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Abstract: It has been shown that the aligned wave function. and the wave function obtained by 
restricting pairs of partióles to be coupled to angular momentum zero and two, as assumed by the 
quadrupole phonon modal (QPM) and by the interacting boson model (IBM) are, for strongly 
deformed systems, rather different. They become similar in the vibrational limit and display different 
degrees of similarity for intermedíate (anharmonic) situations. To what extent this difference 
reveáis itself in the predicted properties o f the low-energy nuclear spectrum is an open question. 
In an attempt to clarify this point we have calculated the spectrum and the electromagnetic and 
two-nucleon transfer probabilities for some strongly anharmonic and transitional nuclei, in the 
framework of the nuclear field theory (NFT) versión of the pair aligned model. These calculations, 
which are microscopic, depend on the strength of the pairing and particle-hole interactions, We 
find that for standard valúes o f these parameters, the moment of inertia o f both the ¡i- and the 
'/-bands are too small.

While the main pattern o f the phase transition observed in the Sm isotopes is displayed by the 
model. major deviations are observed concerning the properties o f the ^-vibrations, and in 
connection with the two-nucleon transfer strength associated with the 2* member o f the ground- 
state rotational band.

* On leave of absence from Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Legnaro 
(Padova), Italy.

’ Operated by the División of Basic Energy Sciences, US Department o f Energy, under contract 
W-7405-eng-26 with the Union Carbide Corporation.

217



\

1. Introduction

The concept o f  elem entary m odes o f  excitation originated by Landau ')  has been 
central in the realization that m any-body problem s are am enable to a rigorous m athe- 
m atical treatm ent exploiting the m ethods o f quantum  field theory.

Frólich and  Pines started such a program  in the field o f  solid state physics, a 
program  which has developed into a whoie new discipline, while K ohn and Lut- 
tinger and the Russian school provided the basic rigorous proofs o f  the ideas of 
elem entary excitations.

The concept o f elem entary excitations and their m utual interplay was introduced 
in the realm  of nuclear physics by Bohr and M ottelson to  obtain a unified picture of 
nuclear structure ®), and later developed into a field theory -  the nuclear field theory 
(N FT ) -  based on the particle-vibration coupling mechanism [cf. refs.

T he basic elem entary modes o f excitation which can be viewed as building blocks 
o f  the nuclear spectrum  are (a) single-particle states ^°), (b) shape, spin and isospin 
v ibrations ®) and surface ro tations “ ), and (c) pairing ro tations and pairing v ib ra­
tions

In recent years it has been suggested [cf. refs. ‘ that the basic building blocks 
o f  the low-energy nuclear spectrum  are pairs o f ferm ions coupled to  angular m om en- 
tum  zero and two.

T o m ake contact with the approach of refs. the IBM  model was recast in the 
fram ew ork o f  the N F T  For this, the s- and d-bosons were assum ed to  be
m onopole and quadrupole pairing vibrations, and the graphs which in the micros- 
copic description give the effective interaction between the bosons proposed by the 
IBM , were identified. They correspond to all the 1/Í2 tw o-phonon interactions be­
tween the pairing modes, plus some \¡Q^ renorm alizing graphs, which take into 
account the coupling o f the quadrupole pairing modes with the m onopole condénsate.

F o r the case o f only s-bosons, the approxim ation gives, for a single >shell, the 
exact answer For m any partióles moving in a single >shell, and interacting via 
m onopole and quadrupole pairing forces, the IBM  wave function seems to  be a 
reasonable approxim ation to  the exact solution for harm onic and transitional 
spectra However, for strongly deform ed systems, Bohr and M ottelson have
show n in a schematic model that the IBM  wave function is ra ther different from 
the exact solution o f  the problem  (aligned wave function) [cf. also refs. ^®)].

