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The shape-coexistence phenomena dominating the structure of the nuclei in the A ~70 mass
region are investigated within different approaches using general symmetry-projected
Hartree-Fock-Bogolyubov configurations as basic building blocks, a rather large model space,
and a suitably defined effective two-body interaction. The selection of the relevant
configurations determines the dynamics of the considered system in the framework of the
EXCITED VAMPIR and EXCITED FED VAMPIR variational procedures

involving real or complex mean fields. The results concerning the structure of low- and high-
spin states in a number of even—even Ge, Se, and Kr nuclei indicate that a variable

mixing of more or less deformed prolate and oblate quasiparticle determinants is responsible
for the complex behavior of the doubly even nuclei in this mass region.

1. INTRODUCTION

Studies of nuclei far from stability revealed an unex-
pected variety of nuclear structures and motions which are
challenging and continuously improving our understand-
ing of a nucleus. The experimental investigations pro-
gressed with the development of acceleration techniques,
improvement of isotope separation, advances in instrumen-
tation, and new detection methods. On the other hand, the
new experimental information concerning low- and high-
spin spectra, electromagnetic properties of short-lived
states, and also inelastic electron scattering data gave a
challenge to theoretical nuclear-structure physics and led
to a rapid development of rather successful theoretical
methods.

Particular attention has been paid to the nuclei belong-
ing to the A ~70 mass region. According to both the ex-
perimental systematics and the theoretical calculations, the
mass 4~ 70 nuclei have a transitional character and dis-
play a rich pattern of shape coexistence and shape transi-
tion. The multiplicity of structures, the rapid and also dras-
tic changes of the properties with the number of nucleons,
and the interplay of collective and single-particle motions
make the 4 =70-80 region an important testing ground for
nuclear models.! Unfortunately, a microscopic insight into
the shape-coexistence phenomena dominating the structure
of the mass-70 region by a complete diagonalization of a
suitably chosen effective many-nucleon Hamiltonian, as is
done in the Shell-Model Configuration Mixing (SCM) ap-
proach, is severely hindered, because a large number of
valence nucleons are distributed among many single-
particle levels. Therefore the theoretical studies?!! which
tried to explain the interesting behavior of doubly even
nuclei around mass number 4 ~70 have been carried out
either in rather restricted configuration spaces in the
framework of the usual shell model or by using several
collective models or models involving an interplay of par-
ticles and collective excitations. A clear understanding of
all the known facts was not possible.

The even—even nuclei of the 4~ 70 region display a
number of interesting features which are rather unique in
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the nuclear mass table (see, e.g., Ref. 1 and references
therein). The coexistence of overlapping bands built on
different nuclear shapes, and also the observation of many
low-spin states, e.g., 07 or 27 states, at very low excitation
energy, is related to the competition between various large
gaps at different deformations displayed by the Nilsson
single-particle energy diagrams. Furthermore, the nuclei in
this mass region usually have both active protons and neu-
trons in the 0gy/, shell-model orbit. Since there are many
different ways to couple these particles to intermediate and
high-spin values, a competition of many configurations at
these spin values is also rather likely.

For a deeper theoretical understanding of the complex
experimental situation encountered in the mass 4 ~70 nu-
clei, one needs a microscopic model in which all the essen-
tial degrees of freedom of collective as well as single-
particle nature are not put in by hand but are included in
a completely microscopic fashion. For this purpose we use
here the variational techniques developed for various mod-
els of the so-called VAMPIR (Variation After Mean Field
Projection In Realistic model spaces) family.'? The two
most sophisticated procedures in this family, which has
been continuously extended and improved during the last
couple of years, are the EXCITED VAMPIR and EX-
CITED FED VAMPIR approximations. As we shall see,
these are rather adequate to describe the shape-coexistence
phenomena.

The EXCITED VAMPIR model is essentially a mean-
field theory which solves the Hartree-Fock—-Bogolyubov
problem with spin and number projection before the vari-
ation for yrast and nonyrast states. In this approximation
an optimized mean field is obtained for each state of a
given symmetry by a chain of independent variational cal-
culations and, finally, the residual interaction in the result-
ing A-nucleon configuration space is diagonalized. Our first
investigations concerned the low-spin excitation spectra for
a number of doubly even Ge as well as Se isotopes'® in the
framework of the EXCITED VAMPIR model based on
real HFB transformations. We found that a variable mix-
ing of more or less deformed prolate and oblate projected
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quasiparticle determinants is able to produce the experi-
mental picture for the low-spin states of the considered Ge
and Se isotopes, like the presence of 4-5 coexisting 0 or
27 states below 34 MeV excitation energy, as well as the
general trends in the quadrupole moments, the B(E0) and
B(E2) values, and the proton and neutron occupations of
the spherical single-particle orbitals. These results strongly
supported the shape coexistence as a dominant feature of
the low-spin states in even Ge and Se nuclei.

Encouraged by this success, the real EXCITED VAM-
PIR investigations were extended to the high-spin states in
the 68Ge, 7OSc:, and "’Se nuclei.'* It turned out that the
shape coexistence persists and manifests itself specifically
at high-spin states. A strong bunching of states of a given
spin and parity in a small excitation-energy interval was
predicted, as well as a variable, sometimes very strong,
mixing between these states which creates a complex feed-
ing pattern for the yrast band, including competing M1,
AI=0 transitions. Nevertheless, the high-spin states could
still be grouped into bands based on different structures,
some of them connected by E2 crossing transitions.

In order to understand how reliable the EXCITED
VAMPIR description of the considered states really was,
an improvement of the theoretical approximation was nec-
essary. This was achieved by the so-called EXCITED FED
(from FEw Determinants) VAMPIR method,!>'® which
goes beyond the symmetry-projected quasiparticle mean-
field approximation. In this approach each state is de-
scribed not by only one determinant, but by a linear com-
bination of a few projected determinants obtained
successively in a chain of variational calculations, asking in
each step for maximum residual interaction and thus for a
maximum additional contribution to that state. By this
procedure the remaining residual interaction between the
resulting few lowest states of a given symmetry becomes
much smaller than in the case of the uncorrelated EX-
CITED VAMPIR solutions, and thus the reliability of the
wave functions is increased considerably. The nature of
each high-spin band is more precisely distinguished, since
the dominant correlations for each particular configuration
are included in a systematic way. Reinvestigating the low-
and high-spin states of *®Ge with this new method, we
found that the qualitative features of the EXCITED VAM-
PIR description persist. It was also possible to identify,
from among the many overlapping bands, one having con-
siderably larger deformation, 5,~0.42, than the other
bands in %Ge and in other Ge nuclei. This is a strikingly
large deformation for such a light nucleus; however, as we
shall see, recent experimental data confirm this
prediction.!”

A more quantitative confirmation of the rather com-
plicated theoretical picture of the structure of the nuclei in
the A ~70 mass region comes from the comparison of the
charge and transition charge densities in several even Ge
isotopes'® with the available data extracted from elastic
and inelastic electron scattering.'’

Quantitative changes of the complex picture emerging
from these studies which are only based on real Hartree—
Fock-Bogolyubov transformations had to be expected
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when we included unnatural-parity pairing correlations by
essentially complex mean fields. However, the qualitative
features of the complex behavior of the nuclei in this mass
region persist even in such more refined calculations, as
indicated by the first results which we obtained very re-
cently within the complex versions of the VAMPIR
models.?

In this review only selected highlights will be pre-
sented, which will include: the basic ideas behind the mi-
croscopic approaches used in our theoretical investiga-
tions; the real EXCITED VAMPIR picture concerning the
coexistence of multiple shapes and structures associated
with quite different deformations in a number of even Ge
and Se isotopes at low excitations; some new aspects of the
nuclear shape coexistence in the 4~70 mass region ob-
tained by going beyond symmetry-projected quasiparticle
mean fields; new insights into the structure of N=Z nuclei
gained by using complex mean fields. These new results
may illustrate the power of the continuously developing
realistic microscopic approaches belonging to the VAM-
PIR model family.

2. THE THEORETICAL FRAMEWORK

In this section we shall briefly sketch the EXCITED
VAMPIR and EXCITED FED VAMPIR approxima-
tions, the most sophisticated variational procedures of the
VAMPIR model family, where the construction of the
configuration space itself is left entirely to the dynamics of
the considered system and determined by a chain of suc-
cessive variational calculations. Also, we shall discuss the
basic assumptions and ingredients of the models as well as
the model space and the effective interaction.

2.1. Basic assumptions and ingredients of the theory

We restrict ourselves to the investigation of the struc-
ture of the nuclear ground state and low-lying discrete
excitations at “low excitation energy and momentum
transfer.” Therefore we assume that it is possible to use an
effective two-body interaction in a finite model space. The
effective many-nucleon Hamiltonian appropriate for a fi-
nite model space in a given mass region consisting of gen-
eral one- and two-body terms is assumed to be given by

M

M
A 1
H= 2 t(ik)c)fck+— Z v(ikrs)cIchsc,,

(2.1)
k=1 4 Lkors=1

where t(ik) = (i| ¢ | k) are the matrix elements of the one-
body operator of the kinetic energy (or, if an inert core is
used, some suitably chosen single-particle energies) and
v(ikrs) = (ik|V|rs—sr) are the antisymmetrized matrix el-
ements of the effective two-body interaction. The Hamil-
tonian is represented in terms of creation {cl,c},...},, and
annihilation {ccy,...}s fermion operators corresponding
to our model space defined by a finite, M-dimensional set
{|9),]|k),...}5s of orthonormal single-nucleon states, e.g.,
harmonic-oscillator wave functions.

The truncation schemes which we use to get the best
approximations to the (in large model spaces) inaccessible
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“exact” solutions are based on the Hartree-Fock—
Bogolyubov (HFB) theory.

The first step to the ansatz of our many-body wave
function is to define the quasiparticle creators and annihi-

lators via

M

al= 2 (Ai€ + Biac), (2.2)
M

a,= 2 (Bic]+4%e). (2.3)
=1

In matrix notation these equations can be combined to

()-(e )=

where F is a unitary (2M X2M)-dimensional matrix.
The corresponding HFB vacuum is defined by
a,|F)=0 for all a=1,...,M and can be represented as

(2.4)

|F)=( II aa) |0y with M'<M. (2.5)
a=1

Since the transformation (2.4) sums over all the quan-
tum numbers characterizing the single-particle basis states,
| F) violates angular momentum, particle number, and
charge conservation and, in general, has no definite parity
either. In order to obtain the physical configurations, we
have to restore the broken symmetries.

