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I. INTRODUCTION

Nuclei consist of many strongly interacting protons and
neutrons. In spite of their complexity, many nuclei exhib-
it, in their low-lying spectra, a relatively simple structure.
Many regularities of nuclear energy levels have been
described by the shell model in terms of wave functions of
single nucleons moving independently in a (spherical) stat-
ic central potential well (Haxel, Jensen, and Suess, 1949;
Mayer, 1949). In nuclei with few protons and neutrons
outside (or missing from) closed shells (valence nucleons),
level energies and other nuclear properties have been suc-
cessfully calculated. . Simple shell-model configurations
have been used with Hamiltonians containing effective
two-nucleon interactions. This is the situation in many
light nuclei and in the neighborhood of magic numbers in
medium-mass and up to heavy nuclei (deShalit and Talmi,
1963).

As the number of valence nucleons increases, the direct
application of the shell model becomes prohibitively diffi-
cult. On the other hand, other regularities emerge from
the experimental data. Energy levels of many nuclei can
be grouped into bands characterized by electric quadru-
pole transitions within bands, which are very much
enhanced over the single-nucleon values. In.some regions
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of nuclei, levels can be grouped into rotational bands with
energies proportional to J(J+1). In such bands,
enhanced electric quadrupole transitions are observed that
can be derived from one intrinsic quadrupole moment.
Such collective spectra found a simple interpretation in
terms of a deformed shape of the nucleus rotating around
an axis perpendicular to its axis of symmetry (Bohr, 1951,
1952; Bohr and Mottelson, 1953). Even-even nuclei,
which are the nuclei considered here, were described in
terms of a quadrupole deformation of the nuclear surface.
Such a deformation is defined by five variables «,
(u==2,%1,0), forming the components of a quadrupole
tensor. A possible scalar component was eliminated by
requiring that the volume be conserved. An equivalent
description was given by two variables 8 and ¥ defining
the quadrupole deformation in the body-fixed frame of
reference (that of its three principal axes). The orienta-
tion of this body-fixed frame in space was defined by the
Euler angles adopted as the other three variables. A
second-order differential operator in these variables was
written down (Bohr Hamiltonian) whose eigenfunctions
should give a good description of collective states in nu-
clei. Once a potential energy is defined as a function of B
and y in the Bohr Hamiltonian, V(8,y), it is possible to
solve the differential equation. For certain potentials, ap-
proximate solutions were obtained that are particularly
simple. These correspond to vibrational, rotational, or y-
unstable nuclei. Several attempts have been made to ob-
tain solutions appropriate for any type of collective
motion. The potential energy was either introduced
phenomenologically (Gneuss and Greiner, 1971) or related
to a microscopic calculation in a deformed basis (Kumar
and Baranger, 1968; Kumar, 1983). In general, the solu-
tions had to be obtained by rather involved numerical in-
tegrations.

An equivalent way to formulate the problem is to adopt
as a complete set of orthogonal states the wave functions
of the five-dimensional harmonic oscillator. Such states
are solutions of the differential equation if the potential
energy in the Bohr Hamiltonian is a quadratic function of
the five variables a,. Such eigenstates can be convenient-
ly expressed as states of bosons that are the components
of a rank-2 spherical tensor. This is how d bosons (with
angular momentum J=2) were introduced for the
description of collective quadrupole states. In the case of
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vibrations around a spherical equilibrium shape, such a
description is rather simple. If, however, the equilibrium
shape is deformed (By%0), the description of rotations
and vibrations around that shape in terms of d bosons be-
comes very difficult. A step toward a simplified descrip-
tion of nuclear states in terms of d bosons was made by
introducing states that form bases of irreducible represen-
tations of the group U(6) (Janssen, Jolos, and Donau,
1974; Jolos, Donau, and Janssen, 1975). The fully sym-
metric irreducible representations of U(6) are character-
ized by an integer N. This number determines the max-
imum number of d bosons that may appear in a state of a
given representation, hence the name truncated quadru-
pole model (TQM) given to this model (Paar, 1979). The
advantage of the U(6) group is that it contains as a sub-
group the SU(3) group. The group SU(3) had been intro-
duced earlier by Elliott (1958) in order to provide a shell-
model description of rotational spectra. In simple analo-
gy, rotational spectra could be obtained from states of d
bosons. The actual construction of the relevant Hamil-
tonians and the irreducible representations is not a simple
matter. The space associated with d bosons is five dimen-
sional, and the generators of U(6) [and SU(3)] are compli-
cated expressions in the creation and annihilation opera-
tors of d bosons.

Meanwhile, an alternative description was independent-
ly developed. In that approach, called the interacting bo-
son model (IBM), s bosons (with J=0) are added to the d
bosons, thereby constructing a six-dimensional space (Ari-
ma and Iachello, 1975). Thus representations and opera-
tors of U(6) can be conveniently constructed. The number
N characterizing the fully symmetric irreducible represen-
tations of U(6) turned out to be simply the total number
of s and d bosons. A simple Hamiltonian was construct-
ed with single-boson terms and boson-boson interactions.
The eigenvalues and eigenstates of this Hamiltonian could
very well reproduce, for various values of the parameters
adopted, various types of collective states like vibrational
and rotational spectra.

The successful IBM (or IBM-1, as it is called now) can
be viewed as a phenomenological model that can yield, in
an elegant way, the solutions to problems posed by collec-
tive Hamiltonians. The d bosons could be viewed as
quanta of surface vibrations, whereas the s bosons would
be, in this view, an artificial device to simplify the
mathematics. The integer N would just determine in
some way the number of discrete (bound) states of the col-
lective Hamiltonian. Furthermore, since it was shown
that in the limit in which the number N is large the solu-
tions of the boson Hamiltonian approach those of the col-
lective model (Dieperink, Scholten, and Iachello, 1980),
the boson model could be viewed as a simpler version of
the collective model. Thus, from this point of view,

IBM-1=TQM — Collective Model . (1.1)

—> 0

The question was raised whether the boson medel had a
deeper significance and could be related to the shell
model. It was suggested that the simplest fermion states
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that can correspond to s and d bosons are pairs of identi-
cal valence nucleons coupled to J=0 and J =2 (Arima et
al., 1977; Otsuka et al., 1978). Correlated J=0 (S) and
J=2 (D) pairs of identical nucleons have a simple
description in terms of generalized seniority (Talmi, 1971,
1973; Shlomo and Talmi, 1972). They can be used to con-
struct shell-model eigenstates of valence protons or of
valence neutrons, as in “semimagic nuclei.” In nuclei
with both valence protons and neutrons, the strong and
attractive seniority-breaking interaction between protons
and neutrons must play a dominant role. If a
quadrupole-quadrupole interaction is adopted, eigenstates
will include coherent admixtures of proton (7) and neu-
tron (v) states built of S,,D, and S,,D, pairs. This
shell-model description led to a boson model with proton
s, and d, bosons and neutron s, and d, bosons (Arima
et al., 1977; Otsuka et al.,, 1978). The boson Hamiltonian
should include a strong and attractive quadrupole interac-
tion between proton and neutron bosons. This is a more
detailed model in which effects of the numbers of valence
protons and valence neutrons can be studied separately. It
is called the interacting boson model 2 (IBM-2). It gives
better agreement with experimental properties than IBM-
1 and with parameters whose dependence on proton and
neutron numbers is rather regular. Since it is derived
from the shell model, it is sometimes called interacting
boson approximation (IBA). The two abbreviations IBA
and IBM have been used interchangeably in the literature.
Although properly speaking the abbreviation IBA should
be used for the approximation and IBM for the model, we
shall henceforth follow common usage. Thus

Shell Model—IBA —IBM-2 . (1.2)

The interacting boson models 1 and 2 have attracted the
attention of many authors. In particular, several schemes
have been devised by means of which the parameters of
the IBM-2 Hamiltonian and other operators can be relat-
ed to the parameters of the shell model. In this article we
review the concepts on which the majority of these pro-
cedures are based. We also briefly mention further exten-
sions of the interacting boson models (IBM-3 and -4) and
address some of the remaining problems.

Il. THE INTERACTING BOSON MODEL 1

Before addressing the question of the relation between
the interacting boson model and the shell model, we brief-
ly review the original version of the model (interacting bo-
son model 1). In this version (Arima and Iachello, 1975,
1976, 1978, 1979) it was assumed that low-lying collective
states of even-even nuclei could be described as states of a
given (fixed) number N of bosons. Each boson could oc-
cupy two levels, one with angular momentum J =0 (s bo-
son) and another, usually with higher energy, with J=2
(d boson). In order to find the eigenstates of this assem-
bly of bosons, an appropriate Hamiltonian was construct-
ed and diagonalized. The simplest nontrivial Hamiltoni-
an was assumed to contain only single-boson energies and
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boson-boson interactions. Such Hamiltonians can be con-
structed by using boson operators which will now be de-
fined.

It is convenient to use the formalism of second quanti-
zation. We thus introduce creation operators d, and st
which create a single d boson in a state with J,=u and a
single s boson, respectively. These operators satisfy with
the corresponding annihilation operators d,,s the usual
Bose commutation relations. Using these operators, one
can write down single-particle (boson) operators as fol-
lows:

did,, dls, s'd,, s%s . 2.1)

There are, altogether, 36 such independent operators. To
construct a Hamiltonian that is invariant under rotations,
it is more convenient to use certain linear combinations of
the operators (2.1). These should be operators that
transform in a simple way under rotations. The creation
operators d, T transform under rotations like the states of a
single d boson d, ! |0). They transform as the com-
ponents of an 1rredu01b1e (spherical) tensor of rank 2. An
irreducible tensor of rank 2 can be formed also from the
annihilation operators d,, using the definition

d,=(—17%"*d_,=(—1Vd_, . (2.2)

One can now define a complete set of irreducible tensor
operators by

(dtxad)® = 3 (2u2p’ | 22kn) ydld, , k=0,1,2,3,4,
uy
(2.3)
as well as
dls, s'd, , 2.4

with rank 2 and the scalar (rank 0)

H=¢s's+egdtd)++ 3 e ld xdHE@xd)]P+ 15

L =0,2,4

1o gty ), rotgt
+‘/§v2{[(d xd VP xds ] +[sTdTx

(@Xd) DI + Lug(s)s +\/-
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sts . (2.5)

The most general Hamiltonian with single-boson terms
and boson-boson interactions, which is invariant under ro-
tations (commutes with J), can now be constructed. It is
a linear combination of all possible scalar products of the
irreducible tensors in Egs. (2.3)—(2.5). In addition, the
two single-boson scalars can be added, i.e., Eq. (2.5) and
the k=0 tensor in Eq. (2.3). Since all single-boson opera-
tors do not change the total number of s and d bosons,
neither does the Hamiltonian constructed from them. It
commutes with the number operator

N=s's+ X dld,=s"s+(@"d), (2.6)
uw

whose eigenvalues N are appropriate quantum numbers
for the eigenstates of the Hamiltonian.

