Z Z -2 Z Z <i7”,j7'/|\7|i7"/,77")

Hpy =

N | — N | —

{aT,br|V|BT, aT) . (5.53)

5.3.2 Remarks on the numerical treatment
Residual interaction

As already stated, the SIII parametrization of the Skyrme force used here for calcu-
lations is not suited to yield the correct correlation properties in the particle-particle
channel. Hence, when treating the pp and nn correlations in the HTDA method, the
effective interaction was replaced by a volume § interaction in actual calculations.
In chapter 4 we have shown that some pn superfluidity in BCS(LN) methods can be
obtained in terms of T'=0,J =1 and T'= 1, J = 0 coupling which is the scenario
yielded by the application of the contact force to describe two-body interactions
between particles moving in time-reversed orbitals. Since we focus here on the pair
diffusion phenomenon around the Fermi surface, the BCS results support the choice
of a ¢ force for further investigations with pn correlations included.
In the calculations a substitution

V = Vs = V() I? (5.54)

is therefore done for the residual interaction. The operators II°TI” project onto spin-
isospin subspaces (see Eq. (4.11)), Vi is an interaction strength to be adjusted. One
should bear in mind that the inclusion of pn pairing opens the 7" = 0 channel for
correlations and, therefore, another strength parameter V=" in addition to V=
needs to be determined.

The integral formulae for two-body matrix elements of the § force in all channels
are given in Appendix B.
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The 0T states

To produce a nuclear state of a given 2™ one needs to couple proton and neutron
configurations. The ground state of an even-even nucleus can be obtained as formerly
by coupling two unperturbed 0" configurations, one for protons and one for neutrons.
However, in view of the inclusion of the pn interaction, 0% can be as well reproduced
by coupling neutron and proton configurations with opposite 7, provided that the
relations (5.31) are fulfilled.

Since we intend to consider only pair excitations in addition to the HF vacuum,
the correlated wave function contains the following components

e OpOh Slater determinant state;

e 2p2h states corresponding to like-particle pair excitations, i.e. two particles
of the same charge placed in Kramers degenerate hole states are promoted to
two Kramers degenerate particle orbitals (like-particle, isovector pairing);

e 2p2h states corresponding to proton-neutron pair excitations. Since protons
and neutrons may fill the same spatial orbitals, three different kinds of pairs
may be formed:

— pn pairs: one neutron and one proton placed in the same (2f, = QF )
hole states are promoted to two same particle states- the nucleons in these
pairs have aligned spins, they may interact via the ¢ force in the T'= 0
channel only. Note that such pairs were excluded in the BCS case for the
sake of simplicity;

— pn pairs: one neutron and one proton placed in the same Kramers de-
generate (—€2F, = —Q7 ) hole states are promoted to two same Kramers
degenerate particle states (7" = 0 channel only);

— pn pairs: one neutron and one proton placed in Kramers degenerate
(QF, = —Q7F)) hole states are promoted to two Kramers degenerate par-
ticle states ("= 0 and 7" = 1 channels);

e 4p4h excitations corresponding to 2 pairs transfers in all channels;

The sketch of the particle-hole excitations considered here is shown in Fig. 5.3.2.

It should be added that the time-reversal symmetry in the calculations with
proton-neutron pairs is restored as it was described in Sec. 5.1.1.

5.4 Results: general case of T'=0 & T =1 inter-

actions

In what follows we investigate (full) isovector and isoscalar pairing correlations in a
space including up to 4p4h excitations of the pair excitation type. Our approach is
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Figure 5.14: Examples of particle-hole excitations considered in this part of the
work. The black filled circles represents neutrons, the blue ones protons. Red lines
indicate Fermi levels.
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phenomenological. Therefore, in principle any change of the configuration space (like
embedding proton-neutron pairs) and introducing the full isovector and isoscalar
interaction would require a careful study of the basis truncation and the interaction
parametrization readjustment once the property of interest is determined. Such
applications of our approach in physical problems are reserved for future research.
In this preliminary study we investigate the effects of the addition of the proton-
neutron pairing in a basis fixed a priori and without fitting from scratch pairing
strengths. The behaviour of several quantities as examined in Sec. 5.2 is now
analyzed upon varying isoscalar pairing strength treated as a free parameter. This
is similar to what has been done in the BCS-type calculations of Sec. 4.4.3. The
single-particle configuration space and isovector pairing strength retained here are
the same as used before for the isovector (|T,| = 1) case. We impose, as it should
be in principle, that all T, components of the residual interaction in the isovector
channel are the same: Vi, =' = ViI=! = V=1 = 300MeV fm?.

In parallel with Sec. 4.4.3 the ratio of two coupling constants x = Vil =0 /VI =1 is
introduced as a tale-telling parameter for further presentation of the results. In the
course of the discussion, we will indicate the differences in the Hamiltonian matrix
diagonalization as resulting from the use of various particle-hole spaces. Possible
analogies or contradictions to the BCS(LN) results will be pointed out.

5.4.1 Decomposition of the correlated wave function

In our discussion of the many-body basis truncation in the case of like particle
pairing it was concluded that even though the role of 2 pair excitations is minor
in terms of the probability for a nuclear system to be found in such a state, their
presence enhances the 1 pair content and has a significant impact on the correlation
energy. Table 5.10 displays, for the case of merely one nucleus (*Ge) the percentage
of vacuum and paired components as obtained in the calculations in 1 pair and 1
and 2 pairs excitation spaces for several values of x. The boost of the 1 pair content
is observed independently on the = value, however the effect is less spectacular than
in the previous section. The 2 pair content remains small up to x = 2 value. For
x = 2.25 the probability of 2p2h and 4p4h components becomes equal. It is seen
that the majority of the 2 pair excitation percentage belongs to its U7 @ W) (22) part.
It was argued [161] that for two kinds of particles in the same shell the fundamental
correlations are a-cluster-like which may be manifested here.

In addition to Table 5.10 the correlation energies obtained as a function of x in the
calculations done in the 1 pair excitation space (1 pair) and then in a more complete
(2 pairs) particle-hole excitation space are shown in Fig. 5.15 for the N = Z nucleus.
Two cases are distinguished: calculations limited to the isoscalar part of the residual
interaction (7" = 0) and with the full pairing interaction (7" = 0&T = 1). As seen,
the two T' = 0 curves are indistiguishable till x ~ 2. In the same range of residual
interaction intensities the shift between the results obtained with the full residual
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Table 5.10: Percentage of various components of the correlated wave function with
varying x value for *Ge. Results of two calculations are reported: with 1 pair
excitations added to the vacuum and with 1 and 2 pairs included. The numbers in
parenthesis give a detailed percentage for each type of excitations: 20-one neutron
pair, 11-one proton-neutron pair, 02-one proton pair, 40-two neutron pairs, 31-one
neutron plus one proton-neutron pairs, 22-two proton-neutron pairs, 13-one proton-
neutron and one proton pairs, 04-two proton pairs excitations.

x OpOh 1 pair (20 11 02) 2pairs (40 31 22 13 04)

05  73.0 27.0 (13.0 3.0 11.0) -

64.0 345 (17.0 3.0 145) 15 (0.7 00 00 0.0 0.6)
1.0 750 250 (11.0 3.0 10.0) -

670 32.0 (16.0 3.0 13.0) 1.0 (0.6 00 00 0.0 0.4)

20 755 245 (35 8.0 8.0)
675 295 (11.0 9.0 9.5)
225 753 247 (82 9.0 7.5)
520 240 (9.0 80 7.0)

3.0 (04 0.1 21 0.1 0.3)

240 (04 0.0 230 0.0 0.4)

interaction is constant and may come from neglecting 2 pairs excitations of nn and pp
types. The rapid growth of the energy difference beyond a certain 7" = 0 interaction
strength value (x ~ 2.25) suggests a T' = 0 collectivity emerge there.

