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Abstract: It has been shown that the aligned wave function, and the wave function.obtained by
restricting pairs of particles to be coupled to angular momentum zero and two, as assumed by the
quadrupole phonon model (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 intermediate (anharmonic) situations. To what extent this difference
reveals itself in the predicted properties of 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) version 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 values of these parameters, the moment of inertia of both the §- and the
y-bands are too small.

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

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

' Operated by the Division of Basic Energy Sciences, US Department of Energy, under contract
W-7405-eng-26 with the Union Carbide Corporation.
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’
1. Introduction

The concept of elementary modes of excitation originated by Landau !) has been
central in the realization that many-body problems are amenable to a rigorous mathe-
matical treatment exploiting the methods of quantum field theory.

Frolich ?) and Pines ?) started such a program in the field of solid state physics, a
program which has developed into a whole new discipline, while Kohn and Lut-
tinger *) and the Russian school °) provided the basic rigorous proofs of the ideas of
elementary excitations.

The concept of elementary excitations and their mutual interplay was introduced
in the realm of nuclear physics by Bohr and Mottelson to obtain a unified picture of
nuclear structure ©), and later developed into a field theory — the nuclear field theory
(NFT) - based on the particle-vibration coupling mechanism [cf. refs. ©~)].

The basic elementary modes of excitation which can be viewed as building blocks
of the nuclear spectrum are (a) single-particle states '°), (b) shape, spin and isospin
vibrations °) and surface rotations '!), and (c) pairing rotations and pairing vibra-
tions 12> 13),

In recent years it has been suggested [cf. refs. !~ 17)] that the basic building blocks
of the low-energy nuclear spectrum are pairs of fermions coupled to angular momen-
tum zero and two.

To make contact with the approach of refs. %), the IBM model was recast in the
framework of the NFT '® %), For this, the s- and d-bosons were assumed to be
monopole 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/Q two-phonon interactions be-
tween the pairing modes, plus some 1/Q* renormalizing graphs, which take into
account the coupling of the quadrupole pairing modes with the monopole condensate.

For the case of only s-bosons, the approximation gives, for a single j-shell, the
exact answer 2°). For many particles moving in a single j-shell, and interacting via
monopole and quadrupole pairing forces, the IBM wave function seems to be a
reasonable approximation to the exact solution for harmonic and transitional
spectra 2!+ 2?), However, for strongly deformed systems, Bohr and Mottelson have
shown 23) in a schematic model that the IBM wave function is rather different from
the exact solution of the problem (aligned wave function) [cf. also refs. 2% 2°)].

In an attempt to understand how these differences reveal themselves in the different
properties of the low-energy nuclear spectrum, we have carried out microscopic pair-
aligned calculations, within the framework of the NFT, and compared the results
to experiment. The calculations were performed for the Kr isotopes, which are
examples of typical anharmonic systems, and for the Sm isotopes, which provide a
good example of rotation-vibration phase transition *.

It is noted that the spectrum of the Kr and that of the Sm isotopes have already been calculated

utilizing the IBM and are reported in the literature 2¢-27). The calculations presented here are however
microscopic.
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In sect. 2 we present the basic details of the model and of the parameters and in
sects. 3 and 4 the results for the Kr and Sm isotopes respectively. The conclusions are
presented in sect. 5.

2. The model

The particles move in a single j-shell and interact through a multipole (4 = 0,2)
pairing force and through a quadrupole particle-hole interaction. The multipole
pairing hamiltonian is defined as in ref. ®) and reads

H,(2)= —G,2i+1) ZP ” (1)

where, for a single j-shell,

Ph= <2 +1)<;||T||z>[c A NG @)

From a systematic analysis of the nuclear spectrum [¢f. e.g. ref. 28)] it has been found,
utilizing T, = Y,,, that G ~ 27/4 MeV independent of 1 (A = 0, 2 and 4).

The s- and d- bosons of the pair-aligned model are here interpreted as monopole
and quadrupole pairing vibrations. For a single j-shell, the RPA relation which
determines the energy W), of the multipole pairing vibrations reduce to

&= W, =2nG, TN 3)
The quantity
Z,=e—W, 4)

is the correlation energy associated with the mode, ¢ being twice the energy of the

J-shell where the particles correlate. From systematics one obtains Z, ~ 1.5 MeV and
Z; ~ 0.5MeV.