The requirement that the boson Hamiltonian be Hermi-
tian (and real) implies that the two quadrupole operators
(2.4) should appear only in certain combinations. Still,
the number of terms is high. There are altogether nine
possible scalar products in addition to two single-boson
terms. The scalar products, however, are not all linearly
independent. Due to the symmetry of the boson states
there are only three allowed states of two d bosons, with
L =0,2,4. States with odd values of L are antisymmetric.
Thus any two d-boson interactions can have at most three
independent terms. Hence there are only three indepen-
dent combinations of the five scalar products of the ten-
sor operators [Eq. (2.3)]. In order to bring out this fact it
is possible to transform all scalar products by changing
the order of couplings. Due to the commutation rela-
tions, this will yield single-boson terms in addition to the
two-boson interactions. The resulting Hamiltonian can
then be expressed in the following form:

ol(dTxahHPs2+(sHAd x )]

ICA AR 2.7)

This Hamiltonian contains nine parameters, two coefficients of the singlé-boson energies and seven of the boson-boson
interactions. The fact that the total number of bosons N =#; +#; commutes with the Hamiltonian can be used to sim-

plify Eq. (2.7) to the form
H=g,N+3uoN(N—D+e'dd)+4+ 3
L=0,2,4

+35o[dTxaNHPs2+(sHAd xd %

The single d-boson energy &’ and the coefficients ¢; in
Eq. (2.8) are appropriate linear combinations of the pa-
rameters appearing in Eq. (2.7). The first two terms in
Eq. (2.8) contribute equally to all states with given N.
Thus only six parameters are available for the analysis of
level spacings and eigenstates in the most general Hamil-
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]+—v2{[(aﬂ><arT

e [(dTxd B d xd)L]

Ixds1Q +[sTd < (@ xd)P1} . (2.8)

[

tonian [Eq. (2.8)].

To calculate rates of electromagnetic transitions, the
eigenstates should first be found by diagonalization of the
Hamiltonian in the space of N bosons. The matrix ele-
ments of the transition operator between these states
should then be calculated. The most important transi-
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tions, which reveal the nature of the low-lying collective
states, are electric quadrupole (E2) transitions. It was as-
sumed in the model described in this section that the E2
transition operator is a single-boson operator. The most
general real and Hermitian single-boson quadrupole
operator is given by

T =ay(d)s+s'd,) +Bd xd)P . 2.9

The E2 transition operator is thus determined by two nu-
merical coefficients a, and 3,. Other operators can also
be constructed in a similar way.

For a detailed comparison of the boson-model predic-
tions with experiment, the Hamiltonian H is diagonalized
in an appropriate basis, thus obtaining the level energies
and eigenfunctions. Rates of electromagnetic transitions
are then calculated by taking matrix elements of the ap-
propriate operators between eigenstates of the system.
The boson model has been used in this fashion to account
for a variety of properties of nuclei (see, for example, Ari-
ma and Iachello, 1984, and the forthcoming article by
Casten and Warner in this journal). When used in this
form, the boson model is approximately equivalent to the
collective model of Bohr and Mottelson, at least for the
low-lying states, and several authors have considered in
detail the relation between the two models. One particu-
lar aspect of the model, however, which has contributed
to its success, is the fact that under certain conditions,
i.e., with a certain choice of the parameters in Eq. (2.8), it
is possible to calculate all properties of the system in a
compact analytic form. In such limiting situations, the
special structure of the resulting spectra is clearly
displayed and can serve as a guide for the general case.
Such limits also provide definite sets of eigenstates of the
N boson system, which can be used as convenient bases
for calculating the Hamiltonian matrix in any case. The
analysis of such states relies on the use of the elegant and
powerful methods of group theory. Since this aspect has
been emphasized before several times, we shall present it
here only briefly.

The single-boson operators (2.3), (2.4), and (2.5) are
generators of the Lie algebra of the U(6) group. Acting
on the set of single-boson states dl |O),s#|0), which
span a six-dimensional space, they transform it into itself.
The Hamiltonian (2.7), constructed from scalar products
of these generators, has nonvanishing matrix elements
only between states that transform irreducibly among
themselves under these generators. Hence eigenstates of
the Hamiltonian form bases of irreducible representations
of U(6). Fully symmetric states of s and d bosons belong
to the fully symmetric irreducible representations charac-
terized by the integer N. The various limits are obtained
by considering subgroups of U(6).

- The simplest Lie subalgebra of U(6) contains the gen-
erators (2.3) and (2.5), which commute with the number
operator Aiy=(d-d). This is the algebra of U(5) X U(1).
The generator (2.5), 7 =s's, can be eliminated by using
N=#,+#,, as carried out in Eq. (2.8), and the subgroup
considered is simply U(5). The most general U(5) Hamil-
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tonian is obtained by putting ;=0 and 7,=0 in Eq.
(2.8). It can be expressed as the linear combination

efig+ rafyg(Ay—1)+Bdt-d"d-d)

+y[10dTxd) V@t xd)V—6dd)]. (2.10)

The eigenvalues of (2.10) can be written down in terms of
those of the pairing term ng(ny+3)—7(7+3) and of the
square of the angular momentum L =v10(d"xd)"’,

eng+ vang(ng—1)+Blng(ng+3)—r(r+3)]
+7[L(L4+1)—6ny] .

In (2.11), 7 is the seniority of the d bosons and assumes
the values ny, ny—2,..., 1, or 0. The spectrum given
by (2.11) is that of an anharmonic vibrator.

Another subgroup of U(6) is O(6), the group of real
orthogonal transformations in the six-dimensional space
of s and d bosons. The generators of the O(6) Lie alge-
bras are (dTXJ)“), (dTXg)(3), and (de—i-sTt?). The most
general O(6) Hamiltonian can be expressed as

A+[d"d"—(s"2)d-d—s?)

+B+ 3 @'xad)P-@txd)®
k=1,3

(2.11)

+C10(d xd) V@' xd)V. (2.12)

The eigenvalues of the pairing operator in (2.12) are given
in terms of the seniority o as N(N +4)—o(o+4), where
o=N, N—-2,..., 1, or 0. The second term is diagonal
in the seniority 7 of d bosons only. Hence the eigenvalues
of (2.12) are given by

+A[N(N +4)—0(0+4)]++Br(r+3)+CL(L +1) .
(2.13)

The spectrum given by (2.13) corresponds to that of a
v-unstable nucleus.

There is still another subgroup of U(6) that contains as
a subgroup the O(3) group induced by spatial rotations.
This requirement is imposed by the rotational invariance
of the Hamiltonian leading to eigenstates with definite an-
gular momenta. The SU(3) group has generators

O =ds +sTJ—¥(deEi)‘2’ ,
2.14)
L=vT0@'xad) V.
The most general SU(3) Hamiltonian can be written as

o~

—2k0-0—«'L-L . (2.15)

The eigenvalues of (2.15) can be expressed as
(36—K")L(L +1)—k(A2+p® + A +30+3u) . (2.16)

The quantum numbers A,u characterize the irreducible
representations of SU(3). For any given A,u, the spec-
trum given by (2.16) is a rotational spectrum.
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The boson model discussed so far, IBM-1, can be con-
sidered and judged as a purely phenomenological model
much in the same way as the collective model of Bohr
and Mottelson. The model could be interpreted by giving
physical meaning only to d bosons, which could be
viewed as describing quadrupole surface vibrations
around a spherical equilibrium shape. The s boson could
be looked upon as a mathematical device that merely sim-
plifies the construction of U(6) generators and representa-
tions. The integer N would then characterize the fully
symmetric irreducible representations of U(6). It deter-
mines the total number of boson states in the given repre-
sentation that would approximately correspond to the
number of discrete (bound) states of the collective Hamil-
tonian (TQM).

There is an interesting illustration of such a physical
situation. This is the boson model developed for bound
states of diatomic molecules (Iachello, 1981; Iachello and
Levine, 1982). The collective Hamiltonian contains in
that case only three dynamical variables: the three com-
ponents of the vector r connecting the nuclei of the two
atoms. It contains the usual kinetic energy term and po-
tential energy, which is a function of = |r|. This is in
simple analogy with the nuclear collective Hamiltonian,
in which the potential energy is a function of 8 and y
only. The three Euler angles appear only in the kinetic
energy in the same way that the angles 6 and ¢ do in the
molecular problem (Fig. 1).

If the potential has a minimum at r=0, for small
values of r the collective Hamiltonian is that of a three-
dimensional harmonic oscillator. Instead of solving the
Schrddinger equation, the simple algebraic approach
could be used by introducing three creation and annihila-
tion operators p, and p,, which are the three components
of a p boson. The appropnate Hamiltonian is (p P+ 5
with eigenvalues n, + 5 2. A more difficult problem arises
when the minimum of the potential is at 7,40 (dipole de-

H:essTs—!-Ep(pT‘ﬁ')-i—‘;‘ > CL[(P]LXPT)(
L=0,2

-‘7—3‘5SP 5.

In the case of diatomic molecules, p bosons as well as s
bosons do not have any microscopic underlying picture.
The number N simply determines the number of states in
the irreducible representation that approximately corre-
spond to the bound eigenstates of the Schrodinger equa-
tion. This boson model gives a very good description of
low-lying levels of actual diatomic molecules. It is an
ideal example of a successful boson model of a collective
Hamiltonian. The collective degrees of freedom in the
present case are the components of a dipole (given by the
vector r). The collective electromagnetic transitions are
thus of electric dipole type E1, and the corresponding real
and Hermitian operator is

TV =ay(pls+s'5,) . (2.18)
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(a) (b)

FIG. 1. Illustration of the collective degrees of freedom of nu-
clei (a) and molecules (b). For a deformed body with quadru-
pole deformation there are five degrees of freedom
(B,v,61,6,,05), while for a diatomic molecule there are only
three (r,0,¢).

formation). If the potential well is sufficiently deep, the
low-lying levels will form a rotational band with energies
proportional to L(L +1). Higher rotational bands are
based on higher vibrational levels, and energies are given
approximately by a +bv +cv?+BL(L + 1), where v is the
vibrational quantum number.

The use of p bosons alone to obtain solutions corre-
sponding to this more difficult case appears to be rather
complex. However, both solutions, spherical and de-
formed, could be simply obtained by introducing an s bo-
son with JP=07% in addition to p (with JP=1~). The
corresponding space is four dimensional with group struc-
ture U(4), the vibron model. The Hamiltonian for this
model is constructed from the operators of U(4) much in
the same way as Eq. (2.7),

(EXP) P14 35[0 X p s 2+ (s D EX IO T+ Tuols s?