From the vacuum (2.5) configurations with the de-
sired symmetry quantum numbers s=AT,[" can be con-
structed using the operator

6%k =PUM;K)Q(2T,) O(A)p (). (2.6)
Here
Alm) =L(14711), 2.7)

where 11 is the parity operator, projects onto definite parity
5
o 1 27 . o
O =5 [ " dp explip(d—rY, 28

where A is the nucleon-number operator, restores the de-
sired total nucleon number 4; and

n 1 (o A om
QQT)=5- | dyexpliy(N—Z-N+2)}, (29)
where N and Z are the neutron- and proton-number oper-
ators, respectively, selects the components with a definite

total isospin projection 27 ,=N —Z. Finally,

pumao =2 (M aapl k@), (@10
| UMK)=—2—5" MK , :

where I%(Q) is the usual rotation operator and wa{(ﬂ)
denotes its representation in angular-momentum eigen-
states, constructs from the 7/;=K component in the
symmetry-breaking “intrinsic’’ frame of reference a config-
uration in the laboratory frame with total angular momen-

tum I and 3-component I,=M. The unphysical depen-
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dence on the orientation of the intrinsic quantization axis
can be eliminated by taking linear combinations of the
form

| ¢ pisM) = Z %k F) fxp - (2.11)

In order to s1mp11fy the numerics, up to about two
years ago a number of symmetry restrictions had been im-
posed on the general HFB transformation F': time-reversal
and axial symmetry had been required, parity as well as
proton—neutron mixing being neglected, and, last but not
least, only real transformations F had been admitted.

According to Bloch and Messiah,?® the HFB vacuum
(2.5) then takes the canonical form

Mpax (7,m,m)
p=T| 0 [T (T
r=pn  7=+,— L m=1/2 a
+vabf,bf,])”10>, (2.12)
where
bl =7b17"", (2.13)

in which 7 is the time-reversal operator, and u, and v, are
all real numbers with u,>0 and 42 ++4=1 for all a.

The basic “building block” of the symmetry-restricted
vacuum (2.12) can be represented as

(mgTamy)
bibl= X
i<k

X (il |mg—ma0){ Do Dy [ 1+ (—)]

)
X [ele}1i2. )

)J’k+1k—mai

[1+6(,k)] 7' Y (—
I

(2.14)

where D is the corresponding real first Bloch-Messiah
transformation, which mixes in this case only states with
the same m, 7, m quantum numbers, / denotes the triplet of
quantum numbers n; I, j; of the basis state, and the cre-
ators of the coupled two-nucleon states are given by

M
[CTC}: TT,~ z
mimgT T

i | mpeM ) (BT | 77, T, clel.
(2.15)

Thus, the basic building block and hence the total vac-
uum, too, contains only “like”-nucleon pairs coupled to
even angular momenta and positive parity. Therefore, us-
ing the above-mentioned symmetry restrictions, we can in-
vestigate only states with even angular momentum and
positive parity in doubly even nuclei. However, we shall see
in Secs. 3 and 4 that we can go rather far even with this
symmetry-restricted real HFB transformation.
Recently,'?>? we succeeded in improving the approaches
on the lines proposed in Ref. 21 by taking into account
parity as well as proton—-neutron mixing and admitting es-
sentially complex mean fields. Only time-reversal invari-
ance and axial symmetry are kept. Consequently, the now
complex first Bloch—-Messiah transformation D mixes all
quantum numbers except m. It takes the form
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M
b= Y 8(mymy) Dicl; my >0

i=1

(2.16)
and
8(mymy) Digcl; mgy>0.

bi= (2.17)

Mk

Il

i

The corresponding “canonical” HFB vacuum takes
the form

Mmax (m)
= T (T twvatiel) 1o

m=1/2 a
and its basic building block can be written as

(2.18)

(m,T)

Bit= Y X [148GK) 1Y (=)t

r=pn i<k I
X (]L]kllma_mao){[Re(D:aDkTa)

X [14 (=) %+ 1] 41 Im( DY, Dy ,)

X [1— (=)t 1] [ cleb129,}

(mgp) (mgn)
+ 2 2 2 (1/21/2T|—1/21/20)

k T
X (=Yt i | mg—m.0)
X{[Re( DY, Dia) X [1+ (=)t hH]

+iIm( D}, Dy o) [1— (=)' e+ [elel 17}

1

(2.19)

It contains all possible two-nucleon couplings, includ-
ing pairing correlations between like-nucleons as well as
both the 7=0 and the T'=1 pairing correlations between
protons and neutrons. Now states with arbitrary parity and
angular momentum in both doubly even and doubly odd
systems can be described.

With the basic ingredients of the theory being intro-
duced, we shall now briefly review the variational proce-
dures which have been used to investigate some even—even
nuclei in the 4 ~70 mass region.

2.2. Variational procedures

Let us first assume that we are interested in the yrast
state of a particular symmetry s=A4T,I", e.g., the lowest
I"™=8% state in some even-mass nucleus. In this case one
starts with a general HFB vacuum projected onto the de-
sired symmetry quantum numbers as a trial wave function
and extracts the underlying quasiparticle transformation
via a variational calculation directly from the chosen effec-
tive many-body Hamiltonian. Minimizing the correspond-
ing energy functional

($:sM | H| py;sM)
<¢1;SM| ¢1;SM>

with respect to arbitrary variations of the HFB transfor-
mation Fj, one obtains the optimal approximation to this

E[F)= (2.20)
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state which can be reached by a single symmetry-projected
HFB determinant. This is the VAMPIR'? approach to this

particular yrast state. Note that because of the symmetry
projection before the variation the resulting transformation
depends on the symmetry. Thus, already in this simplest
approach, e.g., drastic changes of the structure with in-
creasing spin can be described. The extension for the de-
scription of the excited states with the same symmetry is
the EXCITED VAMPIR approach.!>* In this approxi-
mation excited states with the same symmetry, e.g., the
first excited I"=87" state, are calculated in complete anal-
ogy, except that one has to ensure the orthogonality of the
current trial wave function with respect to the VAMPIR
solution. In other words, one eliminates the lowest solution
for the considered symmetry from the variational space by
Gram-Schmidt orthogonalization and then calculates the
optimal approximation to the first excited state which can
be reached again by a single symmetry-projected HFB de-
terminant. If the first excited state is obtained, it is elimi-
nated too, and then the second excited state is calculated,
and so on, until m different symmetry-projected HFB de-
terminants, optimal for the m lowest states of the consid-
ered symmetry, have been constructed.

Therefore we use as a trial wave function for the nth
state (n>0) of a given symmetry the ansatz

|@ush) ~ X [4sMIB] = X Oyl FDBL,  (221)

where the B! are given by requiring normalization and
orthogonality with respect to all the (n—1) solutions al-
ready obtained and | F) is left free for the variation. Note
that the variational calculation for each new determinant is
completely independent of the one performed for any of
the previous states with the same symmetry. Finally, the
residual interaction in this basis of orthonormal 4-nucleon
configurations with the symmetry s is diagonalized and the
final EXCITED VAMPIR wave functions are obtained:

m
W isMy= D |@ssM)gin™. (2.22)
i=1

However, using only one additional determinant for
each new state to be considered, this approach is still a sort
of mean-field approximation and may not always be suffi-
cient, since the residual interaction between the m lowest
configurations does not necessarily account for the domi-
nant correlations on the top of each of the various EX-
CITED VAMPIR solutions. It may very well be that the
dominant correlations to a main mean field for a given
state are due to rather high-lying configurations, or due to
configurations which have a completely different structure
than those underlying the lowest m orthogonal 4-nucleon
solutions for a given symmetry.

An improved variational scheme incorporating such
correlations in a systematic way, no matter where in en-
ergy they occur, the EXCITED FED VAMPIR
approach's’lé’18 allows one to go beyond mean fields. The
variational procedure performs as follows: for the yrast
state of a given symmetry one starts again with the VAM-
PIR solution. Now one looks for a second symmetry-
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projected determinant correlating this solution, but the
main one is not taken out of the variational space. This is
again obtained by a variational calculation, so that one
always finds that configuration which yields the maximal
additional energy for the considered yrast solution. After
that a third determinant is constructed, etc., until a total of
n; configurations have been obtained. The resulting corre-
lated yrast state is then eliminated from the variational
space, and the procedure is repeated for the first excited
state with the same symmetry, and so on, until finally the
m lowest states have been constructed. Thus, in this ap-
proximation the ith state of a given symmetry is repre-
sented as a linear combination of a few projected quasipar-
ticle determinants constructed successively in a chain of
variational calculations, the state being Schmidt-
orthogonalized with respect to all the i—1 previously
found solutions. In each step of the variational chain for
the ith “correlated” wave function one varies only the last
added mean field and the configuration mixing coefficients,
which ensures the orthonormality of the resulting linearly
independent solutions, asking for the maximum additional
contribution to the energy of the previous approximation
to that wave function. Such a properly normalized linear
combination of n; different HFB-type determinants |F;)
(k=i,...,n;) is created for the ith state of symmetry s:

n; ) . (i) .
|<1>l§ni>;sM>zT(r)els”O ; |F i) fri=6io ;} | F )01,
"= : = (223)

where 7 eliminates the first i—1 solutions from the
model space, g indicates the total number of building de-
terminants, g=3"_'n; and w(i)=2{_,n, Finally, as al-
ready in the EXCITED VAMPIR approximation, the re-
sidual interaction between the m energetically lowest linear
combinations is diagonalized, and the lowest m physical

states of symmetry s,

m
(Wi sMy= 3 |®"sMygi™, a=1,..m, (2.24)
i=1

and the corresponding energies E{™ (a=1,...,m) are ob-
tained:

(H—E'™1)gim =0, gmigm=1,. (2.25)

The EXCITED FED VAMPIR variational procedure,
going beyond the symmetry-projected quasiparticle mean-
field approximations, automatically selects the relevant de-
grees of freedom for the main mean field underlying the
structure of a particular state, and also accounts for the
most important additional correlations with respect to the
approximation already obtained. In this way arbitrary
drastic changes of the structure with increasing excitation
energy or spin are accessible, and, furthermore, various
types of shape coexistence' could be distinguished. These
particular features of this model are essential for an ade-
quate description of the structure of nuclei displaying a
dynamical shape coexistence. The improvement with re-
spect to the EXCITED VAMPIR approximation comes
from the fact that the dominant correlations on top of the
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optimal projected mean-field solutions are incorporated for
each state separately. In this way each of the still neglected
configurations could bring to the energy for the already
obtained states only gains comparable with that from the
last correlating configuration included for any of them.
Also, the residual interaction will be at most at this level,
and of course much smaller, and thus the confidence level
of the resulting wave functions is improved.