The RPA amplitude associated with the mode A is

gt T 5

N

The particle-vibration coupling strength is given by

V22, = = LGITD, (6)

and measures the strength with which the particle couples to the pairing modes.
The monopole and quadrupole pairing vibrations interact through a quadrupole
particle-hole force

-2 K(tz,»tzz)Z( 10,0, _,. (7

21z,



220 R. A. Broglia et al. . Monopole and quadrupole vibrations

This force has an isoscalar and an isovector component. The self-consistent values of
the corresponding strengths [cf. refs. ¢ 2°)] are

120 { Mo, 2
K=Kr=0~ o h£’> MeV, (8)

and

Ke=D)_ W

C O Ke=0)" T,

= 9)
The quantities V, and V; are the isoscalar and isovector shell model potentials.
Utilizing ¥, = —50 MeV and ¥; = 120 MeV, one obtains & = 3.6. Thus, the bare
interaction strength is given by [cf. ref. 29)]

Kpare (t2,517,)  K(1 =41, 1, b). (10)

A quadrupole force will induce, for particles moving in a harmonic oscillator,
particle-hole excitations of AN = 0 and AN = 2 type, N being the harmonic oscil-
lator principal quantum number.

The low-lying modes are essentially built out of AN = 0 excitations, while the
giant resonances are mainly based on the AN = 2 particle-hole excitations.

Setting to zero the spin-orbit term in the single-particle potential, one obtains a
schematic model of the quadrupole response function which can be soved analyti-
cally. In this case the AN = 0 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

E(r)~{ﬁf“’° (=10 (11)
J 1oy, (= 1D.

The quadrupole effective interaction arizing from the exchange of the quadrupole
modes is, in this model, given by' [cf. also ref. 3°)]

1+b
—— x33 t, =+Lt, =71
Keeltz t2) 2+b (tz,= +31z, F3)
K ) 4 (12)
2+—b§0.7 (t21=i%’tZz: +3)

As a bonus one gets from these estimates the effective charges

1

T+——~12 t;=—1%
CarldN=2;tz) | 2+b =) (13)
e 1+b
— =038 =1
L2+b (tz=3)

* For simplicity, the effect of the neutron excess has been neglected.
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For a realistic single-particle potential both low-lying collective and giant res-
onances carry a sizable fraction of the energy-weighted sum rule. The effective
quadrupole force resulting from the exchange of the quadrupole (both AN = 0 and
AN = 2 in this case) is [cf. table 4.3, ref. 29)].

K(Izlstzz)~ 4 (lzl=i%, lz,= i%)
K 2 (tz,;=tnl,=1))

X (14)
The strength to be utilized lies somewhere between the estimates (12) and (14).
In each specific case it is however easy to carry out the detailed renormalization.

3. The Kr isotopes

The calculations have been carried out utilizing both proton and neutron pairing
modes. They were obtained by allowing the valence particles to move ina j = &
shell, corresponding to the degeneracy between the closed shells at nucleon numbers

28 and 50.

1
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Fig. 1. Value of the parameters Z,, Z, and — M, utilized in the calculation for the different Kr isotopes.
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The basis states contain four proton-particle bosons and from 0 to 4 neutron-hole
bosons. Already with such a small subspace, the matrices to be constructed are of the
order of 200 x 200 ("®Kr).

The values of the parameters utilized in the calculation are displayed in fig. 1. The
quadrupole force was chosen, according to (12), as

K5 —3)=4K(3)=4K(—5—73). (15)

Utilizing the defmitions of the previous section we can write, for a typical quadrupole
matrix element

My= ~Kliz,17,)0° (16)

where

h (17)
Mw,’

do-ke)

the value of the quantity in brackets is, for the Kr isotopes, ~ 0.61. For 4 = 80 and
N = 3, one obtains

Q= {jmlr? Yy jimy ~ \/ 4y <IM20LjmyC 0L ~ — 4N +3)

and

Ktz tz,)~2

My~ —ax0.1 MeV (19)

The average value of M, needed to fit the spectra of the % 82 84Kr isotopes is
—1.6 MeV, which leads to a renormalization factor « ~ 16. This number is to be
compared with the estimate

K(AN=2;t=0+1) 1+b

~4- —~33.
K 2+b 3 (20)

One is thus left with a factor of the order of 5 unaccounted for. The need to use
quadrupole matrix elements which are considerably larger than those obtained
making use of the self-consistent value (8) of the quadrupole strength, seems to be
due to the use of a single j-orbital, instead of a non-degenerate many j-shell con-
figuration space [cf. ref. 2%)].