In an  attem pt to  understand how these differences reveal themselves in the different 
properties o f  the low-energy nuclear spectrum , we have carried ou t microscopic pair- 
aligned calculations, w ithin the fram ework o f  the N FT , and com pared the results 
to  experim ent. The calculations were perform ed for the K r isotopes, which are 
examples o f  typical anharm onic systems, and for the Sm isotopes, which provide a 
good example o f ro tation-vibration  phase transition

’ It is noted that the spectrum of the Kr and that o f the Sm isotopes have already been calculated 
utilizing the IBM and are reported in the literature The calculations presented here are however
microscopic.
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In sect. 2  we present the basic details o f  the model and o f the param eters and in 
sects. 3 and 4 the results for the K r and Sm isotopes respectively. The conclusions are 
presented in sect. 5.
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2. The model

The particles move in a single y-shell and interact through a m ultipole (A =  0 ,2) 
pairing forcé and through a quadrupole particle-hole interaction. The m ultipole 
pairing ham iltonian is defined as in ref. and reads

//p { ; .)= -G ,{ 2 Á + i)X P ,;/^ ,,,  ( 1 )

where, for a single y-shell,

2np +  _
\ 2 / + l

From  a systematic analysis o f  the nuclear spectrum [c f  e.g. re f  it has been found, 
utilizing Txfi =  Yxfi, th a t G ~  Tl jA  MeV independent o f  A (A =  O, 2 and 4).

The s- and d- bosons o f  the pair-aligned model are here interpreted as m onopole 
and quadrupole pairing vibrations. For a single y-shell, the RPA relation which 
determines the energy Wx o f the m ultipole pairing vibrations reduce to

^■-Wx = 2 n G x K j \ \ m y \ ^ .  (3)

The quantity

= (4)

is the correlation energy associated with the m ode, e being twice the energy o f the 
/-shell where the particles correlate. F rom  system aticsoneobtainsZ o ~  1.5 MeV and 
Z j  ~  0.5 MeV.

The RPA  am plitude associated with the m ode i  is

d  = \ = - ^ ------— -  5
y 2

The particle-vibration coupling strength is given by

^ Z x =  - A x < j \ \ U j } ,  (6 )

and measures the strength with which the particle couples to the pairing modes.
The m onopole and quadrupole pairing vibrations interact through a quadrupole 

particle-hole forcé

I  (7)
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This forcé has an  isoscalar and  an isovector com ponent. The self-consistent valúes of 
the corresponding strengths [cf. refs. are

K = K ( t = 0)-.
2 0  /MWn

MeV, (8)

and

K ( t  =  0 )  V 2
(9)

T he quantities Fq and Vi are the isoscalar and isovector shell model potentials. 
U tilizing Vq = —50 MeV and Vi = 120 MeV, one obtains b =  3.6. Thus, the bare 
in teraction strength is given by [cf. ref.

(10)^bare ih. Z )

A quadrupole forcé will induce, for particles m oving in a harm onic oscillator, 
particle-hole excitations o í  A N  =  O and A N  = 1 type, N  being the harm onic oscil­
la to r principal quantum  num ber.

The low-lying m odes are essentially built out o f  =  O excitations, while the 
giant resonances are mainly based on the JTV =  2  particle-hole excitations.

Setting to zero the spin-orbit term  in the single-particle potential, one obtains a 
schematic m odel o f the quadrupole response function which can be soved analyti- 
cally. In this case the zliV =  O excitations have zero energy, and the full response 
function is exhausted by the isoscalar and isovector giant resonances {AN = 2 modes) 
which have an energy given by

£ ( t ) : 11)
(T  =  0)

ly ii / ic ü o  =  !)•

The quadrupole effective interaction arizing from  the exchange o f the quadrupole  
m odes is, in this m odel, given by^ [cf. also ref. ^°)]

K
2 + b ( fz ,=  ± i f z j =  + í )  

(fz ,=  Í 2)

(12)

As a bonus one gets from  these estim ates the effective charges

e,ff(zlAf =  2 ;íz)
1.2 ( f z = - Í )

( t z M l

(13)

For simplicity, the effect of the neutrón excess has been neglected.
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F or a realistic single-particle potential both  low-Iying collective and giant res- 
onances carry a sizable fraction o f the energy-weighted sum rule. The effective 
quadrupole  forcé resulting from  the exchange o f  the quadrupole (both A N  = O and 
Á N  =  2 in this case) is [cf. table 4.3, ref. ^®)].