In Fig. 5.16 the interplay of different types of particle-hole excitations as func-
tions of x is exhibited for all (four) studied germanium isotopes. On the left side of
the figure the total percentage of the vacuum, 1 pair and 2 pair excitations content
is shown. As can be seen, in N = 30, N = 34 and N = 36 nuclei the percentage of
the vacuum is slightly increasing when the 7" = 0 interaction becomes stronger, at
the same time the 2p2h element is reduced. The tiny percentage of 4p4h excitations
remains almost unchanged with varying x value. For the N = Z isotope with x
larger than 2, the probability of the vacuum component is diminished and the 2 pair
content starts playing a significant role. On the right side of the Figure (in different
scale) the various components of the 1 pair content are displayed: proton-neutron
(11), neutron (20) and proton (02) pairs excitations are distinguished. As could be
expected, the probability of the pn pair excitation is the least in the N = Z + 4 nu-
cleus and in the other cases becomes nearly equal to that of pp or nn pair excitations
for x ~ 2 value.

It is worth noting here two analogies with the BCS(LN) results obtained in this
work. First, the x ~ 2 value beyond which the proton-neutron pair excitation prob-
ability becomes comparable to that of like-pairs excitations fits nicely with the one
where non-trivial proton-neutron pairing solutions were found in the quasiparticle
approach. Second, the probability of proton-neutron pair excitation in the %Ge
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Figure 5.15: Correlation energy obtained in the calculation with 2p2h (1 pair) and
4p4h (2 pairs) spaces of pairs excitations. The results concern the case limited to
the isoscalar pairing interaction (7' = 0) and the case of the full residual interaction
(T'=0&T =1).

nucleus is found here to be negligible and similarily, it is worth noting that no su-
perfluid solution was found in this nucleus in the BCS(LN) method. This is however
no longer the case of N = 30 where pn-pairing seems to play a role in the HTDA
approach but was no observed in the BCS(LN) calculations.

In spite of the above mentionned nice confirmations of the BCS(LN) results, they
should be taken with a grain of salt. First of all, for general reasons the BCS(LN)
approach is specifically shaky in the region under scrutiny (low correlation regime
for some wave function components). Moreover, the HTDA space of particle-hole
excitations is quite restricted. The sufficiency of the 4p4h space in the case of
two decoupled problems does not imply that it should automatically be valid in a
more general case as here. We have shown in Ref. [162] that even in the space
restricted in all channels to 1 pair excitations a visible gain in energy is obtained
due to the T' = 0 pairing and that the HTDA framework is fruitful in investigating
pairing correlations in the regions where phase transitions take place in the BCS
calculations. The numbers of Table 5.10 suggest however that a proper description
of T" = 0 collective phenomena may demand multi-pair excitations and that this
issue stands in need of further investigation. Nevertheless, even at this stage of
the work sound conclusions concerning the proton-neutron HTDA approach may be
drawn.

We will briefly study, below, the respective role of pn and pn pairs. In the BCS
theory presented in Chapter 4 and actual calculations of Sec. 4 the proton-neutron
pairs between particles moving in the same spin-space orbitals were excluded. Such a
limitation allowed for a simplification of the quasiparticle transformation and further
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Figure 5.16: Probability of different components in the correlated GS wave function
vs x value for studied nuclei. The left side of the figure shows the probability of
vacuum (0OpOh), 1 pair (2p2h) and 2 pair excitations (4p4h) components. On the
right hand side the decomposition of the 2p2h content into proton-neutron (11),
neutron (20) and proton (02) pair excitations cases is exhibited. Note different
scales of right and left graphs.
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AE.,,, (MeV)

Figure 5.17: Differences in the correlation energies obtained in the complete config-
uration space and without pn and pn pairs in calculations with isoscalar (squares)
and full pairing interactions (circles).

calculations and was supported by the HFB results of Ref. [11] where such pairs
were argued to play a negligible role in axial, non-rotating nuclei.

The easiness of both the HTDA formalism and numerical realisation of particle-
hole basis construction has opened the possibility of embedding such pairs without
much effort and thus to investigate their role in building correlations. The number
of such pairs is of course much smaller than the number of pairs of particles moving
in time-reversed orbitals and consequently of minor importance as compared to the
total basis size.

In Fig. 5.17 the discrepancies in the correlation energy calculated with all pos-
sible pairs and without pn and pn pairs are shown. Circles mark calculations with
the full isovector and isoscalar pairing while the limiting case of the isoscalar pairing
is denoted with squares. In both cases the difference is sizable for larger x values.

Let us also study as an example one particular ground state wave function de-
composition. For the sake of transparency we will limit ourselves merely to the
T = 0 interaction case. It is found that the components with the largest probability
beyond the vacuum include sizable (if not dominant) pn-pair contributions. For
instance, at = 2, we obtain the following decomposition of the %Ge ground state:

W) = 0.810pOh
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(5.55)

where the numbers determining the configuration type correspond to the indices of
single-particle levels of Table 5.7 and bars indicate time-reversed states.

5.4.2 Correlation energy

Let us now investigate in more detail the behaviour of the correlation energy upon
increasing of the isoscalar pairing interaction strength.

In Fig. 5.18 the dependence of the correlation energy on x is compared for the
T = 0 as well as for the T'= 0 and T = 1 cases.! A constant increase of the two
plotted correlation energies (absolute values) is observed. Furthermore, the slopes
of the energy curves are shown to differ considerably as a function of T,. The gain
in energy due to the occurence of the proton-nutron coupling concerns the whole
range of the isoscalar pairing strength which is opposite to BCS(LN) results where
no pn pairing gap, and therefore no energy due to the pn pairing, emerged below
some critical value x ~ 2. Another point of difference is that in the BCS(LN)
approach no collective pn solution was found for N = 30, 36 isotopes. Here, even if
no 7' = 0 collectivity occurs, the T' = 0 part of the residual interaction contributes
in a distinguishable way to the ground state energy of these systems.