The small value of M, for ®¢Kr just reflects the factor of four existing between
K&, —%) and K(3, %). Thus, in the case n, = n,, = 0, relation (19) reads

My~ax1x0.16 MeV.

Utilizing the value of the matrix element of ~ 0.5 MeV, we obtain « ~ 10. Taking
into account that about a factor of 5 is due to the use of a single j-shell, we are left
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Fig. 2. Theoretical and experimental energy levels for the different Kr isotopes. The parameters used in the

calculation are plotted in fig. 1.

with a renormalization factor of the order of 2, which is close to the estimate quoted
in(14)for¢, = +tand ¢, = +1.

The spectrum associated with the different isotopes is shown in fig. 2, in compari-
son with the experimental data. The grouping of levels in bands is done on the basis
of the wave functions. Examples are displayed in fig. 3. It is noted that a similar
spectrum is obtained utilizing a single set of parameters i.e. Z, = 2.0 MeV, Z, =
0.4 MeV and Mg = —1.6 MeV.
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Fig. 3. Anatomy of the wave functions of the ground and ;-band of "®Kr according to the components with
different number of d-bosons.
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Fig. 4. Theoretical and experimental B(E2) values for the first 2* state and branching ratios for the
second 2* state for the different Kr isotopes.
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The model provides with a good fitting to the ground-state rotational band.
Concerning the y-band the predicted moment of inertia is much smaller than experi-
mentally observed, and the splitting between even and odd members (i.e. 3" —47,
5% —67*, etc.) are too small. It is noted that these states are degenerate in the vi-
brational limit. The model thus predicts a quasi y-band which is too close to the
spherical limit.

Concerning the -band, the model predicts a state which is much too high in energy.
This is, maybe, because the model lacks the pairing vibration degree of freedom,
and thus the coupling which can bring down the mainly §-vibrational state (cf. next
section). Also, because of the averaging the model does over the shell structure.

The calculated electromagnetic transition amplitudes for the first and second 2*
states are shown in fig. 4, for the various isotopes. The experimental patterns are
fairly well reproduced.

B(E2; Ig=>(1-2)g) -
B(E2; 2§ —0%)
2k L ] N
78 80
Kr I Kr
L /\ B
| i
1+ -
] ; % |
e Ref. a
A Ref. b
1 ] 1 1 1 1 1 ] I 1 It 1 1
2 4 6 8B 10 12 14 16 2 4 6 8 10 12 %

Fig. 5. Theoretical and experimental B(E2: /+2 — [)/B(E2; 2* — 0/, ) ratios for the members of the

yrast line in 7®Kr and #°Kr. Experimental points from H. P. Hellmeister et al., Nucl. Phys. A332 (1979)

241 [ref. *)] and R. L. Robinson et al., Phys. Rev. 21C (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 et al., Phys. Lett. 98B (1981) 248).

The R = B(E2; I1+2 — I)/B(E2; 2 — g.s.) ratios for the members of the yrast line
are shown in fig. 5 for 78 Kr and 8°Kr. Because of the finite model subspace, there is a
rather strong limitation of the maximum angular momentum the nucleus can have,
as compared to the shell-model prediction. For example, I,,, = 16 for 7® Kr, which
corresponds to the total alignment of 8 d-bosons. Due to this artificial cut-off,
predictions beyond I ~ 8 are affected by the imposed limitations. The decrease of
the ratio Rreflects in fact this limitation and not the depletion of a degree of freedom®.

t Concerning this point, we refer, e.g., to the Coulomb excitation study of 228U [ref. 3!)].
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4. The Sm isotopes

In this calculation, no distinction is made between neutrons and protons, and it is
thus essentially the same as that reported in ref. 27) [cf. also ref. 32)]. All particles
outside the Z = 50 and the N = 82 closed shells are explicitly considered. They move
in a single j-shell with degeneracy Q = 38.

MeV

15+ .

os | ]

00k 1

1 1 1 1 1

146 148 150 152 154
A
Fig. 6. Value of the parameters Z,, Zy and — M,, utilized in the calculation for the different Sm isotopes.