(2.17)

f

As in the case of the interacting boson model, for spe-
cial values of the parameters in Eq. (2.17), the eigenvalues
of the Hamiltonian can be written down in a closed for-
mula. Such is the case if the Hamiltonian is constructed
from the generators of O(4), which form a Lie subalgebra
of the U(4) one. The generators of O(4) are given by the
operator in Eq. (2.18) and the angular momentum vector
v6(p"xp)V. The most general O(4) Hamiltonian can be
expressed by a linear combination of the scalar products
of these two operators, or in analogy with Eq. (2.12) by

2)+B6[(p"'><ﬁ)(l),(p'fxﬁ')(l)] .
(2.19)

At p = H1Fp—

Hence the eigenvalues of (2.19) are given by
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+A[N(N+2)—o(0+2)]+BL(L+1), (2.20)
where the seniority  is equal to =N, N—2,..., 1, or
0. For any given value of w, there is according to (2.20) a
rotational band with L=w, wo—1, o—2,..., 0. The

quantum number w can be related to the vibrational quan-
tum number v by v=(N —w)/2. Another simple limit is
obtained when one considers only operators that commute
with 7, =( pT-ﬁ ). The corresponding algebra is that of
U(3)®U(1). Eliminating the operator i, =ss yields sim-
ply U(3). The U(3) Hamiltonian can be written in analo-
gy with Eq. (2.10) as

ef, +Taf, (i, — ) +76[(p ) V- (p xp V], 221
with eigenvalues
en, +san,(n,—1)+yL(L+1) . (2.22)

The spectrum given by (2.22) is that of a three-
dimensional anharmonic oscillator.

lll. THE INTERACTING BOSON MODEL 2

A. The model

Although the collective model and the interacting bo-
son model 1 successfully describe many situations in nu-
clei, it seems desirable to go beyond them and attempt a
microscopic calculation of collective properties of nuclei.
There are, in principle, two ways to compute microscopi-
cally collective properties of nuclei. One is to start from
the spherical shell model, which, in addition to being suc-
cessful, provides a complete basis for any microscopic cal-
culation of nuclear properties, and the other is to start

" from independent nucleons moving in a deformed poten-
tial well. For the collective model, the avenue starting
from the deformed potential well has been investigated in
detail by Kumar (1983). The avenue starting from the
spherical shell model appeared to be the natural one for
deriving the collective Hamiltonian within the framework
of the interacting boson model. We shall henceforth call
the spherical shell model simply “the shell model” and
the model using a deformed potential well “the Nilsson
model” (Nilsson, 1955). The avenue starting from the
shell model seemed more appealing, since nuclei with a
few valence nucleons outside of (or missing from) closed
shells are well described by it, while a description of the
same nuclei in terms of the Nilsson model encounters
serious difficulties.

The shell-model description of collective states in nu-
clei has been a long-standing problem. For nuclei with
many valence nucleons, the straightforward application of
the shell model becomes prohibitively difficult. Shell-
model wave functions constituting a complete set could
have been combined to yield all kinds of collective states.
This, however, would have little value as the complexity
of the problem seemed enormous. No simple coupling
scheme was found that could give an adequate description
of the large variety of collective states found in nuclei.
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The best and most successful attempt has been the elegant
SU(3) model of Elliott (1958). This model demonstrated
for the first time how the motion of individual nucleons
can lead to collective rotational spectra. It cannot, how-
ever, accommodate in a straightforward way the large
spin-orbit interaction that leads to the shell model. Thus
this model gives good results in some light nuclei, but it
cannot be applied directly to the situation in many
medium-mass and heavy nuclei.

The success of the boson model in describing in a uni-
fied manner the various kinds of collective spectra, vibra-
tional, rotational, etc., offered a renewed challenge. A
scheme within the shell model that would correspond to
the set of s- and d-boson states would offer a successful
shell-model description of collective states in nuclei. The
basic elements of the boson model are s bosons and d bo-
sons defined in a fixed frame of reference, and thus corre-
sponding building blocks must be found in the shell
model. In looking for these, as we shall presently see, the
presence of s bosons and the conservation of N play a
most important role.

The simplest building blocks with J=0 and J=2 are
pairs of identical nucleons coupled to J=0 and J=2,
respectively. Such pairs could be pairs of valence nu-
cleons, but they could also be nucleon-hole pairs. The ex-
citation of a nucleon from closed shells should lead to a
state with high energy. Furthermore, to obtain a 0% pair
the nucleon should be excited to the second higher shell.
It was thus suggested that the basic building blocks of the
interacting boson model are nucleon pairs (Arima et al.,
1977; Otsuka et al., 1978). Another argument for consid-
ering nucleon pairs rather than nucleon-hole pairs is of-
fered by the conservation of N. The total number of nu-
cleon pairs is obviously conserved, whereas no simple con-
servation law would emerge from nucleon-hole pairs.

At this point we should recall that nuclei are built of
protons and neutrons, a fact not explicitly recognized
when IBM-1 or the collective model is used. We must
specify which nucleon pairs we should use, proton-proton
and neutron-neutron, or perhaps proton-neutron pairs. In
most medium-mass and heavy nuclei where collective
spectra appear, valence protons and valence neutrons are
in different major shells. This prevents the coupling of a
proton and neutron to J=0 and positive parity. We con-
clude that the natural approach is to consider pairs of
valence protons and pairs of valence neutrons whose num-
bers are separately conserved as well as their sum
N=N_+N,. The corresponding model is called the in-
teracting boson model 2, or IBM-2, in order to emphasize
that there are two types of collective degrees of freedom,
proton bosons (7) and neutron bosons (v) (Fig. 2).

Employing coupled pairs of protons and neutrons as
building blocks for collective nuclear states does not im-
ply that the proton-neutron interaction is ignored. As we
shall see later, the strong and attractive interaction be-
tween protons and neutrons plays a dominant role in the
present approach. It has been recognized in the past as
giving rise to an attractive central potential as well as to
nuclear deformation, and it will be introduced here as well
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FIG. 2. (a) Schematic representation of the shell-model prob- .

lem for '$§Xeqs; (b) the boson problem, which replaces the shell-
model problem for 'Y§Xeg,. Both in part (a) and in part (b) the
nucleons (a) or bosons (b) can be arranged in all possible ways
consistent with the single-particle levels and Fermi (a) or Bose
(b) statistics. Of all these possible ways only one is shown in the
figure.

at the proper stage. When discussing the proton-neutron
interaction, it should be stressed that any state with
valence protons and neutrons can be constructed by cou-
pling all possible proton states to all possible neutron
states. If valence protons and neutrons are in different
(major) shells, all such states will correspond to states
with good isospin given by

T=(Ny—Z,4)/2, (3.1

where N4 and Z, are the total number of neutrons and
protons. In such situations, the proton-neutron interac-
tion (VT=14¥7=0%/2 may be quite different from
proton-proton and neutron-neutron interactions, 7 =1,

Another point concerns the consideration of only
valence nucleons. We aim at constructing from shell-
model wave functions coherent combinations that will ex-
hibit collective features. It is well known that even in
simple shell-model configurations of a few valence nu-
cleons polarization of the closed shells is evident. Still, if
the polarizations by individual nucleons are small, the ef-
fect may be expressed by renormalization of the various
single-nucleon operators. We take the same view for the
boson model by introducing polarizations of the core
through effective boson charges. More will be said later
on this problem.

B. Nucleon pairs and seniority

Let us now turn our attention to the interacting boson
model 2 and thus to pairs of identical nucleons. Pairs
with J=0 have been used extensively in the past, begin-
ning with the pioneering work of Racah (1943) for atomic
electrons. This method was successfully applied to nuclei
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several years before the Bardeen, Cooper, and Schrieffer
(BCS) theory of superconductivity. BCS theory has been
extensively applied to nuclei, but there are three argu-
ments against its use in the present context. First, it diag-
onalizes the rather artificial pairing interaction, which is a
poor choice for the effective interaction between nucleons.
Second, it does not conserve the particle numbers. This is
no problem for electrons in metals, but it is a major prob-
lem for the case of a dozen or so valence nucleons. One
way out of this difficulty is to use BCS theory projected
onto the correct particle number. This theory, PBCS, is
essentially equivalent to that discussed below. A third ar-
gument, particularly important here, is that the BCS
theory treats J=2 pairs very differently from J=0 pairs.
In trying to construct nucleon states similar to those of s
and d bosons, a better approach is to treat them on the
same footing. Such an approach is offered by the theory

-of generalized seniority (Talmi, 1971, 1973; Shlomo and

Talmi, 1972). It is a generalization of Racah’s seniority,
which we shall now briefly outline.

The seniority scheme was introduced for identical fer-
mions in a single j orbit (/ orbit for electrons in atoms). It
is based on considering pairs coupled to J=0 as created
by the operator

S;r: I3 (- )j—maj]:ma}:_m . (3.2)
m

The operator that annihilates a pair is the Hermitian con-

jugate sz(SjT)T. The operator S;S; measures in some

way the amount of J=0 pairing. It has the eigenvalue

(2j+1)/2 for the (j2J =0) state and O for all other states

of the j? configuration. The seniority scheme in the j”

_configuration is defined as the set of eigenstates of this

operator.
An interesting property of the operators S jT,S ; and S 19’
2j+1
SJp:% Ea;majym_ ]4 : (3.3)
m

is that they form a Lie algebra identical to that of the
components of the angular momentum [SU(2) and O(3)],
called quasispin (Kerman, 1961). In treating properties of
the pairing interaction S;Sj, one can use either the quasi-
spin labels .%,.#° or the seniority v and particle number
n. The particle number » is simply related to the expec-
tation value .#° of SJp by

2j +1
yozﬁ_f_‘ .
> 2 (3.4)

The seniority v is related to . by a similar expression,

_2j+1 v
7= > - (3.5)

The seniority v of a state, is, loosely speaking, the number
of unpaired nucleons. More precisely, a state in the j°
configuration with seniority v has no paired nucleons and
satisfies

S; | jwIM ) =0 (3.6)
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The eigenvalues of the pairing interaction S]-TSJ- are given
by

n—v
2

(SJTSJ.)z—— (2j+3—n—v). (3.7

The seniority scheme can be and has been used to derive
many properties of shell-model states of the j” configura-
tions.

In most medium-mass and heavy nuclei, the valence
nucleons are distributed over several j orbits in a major
shell. In order to treat this situation, a generalization of
the concept of seniority in a single j shell is called for. A
simple generahzatlon would be to consider the linear com-
binations ST= 25 Ts= >, Sj, and S0= > S). These
operators would st111 form an SU(2) algebra, and one
could use the elegant methods of group theory to analyze
the situation (Kerman, 1961). This situation would be the
case if, for example, the single-particle orbits j were all
degenerate and the interaction were the pairing one. The
actual situation in nuclei is rather different. One thus
needs to consider a more complex form, called generalized
seniority (Talmi, 1971), by using an operator that creates a
correlated J =0 pair having the form

=3 a;s] (3.8)
j

with unequal amplitudes of ;. This generalized operator
has with its Hermitian conjugate rather complicated com-
mutation relations, and no simple closed Lie algebra is ob-
tained. Still, in analogy with v=0 states, states with
J =0 of the type (ST)¥|0), where N =n /2 is the number
of pairs, can be constructed and their properties investi-
gated.

The concept of correlated pairs can be extended to in-
clude pairs with angular momentum J larger than 0. For
example, we can define operators that create correlated
pairs with J =2 by

EBJJ 2 jmjlml ‘jjlzlu‘)azma;’,m’ .
V 1+5

_]j mm’

(3.9

In analogy with v—2 states, states with one D pair and
(N—1) S pairs, (SHYV='DT|0) can be considered, and
G,I, ..., pairs can be constructed in a similar fashion.
The states with one D pair (or G,I,...) can be as-
signed generalized seniority v=2. The situation becomes
more complex if one attempts to create fermion states
with more than one DT operator, for example,
(DTxD")§|0). For J=O0 this state will, in general, not
be orthogonal to the state (S')?|0). In order to overcome
this difficulty, one must orthogonalize the fermion states
at each step when constructing states with many D pairs.
In order to preserve as much as possible the advantages of
the seniority scheme, one can project out of any state
(SHN—v/2(pTyy2 |0) all components of the form

(ST)N_”/Z“BJM | 0), where B}LM |0) is a state with v—2
nucleons.
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The generalized seniority scheme constructed in this
way has two virtues. First, nuclei with only valence neu-
trons or protons (semimagic nuclei) appear to be well
described by it. It was shown that within this scheme the
states (STYV|0) and (SHYY~'DT|0) have simple proper-
ties. Ground-state energies (binding energies) are linear
and quadratic functions of N with no breaks correspond-
ing to subshells. The spacings between ground state and
the first excited J=2 states are independent of N. They
are constant throughout the major shell considered.
These features arise if the coefficients a; and B;; in Egs.
(3.8) and (3.9) are constant throughout the major shell. In
some calculations (broken-pair approximations) wave
functions like Eqgs. (3.8) and (3.9) are used as variational
JSunctions, with coefficients a; and B;; determined for
each N from a given Hamiltonian. If, for a given shell-
model Hamiltonian, these coefficients are changing with
N, the regular features of semimagic nuclei may not be
reproduced. It is thus important to check that the results
of the calculations produce coefficients ; and S;;, which
do not change appreciably with N. Fmally, in the gen-
eralized seniority scheme, only one state, (shH¥-1pt |0),
has nonvanishing matrix elements of the quadrupole
operator to the ground state (S'"') hyw )¥]0). This last property
holds for a single-nucleon quadrupole operator Q, which
satisfies the condition (Shlomo and Talmi, 1972; Ginoc-
chio and Talmi, 1980)

D} =110,.5".