Discussing the yield in energy due to the isoscalar pairing one is tempted to
revisit the problem of the Wigner term. In Sec. 4.4.3 we have shown that a kind of
the Wigner cusp emerges in the BCS(LN) calculations due to the isoscalar pairing,
however the gain in energy is rather modest. The situation found here is quite
analogous: the correlation energy increases due to the isoscalar pairing contribution
with magnitudes dependent on the |N — Z| difference. It suggests that a kind
of the Wigner cusp can be obtained in the present calculations with the 7" = 0
pairing. Indeed, the energy modifications are the largest for the N = Z system
which is shown in Fig. 5.19 where the difference of the ground state HTDA energies
AE = E(VI=% #£ 0) — E(V{=° = 0) are plotted. The scale of the Figure is the
same as that of Fig. 4.15 displaying the results obtained in the BCS(LN) case.
The similarity of the two plots is conspicious. However, the energy shifts between
neighbouring nuclei and AFE values for a given x in two methods are different. From
the comparison of the two plots it may be concluded that the behaviour of the
BCS(LN) results depend much stronger on the 7" = 0 strength while the HTDA, as
expected, provides far more stable picture of pairing correlations. The inclusion of
the T' = 0 pairing in the HTDA method leads to an extra stability of the N = Z

!'Note that the configuration space is limited here to 4p4h excitations which means the 8pSh
component resulting from coupling of neutron and proton Slater determinants ¥} ® ¥4 has been

neglected. Thus in the limit of no pn coupling (Vogil = V():;:LO = 0) the correlation energy

is not equal to the sum of neutron and proton correlation energies of two separate calculations
Ecorr # Egory + EE

corr corr’

Therefore, direct comparisons of values from Sec. 5.2 with those obtained
here should not be done.
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Figure 5.18: Correlation energy vs the isoscalar and isovector pairing strengths ratio
x in N ~ Z Ge isotopes. The cases of barely isoscalar interaction (7" = 0) and full
pairing interaction (7" = 0&7" = 1) are distinguished.
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Figure 5.19: Normalized ground state energy (AE = E(Vy'=" #0) — E(V{ =" =0))
as a function of the reduced isospin T, = (N — Z)/2 for various values of the "= 0
and T' = 1 pairing strengths ratio x obtained in the HTDA approach.

system but it is likely other types of correlations, not included here, should appear
necessary to obtain the experimentally observed spike in the isobaric mass parabola.

5.4.3 Summary

In the present section we have applied the HTDA formalism to evaluate pairing
correlations upon using isovector and isoscalar residual interactions. Our main em-
phasis was to study the basic features of proton-neutron correlations in this novel
approach and confronting them with the standard treatments based on the BCS
method. It was shown that the qualitative behaviour of the energies obtained in
the two approaches is similar however the T" = 0 part of the residual give rise to an
additional binding for all studied nuclei and for all x values in the HTDA method
whereas BCS(LN) calculations do not. The presence of the isoscalar pairing in the
HTDA method leads to a spike in the binding energy in the vicinity of the N = Z
nucleus.

The HTDA results confirm the crucial role of the particle number conservation
in the description of proton-neutron correlations. However, the point of the role of
multi-pair excitations in the description of the 7' = 0 superfluidity in the HTDA
method needs to be explored in further studies.



Chapter 6

Summary and perspectives for
future research

The central attention of the presented dissertation was focused on the investigation
of the correlations beyond the mean-field, especially the proton-neutron pairing
which is now extensively studied both experimentally and theoretically. In the
present work two different approaches to pairing correlations were exploited. First,
the customary BCS treatment was generalized to take into account proton-neutron
pairs in time-reversed orbitals in the case of a state-dependent pairing interaction.
Of course the generalizations of the independent quasiparticle theory have already
a long history, nevertheless most of the calculations so far were carried out only
with schematic pairing forces. Similarily, based on the existing work concerning
the Lipkin-Nogami method we improved our BCS approach with pn pairing by the
approximate particle number projection of this type. In the second part of the work a
novel approach to correlations, known as the Higher Tamm-Dancoff Approximation,
was studied in both like-particle pairing and proton-neutron pairing contexts. Such
questions like the role of the particle number conservation in the studies of the
proton-neutron pairing, the possibility of the existence of the T" = 0 collectivity
and the origin of the Wigner energy were referred to while discussing consecutive
methods applied and developed in this work.

The detailed conclusions that may be derived from investigations of N ~ Z
Ge isotopes were already written down in the summaries of each chapter. The
main issues may be shortly outlined as follows. First, we have shown that the
extension of the nuclear pairing interaction by adding a space-odd component to
the ¢ force does not influence considerably the picture obtained with the single §
force, thus the rest of the calculations were performed in terms of 7"=0,J = 1 and
T =1,J = 0 couplings. The results of the generalized BCS and LN calculations with
the state-dependent force turned out to be qualitatively comparable to the results
of other authors obtained in BCS(LN) and HFB approaches with schematic pairing
interactions. However, the phase transition from 7'=1 to T" = 0 mode is less sharp
when using a state-dependent force. No coexistence of the pn pairing in 7" = 0 and
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T = 1 channels was found while the like-particle and the 7" = 0 modes coexistence
was obtained. The calculations with the approximate particle number projection
have shown that the restoration of the particle number symmetry is crucial for the
description of pairing correlations in N = Z nuclei for which in the BCS picture
the competition of different pairing phases leads to the already mentioned normal-
superfluid transitions.

The investigations of the proton-neutron pairing in the HTDA framework were
prefaced with the applications of the formalism in the case of protons and neutrons
treated as separate systems. It was shown that in the simple basis of the particle-
hole excitations of the 2 pair excitation type, with the  force used for the residual
interaction, the ground state and superfluid properties of the studied nuclei can
be reproduced. The fingerprints of the T" = 0 superfluidity in the HTDA method
appeared to be very similar as in the BCS(LN) approaches. It seems that the
T = 0 superfluidity occurs in both methods above some critical value of the isoscalar
interaction strength but the HTDA method is effective as well in the low pairing
regimes which is not the case of BCS or even Lipkin-Nogami approaches. The
inclusion of the T' = 0 pairing lead to the appearance of the extra binding in the
vicinity of the N = Z nucleus which may be recognized as a contribution to the
Wigner cusp, however the relative energy gains in the two methods are substantially
different.

The presented study, especially when it deals with the HTDA framework, is far
from being complete. Further investigations and embedding other types of particle-
hole excitations in the numerical code may be in order to describe properly the
proton-neutron collectivity or at least, to judge their role in this aspect. It is of
course unclear what impact on all the results of this work might have broken sym-
metries, i.e. breaking of the angular momentum symmetry and spurious (due to the
BCS approximation) contributions to the breaking of the isospin symmetry. In fact
those are current difficulties encountered in mean-field approaches and most of the
calculations carried out on extensive scale suffer from both or at least one of these
symmetries non-conservation.

Despite its possible drawbacks, the HTDA formalism provides a possibility to be
applied in many interesting aspects of nuclear physics. From the opposite point of
view, they may be a robust test for the presented theory. The HTDA method was
already applied to examine the K-isomerism in the '"™Hf nucleus. The discussion
of isomeric and superdeformed states in N ~ Z even-even nuclei can be relatively
easily entered within the already developed formalism.

Another important issue is the investigation of the high spin states. It is well
known that the usual cranked HFB formalism does not ”see” the proton-neutron
pairing and is not very efficient in the low pairing regime which leads to the discrep-
ancies in the measured and calculated yrast bands. As we mentioned, the treatment
of pairing correlations in high spins in the Routhian-HTDA method was already
undertaken. Since the rotation has a different impact on like-particle and proton-
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neutron pairs, it may be judicious to enrich the RHTDA by including the proton-
neutron coupling.