The parameters of the calculation resulting from a fitting of the data are shown in
fig. 6. Had we taken constant parameters the quality of the fitting would not have been
in any essential way altered. The predicted spectra in comparison with the experimen-
tal data are shown in fig. 7.

The phase transition is clearly accounted for. However, the moment of inertia
of both the quasi-f# and quasi-y bands are, for 1*°Sm and '32Sm, about 50 % smaller
than the experimental values, 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 of the different electromagnetic transition probabilities
shown in fig. 8.

An interesting insight into the meaning of the phase transition is obtained by
looking at the wave functions of the low-lying states [cf. fig. 9; cf. also ref. '4)].



227

R. A. Broglia et al. ;| Monopole and quadrupole vibrations

‘9 '8y ut payjo[d a1v UONBNI[EI Y1 tr pasn tatowreird 2y 'sad010St WS 1UAIIYYIP 2Y) 10§ s[aA3] AF1ous [pruswLIadXa pur [eonat0ay ] ‘1 814

ncmn-u::Em pueg-punosb
qum_ ax.m_o Eowcm EwNm_, ‘dx3 Auoay)
L +0 +0 do0
+ 4+l
5 > pueq-¢ +C +C
* * dx3  Aioay| 47
UCMD«Q +9 +® +0 -0 m
dx3  Asoayy > pueq-L 5+ =
ST e R +8 T dxg hioay {o1d
5 + ‘dx3  Asoayy +7 2 3z 5 +8 <
+d +C +Z +7 +7 +€ L€ e
+ ' Y
P v
+7 T4
o go.m
pueq-puncib pueq-punosb pueq-punosf
] rr_momP dxg  Aiosyy ] Emwﬁ dx3 Auoayy 1 Ewm%: ‘dx3 Asoayy
+0 +0 40 +0 +0 +0
pueq-g 2 +C
‘dx3  Asoe
w > 22
+0 40 pueq-A K * AA axm_cmm.a +Z +Z
I d A : 403y AAv
7 23 e 5 5 pueg-A pueq-
¥4 5 + + 40 dxg Aoayy T 7 47 dxg Adosyy ucmm#
+ dx 109
W7 - "3 +C +Z +C +0 +0 3 ,cw +7 +7
+ 7 NG +8 2z o Z +
m +
- 5 + 1 ¥ £ K .ﬁ +9
+
+€ +< +C +9
+£ T ¢
+8 +8
8
+ )

00

0z

X3

(A3W) 3



228

2.0

o)

0.0

B (E2) (107 ¢

0.0

B (E2)
(e’ b’}

0.5

R A

Broglia et al.

Monopole and quadrupole vibrations

T T T T T
— T T T T T T Sm
Sm B (E2; 4} =2}
= N | BIE2; 2f =07
¢ 20
=}
L | _ é
23 ’O, -
o~
J
m _
Sm |
1.0
- _ Il 1 1 1 1
148 152 156
A
T T R l‘ T T T
BiE2; 2,01
BLE2; 2,2
35 F [} -
i
I I T 1 T o]
0 ——F=£::;:3::;—4——
Sm g BIE 54)) |
BIEZ: 27720, o
25
- v 18 /
Je]
© 4
C
5 = B(E2 23»0
— BlEZ; BT
m
- — 1_0
0O 4= 23
Q
o 2i 0] 0
0. B(E2;3~2)
! ] L | L | B (E2; 3j—>4Y)
148 152 i56 25
A
0 i
MB 152 156
A

Fig. 8. Theoretical and experimental B(E2) values for the different Sm isotopes.
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Fig. 9. Anatomy of the wave functions of 0, 2, 07, 27 states of the different Sm isotopes according to
the components with different number of d-bosons.

While the ground state of 1*8Sm is a condensate of monopole pairing bosons, the
ground state of 1°2Sm is condensate of quadrupole bosons. Note also the exchange
of roles with increasing mass number of the ground state (spherical) and the first
excited state (deformed). The two order parameters which measure the interplay
between spatial deformations and pairing correlations are the static quadrupole
moment and the gap parameter. They are displayed in fig. 10 in comparison with
the experimental data. The quantity Q, changes by a factor of two in the range of
masses 4 = 148-152.