An example of nuclei well described by the generalized
seniority scheme are the tin isotopes. We show in Fig. 3
the location of the J=2 states, which can be ascribed to
generalized seniority v=2, above the ground state.
Despite the large number of valence neutrons (or neutron
holes), up to 16, there is no indication of a real lowering
of these J =2 states. The situation is similar for lead iso-
topes (below and above the magic neutron number of 126)
and for the isotones with a neutron number of 82 (below
and above the quasimagic proton number of 64). The
small variations in 0—2 spacings in semimagic nuclei
should be contrasted with the dramatic changes in 0—2
spacings when nucleons of the other kind are added, or
with the changes of level spacing in odd nuclei. Thus one

(3.10)
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FIG. 3. Systematics of the JP=2" levels in Sn isotopes.
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must conclude that the basic effective interaction between
identical nucleons is such that generalized seniority holds.
One can use this empirical evidence in two ways, either by
deriving the necessary and sufficient conditions that the
fermion Hamiltonian H must meet in order that general-
ized seniority be satisfied (Talmi, 1971, 1973; Shlomo and
Talmi, 1972), or by disregarding effective interactions
that violate it. For example, the very popular pairing plus
quadrupole interaction is unrealistic for identical parti-
cles.

The quadrupole portion of it violates generalized
seniority, and it will lead to a lowering of the /J=0—J =2
separation not observed experimentally in semimagic nu-

J

Fermion space
(sH¥|0) J=0
(ST)N—IDTI()) J=2
2(SHY-2Dp'x D" |0) J=4,2,0

where the operator Z denotes a projection into states

from which components with st pairs have been project-

ed out. The correspondence is such that the boson num-

ber N is half the particle number, while the number of d

bosons is half the generalized seniority,
n v

NZ_, nd=2 .

A2
> (3.12)

Equation (3.12) is the basic underlying microscopic struc-
ture of the interacting boson model.

In addition to constructing a correspondence (or map-
ping) of states, one can also construct boson Hamiltonians
whose eigenstates are given by Eq. (3.11). As a simple ex-
ample, one may consider a boson Hamiltonian that repro-
duces the features of generalized seniority. The boson
Hamiltonian ‘

Vois' )+ Vodt-d)y 4 2 wists2 e wists)yatd)  (3.13)
has eigenvalues VoN++WN(N—1) in the states
(s"HM|0). It has the elgenvalues Vo(N—1)4V,

++WN(N —1) in the states (s")¥~'d7|0), as can be
verified by using the Bose commutation relations. Any
state (3.11) with given ng and ny is an eigenstate of (3.13)
with the eigenvalue

Vons+Vyng++Wng(ng—1)+ Wnyny . (3.14)

One should remark that in this example the boson Hamil-
tonian (3.13) is not the first term in a “boson expansion”
of the shell-model Hamiltonian. The boson operators are
not approx1mate creation operators of fermion pairs.
Unlike ST and DY, which have very complicated commu-
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clei. ‘Only small strengths of an explicit quadrupole in-
teraction can be tolerated by experiment, as will be dis-
cussed below. It is also perhaps worth noting that in the
case of the isotopes with a neutron number of 82, the
(0—2) level spacings slightly increase with the number of
valence protons. This would imply that, in addition to in-
teractions that are diagonal in generalized seniority, there
is in this case a small quadrupole term that is repulsive.

The second virtue of the generalized seniority scheme is
that it leads naturally to a connection between fermion
states built from ST and DY pair operators and states of s
and d bosons. One may construct a one-to-one correspon-
dence (mapping) in the following way:

Boson space

(sH¥|0)
(ST)N—ldT | 0)
(ST)N—-Z(dedT)(J) | 0)
cot (3.11)
T
tation relations with their Hermitian conjugates,

Td S5 d“ satisfy exactly the boson commutation rela-
tions. The last two terms in (3.13) do not represent four
fermion interactions that are not present in the shell-
model Hamiltonian. The boson Hamiltonian (3.13) is just
a model that reproduces the eigenvalues of the shell-
model Hamiltonian for a limited and very special set of
fermion states. It contains only single-boson terms and
boson-boson interactions, and yet it reproduces exactly
eigenvalues of nucleon states in which the Pauli principle
is strictly obeyed.

The question can now be raised whether the mapping
(3.11) includes shell-model states that correspond to every
boson state. Thxs is certainly not the case if N > Q, where
Q= > j j+3) is the pair degeneracy of the shell. All
fermion states of N > Q vanish, whereas there are boson
states for any N. Hence beyond N = the correspon-
dence between fermion pair states and boson states must
simply be discontinued. As we shall see in the following,
the correspondence should be modified even for N > Q/2.
Even for smaller values of N there are cases in which the
Pauli principle forbids certain couplings of the Dt opera-
tors. The answer to this question depends on the shell-
model. space considered. If the shell-model space is
severely limited, the correspondence may not be possible.
For realistic shell-model spaces such as those encountered
in the shells 50—82, 82—126, ..., the correspondence
can be established, at least for the low-lying states.
Ginocchio (1980) has shown that there are several semi-
realistic cases in which the correspondence can not only
be established, but is exact. The model of Ginocchio
makes use again of the elegant methods of group theory,
and it is the generalization of the quasispin group SU(2)
to cases that include D pairs. The operators defined in
the space k+5 > j >k — < (integer k),
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2 2(_ aj majT——my (ST)T 5
i o2
D) =3 (—)FH32H[2j + D2/ + DI
Z $ o3k
P:p=22(——-)r+k+3/2+j[(2j+1)(2jr+1>]1/2{i -]3
T 7

form the closed Lie algebra of SO(8). In Ginocchio’s
model there is a one-to-one correspondence between boson
and fermion states, and one can construct boson Hamil-
tonians that give exactly the same eigenvalues as the cor-
responding fermion Hamiltonians. It thus provides an ex-
ample of a fermion system where the truncation to the
S-D space is exact. The model has been generalized re-
cently by Wu et al. (1986).

Another problem associated with the mapping (3.11) is
that the fermion seniority v cannot exceed . From this
it follows that the set of states constructed by N >Q/2 s
and d bosons cannot correspond to a set of states of N, S,
and D pairs. The bosons are not limited by the Pauli
principle, and their states also include states with
ng>Q/2 d bosons. There is, however, a natural way to
establish the correspondence between boson states and fer-
mion states beyond the middle of the shell. One can
make use of the general property of Fermi systems that a
configuration with 2N particles can be equally well
described as a system of 2(Q2—N) holes in the closed
shell. Hence, beyond the middle of the shell, we map onto
boson states fermion-hole pair states rather than fermion
pair states.

The operator S T that creates a correlated fermion pair
with J=0 has been defined by Eq. (3.8). The operator
that creates a hole palr (with J=0) in the closed shell S’
should make S'(S)® | 0) proportional to (sHe=10). 1t
can be expressed by using the Hermitian conjugates of the
SJr as 2 j ajS;. The condition written above then implies
that aj=1/a;. We conclude that the pair annihilation
operator, apart from normalization, is given by (Talmi,
1982)

i %

(3.16)

It is seen that for a single j orbit or for equal o, S’ is
simply the Hermitian conjugate of sT. For unequal a;
values, where j orbits with larger o ; are filled in the be-
ginning of the shell, it follows from Eq. (3.16) that the j
holes at the end of the shell are indeed those with smaller
a; (larger 1/a;). A similar procedure can be used to con-
struct the D-pair annihilation operator,

EBJJ m 2 jmjlm’f]j’zu)aj',m'aj,m .

JJ mm’

(3.17)

It can be constructed by (Talmi, 1982)
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(afxal)?, (DT, (3.15)
(ajxa),
[
D, =7[0,5'1, (3.18)

where Q,, is the operator defined by Eq. (3.10). Using the
relation between the coefficients o j» Bjj» and those of Q,,
the B;;- can be written explicitly as (Johnson and Vincent,
1985)

C. The proton-neutron interaction and
nuclear deformation

We have seen that the interaction between identical nu-
cleons gives rise to the generalized seniority scheme as ex-
perimentally observed in semimagic nuclei. Among the
main properties of the seniority scheme are constant spac-
ings of the 0" and 2% states and a relatively small (a few
single-particle units) B(E2) value between the 0% and 2+
states. This situation is drastically changed when both
valence protons and neutrons are present. In these nuclei
the 0—2 spacing sharply decreases with increasing num-
ber of valence nucleons, and there is a corresponding in-
crease in the B(E2) value for the 2—O0 transition. This ef-
fect, related in the collective model to the occurrence of
deformation, is thus a consequence of the proton-neutron
interaction.

The interaction between a proton in the j orbit and a
neutron in the j’ orbit can be expressed as

GiTM | Vg | jj'TM)
- <jj
i

. J
zsz(—yﬂ“lj, ; k}. (3.20)
k

jj'JM}

In Eq. (3.20) the irreducible tensor operators U'*) are de-
fined as having reduced matrix elements equal to unity.
The coefficients Fj of the tensor expansion can be ob-
tained from experiments, if available, by inverting Eq.
(3.20), and are given by

i

Fr=02k+1) 3 (— >J+J+J(2J+1)L, iok[Va .
J

(3.21)

If the protons and neutrons are in the same orbit, an in-
teraction [Eq. (3.20)] with j=j' and coefficients Fy,
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determined by Eq. (3.21) from actual energies, is the
correct charge-independent interaction. It reproduces ex-
actly the T=1 levels with even J values and the T=0
levels with odd J. If the j protons interact with j’ neu-
trons and the neutron j’ orbit is completely filled, then
matrix elements are given by

VniW)=5[Vj'J, T=0)+V(jj'J, T=1)] . (3.22)

In such cases, moreover, all states obtained by coupling j
and j' are allowed, the tensor expansion is unique, and
Egs. (3.20) and (3.21) are valid. All states constructed
with j protons and j' neutrons correspond to states with a
well-defined isospin, which is equal to (N4 —Z 4)/2.