K
4  ( t z i —  + 2 )

2  ( f z , =  ± 2  ̂ ± 2 )-

(14)

The strength to  be utilized lies somewhere between the estimates (12) and (14). 
In each specific case it is however easy to  carry ou t the detailed renorm alization.

3. The Kr isotopes

The calculations have been carried ou t utilizing both p ro ton  and  neutrón pairing 
modes. They were obtained by allowing the valence partióles to move in a 7 =  ^  
shell, corresponding to  the degeneracy between the closed shells at nucleón num bers 
28 and  50.

8i 82 80 7,8 

4
Fig. I. Valué o f the parameters Z,, and -  M q utilized in the calculation for the different K r isotopes.
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The basis states contain four proton-particle bosons and from  O to 4 neutron-hole 
bosons. A lready with such a small subspace, the m atrices to be constructed are o f  the 
order o f  2 0 0  x 2 0 0  ("»Kr).

The valúes o f the param eters utilized in the calculation are displayed in fig. 1. The 
quadrupole forcé was chosen, according to  ( 1 2 ), as

K ( i - i )  =  4 K (U ) =  4 K ( - i - i ) .  (15)

Utilizing the defm itions o f the previous section we can write, for a typical quadrupole 
m atrix element

M „ =  ~ K { t z J z J Q \

where

Q^<pn\r^Y2o\Jm-)
' 4tz

16)

17)

and

the valué o f  the quantity  in brackets is, for the K r isotopes, 
N  = 3, one obtains

1 (
+

4 \ 2 j \ 2 j _ V 2 /

/ /  n \

+ +
\2 J [ 2 / 2 y

(18)

9)-O íX 0.1 MeV

T he average valué o f  M q needed to  fit the spectra o f the ®"̂ Kr isotopes is
- 1 .6  MeV, which leads to  a renorm alization factor a ~  16. This num ber is to  be 
com pared with the estímate

^ (z 1íV =  2 ; t = 0 + 1

K 2 + b
(20)

One is thus left with a factor o f the order o f  5 unaccounted for. The need to  use 
quadrupole  m atrix  elements which are considerably larger than  those obtained 
m aking use o f  the self-consistent valué (8 ) o f the quadrupole strength, seems to  be 
due to  the use o f  a single j-o rb ita l, instead o f  a non-degenerate m any y-shell con- 
figuration space [cf. ref. ^^)].

The small valué o f  M q for ^®Kr just reflects the factor o f  four existing between 
“ i )  and K{^, i) . Thus, in the case n,. =  =  O, relation (19) reads

M e ~ a x i x 0 .1 6  MeV.

Utilizing the valué o f  the m atrix element o f  ~  0.5 MeV, we ob tain  a ~  10. Taking 
into account that about a factor o f  5 is due to  the use o f  a single y-shell, we are left
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Fig. 2. Theoretical and experimental energy levels for the difTerent Kr isotopes. The parameters used in the
calculation are plotted in fig. I.

with a renorm alization factor o f the order o f  2 , which is cióse to the estím ate quoted 
in (14) for and =  ± \ .

The spectrum  associated with the difTerent isotopes is shown in fig. 2, in com pari- 
son with the experim ental data. The grouping o f  levels in bands is done on the basis 
o f  the wave functions. Examples are displayed in fig. 3. It is noted th a t a similar 
sp)ectrum is obtained utilizing a single set o f  param eters i.e. = 2.0 MeV, Z j  =  
0.4 M eV and  M q =  - 1 ,6  MeV.
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Fig. 4. Theoretical and experimental B(E2) valúes for the first 2+ State and branching ratios for the 
second 2* State for the different Kr isotopes.