In the calculation of both the electromagnetic transition probabilities and of the
static quadrupole moment one has utilized

eeff - l4eb (21)
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Fig. 10. Theoretical values for the static quadrupole moments and the gap parameters for the different
Sm isotopes in comparison with the experimental data.
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Fig. 11. Comparison between the prediction for the two-neutron transfer probabilities and the (t, p)
experimental data (from J. H. Bjerregaard et al., Nucl. Phys. 86 (1966) 145).
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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, Nucl. Phys. A195 (1972) 385).

Typical values for the single-particle quadrupole matrix element in the Sm isotopes
are ~ —0.5b. The associate effective charge is thus ~ 2.8 which is much larger than
the estimated value [cf. eq. (13)]. This result is a consequence that in the model, the
core Z = 50, N = 82 is assumed to be spherical®.

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

It has been shown 33~ 35) that two-nucleon transfer reactions to the different mem-
bers of the ground-state rotational band probe, in deformed nuclei, the multipole
pairing deformations, that is, the deformations of the Nilsson orbitals close to the
Fermi surface. In fact

. , 4(4)\?
U(/-)%(ZUVVMV(A))Z=<G—A> 5 (22)

! Note also that the predicted sign of Qg is opposite to the one observed. This is however a trivial
consequence of considering only one typesof particle.
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where ¢,(1) ~ {v||r*Y,|[v> and where U,, V, are the BCS occupation parameters.
The quantity G, is the multipole pairing force [~ 27/4 MeV, cf. ref. 2%)], and A(4)
is the multipole pairing gap. For 4 = 0 we obtain the well-known relation valid
for any superfluid system

A 2
s.—ogs)xl =, 23
o(gs.—gs.) (G) (23)
the quantity 4 = A(0) being the monopole pairing gap. Note that in a superfluid
deformed nucleus, because of the non-conservation of angular momentum, the
different multipole pairing correlations give contributions to the monopole pairing
gap, leading to a state-dependent pairing gap

Av:GOZUV’VV'+Zquv(;‘)ZUV’I/v'qv’()‘)- (24)

The transition between the ground states and to the 2, member of the ground-
state rotational band are well reproduced. Note however the deviations up to
factor of two observed in the (p, t) cross sections to the 2; states.

Because the AN = 2 contributions to the quadrupole pairing gap are very im-
portant [cf. refs. 33-34)] these discrepancies are likely to be associated with having
neglected the deformations of the core. The agreement found for the ground-state
transitions reflect the correct treatment, in the model, of the monopole pairing degree
of freedom.

The 4, state which is observed with a cross section which is ~ 3-4 97 of the ground-
state cross section, lies outside the model. For nuclei for which the hexadecapole term
in the Nilsson potential becomes important, the transition to the 4 state can become
as large as 30 9 of the ground-state cross section *°). In these cases the need to allow
pairs of particles to couple to A = 4 (g-bosons) becomes obvious.

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

The coupling between pairing and f-vibrations has been studied [cf. e.g. ref. 37)]
by diagonalizing the pairing-plus-quadrupole hamiltonian in a Nilsson-plus-BCS
basis, making use of the RPA. The properties of the K = 0 vibrations are determined
by the solutions of the dispersion relation

A D E\
DWj2 B F =0, (25)
EW? F C-iK

J
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where
E.g. )
AE -, !‘&,2_ ,1,’ DE jfx ,
CE2-W? G EL - W2
Ef} | 4.9,
=Y Lt -2 E=y M (26)
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and
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The quantities U, and ¥V, are the BCS occupation parameters associated with the
Nilsson orbital v, while g,,, stands for the matrix element {v|r* Y, |w>. The quantity
E, is the quasiparticle energy associated with the energy it takes to break a pair in
the Nilsson orbitial v.

There are two fields associated with the pairing modes and one with the S-vibra-
tions. They are proportional to U2+ V> and U? - V'? and to U V' + V' U, respectively.
The fluctuations of the fields U?+ ¥? and U?— V? give rise to the spurious state
associated with the variation of the number of particles and to vibrations of the
pairing gap (pairing vibrations). The dispersion relation 4 = 0 together with the gap
equation is equivalent to the BCS gap equation, while B = 0 leads to a coherent two-
quasi-particle state based on 2p-2h types of excitations [cf. e.g. ref. '*)]. The fluctua-
tions of the field UV + VU lead to a coherent two-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 mode generated by the quadrupole degree of freedom (I1p-1h,
A = 2) can mix with a mode generated by the monopole pairing degree of freedom
(2p—2h, A = 0) is because in deformed nuclei both the number of particles and the
angular momentum are violated in the intrinsic state. The coupling between the
pairing and f-vibrations is governed by the term F which may lead to contributions
of the same order of magnitude as the diagonal contributions which are controlled
by Band C.