A great challenge for the HT'DA theory would be its application in the 3 and
(B-decay problems, since it requires a precise knowledge of the ground and sev-
eral excited states of the parent and granddaughter nuclei, both even-even, plus a
detailed description of the intermediate odd-odd nucleus. While first attempts to
describe odd nuclei in the HTDA method already have been done, they wait for
further development.
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Appendix A

Definitions and notations

A.1 Axially symmetrical harmonic oscillator ba-
sis

The Hamiltonian of an axially deformed harmonic oscillator in the cylindrical coor-

dinates read

: n’ 1
Hoxial = %A + im (w322 + Wi?”2) . (A-l)

Let us define auxiliary (stretched) variables 7, £ related to r and z as

mow,
&= zc, c, = 5
mw
n=pc L=y (A-2)
where p? = 2% + y*. We have
2
2 2 2 2 Ui §
_ S A-3
Ped = Gt (A-3)
therefore the volume element in the stretched coordinates is given by
ompdpdz = wd%dé = ——dnde . (A-4)

1 C clC,

Introducing auxiliary variables one can express the eigenfunctions of the Hamiltonian
(A-1) as a product of three functions

o (M), (E)0a () (A-5)

where the three quantum numbers: n, (number of nodes into the r direction),
n, (number of nodes into the z direction) and A (projection on the z axis of the
orbital angular momentum) are sufficient to characterize an eigenstate of (A-1). The
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components of (A-5) are given by

Un () = V2N o™ Eem 2L ()
Vn.(§) = Nn. 026752/2[{”2(5) (A-6)

wl\(gp) - 7€iALpa

where H,,_ and L',{\T‘ are the Hermite and Laguerre polynomials respectively and the
normalization constants N2, N,_ are defined as

~1/2

1/2
NA = [(”'),] N,.. = [vr2"n.] (A7)

n, + |A|

A.2 Hartree-Fock single-particle states

In the case of axially-deformed even-even nuclei considered in this work the third
component J, of the total angular momentum is a good quantum number for a
single-particle state ®;. In other words if we denote by (2; the eigenvalue of J,

associated with the single-particle state |i) = |n,,n,, A, %) the wave function has
the form
i = O |+) + &5 |-) = £ Pl + fre ), (A-8)
where
1
A=+ 3 (A-9)

and fT, f~ spatial functions depend only on the absolute value of A. The spinor
components (IDZ?t can be written explicitely as

! 27

2 1/2
oF = [CZcLe—(EQM)] Z CgeiAiwn\A\/Qan (S)L‘Tﬁl (n). (A-10)

[0}

Due to the time-reversal invariance we may consider in the HF calculations only the

states with positive €2; values. The time-reversed states |i) (£2; < 0) belonging to the
same eigenvalues e;, are obtained by acting on |i) with the time-reversal operator

T = —io,K, (A-11)

where K denotes the complex conjugation operator. The time-reversed partner of
(A-8) has then the form

By = F|+) — @7 |=) = fre N P) — fre Y| -) (A-12)
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A.3 Gradient operator in cylindrical coordinates

The components of the gradient operator V= (V,, V., V,)in cylindrical coordinates
are given by

0 B, 190 il
= — - — = A-1
ot V. (A-13)

V,n: %7 go_;%_ra

where [, is the operator of the projection of the angular momentum. Acting with
operators (A-13) on the spinor components (A-10) one obtains

CZC4 _ 1/2 . A4 _ —
VT(I)EE = [2;6 (£2+n)] ZCZC@ZA oA 1)/2an(§)L\nArl(77>
c3c? 2 1/2 - _
Vchzi — [;;6—(5 +n)] ZCQGZA wn(lAl)/2an(€)L\é\rl(n) (A—14)

4 1/2
Vﬂ)f — Z’[C;;ie—(sﬁn)] ZCf;eiAi‘i’An(‘A'_”/Qan(S)Llﬁ'(n)'

«

Using the expressions for the derivatives of the Hermite and associated Laguerre
polynomials and their recursion formulae one finds that

an(f) = 5an<f)_an+1(f)
LN = 2, + DI () — 20, + A+2-n)LN@).  (A-15)
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Appendix B

Two-body matrix elements

In the following we consider antisymmetrized matrix elements of the two-body inter-
action between like particles as well as between protons and neutrons. The residual
interaction we take in the form (Eq. (4.8), Sec. 4.1)

‘712 = Va + Vk/&k
= Z ‘/bj; [5(7_’»12) + Xk,5(F12)k]HSHT, (B—l)
T
where . .
k'6(F12)k = E(V1 — V2)o(r1 — 772)Z(V1 - Va), (B-2)

Vi, x determine the strength of the interaction and I1%, TIT are the operators pro-
jecting onto spin-isospin subspaces (4.11).

B.1 Integral formulae for two-body matrix ele-
ments

B.1.1 4(r2) force
First, consider the § part of the above interaction

Vs = > Vila (o) I1oT” . (B-3)
T

Due to the properties of the force, which is effective only when two particles are in
contact (; = 5) and the requirement that the wave function of two fermions needs
to be antisymmetric, we need to consider only the cases: S =0, T'= 1 channel, for
both like-particle and proton-neutron interaction and S = 1, T"= 0 channel for the
proton-neutron coupling.

T=1, L=0, S=0 channel
The antisymmetrized matrix element of (B-3) between like-particle states read

(ab|Vsled) = (ab|Vs|ed — dc)
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T
= T ab|(1 — P)(1— PY PP |ed)
‘/E),Z,; — o\2
= 7 {abld(Fi2) (1 = P7)%|ed)

= Vo (abld(Fr2) (1 — P7)lcd)
= Vi [ dr@fe; - o 0)) (@0, - 0, @)

= Vi [t tnqy [(£ 0 R — 2 fdpd

VT
= o [(S = LB 8 = 121D andg, (B-4)

c.c

where a, b, ¢, d are single-particle states and ®,, ®,, ®., &, their corresponding wave
functions. The f,, fp, fe, fq are the spatial functions that depend only on absolute
values of A.

We have an analogous expression for proton-neutron matrix elements where we
denote e.g. lowercase for proton and uppercase for neutron states:

T

@BIVAIcD) = = T (aB|(1~ P7)(1+ PT)(1L~ PMP7PT)6(7) D)

T

Vi R
= %(aBKl — P?)6(712)|eD)

VE)Y‘; 3 +F— —n+ + 5 — — x4+
= 7 /d T(q)a (DB - (I)a (I)B)((I)c (I)D - (I)c (I)D)

T
Vin

= 5 2 00,405,040 / (fa f5 = fa Fe) (e fp = fo ) dndé.
z~ 1
(B-5)

T=0, L=0, S=1 channel

Similarily we find the expression for proton-neutron two-body matrix elements:

(aB|Vs|cD) = (aB|Vs|eD — De)

= Vf@B\u + P?)(1 = P7)(1 = PMP7PT)5(72)|cD)
- V;T(an(ﬂz)(l + P?)|cD)

VT
- = / Er(@H oyt + L) (dF by, + b D)
+ OIPLOIDL 4+ O DD D,

Vil

= S oy [ T5 + 1 ST IS+ 17 15)

2c,c]
+ fTfBfE S+ o fe S o dndg. (B-6)
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B.1.2 Matrix elements of the k/'6(i2)k force

Let us now derive the formulae for two-body matrix elements of the gradient part
of the interaction (4.8), that is to say of the interaction

Vieok = > xViLK/6(70) RITSTIT . (B-7)
T

This force has only space-odd components (L = 1), therefore due to the antisym-
metrization of the two-nucleon wave function one has to consider S = 1, T" =1
channel and S = 0, T' = 0 channel.