R. A. Broijlia et al. I Monopole and quadrupole lihralions 225

The model pro  vides with a good fitting to the ground-state rotational band. 
C oncerning the 7 -band the predicted m om ent o f  inertia is m uch smaller than experi- 
m entally observed, and the splitting between even and odd m embers (i.e. 3 ^ -4 " ^ , 
5 "̂ — etc.) are too small. It is noted tha t these states are deaenerate in the vi- 
brational limit. The model thus predicts a quasi y-band which is too cióse to the 
spherical limit.

Concerning the j6-band, the model predicts a state which is m uch too high in energy. 
This is, maybe, because the model lacks the pairing v ibration degree o f freedom, 
and thus the coupling which can bring down the mainly ^-vibrational state (cf. next 
section). Also, because o f the averaging the model does over the shell structure.

The calculated electrom agnetic transition  am plitudes for the first and second 
states are shown in fig. 4, for the various isotopes. The experim ental patterns are 
fairly well reproduced.

I I
Fig. 5. Theoretical and experimental fl(E2; / + 2  -► /)/B(E2; 2'*̂  -► ) ratios for the members o f the 
yrast line in ’*Kr and *°Kr. Experimental points from H. P. Hellmeister et al.. Nucí. Phys. A332 (1979) 
241 [ref. “)] and R. L. Robinson et al., Phys. Rev. 2IC (1980) 603 [ref. ’’)]. A reduction of the B(E2) 
strength at high angular momentum similar to the one reported in ref. “) has also been seen in the 

neighbour ^‘’Rb (J. Panqueva el a l ,  Phys. Lett. 98B (1981) 248).

The R = fi(E2; 7 + 2  /)/fi(E 2; 2 -*■ g.s.) ratios for the members o f  the yrast line 
are shown in fig. 5 for '^®Kr and ®“K r. Because o f  the finite model subspace, there is a 
ra ther strong lim itation o f  the m áxim um  angular m om entum  the nucleus can have, 
as com pared to  the shell-model prediction. F o r example, /^ax =  16 for K r, which 
corresponds to the total alignm ent o f  8  d-bosons. D ue to this artificial cut-off, 
predictions beyond /  ~  8  are affected by the imposed lim itations. The decrease o f 
the ratio  R  reflects in fact this lim itation and not the depletion o f a degree o f freedom ^

t Concerning this point, we refer, e.g., to the Coulomb excitation study of [ref. ’ ’)].
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4. The Sm isotopes

In this calculation, no distinction is m ade between neutrons and protons, and it is 
thus essentially the same as tha t reponed  in ref. [cf. also ref. ^^)], All partióles 
outside the Z  =  50 and  the jV =  82 ciosed shells are exphdtly  considered. They move 
in a single y-shell with degeneracy Í2 =  38.

U6 U8 150

4
152 t5i

Fig. 6. Valué of the parameters Z^, Z¿ and -  M q utilized in the calculation for the different Sm isotopes.

The param eters o f the calculation resulting from  a fitting o f the da ta  are shown in 
fig. 6 . H ad  we taken constant param eters the quality o f the fitting would no t have been 
in any essential way altered. The predicted spectra in com parison w ith the experim en­
tal da ta  are shown in fig. 7.

The phase transition  is clearly accounted for. However, the m om ent o f inertia 
o f  both  the quasi-jS and quasi-y bands are, for ^*°Sm and *^^Sm, abou t 50 %  smaller 
than  the experim ental valúes, the predicted bands being still too vibrational. The 
change in the coupling scheme taking place through the Sm isotopes is further 
evidenced by the behaviour o f  the different electrom agnetic transition  probabilities 
shown in fig. 8 .

An interesting insight into the m eaning o f  the phase transition  is obtained by 
looking at the wave functions o f  the low-lying states [cf. fig. 9 ; cf. also ref.
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Fig. 8. Theoretical and experimental fí(E2) valúes for the different Sm isotopes.
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Fig. 9. Anatomy of the wave functions o f ,2 ^  0 / ,  2* states o f the different Sm isotopes according to 
the components with different number o f d-bosons.