Information on the proton-neutron interaction is avail-
able from experimental data in some light and medium-
mass nuclei, for example, from 1f;,, configurations.
This information indicates that among the various Fj
values in Eq. (3.21), the coefficient of the quadrupole
term F, is considerably larger (more attractive) than oth-
ers (see, for example, Talmi, 1983). A drastic simplifica-
tion of the proton-neutron interaction is to consider only
a quadrupole-quadrupole interaction,

Vo =F,(U?.U?) . (3.23)

Analysis of the experimental data also indicates that there
is a strong and attractive monopole (k =0) term. If one is
interested only in the calculation of level spacings, this
proton-neutron monopole term may not be important.
However, it plays a major role in the evaluation of bind-
ing energies. After the quadrupole (k=2) and monopole
(k=0) terms, the next important one is the hexadecapole
(k=4) term, etc. The fact that the main proton-neutron
interaction is of a quadrupole-quadrupole type is in con-
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trast with the situation for the proton-proton and
neutron-neutron interaction, which, as discussed in Sec.
IIL.B, is of the seniority-conserving type. It may be
surprising that there is apparently no quadrupole term in
the interaction of identical nucleons. The reason is sim-
ply that the expansion [Eq. (3.20)] is not unique if only
T'=1 states are considered. A quadrupole term may well
be present in the proton-proton and neutron-neutron in-
teractions, but its seniority-breaking effect is canceled by
the presence of other even-rank multipole terms. It is
then possible to expand the T'=1 interaction in terms
only of odd tensors and a monopole term (deShalit and
Talmi, 1963).

The approximation (3.23) suggests a possible truncation
scheme for large-scale shell-model calculations that leads
to the interacting boson model 2. In this scheme, one first
constructs a complete set of states of the valence protons
given by |a,J.M,), where a, are additional quantum
numbers (labels) of states that have the same values of J,,
(and M ). The analogous set of neutron states is given by
|, J,M,). A complete set of states of given numbers of
valence protons and neutrons is obtained by coupling the
proton and neutron states as

ladqad JMY=3 (J,M,J M, |J.JJM)

MM,

X | el oMy |a J,M,) . (3.24)

In this set of states one can then evaluate matrix elements

" of the proton-neutron interaction. For example, for a

quadrupole-quadrupole proton-neutron interaction [Eq.
(3.23)], one has

N S R
<amawM|wi,”-U‘v”)|a;f;aw;fM>=<—1)’v+’"+’{J, P 2](anJﬂllUif’IIa;J;)(aJVIIU‘V”IIaiJ’v). (3.25)

An effective truncation scheme should maximize the matrix elements (3.25). For that, a convenient set of states for the
valence protons and valence neutrons are those discussed in Sec. IILB and provided by generalized seniority,

(sh¥ 10y, sH™ 0y, sH¥ bl 0y, sH¥ b0y, ... . (3.26)

If the U and U 2 in Eq. (3.23) are proportional to the corresponding quadrupole operators defined in Eq. (3.10), the
states (3.26) will have large matrix elements of the proton-neutron interaction.
In the truncation scheme outlined above basis states are constructed with operators of the form

t_ e t Jymy bt
Sﬂ— Zajﬂ‘(_) aj‘ﬂ"m'rrajw’_mﬂ’ SV: Ea-’v(—) ajv’mvajv’_mv ’
Ju Iy

+ 1 . s
Dow=3 B, ;e 2 Unalomir | jafs2a] mals .. 27
Jnly VIS, o o
T 1 . .1 ’ PRy
Dv,,u,: 2 B3 2 (Jym,jm,, |]v]v2u)ajfv;mva;;,m;, :

iy \/1+81vj;
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They are given by the states

[sH™ (5 1x1sh ™D, 5 11910, (3.28)
Yol w vy

for which components of lower proton and neutron
seniorities have been projected out. The numbers of pro-
ton and neutron pairs in the set (3.28), called the S-D
space, obey the relations

ng_ 4ng =N,= Tha Mg ng =N,=3n,. (329)

This truncation is a tremendous simplification of the
original shell-model problem. For example, in 12§Sm92,
the 12 valence protons occupy the orbits in the 50-82 shell
and the 10 valence neutrons the orbits in the 82-126 shell.
The number of states with positive parity and J =0 is 41,
654, 193, 516, and 917; that of states with J =2 is 346,
132, 052, 934, and 889; and that of states J =4 is 530,
897, 397, 260, and 575. A full shell-model calculation for
these nuclei is beyond the reach of today’s computers. On
the other hand, the number of J =0 states in the truncat-
ed space is about 30, producing a difficult but manageable
problem.

Replacing the giant matrices of the proton-neutron
problem by those constructed in the S-D space results in a
tremendous reduction in size. Still, rather formidable
complications face any actual shell-model calculation.
The fermion states of the S-D space are still very compli-
cated and difficult to work with due to the Pauli princi-
ple. One thus may attempt to replace the shell-model

S-D s-d

FIG. 4. A representation of the procedure suggested for con-
structing the boson Hamiltonian and transition operators. - F is
the full shell-model valence space. The dimensions of the S-D
(and s-d) spaces are not in scale. The actual scaled space would
be a tiny dot in F.
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problem in the truncated space by a boson problem. A
mapping of the fermi states of the S-D space onto boson
states can be simply achieved using the results of Eq.
(3.11). One introduces proton and neutron s-d bosons,
s .4 +,8,,d, and constructs boson states as

(Lsh @), 5 1x 1D @d, s 115 10) . 3.30)

The corresponding boson model is the interacting boson
model 2 (IBM-2). The entire procedure (truncation and
mapping) is schematically illustrated in Fig. 4.

In addition to the truncation to the S-D space and
mapping onto boson states, it is necessary to find a boson
Hamiltonian that will have the same eigenvalues as the
fermion Hamiltonian. We saw in Sec. IIL.B examples of
boson Hamiltonians corresponding to Hamiltonians of
identical nucleons. In the present case it is also necessary
to find proton-neutron boson interactions that correspond
to proton-neutron nucleon interactions. For an interac-
tion of the type (3.23), it is sufficient to find boson quad-
rupole operators that will have between the states (3.30)
the same matrix elements as the nucleon quadrupole
operators between fermion states in the S-D space. For
more complex interactions, one may need other boson
operators.

IV. MICROSCOPIC CALCULATIONS

A. Calculations in a spherical basis

In previous sections we have outlined the connection
between the shell model and the interacting boson model.
There are several steps in going from actual shell-model
calculations in a very large space to the boson system.
The first step is the drastic truncation of the shell-model
space into the S-D space. The second step is establishing
a mapping between steps of the S-D space and states of
SzsdqyS,,d, boson space. Finally, a boson Hamiltonian
should be constructed that will have the same eigenvalues
as the shell-model Hamiltonian for corresponding fer-
mion states. The same procedure must be repeated for all
operators of interest, for example, for the quadrupole
operator to be used for calculation of rates of E2 elec-
tromagnetic transitions. As mentioned above, there are
simple cases in which this procedure is exact and can be
carried out explicitly. In more realistic cases, approxi-
mate procedures must be devised. In order to check the
usefulness of each approximation scheme, it is necessary
to compare its results with those of exact calculations in
cases where exact calculations can be done (i.e., for small
numbers of valence nucleons). The first question that
could be asked is how good is the truncation to the S-D
space. Two remarks are in order here. First, the answer
to this question depends on the effective interaction that
is chosen. This poses a problem, since this interaction is
not sufficiently well known. There is up to now no reli-
able way to obtain it from the interaction of free nucleons
by using methods of many-body theory. In cases in



F. lachello and I. Talmi: Shell-model foundations of the IBM 351

which good agreement was obtained between shell-model
calculations and experimental data, the effective interac-
tions were in fact determined from experiment. The self-
consistent determination of the two-body matrix elements
is possible only for simple configurations in which the
number of matrix elements is small. In the cases con-
sidered here, hundreds of such diagonal and nondiagonal
matrix elements are needed, and there is not much hope
of ‘obtaining all of them from experimental data. One
may choose a particular interaction (for example, pairing
plus quadrupole), but there is no guarantee that this in-
teraction represents the actual situation. Another point
that should be mentioned is that, even if the truncation to
the S-D space leads to wave functions that do not have
large overlaps with the full space, this truncation can still,
in some cases, be made meaningful by renormalizing the
operators. This is the situation that actually occurs when
going from the free-nucleon interaction to the shell
model. The interaction between free nucleons is strong
and short ranged and leads to strong, short-range correla-
tions between nucleons. The absence of these correlations
in shell-model wave functions implies rather massive ef-
fects of renormalization. Nuclear many-body theory has
been grappling with this problem for more than 30 years
and is still far from the solution. No reliable way has
been found so far to calculate matrix elements of the ef-
fective interaction. Moreover, no proof has been given for
the validity of the shell model itself. No criteria have
been formulated for nuclear interactions that give rise to
the shell model as a good approximation. Yet the shell
model seems to give excellent descriptions of nuclei, at
least near closed shells. Despite these two drawbacks, the
calculations carried out so far are of great importance to
our understanding of the shell-model structure of the bo-
son model. Their results provide insight and guidance in
looking for interactions that yield better agreement with
the model.

Microscopic calculations require, in practice, three
steps:

(1) the determination of the values a; and f3; which
appear in the st and DT operators of protons and neu-
trons, Eq. (3.27);

(2) the construction of the boson Hamiltonian (and oth-
er operators) starting from the fermion space;

(3) the diagonalization of the boson Hamiltonian and
evaluation of transition matrix elements.

The last step is obvious and we shall not discuss it here.

We consider first step one. Several approaches have
been used to evaluate the coefficients a; and Bj;. The
simplest is to solve the shell-model problem in the space
of two particles (or two holes). More elaborate calcula-
tions have been performed, especially in order to test
whether the coefficients a; and B;; depend on particle
number. An example is shown in Fig. 5 (Bonsignori, Al-
laart, and van Egmond, 1983). It appears that most cal-
culations produce coefficients that are, to a good approxi-
mation, constant within a major shell in accordance with
the results of generalized seniority.

Step two is more difficult to perform. A simple
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FIG. 5. Amplitudes of shell-model states in the S- and  D-pair
states as obtained by Bonsignori, Allaart, and van Egmond
(1983). The amplitudes ¢; and X;; are such that their squares
add up to one. The amplitudes ¢; and X;; are defined by

- 2<Pi [a} X ajfr]m)
7 .

and

DT=2Xij[aiT><ajT](2) ,
ij

i.e., in a slightly different way than Egs. (3.8) and (3.9).

scheme is that of equating matrix elements of the ap-
propriate operators in the fermion space with those in the
boson space for some states (Otsuka, Arima, and Iachello,
1978). In particular, in order to construct a boson Hamil-
tonian, one needs to equate matrix elements for the two-
and four-particle systems (one and two bosons). This pro-
cedure is called OAI mapping.

In order to illustrate this procedure, we consider the
case of the quadrupole operator Q,. A single-boson
operator can be written as

Q. =ayd}s+s'd,)+Byd xd)? . @.1)

In the fermion space, the first term corresponds to the
seniority-changing part of the quadrupole operator, while
the second term corresponds to the seniority-conserving
part. The coefficients a, and 8, can thus be obtained by
evaluating matrix elements of the fermion quadrupole
operators U'? of the type (D||U?||S), (D||U?||D).
In the case of a single j shell this leads to the result
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172 172
w= o= ] [—;—l (41| U |j($)0) ,
172 12 4.2)
Br= %{%& % GADR||UP||j*D)2) .

