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A survey of experimental tests of the Interacting Boson Approx-
imation (IBA) Model is presented covering even and odd mass nu-
clei in the region from A ^ 80 to A ^ 230. Both positive and
negative parity states with both high and low spin are discussed.
Topics included concern energy levels, electroaagnetic transition
rates, two nucleon transfer and inelastic scattering- Special
attention is given to nuclear symmetries and transitional regions.
Comparison with other models is made where appropriate. The dis-
tinction between I3A-1 and IBA-2 is discussed including their re-
spective areas of applicability.

I. INTRODUCTION

The purpose of this review is to present a survey of a number of experimental tests
of the IBA model of Arima, Iachelio and co-workers. The reader is presumed to be
familiar with the basic concepts of the model although, in order to make this pre-
sentation as self-contained as possible, brief explanations of the various model
predictions will be made at appropriate places. For a detailed study of the IBA,
the reader is referred to the literature, in particular refs. 1-16.

It is impossible in a limited space to present all the existing tests of the model.
Those where only very limited experimental information is available have generally
been ignored in the following pages, as have most cases where the IBA does not
greatly differ from traditional models. With the major exception of the SU(5) to
SU(3) transition in the Sm isotopes, emphasis will generally be placed on those
tests of the model relying on new and extensive experimental information and]gener-
ally carried out by the relevant experimental groups. The original papers ^
in which the IBA model is developed and presented contain numerous other compari-
sons with existing data and the reader is also rersrrad to thasse.

II. STRUCTURE OF THE IBA: APPROACH, APViUlXIHATiCNS .-'OB SCO??., SYMMETRIES, IBA-1
AND IBA-2, PARAMETERS, RELATION TO OTHER MODELS

Except for nuclei very close to closed shells, the shell model becomes an imprac-
tical tool for detailed calculations for the dual related reasons of the enormous
dimensionality of the spaces involved, which leads to practical computational dif-
ficulties, and of the correspondingly enormous nunber of final states that can be
constructed from tha basis states.17) The IBA is an attempt to grossly truncate
this problem in a way that not only greatly simplifies calculations but which
specifically selects out those few states generally considered to be of prime im-
portance, the collective and low-lying levels.

The basic idea of the I3A can be understood from fig, la. The nuclear structure
problem, away from closed shells, is chat of diagonalizing a Hamiltonian in a
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Figure 1
a) Schematic illustration of the basic approximation scheme of the IBA in terms
of Feraion and 3oson spaces. Based on ref. 14). b) A symmetry triangle illus-
trating the three limiting symmetries of the IBA-1 and the tlvree "direct" transi-
tion legs between them, along with the nuclei wv :h represent them. The dotted
line suggests a typical complex path that can also be calculated in the IBA.
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Figure 2
Low-lying levels and connecting transitions for the three limiting symmetries
(refs. 2,3,4)). For simplicity circles are used for the vibrator to indicate the
entire groups of allowed one-boson changing transitions.



eq. 1 and refs. 2-7 shows that each limit corresponds to the dominance of a char-
acteristic term in the Karailtonian: the e tern for SU(5), the Q«0 term for SU(3) ;
and the T3 term for 0(6). The character of a nucleus in a transition leg can then
be specified in terms of the ratio of the coefficients of the characteristic terras
for the two limits connected by the leg: ic/e for the SU(5)~SU(3) leg, K/T3 for the
SU(3)->0(6) leg and e/T3 for the third leg. Thus, for these entire transition re-
gions, an IBA calculation depends on a single, smoothly varying parameter giving
the relative location of a nucleus along the path. Since such transition regions
(e.g., Pt-Os or Sm isotopes) are often among the most complex series of nuclei
known which, when treated according to the usual geometrical models involve numer-
ous competing and coexisting degrees of freedom, one has here a fine example of the
simplicity of the model and hence also a particularly stringent test.