Of course, the complex versions of the VAMPIR, EX-
CITED VAMPIR, FED VAMPIR and EXCITED FED
VAMPIR approaches (later referred to as CV, CEV, CFV,
and CEFYV, respectively) represent a remarkable improve-
ment with respect to their real restricted partners (RYV,
REV, RFV, and REFV). This will be exemplified below by
recently obtained results concerning new aspects of the
shape coexistence at low excitation energies in an even—
even N=Z2 system.

2.3. The model space and the effective interaction

Calculations in the 4 ~70 region within the real ver-
sions of the EXCITED VAMPIR and EXCITED FED
VAMPIR approximations have been performed using a
rather large model space: the full N=3 and N =4 shells for
both protons and neutrons, and, for the latter, in addition
the Oh,,,, orbital. As an effective two-body interaction a
Brueckner nuclear-matter G matrix derived from the Bonn
OBEP (Ref. 24) was taken, which was renormalized by

- adding two short-range (0.7 fm) Gaussians with strengths

of —50 MeV and —40 MeV to the 7'=1 praton—proton
and neutron-neutron relative matrix elements, respec-
tively, introduced to enhance the pairing components. An
isospin-independent spin—orbit Gaussian was added, and,
finally, the onset of deformation was influenced by a mono-
pole shift in all the diagonal 7'=0 matrix elements of the
form (0gy,,0/;,/T=0|G|0gy,,0f;IT=0), where 0f de-
notes either the 0f5,, or the 0/, orbit. The single-particle
energies were adjusted in MONSTER (HFB)
calculations'? for “well deformed” odd-mass nuclei in the
A~50 and 4~ 80 mass regions. The Hamiltonian defined
in this way was then kept fixed and used for EXCITED
VAMPIR and EXCITED FED VAMPIR calculations in
several doubly even Ge, Se, and Kr isotopes.

For the corresponding complex calculations 72 single-
particle states above the “°Ca core (the same core as for the
real calculations) were available for the (about 30) valence
nucleons. Here the 1p;,5, 1p3/, 0fs/5, 0f7/5, 1ds,, and
0gy/, oscillator orbits for both protons and neutrons were
taken as a model space. Consequently, a slightly modified
monopole shift for the above-mentioned 7’=0 matrix ele-
ments was used in the normalization of the G matrix.?

3. SHAPE COEXISTENCE IN THE A~70 REGION
WITHIN THE REAL EXCITED VAMPIR APPROACH

The basic idea of the EXCITED VAMPIR approach is
to obtain optimized mean fields for each state of a given
symmetry separately. In a chain of variational calculations
for projected determinants, starting from the lowest state
for a given angular momentum and parity I”, and then
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FIG. 1. Comparison of theoretical and experimental energy trends for the Ot states in the investigated Ge isotopes.

stepping up from one state to the next lowest one for the
same I”, with the current trial wave function always con-
strained to be orthogonal to all the solutions already ob-
tained, one can describe states of very different structure.
Therefore this approach should also allow one to describe
the shape coexistence which is suggested by the data in the
Ge and Se nuclei. One could even say that the complex
situation encountered in the 4 ~70 region is a challenging
testing ground for this theoretical model.

3.1. Low-spin states in even-even Ge and Se
isotopes

The first insights into the complex structures of the
nuclei in the 4 ~70 mass region came from the investiga-
tion of the low-spin states in some chains of even Ge and Se
nuclei in the framework of the real EXCITED VAMPIR
model.!* This approach indeed always yields, in all the
considered doubly even Ge and Se isotopes, some low-lying
0% and 27 states in the first few MeV of excitation energy,
as observed experimentally. In Fig. 1 we show the energies
of all the calculated and experimentally known 0% states in
the 870727Ge jisotopes. The maximum number of
A-nucleon REV configurations for one angular momentum
built by the EXCITED VAMPIR variational procedure
was five. One obtains VAMPIR wave functions, which are
orthogonalized to each other, in various local minima. The
A~170 region is a good example to illustrate the power of
this EXCITED VAMPIR method, since one expects, ow-
ing to the various gaps in the Nilsson spectrum, minima at
rather different deformations. As a first state in a succes-
sively created optimal basis of 4-nucleon configurations,
the most bound from the projected determinants so pro-
duced is taken. For the next states of the form (2.21) the
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variational principle guides us to choose the nth projected
determinant. Diagonalizing the residual interaction within
the lowest m variational states, one obtains the best possi-
ble description of the m lowest states of the considered spin
value, which can be achieved by m projected HFB-type
quasiparticle determinants. Of course, increasing the num-
ber of successive solutions m, we improve the structure of
any wave function of the type (2.22), since the diagonal-
ization of the residual interaction between more orthogonal
states introduces more correlations in the final REV wave
functions. : :

To get an idea about the structure of the real EX-
CITED VAMPIR wave functions for low-spin states in the
investigated Ge and Se isotopes, we display in Figs. 2 and
3 some typical information. In these figures we show for all
REV 0%, 2%, and 4% states in "%Ge nuclei the intrinsic
quadrupole moments for both neutrons (circles) and pro-
tons (squares) for the ith projected determinant |¢;), and
for the 2% and 4% states the corresponding values calcu-
lated from the spectroscopic quadrupole moments of the
physical states. Owing to the strong mixing of prolate and
oblate projected determinants in the final wave functions,
the intrinsic quadrupole moments are often drastically re-
duced with respect to those of the projected nonorthogonal
determinants. Moreover, even the sign of the intrinsic
quadrupole moment for a state may appear changed with
respect to that for the corresponding dominant determi-
nant of the ith variational solution, as is the case for the
second, third, and fourth 2t states in °Ge and the second
2+ state in “Ge. The nature of each projected determinant
included in the calculations for a given symmetry s is pic-
tured in Figs. 2 and 3 by the intrinsic quadrupole and
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hexadecapole moments and the average pairing gaps. The
above-mentioned quantities are given for both neutrons
and protons. The average pairing gaps are defined here in
the usual way?> as mean eigenvalues of the corresponding
HFB pairing matrices A(7):

AT ..~ (1/M)trA(7), (3.1)
where
(7)
[A(T) ] g~z 2 v(ikes)(B*AT),, (3.2)

2 ns

is the (M by M) pairing matrix; 4 and B are the HFB
transformation matrices of Eqgs. (2.2) and (2.3).

The shape coexistence in the Ge isotopes is corrobo-
rated by our results. A tendency from an almost pure ob-
late slightly deformed 0% ground state in ®Ge to a strongly
mixed prolate-oblate one in ">™Ge is predicted. For the
ground states of the studied Se nuclei a tendency to an
increasing prolate mixing going from 72 to 74 isotopes can
be observed. For the excited 0" states both Ge and Se
isotopes reveal a strong prolate—oblate mixing.

More information about the structure of the ground
and the first two excited 07 states can be obtained from the

408 Sov. J. Part. Nucl. 23 (4), July-Aug. 1992

FIG. 2. The intrinsic neutron and proton quadrupole and hexade-
capole moments of the lowest five projected quasiparticle determi-
nants obtained by the REV procedure for the 07 and 27 states in
Ge, and the intrinsic quadrupole moments obtained from the cor-
responding spectroscopic value for the final REV wave functions
[Eq. (2.22)] (full symbols are used). No effective charge has been
used. The average neutron and proton pairing gap is given also for
the above specified determinants. Squares refer to the proton, circles
to the neutron, and open symbols are for projected determinants.

spherical occupations of both neutron and proton orbitals
illustrated in Figs. 4 and 5. From the trend of the proton
and neutron spherical occupation number we can learn
more about the similarities and the differences concerning
the structure of a particular state in a chain of isotopes, and
we can also easily compare these properties for a given
symmetry s in a chain of isotopes. The theoretical results
for the proton-number occupations for the ground state in
the considered Ge and Se isotopes are in good agreement
with the experimental results obtained from (d, SHe)
transfer reactions on Ge and Se targets?®?” and also from
(p.t) reactions.28-30

Besides the energies of the low excited low-spin states,
and the neutron and proton spherical occupations for 0%
states, in these calculations the dependence of the defor-
mation on the mass number as manifested in the spectro-
scopic quadrupole moments of the 2 yrast states and the
EQ transition probabilities between the first excited 0"
states and the ground states could also be accurately taken
into account. The general trends in the quadrupole mo-
ments and EO transition probabilities are in fair agreement
with the available experimental data,’"*? as can be seen
from Figs. 6 and 7.
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Indeed, the EXCITED VAMPIR approach is able to
describe the shape-coexistence phenomena very nicely. The
results indicate that for low angular momenta configura-
tions with different deformations not only “coexist” but

mix strongly with each other. The REV wave functions for
the low-spin states in this mass region are in general com-
plicated mixtures of several configurations corresponding
to rather different deformations, with a special interplay of
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FIG. 4. Significant proton occupation numbers of the spherical-basis orbitals for the lowest three 0 states in the investigated Ge and Se isotopes. Full

lines are for Ge nuclei; dashed lines, for Se nuclei.
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FIG. 5. The same as in Fig. 4, but for the neutron occupations.

the prolate and oblate deformed mean fields and dynamical
changes of the hexadecapole deformations. This holds es-
pecially for the 0" states; however, though with decreasing
importance, considerable mixing is obtained also in the 2+
and 47 states.

3.2. High spins in **Ge, 7°Se, and "2Se nuclei

These encouraging results and the experimental evi-
dence concerning the triple forking at 8" into three bands

with no crossing transitions observed earlier** gave us mo-
tivation to extend our studies to states with higher angular
momenta to investigate whether the shape coexistence does
persist also at high spins. In the framework of the real
EXCITED VAMPIR approximation we extended our in-
vestigations to spins up to 18" in ®*Ge and *Se, and up to
22% in "?Se. Note that these calculations have been made
using the same model space and effective Hamiltonian as
for the low-spin states.
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For the description of the structure of the high-spin
states up to m=8, A-nucleon EXCITED VAMPIR con-
figurations of the type (2.21) for each considered angular
momentum were taken into account. It turned out that the
shape coexistence, i.e., the occurrence of various states with
the same spin based on configurations with different defor-
mations within a small interval of excitation energy, indeed
persists even at rather high spin.values.

As expected from the different gaps characterizing the
Nilsson scheme for the nuclei in the A ~ 70 mass region, we
obtained for each considered spin many different HFB-
type projected determinants corresponding to very close-
lying local minima. These determinants can differ, e.g., in
the sign and/or magnitude of the intrinsic quadrupole mo-
ments, or, in some cases, €.g., only in the sign and/or

magnitude of the intrinsic hexadecapole moments, which
play a very special role in all three nuclei 68Ge, 70Se, and
2Ge, favoring in some cases the alignment of the neutrons
occupying the spherical gy, state.