An appropriate choice of the coefficients a, and 8, given
by Eqgs. (4.2) will reproduce the fermion results for all
values of N between states with ny =0 and ny=1. What
can be said about matrix elements between states with
higher values of n; and n;+1? This question has been
investigated extensively. Again it is instructive to consid-
er the case of a single j shell for which exact results can
be derived. One obtains

172 172
Q+1-N—ng 1 .2 )12
a,= 012, [5 ] GAD)2|| U2 |j*(S)0),
172 (4.3)
a—2~ |1 ” @1
= |— — D2||U D)2) .
3 [Q_an LI Gronio o)

We thus obtain for the boson operator (4.1) coefficients
that depend on boson numbers N and n,;. As long as ny
is small compared to Q, the Pauli principle is not very ef-
fective, and matrix elements between fermion pairs are
proportional to those between corresponding boson states.
The simple OAI mapping, however, becomes worse as ny
increases for fixed N. More elaborate mappings are need-
ed to discuss situations in which nr; is comparable to Q.
An example of these elaborate mappings is provided by
the method of Yang Li-Ming (1983).

1. The single j shell

The truncation-mapping procedure can be carried out
in analytic form in the schematic case of a single j shell
for protons and a single j shell for neutrons. In this case,
the generalized seniority becomes exactly the fermion
seniority. Otsuka (1978) has calculated the spectra of all
even-even nuclei in the major shell 50-82, treated as a sin-
gle j shell with j=-3" (Fig. 6). He used a 8-function in-
teraction between identical nucleons (proton-proton and
neutron-neutron).

V(x—x')=—Vyb(x—x'), (4.4)

with strength ¥, adjusted to give a separation of 1.4 MeV
between the ground state and the first 2+ state in
semimagic nuclei. In addition, he used a quadrupole in-
teraction between protons and neutrons,

V'=—k(U?.-U?). 4.5)

Comparing Otsuka’s calculation (Fig. 6) with the experi-
mental situation (Fig. 7), one can see that the qualitative
features of the experiment are reproduced by his schemat-
ic calculation. The calculation appears to yield not only
the ground-state band, but also other low-lying excited
bands. A more detailed effective interaction is expected
to give better quantitative agreement with the data, but
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FIG. 6. Energy spectra of even-even nuclei for fixed proton
number, n,=2N,=6, and varying neutron number, 0<n, <32,
in the single j-shell approximation.
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FIG. 7. Experimental energy spectra (circles, squares, and tri-
angles) of Ba isotopes, Z=56 (n,=6). The lines indicate
phenomenological fits to the data (Puddu, Scholten, and Otsu-
ka, 1980). The experimental spectra are shown here to point out
the similarity with those calculated in the single j-shell approxi-
mation and shown in Fig. 6.
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the gross features emerge even with the schematic interac-
tion. These features seem to depend rather strongly on
the existence of major closed shells and on the number of
valence protons and neutrons, n, and n,,.

2. Several degenerate shells

Otsuka (1981a, 1981b) has extended his calculations to
the case of degenerate j shells with the surface delta in-
teraction (Arvieu and Moszkowski, 1966) between identi-
cal nucleons. In that case the coefficients a; are equal
[apart from a phase factor (—)/] and the quasispin for-
malism can be applied directly. In order to obtain the
coefficients Bjj» Otsuka first constructed the J =2 pair
operator according to Eq. (3.10),

FL:[ST’QF,;L] B (4.6)
where Qp is the fermion quadrupole operator

Op =Sy jla) xam)® 4.7)
i’

with coefficients y ;i taken from the surface 8 interac-
tion. The D-pair creation operator is then given by

Dl =2F], 4.8)

where &7 is a projection operator onto states of good
seniority. The mapping was done as in the case of a sin-
gle j shell. Otsuka considered the case of degenerate
1g7,2, 2dsy, 2d3 5, and 3s,,, shells. His intention was
that of studying the “goodness” of the truncation-
mapping procedure by comparing it with exact shell-
model calculations. He found that the truncation-
mapping procedure yields spectra that qualitatively agree
with the exact spectra, Fig. 8, but that quantitatively
differ.

Why are there quantitative differences? The answer
may be simply that the boson model is not a good approx-
imation in the schematic case of degenerate orbits and
surface & interaction. Still, there may well be other im-
portant effects responsible for this behavior. Whenever a
space is truncated from large to small, one expects renor-
malization effects to occur. The interaction used in the
large space must be renormalized when used in the small
space. It thus becomes an “effective” interaction. Con-
siderable effort in the last few years has gone into the
construction of the effective boson interaction. A way to
construct it is provided by Feshbach’s projection method.
In this method one divides the space into two parts (called
P and Q). The effective interaction in the small space P
is given by

1
Hpp=Vpp+Vpg E,TH_Q;HQP . (4.9)

In the case of the interacting boson model, it appears that
the main renormalization effect is caused by the omission
of pairs with angular momenta J >2. In particular, the
largest contribution appears to come for G pairs (J =4).
Although the percentage of G pairs contained in the low-
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FIG. 8. Effects of the renormalization due to G pairs as calcu-
lated by Otsuka (1981a, 1981b). The exact shell-model calcula-
tions for four proton particles and four neutron holes (EXACT)
is compared with the results of the truncation-mapping pro-
cedure without renormalization (IBA-NR) and with renormali-
zation (IBA-R).

lying states of nuclei might be small, it has major effects
on some parts of the effective interaction. Otsuka treated
these effects using Feshbach’s projection method, and his
results are shown in Fig. 8. One can see that although the
structure of the spectrum remains unchanged, it is
compressed, and it now agrees quite accurately with the
exact shell-model result. The introduction of G pairs
through renormalization effects may indeed be crucial for
a quantitative comparison with experiment.

3. Several nondegenerate shells

The calculations described above of a single j shell and
degenerate shells serve as guidelines for understanding the
basic features of the results. For comparison with experi-
ments, one needs to consider the realistic case of several
nondegenerate shells. This problem has been attacked by
several authors using a variety of methods. These are list-
ed in Table I. We briefly comment here on those calcula-
tions in which the method is carried to its end, and spec-
tra and electromagnetic decay properties of nuclei are ex-
plicitly calculated.

We begin by considering the results of Yang Li-Ming
et al. (1984) for the Sm isotopes. These isotopes are par-
ticularly interesting since one observes here a transition
from spherical to deformed. The input in this calculation
are single-particle energies taken either from experiment
or from previous calculations. The effective nucleon-
nucleon interaction is taken to be pairing, quadrupole
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TABLE 1. Partial summary of current approaches to the microscopic structure of the interacting boson
model in a spherical basis. Full references are given in the reference section at the end of this paper.

Authors

Method

T. Otsuka, 1978, 1981a, 1981b
A. Klein and M. Valliéres, 1981
H. B. Geyer and F. J. W. Hahne, 1981
S. Pittel, P. D. Duval,
and B. R. Barrett, 1982a,  1982b, 1983
Y. K. Gambhir, P. Ring,
and P. Schuck, 1982a, 1982b
G. Bonsignori, K. Allaart,
and A. van Egmond, 1983, 1984
D. Brink and M. Zirnbauer, 1982
E. Maglione, F. Catara,
A. Insolia, and A. Vitturi, 1982
L. M. Yang, D. H. Lu, and
Z. N. Zhou, 1984
Z. S. Yang, Y. Liu, and H. Qi, 1984
G. O. Xu, 1984
C. L. Wu and D. H. Feng, 1984
C. T. Li, 1984a, 1984b
A. Faessler and 1. Morrison, 1984

Generalized seniority
Kinematical method
Dyson representation
Generalized seniority

Broken-pair approximation
Broken-pair approximation

Dyson representation
Collective pair approximation

Operatorized Bogoliubov transformation

Modified Jancovici-Schiff substitution
Variable mean field

Composite particle representation
Projected quasiparticle

Generalized seniority

pairing, and quadrupole-quadrupole for proton-proton,
and neutron-neutron and quadrupole-quadrupole for
proton-neutron. The corresponding strengths are shown
in Table II. The calculated energy spectra are compared
in Fig. 9 with experiment. The agreement is good. The
calculations of Yang Li-Ming ef al. (1984) include to
some extent the effects of the Pauli principle through #n,-
dependent coefficients in the boson Hamiltonian. They
do not include G pairs. The effect of G pairs appears to
be reflected in a renormalization of the fermion interac-
tion. For example, the adoption of a quadrupole-
quadrupole interaction between identical fermions is not
in line with what has been said in Sec. III. It may be at-
tributed to the neglect of G pairs and other configura-
tions.

Similar results have been obtained by Yang Ze-Sen
et al. (1984), who have computed the spectra of the Er
isotopes. In this calculation the single-nucleon energies
are assumed to be given by standard values. The interac-
tion between nucleons is again given as before by pairing,
quadrupole pairing, and quadrupole-quadrupole for iden-
tical particles, and by quadrupole-quadrupole for

nonidentical particles. The values chosen (in MeV) are
Gj~0.045, Gy~0.045, G7~0.035, G3~0.020,
k™~0.09, k¥~0.06, and k™ ~0.04. These values do not
conform to the standard accepted values. In particular,
the quadrupole-quadrupole interaction between like nu-
cleons is even larger than in Table II. Although the com-
puted spectra agree reasonably well with experiments, it
seems that the method used in the calculations requires
larger renormalization effects than that used in the calcu-
lation of Yang Li-Ming et al.

B. Calculations in a deformed basis

The scheme discussed above, namely, the truncation of
the shell-model basis to S and D pairs and the subsequent
mapping to a boson basis, has been carried out assuming
as a starting point the spherical shell model. This ap-
proach emphasizes the seniority-type interaction through
the use of a generalized seniority scheme. The proton-
neutron quadrupole-quadrupole interaction is added sub-
sequently. This interaction thoroughly mixes the basis
states of the type

TABLE II. Parameters of the nucleon interaction (MeV) used in the calculation of Yang Li-Ming et al.

(1984).
Isotope 86 88 90 92 94
Pairi [ GI 0.11 0.11 0.11 0.11 0.11
amrng G 0.11 0.11 0.11 0.11 0.11
Quadrupole pairin [ GT 0.045 0.045 0.046 0.047 0.048
uadrupole pairing G 0.026 0.028 0.030 0.030 0.035
K 0.05 0.06 0.07 0.08 0.09
Quadrupole-quadrupole { K 0.06 0.06 0.07 0.08 0.09
Proton-neutron K™ 0.135 0.135 0.16 0.183 0.19

quadrupole-quadrupole
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FIG. 9. Levels of *~1%Sm as calculated by Yang Li-Ming
et al. (1984). The circles, squares, and triangles represent the
experimental values.
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One can imagine a different scheme in which the starting
point is the dominant role played by the quadrupole-
quadrupole interaction (Bohr and Mottelson, 1980). This
scheme can be implemented by constructing a
truncation-mapping procedure based on nucleons moving
in a deformed well (Nilsson model). A truncation pro-
cedure can then be performed as follows. The proton-
neutron quadrupole interaction is first taken to create a
deformed potential well for the independent motion of the
nucleons. The proton-proton and neutron-neutron in-
teractions are then introduced, and the result is that each
pair of identical nucleons is distributed over several
Nilsson orbitals. If this interaction is the simple-minded
pairing interaction, the problem can be treated in the BCS
approximation. A more accurate procedure is to carry
out a Hartree-Fock-Bogoliubov calculation. In either
way, the resulting wave functions (with definite nucleon
number) can be expressed in terms of a deformed pair
operator A' creating a coherent mixture of Nilsson pair
states,

AT=2akA,t=2ak%a,IaT_k , (4.11)
k ok

where k now labels the quantum numbers of a particle in

a deformed potential well. The ground state of a de-

formed nucleus with N, proton pairs and N, neutron

pairs can be written as
(Ah™ah™ o) . (4.12)

Since the operators A’ do not conserve angular momen-
tum, the state (4.12) is an intrinsic state that contains
many values of the angular momenta. This quantum
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number must be restored by projection is one wants to
construct the actual states. The operator AT can be
rewritten in terms of spherical pairs

.
A'=Fx,48", (4.13)
J

. . .
where x; denotes normalized amplitudes and Af)J) is ob-

tained by projecting from AT onto an angular momentum
J and M;=0 component. Using the notation of nucleon
pairs we write

Af=xoST+x,Df +x,G5+ - - 4.14)
The states (4.12) are then mapped onto boson states

ah™ah™ o0y, (4.15)
where the boson operator Alis given by

AM=xosT+x,dd +x0gd+ -+ . (4.16)

The boson Hamiltonian and transition operators can then
be obtained by equating matrix elements between corre-
sponding fermion and boson states.