W hile the ground state o f  is a condénsate o f  m onopole pairing bosons, the
ground state o f  is condénsate o f quadrupole bosons. N ote also the exchange
o f  roles with increasing mass num ber o f  the ground state (spherical) and  the first 
excited state (deformed). The two order param eters which m easure the interplay 
between spatial deform ations and pairing correlations are the static quadrupole 
m om ent and the gap param eter. They are displayed in fig. 10 in com parison with 
the experimental data. The quantity  Qj  changes by a factor o f  two in the range of 
m asses/í =  148-152.

In the calculation o f  both  the electrom agnetic transition  probabilities and o f  the 
static quadrupole m om ent one has utilized

=  1.4 e - h . (21)
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-Q
(U

O

/I
Fig. 10. Theoretical valúes for the static quadrupole moments and the gap parameters for the different 

Sm isotopes in comparison with the experimental data.

Fig. 11. Comparison between the prediction for the two-neutron transfer probabilities and the (t, p) 
experimental data (from J. H. Bjerregaard et al.. Nucí. Phys. 86 (1966) 145).
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-Q

E

U6 150 15Í
Af

Fig. 12. Comparison between the prediction for the two-neutron transfer probabilities and the (p, t) 
experimental data (from P. Debenham and N. M. Hintz, Nucí. Phys. A195 (1972) 385).

Typical valúes for the single-particle quadrupole m atrix  element in the Sm isotopes 
are ~  —0.5 b. The associate effective charge is thus ~  2.8 which is m uch larger than 
the estim ated valué [cf. eq. (13)]. This result is a consequence tha t in the m odel, the 
core Z  =  50, iV =  82 is assum ed to be spherical^

In figs. 11 and 12 we display the two-nucleon transfer probabilities predicted by 
the model in com parison with the experim ental data, while in fig. 13 both energy 
levels and transfer probabilities are collected.

It has been shown ^3 - 3  5  ̂ tw o-nucleon transfer reactions to  the different mem- 
bers o f  the ground-state ro ta tional band probe, in deform ed nuclei, the m ultipole 
pairing deform ations, tha t is, the deform ations o f  the Nilsson orbitals cióse to  the 
Ferm i surface. In fact

_  , , ¡'A{Á)y
=  ^ (22 )

’ Note also that the predicted sign of Qo is opposite to the one observed. This is however a trivial 
consequence of considering only one type»of particle.
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where q^{X) ~  <v||r'*F;i||v> and where U^, are the BCS occupation param eters. 
The quantity  is the m ultipole pairing forcé [ ~  27/A  MeV, cf. ref. ^®)], and A{X) 
is the m ultipole pairing gap. F o r i  =  O we obtain the well-known relation vahd 
for any superfluid system

(T (g .s .^g .s.)% |^0 , (23)

the quantity  A =  ¿d(0) being the m onopole pairing gap. N ote that in a superfluid 
deform ed nucleus, because o f  the non-conservation o f  angular m om entum , the 
different m ultipole pairing correlations give contributions to  the m onopole pairing 
gap, leading to  a state-dependent pairing gap

=  +  (24)
V' A v'

The transition  between the ground states and to the m em ber o f  the ground- 
state ro tational band  are well reproduced. N ote however the deviations up to 
factor o f two observed in the (p, t) cross sections to the states.

Because the zlA  ̂ =  2 contributions to the quadrupole pairing gap are very im- 
p o rtan t [cf. refs. 3 3 . 34 ^̂  discrepancies are likely to be associated with having 
neglected the deform ations o f  the core. The agreem ent found for the ground-state 
transitions reflect the correct treatm ent, in the model, o f the m onopole pairing degree 
o f  freedom.