T=1, L=1, S=1 channel

In the T = 1 channel we have three kinds of nucleonic pairs: proton-proton, neutron-
neutron and proton-neutron pairs. First, we consider the like-particle matrix ele-
ments of (B-7)

T
<V

(ab[Vissled) = = (ab|K'5(7i2)k(1 — PMPTP7)(1+ P°)|cd)
XV S SRS — So(1 4 P
= 3 (ab[(V1 — V2)d(712) (V1 — V2) (1 + P7)|ed)
<Vl ) ,
= 4 <V1ab—aV2b|(5(T12>(1+P )|V10d—CV2d>
xVor 3 +— ykat— —+ \x—F +— YVt
= / Er 3 {0 e, + ) e, + Ol e,
1=T",2,p
+ () e, + 200508+ 2060 Vear ) (B-8)
where
Voo, = Vi@id; — &f VP,
T, = Vi®r® — V0, (B-9)

where index ¢ denotes r, z or ¢ gradient components. For the proton-neutron part
one has an analogous expression in which, as earlier, we denote the lowercase for
proton and uppercase for neutron states:

’ N XV{ — Nk +— - * - — Nk —
(aB|Visk|cD) = TO /ds"’ Z {(’V(J;B)i) V(tD)i + (V(QE)) 7(c23)i + (V(JZB)Z.) ’Y(cfg)ﬁ

1=7,2,0

+ (Vamy) ey + 2(0ah)) Vb + 2(7@%))*’7(_015)1} : (B-10)
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T=0, L=1, S=0 channel

For proton-neutron pairs coupled to 7" = 0 one obtains:

A 170
(@B|ViwsuleD) = =(aBIK'3(Fi2)k(1 — PV PTP7)(1 = P7)(1 = P7)[eD)

xVor e R A= -

= 3 (aB|(V1 — V2)d(712) (V1 — V2)(1 = P7)[eD)
XVT N S oae

= 3 / &r 3 {0Em) Wemy + by ey,

1=7,2,0
- (’Y(T;E))W@E)i—(’Y(;E)i)*”Y(JZB)i} (B-11)

with v, defined as in Eq. (B-9).

B.2 Two-body matrix elements in the asymptotic
basis

In the following we remind shortly the formulae necessary to calculate the matrix
elements of interest in the asymptotic basis. A more detailed presentation of the
problem as well as the discussion of the Moshinsky transformation brackets can be
found e.g. in Refs. [105, 163, 164] and references quoted therein.

B.2.1 Asymptotic basis

The kets of this basis are formed by the eigenvectors of the axially symmetrical
oscillator Hamiltonian (A-1) and the third component of the orbital and spin angular
momenta. A ket can be labelled

In.n  AY), (B-12)

where the number of quanta on x and y axes n; = 2n, + |A|. There also exist boson
operators b, bg in such a way that

gVal

nuA) = lag) = (=1)7(b3)*(b5) NG

100) , (B-13)

where
_nL—i—A ﬁ_nJ_—A
2 2

(B-14)

B.2.2 Matrix elements of the § force

For the interaction of the form

‘712 = CLQ(S(F) N (B—15)
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where the coefficient @y may be a spin operator of the type a; = t;(1 + x;P?) one
has

Cz

(n[d(2)|n') = \/%A(H)A(n’) : (B-16)
where
n/2
A( ) = 5n even( ) \/_
272(n/2)!

dn.even = 0(n odd) dn.even = 1(n even). (B-17)
For the rest of the wave function (Z being the projection of 7 on the xOy plane) we

have )
(ab|6()]a't’) = ;L Oap0a by - (B-18)

v

One then deduces (i standing for {n;, o, 5;, %;})

(12]a06(7)[34) = “00;3/2 (Z frA(n '>> (Z g“ybcsa,baa/,b/) (B-19)

a,b
with
"= f"(n1,n2,n3,n4) = (nyno||[nN)(nzny||n'N) (B-20)
ga7b = ga7b<a17 ﬁl) a9, ﬁ?a Qas, 537 Oy, ﬁ4)
= (a||ad)(B:5:|[bB){asaul|a’A) (B354 1V'B) , (B-21)

where ¢y = c,c3 is the spherical harmonic oscillator constant. From a given n (resp.
a,b) one deduces n’, N (resp. a’, A and V', B) by means of selection rules for the
Moshinsky coefficients. The one dimensional brackets appearing in the formulae
above are calculated as

nylnglnI N1 minm2n) (—1)!
(el 2N} = b\ “uim— X G TN 4 D 1)

(B-22)
B.2.3 Matrix elements of the % ) 6 force
Let us now deal with the interaction
Vio = a; 6 o(7) 6 , (B-23)

where a; as previously may be a spin operator and % acts on the left. The matrix
element of (B-23) read

203@1
(2m)3/2

9 [ (z Fr A~ 1) Al waﬁ) (z gaa) ‘e (z f”A(n)A(n)>
_s

(12|a, ¥ 6(7) V [34) =

gmb(\/a—‘i‘l\/al—ﬂéa—kl,b(sa’-&-l,b’ + \/a\/a(;a—l,b(sa’—l,b’) ) (B_24)
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with co, f", gap defined as in Sec. B.2.2.

B.3 Matrix elements of the pairing interaction

In the case of BCS-like calculations (Sec. 4) we considered the antisymmetrized
matrix elements of the interaction (4.8) but acting only between particles in time-
reversed orbitals (pairing interaction). The formulae given here are the special cases
of Egs. (B-4-B-11) in which we have replaced the b, d states by the time-reversed
partners of the states a, c.

B.3.1 Matrix elements of the §(r2) force
T=1, L=0, S=0 channel

The antisymmetrized matrix element of (B-3) force between like-particles in time-
reversed states read

(aa[Vs[bb) = (aa|Vs[bb — bb)
VL R
= %W\(l — P?)(1 = PMP7P7)5(r2)|bb)

_ Vg (a@|d(712)(1 — P7)2(bb)
= Vi{aa|d(F2)(1 — P7)|bb)

— Vi [ @@, 0, + 0L 0L) (@05 + 0 0

— Vi [ @@l + o )1y 2 + [0 R), (B-25)
with the wave function of a time-reversed state |a) given by
D, = O*|+) — O |-). (B-26)

Similarily, for the proton-neutron part one obtains
o = VI
(aA|V5|bB) = % [ Er( @O + 04D, %) (P, D5 + O OLY) (B-27)

where a,b denote e.g. proton and A, B neutron states.

T=0, L=0, S=1 channel
In this case, we deal with proton-neutron Cooper pairs. One has:

(@AVHbB) = (aA[Vs|bB — Bb)
vk 3
= ST (aA|(1+ P7)(1 = PT)(1 = PMP?PT)(7n)bB)

T

_ V§T<aﬁ|5<f12><1 + P°)[bB)
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VJ; * — —% * — —%
= [ @ (@l - @, 00 (@) 0f - 0, 05)
+ 207 DB Dy + 20, P, L)
(B-28)

where a, b are proton states and A, B denote the states of their neutron time-reversed
partners.