The truncation-mapping procedure in the deformed
well has been used by several authors in order to study
two problems:

(1) How good is the truncation to S and D pairs if the
interacting boson model has to be consistent with the

Nilsson model (or the results of Hartree-Fock-Bogoliubov

calculations)?

(2) What is the explicit construction of the boson Ham-
iltonian and operators?

Although a full microscopic description of collective
states that includes all nuclei from spherical to deformed
can only be done within the framework of the spherical
shell model (Sec. IV.A), one may view the mapping in a
deformed basis as a convenient way to maximize the ef-
fects of the quadrupole-quadrupole interaction in de-
formed nuclei.

The two problems listed above have been attacked by
several authors. Some of them are listed in Table III.
The results of the calculations performed so far appear to
indicate that the probability of having S-D pairs in the
pair operator [Eq. (4.14)], x3+x2, is >85% if one as-
sumes the Nilsson model with a deformation parameter
8~0.30 and a pairing gap A~ 1.0 MeV. The same result
is obtained by using an HFB approach. Although this re-
sult is very encouraging, several comments are in order.
The first concerns the relation between the probability of
having S-D pairs in the state (4.12) and that in the
single-pair state (4.14). If the latter is smaller than 1, it is
obvious that the larger the N, the smaller is the probabili-
ty in the state (4.12). This probability, which may become
very small for large N, is not a proper measure of the suc-
cess of the truncation into the S-D space. A proper mea-
sure is provided by the matrix elements of the shell-model
Hamiltonian in states (A")Y|0). Since this Hamiltonian
has only one- and two-body operators, the only important
states are AT|0) and (AT)2|0). The S-D probability for
these states appears to be rather high.
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TABLE III. Partial summary of current approaches to the microscopic structure of the interacting bo-
son model in a deformed basis. Full references are given in the reference section at the end of this pa-

per.

Authors

Method

A. Bohr and B. R. Mottelson, 1980
D. R. Bes, R. A. Broglia,
E. Maglione, and A. Vitturi, 1982
T. Otsuka, A. Arima, and N. Yoshinaga, 1982
J. Dukelsky, G. G. Dussel,
H. M. Sofia, and S. Pittel, 1982
J. Dukelsky and S. Pittel, 1983
E. Maglione, F. Catara,
A. Insolia, and A. Vitturi,
1983, 1986a, 1986b
K. Sugawara-Tanabe and A. Arima, 1982
T. Otsuka, 1984a, 1984b
T. D. Cohen, 1985
W. Pannert, P. Ring, and
Y. K. Gambhir, 1985
M. Sambataro, H. Schasser,
and D. M. Brink, 1986

Nilsson + BCS
Nilsson + BCS

Nilsson + BCS
Nilsson + BCS

HFB
Nilsson + BCS

HFB

Nilsson 4+ BCS
Self-consistent mapping
HFB

Generator Coordinate

A second point is the need for projecting good angular
momentum from the state (4.12). In this state there are
states with angular momenta considerably higher than
J =2N,+2N,, which is an upper bound for states in the
S-D space. All states with higher values of J do not in-
clude S and D pairs at all. Hence, in states with lower
values of J, the weight of S-D states is higher than im-
plied by the values of x, and x,. Finally, whereas the ex-
pansion of a single-pair state (4.13) is unique, this is no
longer true for states projected from (AI,)N"(AI)NVIO>.
For example, when considering the case with N, =2,
N, =2, the J =0 state due to two G pairs may well over-
lap with the (DTxD"){ and (57)?|0) states.

A major conclusion of most calculations carried out so
far in a deformed basis (as, for example, the recent calcu-
lations of Pannert, Ring, and Gambhir, 1985) is that the
effects of G pairs cannot be neglected and must be includ-
ed either explicitly or by renormalization. Otsuka (1984)
has devised techniques to deal with these effects, as well
as those of the Pauli principle. He has used his technique
to evaluate the boson image of the quadrupole transition
operator

TE)=e20841e,02, (4.17)

with
00=(d)s,+sd,)+x,(d}xd,)?, p=mv. (4.18)

Otsuka’s results are shown in Table IV. He has also
evaluated the strength of the proton-neutron boson in-
teraction

AB AB
Viv=—kQ 70y,

also shown in Table IV. The calculations reported in the
table are performed by using §~0.25, A~0.9 MeV,

(4.19)
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ef=1.7 e, and e£=0.7 e. The values shown there were
obtained by equating matrix elements of the appropriate
operators between states in the ground-state band. Once
this is done, one must test the consistency of the scheme
by comparing boson and fermion calculations for other
bands (3 and y). Some preliminary calculations have been
reported by Otsuka (1984) and Vitturi and Maglione
(1984).

V. OTHER TOPICS

A. F spin and Isospin

In the interaction boson model 2, collective states of
nuclei are constructed from pairs of protons and neutrons.
Instead of using explicitly proton and neutron labels, it
has proven to be convenient to introduce a formalism
similar to isospin, but applied to bosons. Proton and neu-
tron bosons can be assigned a quantity, called F spin, of
value F=+ (Arima et al., 1977). Proton bosons then
have FO:%, while neutron bosons have Fy= —%. The
basis states for the interacting boson model 2 are then

TABLE IV. Interacting boson model parameters as obtained by
Otsuka (1984).

With Without
Parameter renormalization renormalization
X . —0.86 —0.80
X, —1.18 —1.03
e5(e fm?) 12.0 10.6
e2(e fm?) 10.0 6.7
x (MeV) 0.094 0.120
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constructed by multiplying proton basis states with those
for neutrons, as in Eq. (3.30). It follows that one can ob-
tain not only states that are symmetric in the proton and
neutron degrees of freedom, but also states with partial
symmetry. A convenient way to display the symmetry
character of the resulting wave functions is through the
use of Young tableaux. Since we have two types of parti-
cles, the resulting Young tableaux are two-rowed and can
be obtained by multiplying the appropriate Young ta-
bleaux for protons and neutrons. For example, the wave
functions corresponding to N,=1 and N, =1 can be ob-
tained from the product

[1]l®[1]=[2]®[11]. (5.1

The wave functions [2] are totally symmeiric, while those
with Young tableaux [11] are antisymmetric. In general,
Young tableaux are of the form

Ny

0o ad
I (5.2)

N,y

Instead of the quantities N; and N, one can use the
quantities

NI_NZ

N=Ni+Ny=N,+N,, F=———=, (5.3)

to label the states, i.e., the total boson number and the
value of the F spin. The occurrence of states that are not
totally symmetric is a new aspect brought in by the cou-
pling of protons and neutrons. Their prediction and re-
sulting recent discovery (Bohle et al.,, 1984) constitute
one of the main achievements of the interacting boson
model 2.

The introduction of Fspin poses two questions:

(1) To what extent is F spin a good quantum number if
one starts from a microscopic theory of the boson model?

(2) What is the relation between the interacting boson
models 1 and 2?

We begin by considering the first question. It is clear
here that F spin is an exact quantum number if the IBA-2
Hamiltonian is fully symmetric between protons and neu-
trons, i.e., if the Hamiltonian is a scalar in F spin or con-
tains at most explicit dependence on F2 and Fy (which
are diagonal in F spin). In actual cases, the Hamiltonian
will not have this property. In fact, the microscopic
theory of the model leads to a Hamiltonian that can be
schematically written as

H=e(Ry +7y)+k0,0, , (5.4)

where the operators Q are given in Eq. (4.18). Since no
Q,,-,Q\,, and Q,xév interaction is present in Eq. (5.4), this
Hamiltonian is not fully symmetric. In many applica-
tions, another operator is added to Eq. (5.4), called the
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Majofana operator M v
H=e(Ry_+7g)+kQ Q)+ VM, . (5.5)

This operator distinguishes between states with different
symmetry character. It is a two-boson operator defined
by

M,,=&(dlxdl)yV.(d, xd, )V
+&dl xd!)y¥(d, xd )
+&dlst —dlsh)d s, —d,s,) . (5.6)

The eigenvalues of Eq. (5.6) are O for symmetric states of
two bosons, and, if &= —2&;=—2&;=1, the eigenvalues
are + 1 for antisymmetric states (J=1,3 and the an-
tisymmetric J =2 state). The terms with &; and &; have a
direct shell-model meaning. They express the interaction
of a proton pair and a neutron pair in the J =1 and J =3
states. The term with &,, however, can be shown to have
no microscopic analog. Its occurrence may be attributed
to renormalization effects (Otsuka, 1978; Scholten, 1983;
van Egmond and Allaart, 1984). To see the effect of the
Majorana operator in general, it is necessary to look at its
eigenvalues. These can be obtained by using explicitly the
F-spin operators of the bosons,

1—4(f;-f;)
2 4
i<k

l:%[N(N+2)~4F(F+1)]- 5.7)

Hence, if A’ is positive, states of Eq. (5.5) with symmetry
character F < F,,,, will be pushed upward. The question
of whether or not F spin is a good quantum number de-
pends on the interplay between the quantities A’ and k in
Eq. (5.5). Novoselski and Talmi (1985), using £,~0, find
that for realistic values of the parameters used to describe
the spectrum of 7®Hf, the 0 ground state of this nucleus
contains 82.1% of F=F,, and 16.4% of F=F,, —1.
Other authors find smaller admixtures of F=F,,—1.
The amount of these admixtures in the low-lying states
depends on the IBA-2 Hamiltonian used. A possible way
to probe F-spin admixtures experimentally is by analyzing
M1 transition rates between low-lying states.

A relation between the IBM-1 and IBM-2 can be ob-
tained by projecting the operators of the interacting boson
model 2 onto the set of states with maximum values of
the F spin, F —F,,, =N /2 (Harter et al., 1985; Novosel-
ski and Talmi, 1985). The projected Hamiltonian can be
identified with an IBM-1 Hamiltonian. It does not al-
ways give results that are as good as those obtained from
the original IBA-2 Hamiltonian. This indicates that go-
ing from IBA-2 to IBA-1 involves a further renormaliza-
tion of the parameters.

The introduction of F spin also raises the question of
its relation to isospin. In medium-mass and heavy nuclei,
protons and neutrons occupy different major shells, while
neutrons occupy the 82-126 major shell. For these nuclei
the introduction of F spin poses no major problem. How-
ever, if one wants to describe with the interacting boson
model collective states in light nuclei, in which protons
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and neutrons occupy the same single-particle orbits, one
must take into account the charge independence property
of the nucleon-nucleon interaction. This is one of the best
established facts of nuclear physics.