The orthogonal variational states (2.21) produced by
the REV procedure and finally the physical states (2.22)
obtained by the diagonalization of the residual interaction
are still very close in energy. In all three nuclei we have
obtained 4-5 states of a given spin (8%, 10%, 12F, 14%),
bunched within only 1.5 MeV. The theoretical results pre-
sented in Fig. 8 for ®Ge and in Figs. 9 and 10 for "Se and
"2Ge, respectively, reveal a special feature: most of the high-
spin states decay in many different ways. Note that the
experimental spectrum given in Fig. 8 for %Ge was the
only one available at the time when we accomplished our
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FIG. 8. The theoretical spectrum of the nucleus %Ge obtained here in the real EXCITED VAMPIR approx1mat|on, compared with the experimental

data of de Lima et al.3*
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strong AI=0 M1 transitions.

REYV calculations. Recent experimental data!’ support our
predictions. These will be presented later and compared
with the results of more sophisticated investigations using
the real EXCITED FED VAMPIR approach.

We analyzed all the possible decay paths starting from
the states with the highest calculated spin in each nucleus.
Since we have so many states for each spin bunched so
much in energy, decaying by many branches, and since the
measured B(E2) values reported by different experimental
groups have a large spread and involve large error bars
which arise from the uncertainties associated with the feed-
ing times, we can always suggest a few ‘“most probable”
paths of the cascades leading to the yrast 6 state which
are compatible with the presently available experimental
data. The situation becomes even more complicated, since
we found strong M1, AI=0 transitions which in some
cases are much faster than the intraband E2 transitions.
We classified the calculated levels into different collective
bands solely on the basis of the B(E2) values among them.
Then for all three nuclei we tried to find the fastest ways to
enter the yrast line and so to identify the most probable
candidates for the experimental linkages of the measured
gamma rays in bands.

In all three nuclei an oblate band (always the one at
the extreme left spectrum) coexists with many other pro-
late bands. For the higher spins the oblate bands consist of
the highest calculated states of a given angular momentum.

412 Sov. J. Part. Nucl. 23 (4), July—Aug. 1997

In the theoretical spectra the label for each spin corre-
sponds to the energy order in the calculated set of states for
a given angular momentum.

In %Ge the yrast band is mainly oblate up to spin 6.
The strongest oblate—prolate coexistence is obtained for the
first two 8% states. Starting with spin 10 a pure oblate
band emerges, coexisting with all the other prolate bands.
No feeding from this oblate band to the prolate bands ex-
ists above spin 10™. With respect to the other calculated
bands, however, these oblate states are at rather high ex-
citation energy and are therefore probably only weakly
populated. Concerning the other bands presented in Fig. 8,
these are pure prolate bands for spins />10. The structure
of the wave functions for the I"=10", 12%, 14* states
shows a rather strong mixing of various mean fields differ-
ing by the neutron and proton intrinsic quadrupole and
hexadecapole deformations. This shape coexistence ex-
plains the appearance of two or three comparable fast tran-
sitions for the decay of a given state, as can be seen in Fig.
8, which was later confirmed by experiment (Fig. 23). The
various mean fields dominating the structure of the wave
functions for the other spins also have different neutron
and proton intrinsic quadrupole and hexadecapole mo-
ments. Protons and neutrons contribute equally to the spe-
cial structure of the high-spin bands. In Fig. 11 we display
the proton and neutron intrinsic quadrupole moments for

 the three fastest decaying prolate bands and for the oblate
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band. The labels of the bands are the same as in Fig. 8.
A measure of the deformation characterizing the dif-
ferent bands is offered by the theoretical and experimental
evaluated B(E2,AI=2) values®*7-% given in Table I. The
agreement of the theoretical B(E2) values with the exper-
imental data is rather poor, even if one takes into account
the large error bars and the large spread in these data
obtained by different groups. As the side feeding in this
mass region is still an open problem,* we did not intend to
fit these data. Therefore for all the investigated nuclei the

same values of the effective changes and the same renor-
malization of the effective Hamiltonian were used.

In Fig. 12 we give the neutron and proton intrinsic
hexadecapole moments of the bands calculated in %Ge in
the REV approximation. A special trend is displayed by
the d, band, which is in fact a neutron-aligned band: for
the 85 state the hexadecapole moments are much smaller
than for the 8;% and 85" states, and the neutron Q, moment
is negative. Except for the 125 state, which still has the
smallest hexadecapole moments of all displayed 12+ states,
the neutron and proton Q, moments are negative for all the
higher spin states of the d; band. A qualitative understand-
ing of the effect of hexadecapole deformation on the orbit-
als lying around the Fermi level can be obtained in the
framework of a simple perturbation treatment applied on a
Nilsson-type axially deformed potential including a Y,
deformation.*! The wave functions for the 10*, 141, 167,
and 18% spin states belonging to the d, band are based
essentially on a single VAMPIR determinant, prolate de-

413 Sov. J. Part. Nucl. 23 (4), July-Aug. 1992

formed, with the smallest observed quadrupole deforma-
tion for both neutrons and protons, slowly decreasing with
increasing spin. The 85 and 125 states of the d, band are
mixed states based on coexisting mean fields with positive
and negative hexadecapole moments. The contribution of
the gy,, neutrons to the intrinsic hexadecapole moment is
very small in the d; band and even becomes negative for
some spins. For the case of a negative hexadecapole mo-
ment the simple perturbation treatment predicts that the
m=1/2 gy, orbital moves to the Fermi level favoring the

alignment of the two neutrons occupying the spherical g, ,,
state. This effect can also be seen in our wave functions.

The proton occupation of the gy, orbital slowly goes down
to zero with increasing spin for d,; band states, and conse-
quently a sharp alignment of the neutrons is very much
favored. This strong neutron alignment is reflected in the
small g factors of the states belonging to the d; band, which
even become negative for the spin 8" and 10" states.
Therefore, it is rather likely that the 85 state corresponds
to the experimental 85" state, for which a g factor of —0.28
+0.14 has been measured.*

A picture revealing a possible sharp alignment of the
angular momenta of the particles occupying the high-j
spherical orbital (gy/, for the 4~70 region) with respect
to the total angular momentum is given in Fig. 13. The
normalized angular-momentum contribution of the g/,
neutrons and protons in the direction of the total angular
momentum I is given by

Petrovici et al. 413
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In Fig. 13 we present the resulting alignment plots (bottom
part) and the occupation numbers (upper part) for the
neutrons (left) and protons (right) filling the g/, spheri-
cal single-particle state. A sharp alignment of the neutrons
is evident in going from the 6 to the 85 state. This strong
alignment dominates the d; band. Except for the 12+ state
the neutron occupation number is very close to two parti-
cles for all the states belonging to this band. At the same
time the protons from the g/, orbital almost do not con-
tribute to the total angular momentum of the states. This

J(7nlj) = (3.3)

can be understood from the continuous depletion of this
orbital with increasing spin. This is a normal trend created
by the gradual decrease of the intrinsic quadrupole mo-
ment, well distinguished in Fig. 11. A sharp proton align-
ment characterizes the yrast band (c) going from spin 6 to
10. For higher spins in this band, protons and neutrons
make a comparable moderate contribution to the total an-
gular momentum. The alignment of the particles in the gy,
orbital is reflected by the g factors plotted in Fig. 14.
Our calculations revealed some strong B(M1,AI=0)
transitions for *®Ge, indicated in Fig. 8 by dashed lines.
Predicted by Frauendorf in the framework of the cranked
shell model*® and measured by Funke ez al* in even and

TABLE 1. Some calculated (REV) and experimental®**"* B(E2,I,~1I,) (¢fm*) values for the

nucleus %Ge. The effective charges were e¢,=0.25 and e,=1.25.

1, 1 ' Theory Experiment
a) ©)

2 0 181 2511126 150*32° 129+30
4 2 633 17725 2211709 204110
6 4 834 1971738 19650 >137

+70 +100
8, 6, 503 28117 600 % 220+60
8, 6, 3 260100
8, 6, 395 5020 79+30
10, 8, 811 410110 457135 760300

y — yrast, [ — left and » — right bands in Fig.8.
a) ref. [34,37], b) ref. [38], c) ref. [39].
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odd Kr isotopes, such strong A/=0, M1 transitions be-
tween states of crossing bands should be expected. All
these strong M1 transitions are dominated by g9/,,—85,, Te-
coupling terms, i.e., they result mainly from a reordering of
the particles in this orbit in the final state with respect to
the initial state. Spin and orbital contributions to the tran-

sition amplitudes are of about the same size with, in gen-
eral, a slight dominance of the latter. Thus, e.g., in the
largest M1 transition [B(M1)=2.56u%], connecting two
87 states, the total transition amplitude is —6.60u . From
this value we have —2.23uy from the neutron-spin and
—0.84uy from the proton-spin parts. The proton orbital
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direction of the total angular momentum 1 for the
] positive-parity states of the REV bands calculated
in ®Ge. In the upper part of the figure the neutron
1 (left) and the proton (right) occupation numbers
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contribution, on the other hand, is —3.63uy,. The latter
value can be decomposed into —2.04uy from the diagonal
89/2» —0.82uy from the diagonal f,,, and —0.52u, from
the diagonal f's,, single-particle transition matrix elements
(the rest is distributed over many different spectroscopic
amplitudes). These strong M1 transitions are an interest-
ing result of the calculations. These predictions concerning
the fast M1 transitions complete the picture of the most
probable paths of feeding the investigated states.

We shall now consider the nucleus "°Se, which has two
more protons than the nucleus %®Ge. The investigations of
the features of "°Se have been performed in the framework
of the real EXCITED VAMPIR approximation, using the
same model space and effective Hamiltonian as above.
Here we have calculated the lowest six 0F, 2%, 8%, 107,
121, 141, 16", and 18% as well as the lowest five 4 and
6" states, and after the diagonalization of the residual in-
teraction the solutions have been grouped again into vari-
ous bands entirely on the basis of the B(E2) values. A
rather complicated decay pattern with a high level density
in a certain spin region can be seen in the spectrum given
in Fig. 9. The structure of the various bands can be sum-
marized as follows:

Up to angular momentum 87 the yrast states are al-
most pure oblate configurations. This oblate band O then
continues with the second 107 state, which, however, has
a strongly mixed wave function with a large prolate com-
ponent. Above the second 127 state, which still displays
some oblate—prolate mixing, the band then continues with
the fourth 147, the sixth 16, and again the sixth 187
solutions, which again have rather pure oblate deformed
configurations. As in %3Ge, the protons and neutrons in the
0gy/, shell-model orbit both contribute little to the total
angular momentum of this oblate band, as can be seen

416 Sov. J. Part. Nucl. 23 (4), July-Aug. 1992

FIG. 14. The g factors of the REV bands in %Ge and the available
data for some 87 states. The calculated bands labeled ¢ and e are
associated with the experimental bands classified as (2) and (3),
respectively. Free values for the neutron and proton g factors have
been used in the calculations.

from Fig. 15, where the corresponding alignments are plot-
ted.