B.3.2 Matrix elements of the k'd(r2)k force
T=1, L=1, S=1 channel

The space-odd antisymmetrized matrix element between like nucleons in time-reversed
states is given by

R ~ VT _
(ad|Viss|Db) = XQOT (ad|k'§(Fio)k(1 — PM PTP%)(1 + P°)|bb)
X‘/OZ = — . — — N1 T
= 3 (aa|(V1 — V2)d(72) (V1 — Va2)(1 + P7)7|bb)
xV L _ o " _ -
= T<V1GCL - GVQG|(5(T12)<1 + P )|V1bb - bV2b>
_ xVy a3 TR R — o —
= " > {_V(aa)ﬂ(bb)i = Yaa): Yb): T Vaa) Yob), T Viaa)s V(vb)s
1=7,2,p
N 27;;;)1‘7(;;31' - 27(712)17&;)1} ’ (B-29)
where:
V(J,;jg = V0% — &V, 0
Yoy, = Vi@ Py — Vi@
Yok = VOO — 0V, 0; (B-30)

For the like-particle pairing only ~y(x), components are non-zero thus the final ex-
pression for the matrix element has the form

- T
(walVesslth) = Z0 [ {8, — e, Ve D, + e 1,
LR TR TR R (B-31)
Analogously, for the proton-neutron part one obtains
(aA]Vk/5k|g§> = %(amk/é(?u)k(l — PMPTP?) (14 P?)(1+ PT)|bB)
xV I —

= (aA|(V1 — V2)8(712) (V1 — Va)(1 + P7)|bB)
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XL

<Vih

<V1(LA — GV2A|5(F12)(1 + P")]Vle — ngB)

/d3 {W(JZZ) (Yom))" + Vany Vom))”

1=7,2,0

m)i (Vam)™ = Yiaay: (Vo) + 296, (Vo) + 29, (V5)) )

(B-32

wit Yy, defined in Eq. (B-30).

T=0, L=1, S=0 channel

Component which we need to take into account is the two-body proton-neutron
matrix element for the particles coupled to T'= 0. We have

(aA|Visk|bB)

Vo Al (Fa)k(1 — PYPTPO)(1— PO)(1 — P7)[bB)

O (GA|(V) — Va)d(Fe) (Vi — Va) (1 — P7)[bB)

8
XVoZ i _ _
(ViaA — aV5A[6(712)(1 = P7)|V1bB — bV B)
XVT .
0 /d3 {V(J;‘)z Vo5, + Ve, Vem),)
=7z,

’Y(—;—;)i (,y(_bB)i> + ’y(az)i (7(—;;;)1' )*}
(B-33)

with (), defined as formerly.

Since the time-reversed partners here are protons and neutrons, their spatial wave

functions corresponding to e.g. a, A states are not identical. Therefore, contrary to

the nn and pp cases, all the three -y

..., COmponents have non-zero values.

)



Appendix C

Many-body matrix elements

In this appendix the calculations of matrix elements of one-body and two-body
operators in many-body basis which are crucial for the HTDA method are described.
We remind some theoretical aspects that are necessary to understand the application
of the Wick theorem to the calculations with quasi-contractions performed in this
work.

C.1 Wick theorem

Consider an even number of operators ci, s, ..., ¢2, wWhich can be either particle
T

creation a; or annihilation a; operators. The normal ordered product of these 2n

operators, which we denote
. C1C9...Cop ¢ (C-l)

is defined as a product in which all the creation operators are on the right and all
the destruction ones stand on the left side, all multiplied by the phase factor +1
according as the necessary rearrangement requires an even or an odd number of
permutations, respectively e.g.

calas = alas casal = —ala, . (C-2)

It is then trivial to notice that the mean value of a normal product in the vacuum
state is always equal to zero.

Using the definition of the normal product the so-called contraction of two op-
erators may be now introduced

C1Cy = C1Ca— : C1Co © . (C-S)
Taking into account the anticommutation rules for fermionic operators one has

a ay = GIGE = @J{a2 =0 alag = 012, (C-4)

thus the contractions of any two fermionic operators are real numbers and we can
identify them as a mean value of a product of two operators in the particle vacuum
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state |0):
arab = (0]ayad|0) . (C-5)

The Wick theorem states that a set of creation and destruction operators can
be expressed as a sum of these operators arranged in the normal product for all
possible contractions. The weak version of the Wick theorem concerns the same
way the mean value of a product of annihilation and creation operators evaluated
in the particle vacuum.

C.2 Quasiparticle transformation

C.2.1 Bogoliubov transformation
;

Suppose we perform a linear transformation which connects the (a;,a;) operators

with an other ensemble of the operators (aT, ;) so that

al = > Ayial, + Bray,, (C-6)
k
where A, B are complex matrices. Demanding that the two sets of operators obey

the same anticommutation rules we define the canonical transformation in which
the matrices A, B fulfil the conditions

AB+ AB =0 (C-7)
and
AA'+ BB =1, (C-8)

where A, Al are transposed and Hermite conjugate matrices, respectively. If there
exists such a normalized state that

al0) =0, Vi (C-9)

we may call o; quasiparticle operators, the state |6> quasiparticle vacuum or quasi-
vacuum and the linear canonical transformation performed here— the Bogoliubov
transformation.

Particle-hole quasiparticle transformation
Given a Slater determinant |¥) a following linear transformation can be defined
bl =a;,  Vie|D)
b = al Vi & | W), (C-10)

79

where the single-particle states contained in the Slater determinant i € |¥) are
dubbed hole levels and the others— particle levels.



C.2. QUASIPARTICLE TRANSFORMATION 131

Since a pair of the operators (a;, a;) is invariant under the transformation (C-10),
the anticommutation relations of (a!,a;) remain the same for (b!,b;) therefore the
canonical conditions are satisfied. The Slater determinant |¥) is then in this case
the quasi-vacuum for bj ,b; which we will refer to as particle and hole quasiparti-
cle operators. It is seen that creating a quasiparticle in the hole state (that is to
say in the occupied single-particle state) means annihilating a particle in the Slater
determinant |¥) thus the creation of a hole. Analogously, creating a quasiparti-
cle in the particle (unoccupied) state is adding one particle to |¥), thus creating
a particle. Consequently, this transformation is called particle-hole quasiparticle
transformation.

C.2.2 Quasi-contraction

We have defined a contraction of two operators as a mean value of a pair of operators
in the particle vacuum state |0). Similarily, we define a quasi-contraction as a mean
value of a pair of quasiparticle operators in the particle vacuum state |0) (or a mean
value of two particle opertors in a quasi-vacuum state |0)). In the Bogoliubov
transformation, noting indifferently c;, ¢; for any particle operators a,a’ and d;, d;
for any quasiparticle operators b, b' we have

cie; = (Dleics[0) (C-11)

dyd; = (0|dsd;]0) . (C-12)

One can show that for all Bogoliubov transformations the mean value of a prod-
uct of an even number of quasiparticle operators in the particle vacuum state (or
inversly, the product of an even number of particle operators in the quasi-vacuum
state) is formally given by the weak Wick theorem in which we replace the contrac-
tions of the operators by the corresponding quasi-contractions.

In the case of particle-hole excitations, relying on the anticommutation rules of
particle operators, one finds that

ala} =a;a; =0 (C-13)
ajaj = 5%1) (C-14)
aia; = (55;)) . (C-15)

Kronecker symbols 52(]}1 ) and 55»’ ) indicate that 4, j should be identical and both hole
or particle states, respectively.