It is noted that the pairing vibration is not an intruder state [cf. ref. *¥)] in a system
in which pairing correlations are important, but the expression of the quantal fluc-
tuations of the average pairing field. It is also noted that the breaking of gauge in-
variance (i.e. violation of the number of particles) is at the basis of the collective
properties of this degree of freedom, in a similar way as the breaking of rotational
invariance (i.e. non-conservation of the angular momentum), is at the basis of the
rotational spectra in normal space.
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Note also that the detailed mechanism by which pairing vibrations can become
strongly excited will depend on the interplay between pairing and quadrupole
correlations and shell structure. In particular, the value of the gap (24) associated
with low-lying two-quasiparticle states, will depend on the relative sign of the single-
particle quadrupole moment ¢,,(2) of the Nilsson levels around the Fermi surface,
which determines ) ,.U,.V,.q,(2) and the sign of ¢,(2) associated with single-particle
levels ~ 0.5 MeV away from the Fermi surface. If ¢ (2) has opposite sign (oblate) to
the average sign of ¢, .(2) (prolate), it can result in a gap 4, ~ 0. This mechanism thus
gives rise to excited 0" pairing vibrations (two-quasiparticle states) associated with
fluctuations of a gap which is very small. Some of these states will thus be populated
with a cross section of the order of 20-30 %, of the ground-state cross section. A dif-
ferent behaviour is also expected for (t, p) and (p, t), depending on whether the oblate
orbitals are below (U,> ~ 0) or above (U,? ~ 1) the Fermi surface. This type of 0*
states have been observed in some actinide isotopes [cf. ref. 3) and references therein;
cf. also ref. 3%)].

A pairing vibration can also be strongly populated if its main two-quasiparticle
component is based on a “hot orbital”, i.e., an orbital which displays a strong two-
nucleon transfer cross section, which in general is about one order of magnitude
larger than that associated with neighbouring orbitals. Subshell closures will also
strongly affect the cross section associated with low-lying pairing and f-vibrations.
[cf. ref. 3#) and refs. therein].

This rich pattern will require the introduction of many different s’-bosons in the
IBM, as many degrees of freedom are responsible for the occurrence of strongly
excited two-nucleon transfer states with J™ = 0

5. Conclusions

As usual, it is difficult to assess the validity of a model from the study of schematic
versions of it or from a comparison to the experimental data. In the first case the
objection that can be raised is, to what extent the schematic model contains the
essential features which one is trying to check. In the second case, whether the discrep-
ancies observed cannot be eliminated by simple extensions of the model.

In any case, a description of the nuclear spectrum in terms of pairs of fermion
coupled to 0" and to 2" and moving in a single j-shell, seems to lead to y-bands in
deformed nuclei which are too close to the spherical, vibrational pattern.

It fails in the description of f-bands almost totally. In fact, because of the central
role played by the degrees of freedom of the shell structure, and by the pairing
vibrations which mix strongly with the §-vibrations, the eventual success or failure
of the model concerning the properties of the f-band are not too relevant. The model
does not contain the associated degrees of freedom and a series of s’-bosons (pairing
vibrations, pairing isomers, “hot” two-quasiparticle orbitals, etc.), have to be
introduced to get a detailed description of the nuclear spectrum of deformed nuclei.
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Concerning the ground-state band, departures of about a factor of two are observed
in the (t, p) cross sections associated with the 2; , and the cross section associated
with the 4, is zero. Because the hexadecapole deformation can play an important roie
in (t, p) processes, a g-boson may be needed in many cases not only to account for the
4* cross section, but because of the renormalization effect it has on the 27 cross
section.

The cut-off which the model has due to the finite space is only a limitation, which
has to be removed if a detailed comparison with the high-spin states (/ £ 8%) is to
be carried out.

In spite of all these limitations, the simplicity brought by the quadrupole boson
model and by the IBM can be attractive. An example of why this should be is provided
by the change in the spectrum and in the structure of the wave functions associated
with the phase transition taking place around **°Sm.
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