The generality of the IBA is also such that any intermediate case can be studied
and nuclei along a complex random path (dotted line in fig. lb) are equally well
tractable by diagonalization of the appropriate full Hamiltoaian of eq. 1. Appeal-
ing as the elegance of the IBA symmetries and transitions is, the ability to treat
nearly any nucleus within the same model framework, on the same footing, and with
parameter values that may be compared to those needed for any other nucleus, is
probably the most powerful and, in the long run, useful aspect of the IBA. It is a
feature that distinguishes it most evidently from other models.

The IBA-2 differs from the IBA-1 in several important respects. First, it identi-
fies the s and d bosons with correlated nucleon pairs and it is thus led to make a
distinction between proton and neutron bosons. In fact, the Hamiltonian in prin-
ciple is siiaply

H - \ + Hv + Hffv (2)

where Hff(v) is a proton (neutron) boson Hamiltonian and where Hirv is the proton
boson-noutron boson interaction. Secondly, the IBA-2 is closer to the shell model
origin of the bosons (see refs. 8-10, 14, 15, 18) in that the terms in eq. 2 should
be calculable from a microscopic theory. Several attempts, from field theoretic
and other points of view, to provide a microscopic justification for the IBA have
been made. They are not the proper subject for this review and the reader is re-
ferred to the relevant literature (refs. 8-10, 14, 17, 22-25).

Although one can utilize the Hamiltonian of eq. 2 and, in fact, results analogous
to fig. 3 (discussed below) have been obtained with it, lachello and co-workers
have suggested a much simpler approximation of it as follows:

H - e(n + n ) - KQ . Q + V

where (3)

Qir(v) - (d s + s d) f f ( v ) + x,(v) (d d ) s ( v )

The term V is a Maiorana term thar has little effect on the calculations and wiil
not be discussed further. Virtually all actual calculations in the IBA-2 have
been carried out using eq. 3 or minor modifications (see ref. 18) of it. One
notes that there are four parameters e, <, ;<, and Xy The proximity of the IBA-2
formulation to the shell model is illustrated by the fact that, at;least in the
single-j shell approximation, it has been possible to derive^lO'1'4) the behavior
of these parameters. One finds (see ref. 14, eq.s. 3, 4) that t is expected to be
nearly constant over most of a major shell, that < should be constant in sign and
slowly varying through a shell, while x-(v) should be large and negative at the
start of a shell, pass through zero at midsheil, and be large and positive at shell
end. Of course, this behavior will be complicated, in practice, by the non-degen-
eracy of actual shells but, in fact, extensive calculations by Scholtanl5)( in which
parameter fits were made over broad ranges of nuclei, have resulted in parameter
sets that do vary very smoothly and in accordance with the above, microscopically-
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Figure 3
Calculations with IBA-2 taken from ref. 14) for the 3a isotopes across the entire
N-50-82 shell showing the systematic changes in level patterns that can be gener-
ated, including approximations to all three limits. The points are the known
energy levels.
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based, ideas. Furthermore, since only Xir and Xy are strongly nucleus-dependent and
since XTT ̂ S sensitive only to proton number and Xv C o neutron number, a set of fits
spanning a single series of isotopes and a single series of isotones should estab-
lish parameter values for an entire shell and allow the subsequent, parameter-free,
calculation of any nucleus within the rectangle bounded by the appropriate proton
and neutron closed shell regions. We note in passing here, and for later reference,
that a correspondence between the IBA-2 and IBA-1 exists in terms of the IBA-2
parameter values. Thus, when Xir̂ Xy o n e finds nuclei approximating the SU(3) limit,
while if Xj^-Xy. the spectra resemble the 0(6) scheme.