The other four bands displayed in Fig. 9 are again all
prolate-deformed, as can be seen from the spectroscopic
quadrupole moments in Table II. Most of them also have a
structure similar to the bands of *Ge discussed above. The
band labeled D is strongly deformed (the dominant deter-
minant in the 145 state having a quadrupole deformation
B>~0.32). The neutron-aligned band v—al is a moderately
deformed band, and the Ogy,, neutrons are responsible for
a considerable portion of the total angular momentum. As
a consequence, the g factors in this band are distinctly
smaller than in all the other bands being presented. As
compared with the case of ®®Ge, however, the neutron
alignment in the "°Se band is less pronounced. This is due
to the fact that in the ®Ge band there are just two 0gy,/>
neutrons, while the proton 0gy/, orbit is almost empty.
Thus, the neutron alignment is very much favored. In "Se,
however, we have two additional protons which partly oc-
cupy the 0gy,, orbit and also lead to a somewhat larger
neutron occupation of this level. Thus, here the alignment
does not happen as rapidly as in the former case. Adding
two more neutrons, the occupation of the Ogy,, orbit is
increased even more, the alignment is severely hindered,
and this is the reason why no equivalent band was found in
the case of "*Se, which will be discussed below. As a con-
sequence of the less pronounced alignment, the neutron-
aligned band in °Se starts with a g factor of still 0.24 for
the 105" solution, while in ®*Ge the g factor of the 8; band
head was even reduced to —0.03. Parallel to the neutron-
aligned band, another moderately deformed prolate band
labeled 7 in Figs. 9 and 15 and in Table II is obtained.
Below angular momentum 14 these two bands, having
rather similar spectroscopic quadrupole moments and
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B(E2) values, become strongly mixed and follow essen-
tially the same decay path. Both the 145" and the 147" level
feed, via M1 transitions, the yrast 14; level and, via
B(E2) transitions, subsequently the 125 and 107 levels.
These in turn decay via strong M1 transitions with
B(M1;12f -12{)=2.01u% and B(M1;10f -107)
=2.21u% into the yrast level, and because of the strong
mixing of the lowest two 10" states a considerable value
B(M1;10; - 105" ) =1.32u3% leads to the oblate band too.
The two lowest 107 states then both decay preferentially
into the oblate 8; configuration. The last of the above-
mentioned four bands consists of the yrast levels above spin
12*. The band labeled Y displays B(E2) values compara-
ble to those obtained for the O, the v—al, and the I band.
However, because of a rather small energy splitting within
this band, especially between its 16; and 14" members,
the corresponding decay path is relatively slow. We should
mention here that the strongly deformed high-spin band
found in the ®Ge nucleus has no counterpart in the "°Se
nucleus, at least in the present real EXCITED VAMPIR
description. Obviously, it cannot be excluded that such a
band may be found at higher excitation energy in this nu-
cleus too.

It is worth mentioning that strong magnetic dipole
transitions linking the various bands with each other in the
intermediate spin region are obtained in the °Se nucleus
too. As expected in this spin region, a competition of sev-
eral configurations resulting from the various possible cou-
plings of the 0g,,, valence protons and neutrons is revealed
by the structure of the wave functions, and in most cases
the strong B(M1) values are dominated by amplitudes
corresponding to the reordering of nucleons in this shell-
model orbit. As a consequence, these transitions usually
contain considerable (about 50%) orbital components.

Finally, a few words concerning the comparison with
the experimental data®**® presented in the right part of
Fig. 9. Up to angular momentum 8+ we obviously have to
identify the theoretical yrast states with the experimental
ones. In this spin region the transition energies are in fair
agreement, as are the values of B(E2;2{"-0i). On the
other hand, the experimental B(E2) values for 6;" —4;
and 4;" —2; are considerably smaller than those predicted
theoretically. Here the inclusion of additional correlations
within the EXCITED FED VAMPIR approach may help,
as well as a renormalization of the effective Hamiltonian,
which seems to be necessary, as will be discussed later in

TABLE II. The spectroscopic quadrupole moments Qf (e:fm?) for some of the REV bands ob-
tained for the nucleus "Se and displayed in Fig. 9. As effective charges, again the same values as in
%8Ge have been taken. The labels (O, Y, D,I,v-al) referring to the various bands are explained in the

text.

1{n) (0] Y D 1 v—al
2 43
4 61
6 68
8 69
10 20 -26 =101 -78
12 56 =15 -98 =70
14 66 -1 =100 -81 —-83
16 63 =79 -99 -80 -78
18 59 =79 -84 -81 —84
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the context of these calculations. However, it cannot be
excluded that the uncertainties in the feeding times* may
lead to changes of the experimental data too. Here, obvi-
ously, more information is needed before definite conclu-
sions can be drawn. The same holds for the classification of
the experimental levels above angular momentum 8. Here
the present calculations offer three candidates: the oblate
band, displaying the fastest decay, but having a somewhat
too small moment of intertia in this spin region, the de-
formed band D, or the neutron-aligned band. These last
two structures reproduce the experimental transition ener-
gies quite nicely; however, both imply a previously unob-
served strong magnetic dipole transition. Thus, the present
investigation can only be considered as a first guide to the
nucleus 70Se, and many more theoretical and experimental
studies seem to be required before a satisfactory under-
standing is reached.

In order to obtain some more information about the
systematic trends and variations in this mass region we
investigated the low- and high-spin states of the nucleus
2Se with two extra neutrons with respect to "°Se and two
neutrons and two protons more than ®Ge. Again, the same
model space and effective Hamiltonian as for %Ge and "Se
were used within the real EXCITED VAMPIR approxi-
mation.

In 7’Se the experimentally observed gamma rays are
linked in a single positive-parity band up to spin 287
(Refs. 17 and 36). All crossing transitions to other side
bands observed up to now have experimental branching
intensities less than 10% of the observed cascade feedings.
In the "*Se nucleus we analyzed all the possible decay paths
starting from the first six 227 states. Of course, only
positive-parity even spin states have been investigated.
Again, the prolate—oblate coexistence dominates the struc-
ture of the low- and high-spin states in "*Se. For the low-
spin yrast states a dominant oblate character emerges from
the structure of the wave functions and the spectroscopic
quadrupole moments for 2;" and 4; states. The strongest
prolate—oblate mixing appears for the 6;" and 65 states.
This strong mixing makes a small quadrupole moment for
the 6;" state. The first predominant oblate state of the band
labeled (o) in Fig. 10 is the 85, and so are all the higher
spin states belonging to this band. The intrinsic quadrupole
deformation of the oblate mean fields underlying the struc-
ture of these oblate band states varies very slowly and
smoothly to smaller 0, values with increasing spin. The
oblate band could be characterized as a vibrational band,
with almost equidistant levels and nearly constant spectro-
scopic quadrupole moments. These Q5(/) are small com-
pared with those of all the other analyzed bands, and the
B(E2) values are almost constant around 50 W.u. All the
other bands presented in Fig. 10 are prolate deformed
bands, as is illustrated by the spectroscopic quadrupole
moments for these states given in Table III. Again, effec-
tive charges of 0.25 for the neutrons and 1.25 for the pro-
tons were used. The large range of REV B(FE2) values
(Table IIT) characterizing the intraband E2 transitions re-
flects the different quadrupole deformations.

Classifying the states in bands solely on the basis of the
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B(E2) values, we tried to find the fastest ways to enter the
yrast line. The fastest prolate decaying paths are pointed
out in Fig. 10. However, a detailed look at the calculations
reveals that there is a path of very fast cascade E2 transi-
tions which cross from one band to another with the larg-
est (S—strong) quadrupole deformation with only slow
(weak) transitions to other states. Thus, it is possible that
the experimental yrast band seen to high spins is a com-
posite of several bands, all with quite large deformation
and linked by a very fast £2 path. In Table III we give for
comparison the experimental B(E2) values reported by
different groups.***>*¢ The experimental trend observed in
the B(E2) values could be reproduced by a theoretical
composite path consisting of high spins from the S-band
states which feeds, by strong M1, AI=0 transition, the
yrast band at spin 10*. Large B(E2) values above spin 10
also indicate the oblate band as a possible competing band.
One needs more lifetime measurements to test this predic-
tion.

The analysis of the wave functions reveals a variable
mixing of more or less deformed prolate mean fields. The
fastest decaying bands are strongly deformed quadrupole
bands (labeled S and D in Fig. 10). Again, strong M1,
AI=0 transitions connecting medium spin states have been
found.

Figure 16 displays the neutron and proton alignments
for the g9/, spherical orbital in the above labeled bands. No
sharp alignment can be seen. This microscopic picture ex-
plains the missing backbending inferred from the experi-
mental spectrum of Se. The neutrons and protons bring
almost the same contributions to the total angular momen-
tum in all bands except for the oblate band, where the
alignment for the two protons is, as expected, more diffi-
cult. In the upper part of Fig. 16 we show for comparison
the occupation numbers for protons and neutrons in the
89,2 spherical orbit.

The alignment picture is directly reflected by the gy-
romagnetic factors given in Fig. 17 for the a, S, I, D and
oblate bands. Small g factors characterize only the oblate
states, as is suggested by the strong neutron and weak
proton alignment displayed in Fig. 16. Thus, the g-factor
values could be used in this case as a possible fingerprint of
the oblate band. Free values for the neutron and proton
spin g factors were used throughout the calculations.

Since the experimental information on the high-spin
states is far from complete and the accuracy of the data is
still rather poor, we think that our theoretical results and
also the conclusions emerging from the calculations of the
side feeding times in this mass region® raise many ques-
tions and would justify the continuation of the experimen-
tal investigations of the nucleus "*Se.

3.3. Discussion

Summarizing the results obtained within the rea/ EX-
CITED VAMPIR approximation concerning the structure
of the positive-parity low- and high-spin states of even—
even nuclei in the 4 ~70 mass region, we may conclude
that many types of shape coexistence have been found. Our
interpretation strongly supports the shape coexistence as a
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TABLE III. REV spectroscopic quadrupole moments and B(E2;/—I—2) values for the states
belonging to the specified (0,0,5,1, D) bands of the nucleus "Se. The available experimental results
are given for comparison (Refs. 40, 45, and 46). The labels of the bands are the same as in Fig. 10.
The effective charges were e,=0.25 and e,=1.25.