The 4g State which is observed with a cross section which is ~  3 ^  % o f the ground- 
state cross section, lies outside the model. F o r nuclei for which the hexadecapole term  
in the N ilsson potential becomes im portant, the transition to  the 4^ state can become 
as large as 30 % o f the ground-state cross section ^®). In these cases the need to  allow 
pairs o f  particles to  couple to A =  4 (g-bosons) becomes obvious.

O f the 0"̂  states which aside from  the ground state are strongly excited in two- 
nucleon transfer reactions, the m odel predicts only one. Even for the one predicted, 
the observed cross section is about a factor o f two larger than predicted. This may be 
due to  the fact tha t the model does not contain the degree o f freedom  associated 
with pairing vibrations which are specifically excited in tw o-nucleon transfer reac­
tions. In this case, the large change o f  the shell structure which gives rise to  two m íni­
m a in the potential energy surface, leads to large fluctuations in the gap and in the 
shape degrees o f  freedom , and the associated modes mix strongly.

The coupling between pairing and  /9-vibrations has been studied [cf. e.g. ref. 
by diagonalizing the pairing-plus-quadrupole ham iltonian in a Nilsson-plus-BCS 
basis, m aking use o f the RPA. The properties o f  the ^  =  O vibrations are determ ined 
by the solutions o f  the dispersión relation
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A D E\  
D W /  B F 
E W l  F C - Í K

=  O, (25)



where
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T E f - W j  G' ^ E f - w y

D _ V  ____j  F —V - 1^1

r  =  Y  _  f  =  Y

and

gi =  S(v,co), /. =  ( { ;2- K ‘ )<5(v,ctí),

^ ¡ i ^ c u J U , V ^ + U , X X  Ei =
(27)

The quantities and are the BCS occupation param eters associated w ith the 
Nilsson orbital v, while stands for the m atrix element (vjr^ y 2ol®)- The quantity  
Ê . is the quasiparticle energy associated with the energy it takes to break a pair in 
the N ilsson orbitial v.

There are two fields associated with the pairing modes and one with the ^-vibra- 
tions. They are proportional to  +  V~ and and i o U V + V U ,  respectively.
The ñuctuations o f  the fields and give rise to  the spurious state
associated with the variation of the num ber o f particles and to  vibrations o f  the 
pairing gap (pairing vibrations). The dispersión relation A  =  O together w ith the gap 
equation is equivalent to  the BCS gap equation, while 5  =  0 leads to  a coherent two- 
quasi-particle State based on 2p-2h types o f  excitations [cf. e.g. ref. '^ )] . The fluctua- 
tions o f  the field U V +  VU  lead to a coherent tw o-quasiparticle excitation based on 
the particle-hole like excitation whose transition density is concentrated on the 
nuclear surface. These vibrations can be viewed as quadrupole surface oscillations 
which conserve axial symmetry.

The reason why a m ode generated by the quadrupole degree o f  freedom  (Ip -lh , 
i  =  2 ) can mix with a m ode generated by the m onopole pairing degree o f freedom 
(2 p  — 2 h, A =  0 ) is because in deform ed nuclei both  the num ber o f  particles and the 
angular m om entum  are violated in the intrinsic state. The coupling between the 
pairing and ^-vibrations is governed by the term  F  which may lead to  contributions 
o f  the same order o f m agnitude as the diagonal contributions which are controlled 
by B  and C.

It is noted tha t the pairing vibration is not an in truder state [cf. ref. in a system 
in which pairing correlations are im portant, but the expression o f  the quantal fluc- 
tuations o f  the average pairing field. It is also noted tha t the breaking o f  gauge in- 
variance (i.e. violation o f  the num ber o f  particles) is at the basis o f  the collective 
properties o f  this degree o f  freedom , in a sim ilar way as the breaking o f  ro ta tional 
invariance (i.e. non-conservation o f  the angular m om entum ), is a t the basis o f  the 
ro tational spectra in norm al space.