As remarked above, isospin symmetry is not of much
help in configurations in which valence protons are in a
set of j orbits that are fully occupied by neutrons. All
states of such configurations correspond to states with the
same value of isospin, which is one-half the difference be-
tween the total number of neutrons and protons,
T=(Ny4—Z,)/2. Thus for these nuclei all states con-
structed with proton and neutron pairs in different orbits
correspond to states with the same value of isospin,
though they may have different values of F spin. In light
nuclei, this is no longer the case, and some care must be
taken when applying the interacting boson model to such
cases.

The simplest way to exploit the charge independence of
the Hamiltonian when protons and neutrons occupy the
same orbit is through the use of the isospin formalism.
The use of this formalism is not mandatory. One could
still use the proton-neutron formalism and obtain exact
results, provided the interaction were charge independent.
A boson Hamiltonian constructed under these conditions
would be more complicated than Eq. (5.4). For example,
it would contain other interactions between d, and d,, bo-
sons, (dfxd )®-(d!xd,)®, with k =1,3,4, in addition
to the k =2 term. We shall not discuss this possibility in
detail. Instead we shall describe an elegant way intro-
duced by Elliott and White (1980) to incorporate isospin
into the boson model for cases in which protons and neu-
trons occupy the same set of orbits. These authors intro-
duce, in addition to the 7T =1 proton-proton and
neutron-neutron pairs (with My=+1 and M;=-—1),
proton-neutron pairs with 7'=1, M;=0. This model is
called the interacting boson model 3, since it has three
types of bosons. The proton-neutron T =1 pairs are
called & pairs. Instead of using explicitly the labels , v,
and 8, one can use here the formalism of isospin 7. The
three types of bosons, 7, v, and 8, form an isotopic triplet
with T=1.

Boson Hamiltonians with the same physics content as
Eq. (5.4) can be written down in the isospin formalism.
The single-boson terms s[(dj,ﬁ,,)—k(di‘g‘,)] can be re-
placed by a term proportional to (d t.d )7 —0, Which also
contains a (d g-iﬁ) term. The latter explicitly guarantees
that the energy of a proton-neutron pair in 7" =1 states is
the same as that of proton-proton and neutron-neutron
pairs. Boson-boson interactions can be written down to
yield given matrix elements in states of two bosons with
T =0, T=1,and T =2. These should be different in or-
der to describe the experimental situation. For example,
the low-lying spectrum of 2°0 (T =2) is qualitatively dif-
ferent from that of 2°Ne (T =0), despite the fact that both
nuclei have four particles in the 8-20 shell. Their differ-
ence has been discussed in the previous sections and at-
tributed to the fact that the basic interaction between
identical nucleons -is of the seniority-conserving type,
while that between nonidentical nucleons is of the quadru-
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pole type.
The interacting boson model 3 enlarges the scope of the

boson model and provides a description of light nuclei. In
the usual IBM-2, the boson description of 2°0 (T =2) is
in terms of two s, and d, bosons with an F spin value of
F=1. In *Ne, however, it is the low-lying levels, with
T =0, that have an approximate boson description of one
s, or d, and one s, or d, bosons. These states also have
maximum F spin (F =1), but different eigenvalues of the
IBA-2 Hamiltonian. The shell-model structure of the
T =2 levels in 2°Ne, which correspond to 200 levels, does
not allow a good IBM-2 boson description at all. In
IBM-3, the T =2 levels of 2°Ne have instead a good boson
description given by the M =0 projection of the My =2
boson states 2°0. Such T=2 levels are also well described
by IBM-3 bosons in 2°F (with M;=1). In addition, the
introduction of 8 bosons may be used to obtain a descrip-
tion of the T =1 levels of *°F. The latter is an odd-odd
nucleus, which is beyond the scope of IBM-2.

Finally, one may attempt a further extension of the bo-
son model to include, in addition to 7 =1 pairs, proton-
neutron pairs with 7°=0. This extension, called the in-
teracting boson model 4, has been suggested by Elliott and
Evans (1981). The microscopic structure of this model
suggests an identification of the 7 =1 boson with nucleon
pairs with T =1 (and spin S =0), while the T'=0 bosons
are identified with nucleon pairs with T'=0 (and spin
S =1). This microscopic structure thus relies on a spheri-
cal shell model with L-S coupling. It is appropriate only
for light nuclei, since the presence of the spin-orbit in-
teraction destroys L-S coupling in favor of j-j coupling.
This IBM-4 model is the boson analog of the Wigner su-
permultiplet scheme.

The microscopic foundations of the interacting boson
models 3 and 4 have been investigated recently by Evans,
Elliott, and Szpikowski (1985) and by Halse (1985).

B. Valence nucleons versus all nucleons

The various forms of the interacting boson model dis-
cussed so far assume, in the majority of cases, as a micro-
scopic starting point the spherical shell model with only
active valence particles. An important question is to what
extent this is a justifiable approximation. This approxi-
mation is somewhat in contrast with a picture of collec-
tive states in nuclei as rigid rotations of the entire nucleus.
There are two physical quantities that are particularly
sensitive to this question. The first quantity is related to
magnetic properties of collective states in nuclei. The
magnetic M1 operator can be written in IBM-2 as

TMY—g L +g,L,, (5.8)

where g, and g, are the proton and neutron boson g fac-
tors and f,,f » the corresponding angular momentum
operators. In heavy nuclei, some microscopic calculations
of g, and g, yield g, ~1, g, ~0, since the contribution of
the spin part cancels out to some extent, and only the or-
bital contribution remains. Using Eq.-(5.8), one can com-
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pute the matrix elements of the M1 operator between the
ground state and the first excited 17 state of deformed
nuclei. This state corresponds to a rotation around the
average axis of proton and neutron distributions. Due to
zero-point oscillations of one distribution relative to the

other, such a rotation is possible and is the lowest excited

1% mode. This mode is sometimes called a twisting oscil-
lation. One then obtains (Dieperink, 1983)

: 4N N
B(M1;0{ -1{)= [ T (g, —g)% .

3
41 N,+N,

(5.9

This B(M 1) value is thus directly related to the number
of proton and neutron particles taking part in the collec-
tive motion. Insertion of the appropriate values yields
B(M1;1)~2u% in '®Gd. This value becomes instead
~12u% if all nucleons are supposed to take part in the
collective motion. The experimental value ~1.6u%
(Bohle et al., 1984) appears to support the shell-model as-
sumption that most of the contribution to the low-lying
collective states comes from valence nucleons. The core
is, to a large extent, inert, and the valence particles “slide”
on it.

The second quantity that is particularly sensitive to this
question is related to electric properties of collective
states. The electric E2 operator can be written in IBM-2
as

7\1 (EZ)zeﬂév""ev/Q\v ’ (5.10)
where e, and e, are boson effective charges. In the mi-
"croscopic theory of the interacting boson model, the effec-
tive boson charges e, and e, are related to the fermion
charges. Even with effects of the renormalization due to
G pairs and other pair degrees of freedom, it is not possi-
ble to describe the experimental results starting from fer-
mion effective charges e,=e, e, =0. One needs fermion
effective charges of the order of e,~1.7e, e, ~0.7e, as
mentioned above in Sec. IV.B. This indicates that contri-
butions from other shells are important. The need for ef-
fective quadrupole charges is well known in the shell
model. Even a single nucleon outside closed shells may
cause a polarization of the core. The polarization charge
is attributed to the neglect of 2#w, 4w, . . ., excitations.

Both in the shell model and in the boson model the ef-
fects of core polarization can be described by introducing
effective charges. However, this description can be im-
proved by explicitly including some of the omitted config-
uration. Park and Elliott (1986) have recently studied this
problem by coupling to the low-lying states the giant
monopole and quadrupole resonances (also described by
bosons s’ and d’). Similar results have also been obtained
by Scholten (1984).

We remark here that it appears from phenomenological
fits that as long as only B(E2) are considered, the use of
effective charges is sufficient to describe the data. Once
effective charges have been given to proton and neutron
bosons, the boson model naturally produces the large
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FIG. 10. B(E2) values of transitions from 0% ground states to
first excited 2% levels plotted as a function of the number of
neutron-hole bosons (Novoselski and Talmi, 1986).

enhancement of E2 transition strengths observed in the
middle of major shells. This enhancement arises from
coherent contributions of states of proton and neutron s
and d bosons. No extra effect is needed to explain the
data. An example is given in Fig. 10 (Noveselski and Tal-
mi, 1986), in which one can observe that the same effec-
tive charges used in the middle of the shell describe the
situation in semimagic nuclei (the points at neutron num-
ber 82). It should be stressed that such constant values of
e, and e, were determined from experiments only for nu-
clei with O(6)-like spectra. The situation may be more
complicated in the case of strongly deformed nuclei.
There it may be necessary to introduce further renormali-
zation effects (see Table IV).

The E2 transition density may be measured (e.g., by
electron scattering) not only at the photon point but also
at other values of the momentum transfer. Such measure-
ments give information about the radial dependence of
the E2 operator due to core polarization. It appears that
the effect of core polarization is not uniformly distributed
over the nuclear volume, but is mostly located at the nu-
clear surface. Nonetheless, even for transition densities,
once core polarization effects have been included through
the use of boson effective form factors, the further
enhancement observed in the middle of the major shells is
automatically obtained in the boson model. In other
words, the same transition densities can be used to



360 F. lachello and I. Talmi: Shell-model foundations of the IBM

describe semimagic nuclei as well as nuclei in the middle
of the shells (DeJager, 1984; Goutte, 1984).

VI. CONCLUSIONS

The main purpose of this paper has been to present the
conceptual relationship between the shell model and the
interacting boson model. We have also briefly surveyed
detailed shell-model calculations that attempt to explore
this relationship in a more quantitative way. Quantitative
calculations are difficult for two reasons. The first diffi-
culty is the lack of a detailed knowledge of the effective
interactions in the shell model. The second is that ap-
proximations must be adopted to perform the calcula-
tions, and these give rise to renormalization effects that
are difficult to evaluate. Several calculational schemes
have been suggested to deal with these problems. These
schemes have, in some cases, been implemented to their
ends. The corresponding results are very encouraging.
The overlap between the full shell-model wave functions
and those in the S-D space seems to be appreciable. This
indicates that it may be possible to take into account the
contribution of states not included by renormalization of
the parameters of the model. Estimates of such renormal-
ization effects produce results that are in fair agreement
with experiment. Use of more accurate effective interac-
tions may improve the agreement even further.

The calculations starting from the spherical shell model
are well defined, and their interpretation is straightfor-
ward. In cases where the effects of G pairs have been in-
corporated, they agree quantitatively with experimental
data. Starting instead from a deformed potential well,
there are additional complications, and the interpretation
is not so clear cut. Most calculations here have been per-
formed to test the validity of the S-D truncation rather
than for comparison with experiment. Even here, the re-
sults seem to indicate that the S-D truncation is a reason-
able approximation. There are physical observables that
" seem to be strongly affected by contributions from G
pairs. However, inclusion of these pairs seems to repro-
duce the full results surprisingly well. Since the contribu-
tions of G pairs in the states considered are small, it is
plausible that it will be sufficient to treat those admix-
tures in perturbation theory. Consequently, those contri-
butions could most probably be included by renormaliza-
tion of the parameters. However, further work remains to
be done before we shall be able to compare the results of
the calculations with experiments.
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