114 Q" le-tm?)
o a N I/ D
2| 34
4| a7
6 -37 18
8| 67 -87 | -96 -95
10| 76 -91 | -99 -93
12 | 73 -86 | -107 -104
14 [ 76 -83 | -111 -108
16 | 76 -83 | -113 -95-97
18 | 73 -83 | -106 | -81 -103
20 | 49 -83 | -110 | -83 -81
22 | 66 -83 | -107 | -85 -96
114 B(E2; I > I - 2) |¢*tm?]
Theory ref.]45) ref.[46 ref.[40]
2 627 400+50 | 356+36 | 427+53
4 996 1060160 | 801107 | 1085+160
6 1100 900+90 | 1068+178 | 907+71
8| 734 | 869 1250150 | 1263142 | 1263%]7
10 | 1067 | 1407 1510180 | 17442231 | 1512123}
12 | 1118 | 910 | 1371 1191 1637178 | 1619759
14 | 1044 | 920 | 1987 1606 25441234 | 249171305
16 | 1180 | 1062 | 1923 880710
18 | 1132 | 701 | 1599 563999
20 | 1028 | 868 | 1157 | 501 1326
22 | 928 | 858 | 1644 | 746 1103

dominant feature of the low-spin states. This persists and
manifests itself specifically for high-spin states. We pre-
dicted a strong bunching of states of a given spin in a small
excitation energy interval and a variable, sometimes very
strong, mixing between these states, which creates a com-
plex feeding pattern for the yrast band, including compet-
ing M1, AI=0 transitions. Nevertheless, the high-spin
states can still be grouped into multiple bands based on
different structures, some of them connected by E2 cross-
ing transitions.

This complex behavior was provided by an approxima-
tion which, at least in principle, can describe excitations of
arbitrary complexity, and by its chain of variational calcu-
lation automatically selects the relevant degrees of freedom
for each particular state under consideration, irrespective
of whether they are of collective or single-particle nature.
Furthermore, by construction this approach minimizes the
residual interaction between its different solutions and
hence successively creates an optimal A-nucleon basis for a
given symmetry. Thus, it is expected that already with a
small number of configurations an excellent description of
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the structure of the investigated states can be reached.
Now, concerning the comparison of our results for the
A~T70 mass region with the experimental information,
qualitatively the overall agreement with the available data
is not bad; quantitatively, however, especially as far as the
B(E2) values are concerned, there are still many discrep-
ancies and open problems. Since experimentally the side
feeding times in this mass region are not yet firmly
handled,” the measured B(E2) values reported by differ-
ent groups are too strongly spread and the available data
concerning other observables are too scarce, we saw no
reason to change the renormalization of the effective
Hamiltonian. Obviously, changes in this renormalization
as well as the inclusion of additional correlations were sup-
posed to alter the quantitative results obtained within the
real EXCITED VAMPIR approximation. However, with
regard to the qualitative features such as the coexistence of
many differently deformed structures and the resulting
high level density even for the high-spin values, one would
expect these to survive after such improvements of the
theoretical description. What we have obtained by pro-
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ceeding on these lines to get improvements and tests of our
achievements will be described in the next section.

4. NEW ASPECTS OF THE NUCLEAR-SHAPE
COEXISTENCE VIA THE REAL EXCITED FED VAMPIR
APPROACH

Being restricted always to only one additional determi-
nant for each new state with the considered symmetry, the
EXCITED VAMPIR approach is, however, essentially a
mean-field approximation. The residual interaction be-
tween the lowest few configurations for each symmetry
may not be the dominant one for the lowest states, espe-

cially in regions with a high level density, as is encountered
in the 4 ~70 mass region. The EXCITED FED VAMPIR
approximation, which allows one to include the dominant
correlations for each particular configuration irrespective
of their excitation energy in a systematic way, using again
variational procedures, has the advantage that the residual
interaction between the correlated states becomes much
smaller than in the case of the uncorrelated EXCITED
VAMPIR solutions and thus increases the reliability of the
wave functions considerably. In the following we shall
demonstrate that the qualitative features of the complex
behavior of the nuclei in the 4 ~ 70 region obtained within
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FIG. 17. The same as in Fig. 14, but for "*Se.
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the less sophisticated EXCITED VAMPIR procedure per-
sist; however, quantitatively new aspects could be ob-
tained.

4.1. Charge and transition charge densities in some
even-mass Ge isotopes

Based on the assumptions given in Sec. 2.1, the effec-
tive Hamiltonian for all the considered nuclei was built as
explained in Sec. 3.1. Then correlated real EXCITED
FED VAMPIR wave functions for the lowest two I"=0%
and 27 states were calculated in two chains of isotopes:
68,7072,7476Ge and ">™*76Kr. As described above, for each
particular state, first a single symmetry-projected configu-
ration, being properly orthonormalized with respect to the
correlated solutions for the energetically lower states with
the same symmetry, was used as a trial wave function. The
resulting “dominant mean-field configuration” was then
correlated by successively adding further determinants and
determining the underlying mean fields again by variation.
In this procedure the energy gains due to subsequently
added configurations decrease by construction, and the
chain of variational calculations was truncated as soon as
these gains became of the order of about 100 keV. The
resulting numbers of symmetry-projected quasiparticle de-
terminants used for each state varied from 4 to 6 for the 0%
ground states and from 4 to 5 for the first excited 0% levels.
For angular momentum 2% the corresponding numbers
were 3 to 5 for the first and 2 to 4 for the second state,
respectively. Finally, the residual interaction between the
correlated solutions for the same symmetry was diagonal-
ized.

A picture similar to the real EXCITED VAMPIR one
emerged from the real EXCITED FED VAMPIR studies
on the structure of low-spin states in the investigated
chains of Kr and Ge isotopes. In Fig. 18 the excitation
energies for the calculated /"=0" and 2% states in the
7274T6K r nuclei are compared with the available experi-
mental data. As can be seen, the agreement is fairly good,
especially for a completely microscopic calculation. The
structure of the lowest two 0 and 2% states in the Kr
isotopes is dominated by oblate—prolate shape coexistence.

In a next step we tried to confirm a rather complicated
picture emerging from the REV and REFV approaches for
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the structure of nuclei in the 4 ~ 70 mass region on a more
quantitative basis. For this purpose we calculated the
charge densities for the first two I"=2" states in several
even Ge isotopes'® and compared the results with the data
extracted from elastic and inelastic electron scattering.'®

The wave functions resulting from any of the ap-
proaches presented in section 2.2 are quantum-mechanical
many-particle states having proper symmetry quantum
numbers and can thus be used to calculate various observ-
ables. In order to obtain the transition charge density be-
tween two REFV solutions |¥;) and |¥ ) for a particular
nucleus, e.g., we have to calculate the matrix elements of
the charge-density operator

1
pa(t) =553 f Paexplia 1} cnl@) (@)

4

X 2 e, exp{—iq-r} (4.1)
i=1

between these two states. Here e;, denotes the effective

charge of the proton or neutron /, and the Gaussian

-3

with a width parameter a=0.656 fm approximates the
charge distribution of a single proton.*’ The usual Tassie—

Barker factor*®
1 (bg\?
i(7)

was introduced to correct the violation of the translational
invariance in both the operators and the wave functions (b
is the oscillator length parameter used for the single-
particle basis wave functions). This correction factor is
completely sufficient here for the approximate treatment of
the center-of-mass motion, because of the relatively large
mass of the nuclei considered, and since, furthermore, a
pure harmonic-oscillator single-particle basis is used.

The theoretical description of the spectra and electro-
magnetic transition probabilities which were illustrated
above is also supported by the results'® for the charge tran-
sition densities from the ground to the first and second 2™

Sr=exp 42)

fem=exp (4.3)
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FIG. 19. The calculated transition charge density for the 2; state in "°Ge,
compared with the experimental data of Ref. 19. The total theoretical
transition density is furthermore decomposed into its proton and neutron
components. Effective charges ¢,=0.17 and e,=1.17 have been used.

levels in several Ge isotopes. As an example, we compare
the calculated charge transition density to the collective 2;"
state in "°Ge and ">Ge with the experimental results'® from
inelastic electron scattering in Figs. 19 and 20, respectively.
As can be seen, the agreement is excellent. For "4Ge and
%Ge, however, the magnitude of the experimental transi-
tion density is considerably understimated, though the
shape is in both cases reasonably well reproduced by the
calculations. It should be mentioned that here no adjust-
ment of the effective charges (0.17 for neutrons and 1.17
for protons) used in the REFV calculations to investigate
other electromagnetic properties of the considered nuclei
has been made. The transition charge densities for the
much smaller noncollective transitions to the second 2%
states are obviously even more sensitive. However, here
too, the shapes of the calculated densities are in reasonable
agreement with experiment (with the exception of the
small negative hump at small radii in "*Ge), and the mag-
nitude of the densities can also be reproduced, as can be
seen from Figs. 21 and 22. In these figures the transition
charge densities obtained for the noncollective 2; transi-
tions in "?Ge and "*Ge, respectively, are compared with the
available experimental data. In "%Ge again the shape of the
experimental transition charge density is reasonably well
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FIG. 20. The same as in Fig. 19, but for the 2{ state in "’Ge.

reproduced, while the magnitude is drastically underesti-
mated.

Both the 2{" and the 25 transitions are better repro-
duced in the present calculations than in the Skyrme—
Hartree-Fock-Bogolyubov calculations of Girod, Gogny,
and Grammaticos,* discussed also in Ref. 19. The im-
provement obtained by the present symmetry-projected
few-determinant calculations over the one-determinant
Skyrme-HFB description is a strong indication that the
mixing of configurations corresponding to different shapes,
which is obtained as the prominent feature of the structure
of the low-spin states of the nuclei in this mass region in
our completely microscopic variational calculations, does
play an important role, at least in the doubly even Ge, Se,
and Kr isotopes.

4.2. Some new aspects of the shape coexistence in
the nucleus %%Ge

Using the same model space and the same effective
Hamiltonian as in the real EXCITED VAMPIR approxi-
mation, we reinvestigated the spectrum of ®®Ge with the
real EXCITED FED VAMPIR procedure, not without
some hesitation, since our earlier more restricted descrip-
tion of this nucleus got at least some qualitative support
from new experimental data.!” Fortunately, however, as we
shall see, the qualitative features of the earlier description
are retained.
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We have constructed correlated REFV wave functions
for the three lowest 0%, 2%, and 4™, the four lowest 6™, the
five lowest 8%, 10, 127, and 14, the six lowest 16, and
the seven lowest 187 levels of Ge. As was already men-
tioned, first the “main mean field” is obtained, and then the
“correlating configurations” for each state of a given sym-
metry. The additional correlations have been kept in the
variational chain as long as the energy gain was still of the
order of 100 keV. The resulting numbers of symmetry-
projected quasiparticle determinants used for each state
varied from 1 to 7. After the diagonalization of the residual
interaction, here much smaller than in the REV approach,
the solutions were grouped into several bands entirely ac-
cording to the B(E2) transitions between them. The new
theoretical spectrum together with the new experimental
results are given in Fig. 23. Since neither the model space
nor the effective interaction was changed, the results can be
compared directly with what was obtained within the more
restricted EXCITED VAMPIR approach.