N ote also that the detailed m echanism  by which pairing vibrations can become 
strongly excited will depend on the interplay between pairing and quadrupole 
correlations and  shell structure. In particular, the valué o f  the gap (24) associated 
with low-lying tw o-quasiparticle states, will depend on the relative sign o f  the single- 
particle quadrupole m om ent qy,{2) o f  the N ilsson levels around the Ferm i surface, 
w hich determ ines and the sign o f  ̂ ,,(2 ) associated with single-particle
levels ~  0.5 M eV away from the Ferm i surface. If ^^,(2)has opposite sign (óblate) to 
the average sign o f q^.(2) (prolate), it can result in a gap ~  0. This mechanism thus 
gives rise to  excited pairing vibrations (tw o-quasiparticle states) associated with 
fluctuations o f  a gap which is very small. Some o f these states will thus be populated 
with a cross section o f  the order o f  20-30 % o f the ground-state cross section. A dif- 
ferent behaviour is also expected for (t, p) and (p, t), depending on whether the óblate 
orbitals are below ( Í7 /  % 0) or above (t/„^ 1) the Ferm i surface. This type o f  0^ 
states have been observed in some actinide isotopes [cf. ref. ^*) and references th e re in ; 
cf. also ref. ^®)].

A pairing v ibration can also be strongly populated if its m ain tw o-quasiparticle 
com ponent is based on a “ho t o rb ita l” , i.e., an  orbital which displays a strong two- 
nucleon transfer cross section, which in general is abou t one order o f m agnitude 
larger than  th a t associated with neighbouring orbitals. Subshell closures will also 
strongly affect the cross section associated w ith low-lying pairing and j3-vibrations. 
[cf. ref. ^“’̂ ) and refs. therein].

This rich pattern  will require the introduction o f m any different s'-bosons in the 
IBM , as m any degrees o f  freedom  are responsible for the occurrence o f  strongly 
excited two-nucleon transfer states with / ’' =  0 "̂
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5. Conclusions

As usual, it is difficult to  assess the validity o f  a model from the study o f  schematic 
versions o f  it o r from  a com parison to  the experim ental data. In the first case the 
objection tha t can be raised is, to w hat extent the schematic model contains the 
essential features which one is trying to  check. In the second case, w hether the discrep- 
ancies observed cannot be elim inated by simple extensions o f  the model.

In any case, a description o f  the nuclear spectrum  in term s o f pairs o f  ferm ion 
coupled to  0 "̂ and to  2"  ̂ and moving in a singley-shell, seems to  lead to  y-bands in 
deform ed nuclei which are too  cióse to  the spherical, vibrational pattern.

It fails in the description o f  ̂ -bands alm ost totally. In fact, because o f  the central 
role played by the degrees o f  freedom o f the shell structure, and by the pairing 
vibrations which mix strongly with the j?-vibrations, the eventual success or failure 
o f  the model concerning the properties o f  the j3-band are not too  relevant. The m odel 
does not contain the associated degrees o f  freedom and a series o f  s'-bosons (pairing 
vibrations, pairing isomers, “h o t” tw o-quasiparticle orbitals, etc.), have to  be 
in troduced to  get a detailed description o f the nuclear spectrum  o f deform ed nuclei.



Concerning the ground-state band, departures o f  about a factor o f two are observed 
in the (t, p) cross sections associated with the 2^ ,  and the cross section associated 
w ith the is zero. Because the hexadecapole deform ation can play an im portan t role 
in (t, p) processes, a g-boson may be needed in m any cases not oniy to  account for the 
4"̂  cross section, but because o f the renorm alization effect it has on the 2  ' cross 
section.

The cut-off which the model has due to  the finite space is only a lim itation, which 
has to be removed if a detailed com parison with the high-spin states ( /  S: 8 '^) is to 
be carried out.

In spite o f  all these hm itations, the simpHcity brought by the quadrupole boson 
m odel and  by the IBM  can be attractive. A n exam ple o f  why this should be is provided 
by the change in the spectrum  and in the structure o f  the wave functions associated 
with the phase transition taking place around
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