It is important to bear in mind the differences in IBA-1 and IBA-2 and their re-
spective realms of applicability. Where the IBA Hamiltonian is invariant under
interchange of neutron and proton operators one expects8~10) IBA-1 to suffice.
This generally occurs when proton and neutrons numbers are at similar relative lo-
cations in their respective shells. When they are not, one does not expect IBA-1
to be adequate for those quantities depending strongly on the neutron-proton inter-
action. Thus, it can be shown that SU(3) nuclei in general and E2 transition
rates in 0(6) nuclei should be treatable under the IBA-1 but not, for example,
energy levels or quadrupole moments of 0(6) nuclei. The fact, for example, that
the 0(6) limit predicts vanishing quadrupole moments, in contrast to the relatively
sizeable ones observed in 0(6) nuclei like ^ P t , is not therefore a discrepancy
with the model, but only highlights its a_ priori recognizable limits. Similarly,
the discrepancy^) in energy levels between the 0(6) limit and the empirical levels
of 19liPt is not a deficiency of the model: the essential question in this case
would rather be whether the I3A-2 can correctly predict those energies without de-
stroying the excellent agreement obtained by the IBA-1 in the 0(6) limit for E2
branching ratios and absolute B(E2) values.

As a final point of introduction, it is worthwhile and instructive to illustrate
Tnore concretely the generality and s :ope of the model by citing some simple calcu-
lations. Fig. 3 shows a calculation across the entire neutron 50-82 shell for the
Ba isotopes, performed with a slight modification of the Hamiltonian of eq. 3. One
notes that the IBA automatically generates a remarkable change in spectra from
those resembling a vibrator with an obvious two phonon triplet, through a clearly
rotational region, with low-lying 2"£ level and 1(1+1) spacing in the corresponding
ground state band and with higher lying 3 and y bands, to finally, an 0(6)-like
structure with close lying 4* and 2t levels and a higher ot state.

The flexibility of the IBA is also nicely illustrated by three calculations of
Scholten^) for B(E2) values in the Sra and Th isotopes and the N=90 isotones.
Though calculated with IBA-2, one can make a correspondence co the closest I3A-1
limits and we shall discuss the results, shown in fig. 4, in those terms. A char-
acteristic feature of the IBA is the explicit treatment of the effects of finite
dimensionality. This appears clearly in E2 transition rates. Thus, for example,
in the SU(5) limit, B(E2:0£-<-2fWr while in SU(3) (and 0(6)) it is <*N2. Further,
the absolute values are largest in the SU(3) limit. Thus, one sees in fig. 4b, for
the well deformed Th isotopes, that the B(E2) values are essentially *H- as expect-
ed. In the transitional Sm isotopes the calculated trend rises faster than either
M or N2 reflecting the change of structure toward a collective rotational spectrum.
Finally, in the N»90 isotones, the initial rise in 3(E2) values is due to the M
dependence for deformed nuclei. The flattening occurs as the transition SU(3)-"-O(5)
begins. Finally, after mid-shell, the B(E2) values decrease strongly due to the
combined effects of the continued approach to 0(6) and to the now declining boson
number.

The following sections will address a number of detailed experimental tests of the
IBA. The model was originally proposed around 1974: in the early papers'-'̂ ) only
the SU(5) limit was discussed. A number of comparisons with experiment were made
(for example, for the Pd nuclei), and with varying success. However, without the
subsequently developed generality of the IBA, some of these tests attempted, in