In comparing the EXCITED FED VAMPIR spec-
trum (left side of Fig. 23) with the EXCITED VAMPIR
one (left side of Fig. 8) it becomes obvious that the essen-
tial qualitative features of the calculated spectrum, like the
occurrence of many coexisting bands at comparable exci-
tation energies and the complexity of the resulting decay
pattern, are not influenced by the additional correlations.
Furthermore, all the various bands obtained in the earlier
calculations also occur in the improved approach. This can
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FIG. 22. The same as in Fig. 19, but for the 2; state in "Ge.

be seen, e.g., from Table V, in which we compare the spec-
troscopic quadrupole moments and B(E2) values of these
bands as obtained in the REFV approach with those re-
sulting from the REV uncorrelated calculations. Except for
some discrepancies at angular momentum 8+ and 14, the
agreement is very good. Furthermore, the fact that in both
calculations essentially the same structures are obtained is
supported by the amount of angular momentum which the
valence protons and neutrons in the 0gy, shell-model orbit
contribute to the total spin in various bands. A comparison
of the alignment plots is given in Fig. 24. As can be seen,
the inclusion of the additional correlations by REFV again
causes no essential qualitative modifications with respect to
the REV results. Since, last but not least, also the transi-
tion energies within various bands were in most cases not
very much affected, we may conclude that, at least as far as
the qualitative features are concerned, our REV descrip-
tion of this nucleus was essentially confirmed by the more
sophisticated REFV procedure.

In their quantitative details, however, the two ap-
proaches display some distinct differences. Comparing,
e.g., the energy of the correlated few-determinant solution
(before the diagonalization of the residual interaction)
with that of the dominant first configuration, being created
for each state, one obtains in most cases energy gains
which are comparable with the level spacings and thus
considerable. Table IV displays these “correlation ener-
gies” as well as the corresponding deviations of the corre-
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FIG. 23. Positive-parity levels in the %Ge nucleus. The theoretical spectrum as obtained in the real EXCITED FED VAMPIR approach (left side),
compared with recent experimental results (right side). The symbols used to identify the calculated bands are described in the text. The experimental
bands are ordered (oblate on the left, superdeformed on the right) to match with the calculated levels on the left side and to match the observed
properties (lifetimes, magnetic moments, and moments of inertia) of each band with the calculated properties of each band. The D band in the
calculations may be the new band which feeds the 5963-keV 107 level (Ref. 17).

lated solution from the dominant ‘“‘one-configuration”
wave functions for a number of selected states. As can be
seen, the correlation energies, which are on the average of
the order of about half a MeV, display, however, some
variations with angular momentum as well as excitation
energy. The corresponding deviations from the dominant
component in the wave function vary from almost nothing
to about 30%. Note that the states selected here are typical

examples. For all the other levels of Fig. 23 similar results

have been found.

The most drastic effect is obtained for the 0 ground
state: altogether about 6% of the correlations, but 1221
keV of additional binding for the REFV solution, which is
about half a MeV more than any energy gain found for the
higher spin states. Consequently, the 2;" -0 transition
energy now becomes considerably larger than that ob-

TABLE IV. The size of the correlations and the corresponding energy gains obtained within the real/
EXCITED FED VAMPIR approach for some selected states of the nucleus ®*Ge before the residual
interaction between the various solutions for each considered symmetry is diagonalized.

5 n, 1y 12 E, 1, n, 1y 12 E,
Ih} 1%] lkeV] In %] lkeV)
0, 4 6 1221 12, 4 27 681
2, 6 14 637 12, 3 14 409
2, 4 14 502 16, 3 14 685
2, 2 20 708 16, 4 14 842
8, 2 2 226 18, 3 9 596
8, 4 12 502 18, 2 17 668
8, 5 24 767 18, [ 14 605
10, 4 16 550
10, 4 8 521
10, 2 4 274

The first column presents the angular momentum with a subscript referring to the position of
the state in the spectrum. In the next columin the number of correlating configurations being used on
top of the dominant mcan ficld configuration for this particular state is presented. The amount of
corrclations | V'c' 2 they conitribute with respect to the latter is given in the next column and, finally,

the corresponding eorrelation energy is presented. Note that this numbers refer to the alrcady

orthonormalized solutions
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TABLE V. The spectroscopic quadrupole moments QF (in e- fm?) and B(E2;]—1—2) values (in

efm*) for some of the theoretical bands obtained for the nucleus %Ge.

0. le-im?)

1[h] Y v —al D S
REFV | REV | REFV | REV_| REFV | REV | REFV | REV

2 28 29

4 49 48

6 55 53 -72 -68

8 -56 —-40 -62 =71 -102 -87 -102 -1
10 -15 =79 -65 -59 -107 | -106 | -107 | -102
12 -81 -8 66 —68 -92 -103 -108 -99
14 -83 -85 -53 -54 -98 -104 | -120 | -110
16 -86 -86 -53 -55 -97 -96 | -118 | -117
18 -85 -89 —45 ~46 -96 —93 | -103 | -101

B(E2;1-1-2) [¢*fm"]
1{h} Y v—al D S
REFV | REV_| REFV | REV | REFV | REV | REFV | REV

2 100 181

4 563 633

6 792 834

8 291 503
10 852 798 677 500 1870 1367

12 854 919 619 561 1234 1259 733 1549
14 273 332 285 206 856 1207 1732 1449
16 672 960 388 349 1137 997 | 2163 1390
18 921 907 325 237 837 708 1445 1148

Compared are the results of the real EXCITED FED VAMPIR (REFV) calculations (Fig.23)
and those of the more restricted real EXCITED VAMPIR (REV) approach (Fig.8). In both cases
effective charges of e = 0.25 and = 1.25 have been used. The labels referring to various bands

are explained in the text

served experimentally. There are essentially two reasons
for this discrepancy. First, to make a comparison of REV
and REFYV results we used the renormalizing corrections
to the nuclear-matter G matrix, adjusted within the EX-
CITED VAMPIR approximation and not within the more
general few-determinant approach. Second, even in the
REFYV approximation the underlying mean fields are still
considerably ‘‘symmetry-restricted,” and we shall see in
the next section what improvement the introduction of a
“complex” HFB mean field gives. Keeping this deficiency
in mind, we shall compare the REFV results with the new
experimental data!” for the high-spin positive-parity bands
in the nucleus ®Ge by renormalizing the theoretical spec-
trum to the corresponding 2" level.

Up to angular momentum 67 the calculated yrast lev-
els are almost pure oblate states. The oblate band (O in
Fig. 23) then continues with the second 8% (about 85%
oblate), which probably has to be associated with the ex-
perimental 85", and, as in the REV approximation, starting
with 10;r these oblate states are almost pure, but at rather
high excitation energy, and therefore probably only weakly
populated. Besides this oblate structure, four other pro-
nounced bands are obtained in the calculations. They are
all prolate-deformed but differ in the magnitude of their
quadrupole and hexadecapole moments as well as in their
pairing properties and display different alignments too.

As in REV calculations, the band labeled v—al/ is char-
acterized by an almost empty 0gy,, proton level, while the
neutrons in the same shell-model orbit contribute here a

425 Sov. J. Part. Nucl. 23 (4), July-Aug. 1992

considerable portion of the total angular momentum. This
strong neutron alignment is reflected in the small g factors
of the members of this band, again with a small negative
value for the 83", as in the REV approach and in the data
for the experimental 85".

The two bands labeled D and S have almost the same
quadrupole deformation on the neutron side; however, on
the proton side the latter band is considerably more de-
formed. This is evident from the intrinsic quadrupole mo-
ments (3,=0.42 as compared with =0.34) of the leading
configuration as well as from the B(E2) values, which
above spin 127 are about twice as large in the S as in the
D band. It should be stressed that in the recent experimen-
tal data one of the new bands has a larger moment of
inertia than the previously known ones. In fact, as can be
seen by comparing the old data (Fig. 8) and the new ones
(Fig. 23), the three known bands beginning at 8% are
found to exibit crossing transitions, and other new bands
are discovered to feed into them. It is remarkable that the
complex band structure predicted by the calculations
(REV as well as REFV) is supported by a similar picture
revealed by the new experimental evidence.

All the calculated prolate bands have one common
feature: their members become strongly mixed as soon as
spin values as low as 141 or 12" are reached. Conse-
quently, there are many competing decay branches for the
various 141, 12+, 10*, and even 87 states. Thus, the de-
cay runs not only via stretched E2’s within the various
bands but also via some rather strong B(E2)’s for AI=2
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FIG. 24. The neutron (left side) and proton (right side) alignments of the Og,, shell-model orbit for the nucleus ®Ge. The full lines refer to the results
of the correlated real EXCITED FED VAMPIR approach; the dashed ones, to those of the more restricted real EXCITED VAMPIR calculations.

as well as a number of strong AI=0, M1 transitions (in-
dicated by m in the figure), mainly feeding the yrast band
(Y) at these angular momenta. Thus, e.g., the calculated
81 is linked to the 85 and the 8;" by B(M1) values of 1.94
and 0.46, the 107" to the 105" and the 10 by even 4.21 and
0.47, and the 12{ to the 125" and 125 by 0.82 and 0.64 (all
in u%), respectively. Such crossing transitions are also seen
in the new experimental data. The resulting complex decay
pattern may explain at least some of the irregularities seen
in the experimental data, and obviously the theoretical re-
sults are strongly supported by the observation of not only
several 87 but also several energetically bunched 107,
127F, and 147 states.

With regard to the B(E2) values, it is expected that
uncertainties in the feeding times in such complex decay
patterns as are observed in the 88Ge nucleus could lead to
considerable errors, and this may be the reason for the
large error bars and the disagreement in the data from
several experiments.3""37‘39 Thus, the comparison with the
data needs a lot of further investigation. As can be seen
from Table V, the EXCITED FED VAMPIR approach
yields for the B(E2) values results rather similar to those
of the more restricted EXCITED VAMPIR approxima-
tion; thus, in this respect the inclusion of the additional
correlations yields no new aspects.

4.3. Discussion

We have tried to test our microscopic description of
the complex behavior of the nuclei belonging to the 4 ~70
mass region using the more sophisticated real EXCITED
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FED VAMPIR approach. These studies confirmed a
rather complicated picture emerging from the real EX-
CITED VAMPIR approximation for the considered nu-
clei.