One possible choice for the quasi-vacuum is the particle-hole HF vacuum |HF).
However, we may construct other Slater determinants |A), |B) on the basis of a HF
quasi-vacuum via particle-hole excitations. This choice is arbitrary and in certain
cases we may treat |A) and |B) states as quasi-vacua as it will be applied in the
calculations of many-body matrix elements in the coming paragraphs.
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C.3 One-body operator

Hereafter, we use greek letters to specify the particle states and latin letters for hole
states. Only the indices i, j, k, [ are used to define one and two-body operators.
In the formalism of the second quantization a one-body operator © is given by

6 = (ilf]j)ala;, (C-16)
(]
where the summation runs over all single-particle states. Let us now consider the
diagonal matrix element of the operator (C-16) in the many-body state |A). Using
Eq. (C-14) we have

o (h
(AlOIA) = Y(il617) (Alala,]A) = S (il6]j)a0 (C17)
1) LY
where the index A was added to ha to point out that the final summation runs over
all the states occupied with respect to the quasi-vacuum |A). Concerning that the
set of occupied states of |A) is obtained on the basis of the Hartree-Fock vacuum
by adding the particle and removing the hole states, the final summation takes the

form
ha hyr  h(A)  p(A)

IDEDIEDIES N (C-18)

%

For a nondiagonal matrix element (A|©|B) where |B) differs from |A) by one nucleon,
that is to say |B) is a one-particle one-hole excitation of the state |A)

B) = ala.|A) (C-19)

one obtains (using formulae (C-14) and (C-15))
(AlO[B) = >7(il6]j)(Alalajalal|A)
ij
= D{il617)0N 0% = (alfla). (C-20)

ij
It is easy to notice that other non-diagonal elements, where |B) differs from |A) by
more than one nucleon, are all equal to zero.

C.4 'Two-body operator

In the following we consider matrix elements of the two-body operator © represented
in the formalism of the second quantization by its antisymmetrized matrix elements
0;;1 and defined as

1
@ = 4 Z<ZT jT |Q|k7— l7-> Q;r ;rr’alT’akT - Zewkl(l“_ ]T’alT’akT (C_Q]_)

ijkl z] ikl
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between m-hole m-particle states |A), |B). The indices {7,7'} = {p,n} are added to
consider the like-particle and proton-neutron interactions.

First we calculate the diagonal matrix element of (C-21) in the N-body state
|A) which can be treated as a quasi-vacuum for particle-hole excitations. Using the
Wick theorem we obtain

(A|lOJA) = fz ir, 57 10|kT, 17 (Alal_a ]T,alT/akT|A>
mkl
- - Z ir, g7 0l 1) (85765 — 655855, )
zgk:l
_ —Z(ir, G 101kT Try (76 GNT — 6N s. ) L (C22)
ijkl

In an analogous way one may calculate non-diagonal elements: (A|©|B). If |A)
differs from |B) by one nucleon

IB) = CLLTCLaTlA> (C-23)
we have
(AlOIB) = fz ir, j7 0|k, 17! ><A|a”aﬁ,ah/ak7a LQar|A)
ijl
= fz iT, jT \9|sz ")
'ijl

<AI5 07 (0l amageal, ) — 0V6 1 (ol aprarsal, )| A)
=3 Z(iT,jT,|9|]€T, i) (5iaA)T(5;1A T 5}({1{;/; T 5§2A)5(PA)577,)

7 la

ijkl
+ Mo (Y EEY = oY) (C-24)

When |B) is a two-particle two-hole excitation of |A), i.e

IB) = a azjf,amamA) (C-25)

oT

the matrix element read

<A’@|B> = Z Z i jT/|Q|kT lr’ ><A|G’ZT ]T’alT/akTaiwaTﬁT’aaTa’bT'|A>
igkl
= ZZ i, 57 0|kT, L) (S5 ST — §PA 55 )
igkl
(05785 = 5 60N 5r)

(C-26)

If |B) differ from |A) on more than two nucleons then (A|©|B) = 0.
Generally, |A) and |B) states should be understood here as Kronecker products
of proper many-particle many-hole states for protons and neutrons, e.g.

[A) = [(NpNu)n ®@ (NLNY)p) - (C-27)
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In the case of no pn coupling, when the neutrons and protons can be treated sepa-
rately, the quasi-vacua |A) and |B) can be viewed as single neutron or proton Slater
determinants.

C.4.1 Proton-proton and neutron-neutron interaction

First, consider like-particle interaction. In this case 7=7"in the operator (C-21) and
Orpr = 1.
For two identical many-body states

IB) = |A) (C-28)

we have from Eq. (C-22)

1
(Alola) = - (ij16]kl) (Alalalaiax| A)
ijkl
1
= 2 GlolkD) (530 — oy o)
ijkl
1 —
= §Z<kl|9|k1>
kl
1 hh(4)+p(A) h—h(4)+p(4) -
= 3 Z > (kl|G|kL) . (C-29)
k 1
In the case when two many-body states differ from each other by one nucleon,
i.€.
IB) = ala,|A) (C-30)
the formula (C-24) takes the form
(AlO|B) = 72 ij]60|k1) (Alal a ayagal ag|A)
zgkl
_ 72 Z]|9|kl ( ( (hA 6(PA 5(hA 5(PA)
z]kl
b - e
= 3 (kaltlFa)
k
h—h(A)+p(A) N
= > (kalf|ka). (C-31)
k

For non-diagonal elements between two many-body states which differ by two
nucleons

B) = alalasas|A) (C-32)
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one obtains from Eq. (C-26)

(A|O|B) = fz ij10|k1) (A]al aj tayagal, a},aaab|A>
Z]kl
_ - Z Zj|9|/{:l PA)5 pA) 5{21&)&%@)@%1&)@(21&) . 5;1;A)§Z({111A))
zgkl
= (bal6|ap). (C-33)

C.4.2 Proton-neutron interaction

For the residual proton-neutron interaction 7 # 7’ in Eq. (C-21) thus . = 0 and
the formulae C-22, C-24, C-26 reduce to shorter forms.

For the elements calculated between the same many-body states |B) = |A) one
obtains

(AlBJA) = ZZ ij161kD) (Alalal, aiparr] A)

ijkl

= 72 ij]60|kl) (5(hA

z]k:l
= 72<k7, 1|0k, I7)
4 kl

1 Br=hr(A)Fpr(A) by —hes (A)41(4)

=1 X 3 (kr,17|0|kr, Iy . (C-34)
k ]
If |A) and |B) differ by one nucleon, neutron or proton:
IB) = al_aq-|A) (C-35)
Eq. (C-24) reduces to
1
(A|lO|B) = EZ i, j7'|0| kT, | lT)(A]a”a]T,alT/akTa CGar|A)
ikl
1 T T
= 1. kl(zT 57 |0|kT, I [r/)6A)T 5](-?*\) 5,9;“
| B (A, (4) B
= 3 > (aT, j7'|0)aT, jT') . (C-36)

J
And last, consider the case |B) is a 2p2h excitation of the state |A)

B) = af,,al aqrap|A) . (C-37)

T

We have from Eq. (C-26)
1 .
(AlO|B) = 1 > (ir, j7'|0kT, lT’)(A|aZTTa;T,alT/akTaLTaTBT,amabT/\A)

ijkl
= —fzn GOl Ir )G ST ST )

z]kl

1 .
= —Z<CLT, br'|0)aT, BT . (C-38)
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Other many-body matrix elements, not given in this appendix, are all equal to
ZEro.