Increasing the reliability of the resulting wave func-
tions considerably by introducing additional correlations
on the top of the symmetry-projected quasiparticle mean
fields, we reinvestigated the *Ge nucleus. It turned out
that the essential qualitative features of the REV results
concerning the complexity of the decay pattern, the com-
petition of various configurations corresponding to differ-
ent shapes, etc., and even the structure of the various bands
were not influenced by the additional correlations intro-
duced by the REFV procedure. Moreover, the new 8Ge
data!” are in striking agreement with the complex band
structures and multiple shape coexistence predicted for
88Ge, including the band-crossing transitions and the new
band with superdeformation. Quantitatively, however, a
number of changes were obtained, which, in particular,
support the need for some modifications of the effective
Hamiltonian which previously had been adjusted only
within the more restricted real EXCITED VAMPIR ap-
proach.

Trying to confirm the complicated REFV picture for
%Ge on a more quantitative basis, we have calculated the
charge densities for the ground states and the transition
charge densities for the first two I7=2" states in several
even Ge isotopes and have compared the results with the
data extracted from elastic electron scattering. In the
lighter nuclei *7?’Ge the calculated densities are in good
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agreement with experiment. In the two heavier nuclei
™76Ge, on the other hand, the calculations miss a consid-
erable part of the collectivity observed experimentally.
This defect is a strong indication that either the renormal-
ization of the effective Hamiltonian performed up to now is
not sufficient, or that, instead of the purely real HFB trans-
formations used here, essentially complex ones should be
admitted, or both. In the next section we shall introduce
essentially complex HFB transformations which allow one
to account for time-odd correlations in the underlying
mean fields in order to learn something more about the
effective two-body interaction and how it performs in a
given model space.

5. COMPLEX MEAN FIELDS

The results obtained within the real VAMPIR ap-
proaches for the 4~70 mass region indicated a variable
oblate—prolate mixing and a shape transition from oblate to
prolate deformed shapes with increasing 4. As for N=Z
nuclei, both neutrons and protons simultaneously fill the
same levels, the neutron—proton interactions are signifi-
cant, one expects that the shell stabilized shapes should be
particularly bound, and a direct connection can be made
between the shape of such a nucleus and its underlying
nuclear structure. On the other hand, the description of the
structure of these nuclei is a sensitive test for the theoret-
ical models. The most sophisticated VAMPIR models go-
ing beyond mean-field approximations deal with complex
mean fields. The use of essentially complex HFB transfor-
mations allows for mixing of proton and neutron basis
states as well as for parity mixing, providing a possibility of
accounting for time-odd unnatural-parity two-nucleon cor-
relations, while keeping time-reversal and axial symmetry.
In this section we present the picture for the shape-
coexistence phenomena encountered in the N=Z "*Kr nu-
cleus, emerging from the VAMPIR approaches based on
complex mean fields. A comparison with the real calcula-
tions for the same model space and effective Hamiltonian is
also given.

Using the “truncated” single-particle basis and the ef-
fective two-body force presented in Sec. 2.3, we con-
structed the complex EXCITED FED VAMPIR wave
functions for the first two 0% and 2% states and the com-
plex FED VAMPIR solutions for the yrast 4%, 6%, and 8+
states in the "*Kr nucleus. The linear combinations of
symmetry-projected determinants constructed for a state of
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a given symmetry contained two to five configurations. The
energy gains introduced by the additional correlating con-
figurations to each main component were successively de-
creasing in any variational chain of calculations, and these
were truncated as soon as the gains became of the order of
100 keV. The total energy gain brought to a state by the
correlating configurations was decreasing with increasing
spin, as was already found from the real/ calculations. But
the same type of variational procedures applied for real
HFB transformations in the same model space, and using
the same effective force, always led to smaller energy gains
from correlating configurations. A more suggestive param-
eter indicating the contribution of the additional correla-
tions introduced already in the mean field by the complex
HFB transformations is the total binding energy for the
main configuration underlying the wave function of each
calculated state. This supplementary energy varies between
1550 keV for the first 0 state and 1200 keV for the yrast
87 state and the first excited 07 state.

In Fig. 25 we compare the theoretical complex spec-
trum with the available experimental one’®*! for the inves-
tigated states in the "’Kr nucleus. The results obtained
using only real mean fields are also plotted. One can see
from this figure that the experimental behavior of the level
spacing with increasing spin is well reproduced in the com-
plex calculations. The main component in the wave func-
tions for the yrast states is oblate-deformed. The additional
correlations introduced by the FED VAMPIR procedure
brought energy gains of 1094, 658, 602, 531, and 467 keV
for the 0%, 2%, 4%, 6™, and 8™ states, respectively. The
main correlations for the 01 ground state came from a
prolate-deformed configuration, which finally represents
34% in the wave function. The results indicate that of all
the additional configurations of CFV type for these states
only one is prolate-deformed. The contribution of this
component in the wave function decreases with increasing
spin: 7% for the 2%, 3% for the 4, and less than 2% for
the 6% and 8% states. The main component in the first
excited 0" and 27 states is prolate-deformed. The prolate—
oblate mixing appears only in the wave function for the
first excited O state, where the oblate component repre-
sents 16%. Even if the nature of the main components and
of the additional correlating configurations are similar to
those obtained in the complex calculations, the trend in the
level spacing of the final spectrum is different for the real
calculations and does not reproduce the experimental one
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equally well. The fact that the complex calculations repro-
duce the experimental trend in the level spacing is one of
the improvements obtained by introducing the neutron—
proton interaction and the unnatural-parity pairing corre-
lations [see Eq. (2.19)] in the HFB vacuum [Eq. (2.18)].
This seems to be essential for the N=2Z "Kr nucleus.
The intrinsic quadrupole moments of the building de-
terminants of the wave functions for all the investigated
states indicate almost identical contributions coming from
the neutrons and from the protons. This is a strong indi-
cation that our effective force is well chosen and adequate
to describe the complex structure of the nuclei belonging to
this mass region. Other results obtained from our investi-
gations within the CFV or CEFV approximations support
this conclusion. In Fig. 26 we plot the neutron and proton
occupations for the spherical single-particle orbits building
the model space. Again, the results indicate a very similar
behavior on the neutron and proton sides. One can also
observe a very smooth change with increasing spin. The 0"
ground state has a special behavior. The crosses indicate
the occupations for the main component of the correspond-
ing wave function, which is oblate-deformed, as for the
other spin states. As can be seen, it reveals occupations
similar to those coming from the full wave functions for
the other spin states. The strong mixing of the prolate
configuration produces the deviations observed in the oc-
cupations for the final linear combination calculated for
this state. The prolate—oblate mixing present only in the
first excited O state but not in the 2% -state, both contain-
ing a prolate-deformed main determinant, is also reflected
by the corresponding spherical occupations. Protons and
neutrons also have similar contributions, through 7'=1
like-nucleon pairing correlations, to the average pairing
gap for all calculated configurations. In "?Kr the contribu-
tion of the neutron—proton T =1 pairing correlations to the
total pairing energy varies from one configuration to an-
other: it can be negligible, comparable, and sometimes even
more important than the 7'=1 like-nucleon pairing contri-
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bution. The results indicate a very small contribution from
T =0 neutron—proton pairing correlations.

It should be mentioned that our investigations using
complex mean fields indicate that the main configuration
for the first excited 4* and 67 states in 7>Kr are prolate-
deformed, as they appear also in the real calculations.
Some preliminary studies of the "*Kr nucleus using com-
plex HFB transformations show that the main configura-
tion for the first 0", 2+, and 4 states is prolate-deformed.

We can conclude that the prolate—oblate shape coex-
istence is also found in the "?Kr nucleus. A strong prolate—
oblate mixing in the structure of the wave functions for a
given state is obtained only for the first two 0™ states and
the yrast 2 state. The description of the structure of the
N=Z "Kr nucleus, which should mostly require the in-
troduction of the neutron—proton interaction in the mean
field, is a sensitive test for both the model and the effective
force.

6. CONCLUSIONS

In the present article some recent achievements con-
cerning the microscopic description of the shape-
coexistence phenomena in the 4~70 mass region have
been reviewed. The theoretical models involved in these
investigations were the most sophisticated approaches be-
longing to the VAMPIR family, based on real and complex
HFB transformations. The EXCITED VAMPIR model,
being essentially a mean-field approximation, and also the
EXCITED FED VAMPIR method, going beyond mean
fields, have been applied in a relatively large single-particle
basis, using realistic effective two-body forces, particularly
designed to account for the complex structure of the nuclei
belonging to the 4 ~70 region.

It was found that the shape-coexistence phenomena
dominate the structure of the investigated chains of even—
even Ge, Se, and Kr isotopes. The structure of these nuclei
reveals both shape transition and shape coexistence. An
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oblate-to-prolate shape transition with increasing A
emerged from the calculations. The structure of the low-
spin states in the investigated nuclei, mainly 0" and 2%
states, is dominated by a strong oblate-prolate mixing. A
variable mixing of more or less deformed oblate and pro-
late symmetry-projected quasiparticle determinants is able
to produce the experimental picture for the low-spin states
of the considered Ge and Se isotopes, like the presence of
4-5 coexisting 0% or 2 states in 3-4 MeV excitation en-
ergy, as well as the general trends observed for the quad-
rupole moments and electromagnetic transition probabili-
ties, and proton and neutron occupations of the spherical
single-particle orbitals. It turned out from the investigation
of the high-spin states in some selected Ge and Se isotopes
that the shape coexistence persists and manifests itself spe-
cifically at high spins. Our predictions concerning a strong
bunching of states of a given medium or high spin and
positive parity in a small excitation energy interval and a
complex feeding pattern of the yrast line, including strong
M1, AI=0 transitions for medium-spin states, were con-
firmed by recent experimental data on the ®*Ge nucleus.

The recent studies concerning the structure of the
N=Z "Kr nucleus, based on complex HFB transforma-
tions, which allow one to include neutron—proton interac-
tions and unnatural-parity pairing correlations in the mean
field, revealed good agreement between the theoretical re-
sults and the available data. This is also an indication that
our effective force is rather well chosen for this mass re-
gion. A slightly and carefully readjusted renormalization of
the effective two-body interaction is still needed, but it re-
quires many more experimental data than are available up
to now, especially for the electromagnetic properties of the
various states.

Even if a lot remains to be done, both theoretically and
experimentally, the results presented here provide some
interesting information on the way towards a more micro-
scopic interpretation of the complex situation encountered
in the nuclei of the 4 ~70 mass region.
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