Appendix D

Exact solutions of Lipkin-Nogami
equations

The Lipkin-Nogami equations of Sec. 4.3 can be expressed as
G=NL, (D-1)

where we have introduced three components vectors G = (g™, GPP GP") and L=
(A NP, The solution of Eq. (D-1) is therefore given as

L=-N"'G. (D-2)

We need now to evaluate G7 and N, M pT,' elements defined as averages of eight quasi-
particle operators in the BCS vacuum, see Eqs. (4.80)-(4.81). After straightforward
but tedious calculations we obtain them in quite compact forms [165]:

G =23 giger(570)F (1= )5 = i) (D-3)

ij>0
where
X = kK" (D-4)

We have applied here the notation in which the symmetrization of the product of
two factors with two indices is indicated by two parenthesis, e.g.,

) =t (D-5)

In this way the symmetry in 7 and 7’ is explicitly emphasized. The final result for

) . , N -
v 18 as before symmetric in both (7,7') and (p, p’) pairs of indices and reads

prT,/ =8 {Tr>XT(’J/Tr>XT/p) - Tr>(XTXT/)(pp/)} , (D-6)

where we denoted

T (a) = > ay. (D-7)

>0
Using both Eq. (D-3) and (D-6) one easily finds the solutions A3™ of the Lipkin-
Nogami equations in the following special cases.
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e State dependent BCS pairing in the case of one type of nucleons (7 = 7/).

Az

where

e Seniority pairing:
(see Ref. [121])

A2

1 S50 933 | (£*p)i(k(1 = p*))55 = (i)
4 Tr”x? — (Tr”x)?

15450 93 |(wi0f) (uoy) = (uiw)*]

4 (Zi>0<uivi)2)2 — Yiso(ugvy)t

Tr<(a) = > a;. (D-9)

>0

G = g;; = const, in the case of one type of nucleons (7 = 7)

GTr=(rp)Tr=(k(1 — p*)) — Xm0 (XjiX5)

(D-10)

4
G [Zoo(uivf) Xjso(ujvy) — Zi>0(“i“i)ﬂ
4 (Ciso(uivi)2)* = Liso(usr)? '



Appendix E

Isospin operator

Consider the operator of the total isospin T of A particles in a nucleus. In the
formalism of the second quantization one has

T= 3 (krft, +1, + t.|lr)al, a (E-1)
ki, 1’
where 7 is the eigenvalue of the t, operator. We adopt the convention: 7 = —1 for

protons and 7 = 1 for neutrons.
We aim at calculating the mean value of the operator (E-1) in the quasiparticle
vacuum (BCS) state. For z component we obtain:
(T.) = 3 (krltlir) (ol a) - (E-2)
kl, 71!

The operator t, does not have non-zero elements between proton and neutron states
and we have by definition (see Eq. (4.21)) (a}_a;) = pj7’ which implies

1 TT
Z 5r npkk - §5T,p,0kk
ZP — e = (N = 2)/2. (E-3)

To evaluate mean values of x and y components of the total isospin operator we
introduce rising and lowering operators, as it is customary in any angular momentum

algebra
t, = t, + it,, t_ =t, — it,, (E-4)
thus A 1. ) ) 1. )
ty = §(t+ +t_), t, = 27‘(t+ —t_). (E-5)

The operators t,, t_ have non-zero non-diagonal elements: (p|t_|n) = 1 and (n|t_|p) =
1. The mean value of T, reads

(To) = 3 (krltalir')al i)

kl,rr!
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= - Z k)t )ir")al_a;) —|—2 > (krlt- \i7'Yal_a;)

kl,r1! kl,r1!

== *Z 5 (51 +(57— p5m)5klpkl

— N~ DN

= 52 (P +id) (E-6)

\)

Since pih = phy” we obtain
— Re Yol (E-7)
k
Analogously like for T, we may evaluate the mean value of Ty as
T 1 n, 0
(1) = o S(6f — o) = Sm S ol (E5)
k

k
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Résumé

Récemment avec les nouvelles possibilitées d’études expérimentales de noyaux
exotiques riches en proton, un regain d’intérét s’est porté sur la problématique des
correlations d’appariement proton-neutron. Ce travail a pour but I’étude des corréla-
tions au dela du champ moyen et en particulier du pairing proton-neutron isoscalaire
et isovecteur pour différents isotopes de Germanium N ~ Z. Nous avons d’abord
traité 'approche BCS classique avec I'approximation Lipkin-Nogami (LN) de pro-
jection sur le bon nombre de particules en utilisant une interaction résiduelle de type
contact. Ensuite dans une approche appelée Higher Tamm-Dancoff Approximation
(HTDA) les corrélations proton-neutron ont été traitées en conservant explicitement
le nombre de particules. Dans les deux cas, nous avons développé les codes numé-
riques correspondants pour traiter les couplages proton-neutron. Les résultats des
applications numériques pour quelques noyaux sont discutés et comparés dans les
deux approches BCS(LN) et HTDA avec pairing isoscalaire et isovecteur. Nous avons
montré que les deux approches donnent une description semblable des correlations
du fondamental mais que la méthode HTDA est plus efficace dans le régime de faible
pairing. Nous avons mis en evidence le role crucial de la conservation du nombre
de particules pour la description des corrélations d’appariement proton-neutron. La
prise en compte du pairing 7' = 0 genére une énergie de liaison supplémentaire pour
les noyaux N = Z conntribuant au terme d’énergie de Wigner.

Mots-clés : calculs microscopiques, champ moyen, approximation de Hartree-
Fock, appariement proton-neutron, approximation de BCS, approximation
Lipkin-Nogami, conservation de nombre de particules, noyaux exotiques

Abstract

Recently a revival of the interest on the subject of the proton-neutron pairing
is taking place due to the experimental possibilities of extensive studying of exotic,
proton-rich nuclei. The present work aims at investigating the correlations beyond
the mean-field, especially isoscalar and isovector pairing in several N ~ Z Ge nu-
clei. The studies were performed in the well-known BCS approach improved by
the approximate Lipkin-Nogami (LN) projection onto a good particle number with
the contact two-body force to account for the residual interaction. Then the ap-
proach explicitely conserving particle number called Higher Tamm-Dancoff Approx-
imation (HTDA) was extended to take into account proton-neutron correlations. In
both cases the numerical codes were rebuilt to include the possibility of the proton-
neutron coupling. The results of numerical calculations obtained in BCS(LN) and
HTDA approaches with isoscalar and isovector pairing for several nuclei are pre-
sented, discussed and compared. It is shown that both approaches give a similar
picture of ground state correlations but the HTDA method is as well effective in
low pairing regimes. The crucial role of the particle number conservation in the
description of proton-neutron pairing correlations is confirmed. The inclusion of the
T = 0 pairing lead to the appearance of the extra binding in the vicinity of the
N = Z nucleus which may be recognized as a contribution to the Wigner cusp.

Keywords: microscopic calculations, mean field, Hartree-Fock approximation,
proton-neutron pairing, BCS approximation, Lipkin-Nogami method, parti-
cle number conservation, exotic nuclei