effect, to force the SU(5) limit on nuclei where it did noc belong. Subsequent
calculations,^) avoiding any specific limit, have succeeded r.uch better. There-
fore these early tests will not be discussed further. The nost noted early
achievement of the IBA was its prediction of a third syranetry, the 0(6) limit,on
the same footing as the other two symmetries and the nearly immediate empirical
recognition5) of this symmetry in 196pt. This spurred substantial, renewed in-
terest in the model, and led to a number of experimental tests of it. The two
most encouragi-.g results to appear next were successful calculations of the SU(5)-*
SU(3) transition^) in the Sm nuclei and of the 0(6) -* rotor transition?) in the
Pt-Os region. At the same time other results began appearing. Some of the most
extensive centered on the Kr isotopes26.28-31) in particular adducing evidence for
an SU(3) -*• 0(6) transition there as well and evidence, in high spin states, for the
effects of the finite number of valence nucleons. Other tests dealt further with
the Sm isotopes,centering on level energies of high spin states and providing32,33)
an early test of the f boson. Later,a series of experiaents including reaction
and scattering processes34-38) began; to provide additional stringent tests.
Most recently, the IBA for odd mass nuclei (IBFA) was developed^-2). Until now it
has been most suitable for cases where only a single j shell is involved and the
tests to date28'-39'*3' have dealt with unique parity levels. The first sensitive
test39->40) for Qjjjj nuciei centered on the low spin unique parity levels in

 10^Pd
where existing models do not work£6,47) Other data on the odd Rb isotopes
probed2***41) the IBFA predictions for,high spin states. Very recently, new data
and extensive systematic calculations'3-»*5) £or C n e E u isot0pes have provided the
most rigorous test of the IBFA to date.

The sections below will first consider data on energies and E2 transition rates,
in particular in the Pt and Sm regions. They will then turr. to reaction processes
and finally to odd mass nuclei. Most of the tests will center on predictions of
the IBA-1 although results from IBA-2 will also be discussed.

III. THE 0(6) LIMIT AND THE 0(6) ->- ROTOR TRANSITION IX THE PT-OS REGION

Figure 2 compares the low-lying levels of the three IBA Uniting symmetries. The
SU(5) or vibrator and SU(3) or rotor limits are familiar. The third, 0(6),
limit^) differs substantially. One notes several essential features of it. There
is no 0 + state in the grouping that etherwisa would ressenble the two phonon trip-
let in the vibrator. The region of the thrae phonon quintuplet lacks a 2"*" state.
This pair of 0 + and 2 + levels rather appears as the initial pair of levels of an
entirely separate family distinguished from that of the ground state region by the
quantum number <7. In fact, the same sequence of states appearing near the ground
state repeats several tiraas at higher energies and with successively lower spin
cutoffs. Thus there are repeated sequences of 0+-2+-2+ levels with cascade transi-
tions between them as detannined by the E2 selection rules which are AT*+1 and
Ac-'O, where T is a quantum number for states wirhin a given i grouping and some-
what ressembles a pbonon number. It was shown in refs. 5,7,16,48) that the 0(6)
symmetry (in the limit N-«0 corresponds to the deformed, displaced y-unstable limit
of Wilets and Jean.^9) Thp n selection rule, though the weaker ot the two, high-
lights an important feature of this limit. Although the levels belonging to the
higher lying a groups are fully collective in character they are not connected by
E2 transitions to the ground state and thus, in the limit, cannot be Coulomb ex-
cd.fcHd. For later use we also mention here the (t.p) and (p,t) selection rules for
0 + states. These reactions proceed by the creation or destruction_of an s boson;
only those transitions satisfying ia-0, + 2 and AT«O are allowed?'30) Thus only the
ground state (with a«N, where N is the boson number) and the a=(N-2) C1"1" state will
be populated. This latter state is normally the second excited 0 + stato and, in
any case, having T»0, can be identified as the lowest 0+ state preferentially de-
caying to the first 2 + level. Other characteristics of the 0(6) liait are dis-
cussed in refs. 4,5.7,14,16 26,48,51,52).



Ac Che same time that Che predictions of the 0(6) syrar.etry were being worked out,
a group at BNL, in collaboration with one at the Institut Laue Langevin in Grenoble,
France was studying 196Pt with a variety of (n,y) techniques. This reaction is
particularly useful53) for studying low spin states and is characterized by an
inherent non-selectivity. In fact, with the use of average resonance capture
techniques one has, in appropriate cases, an a priori guarantee of observing all
states of certain spins up to some, usually rather high, excitation energy. This
is particularly useful for testing models such as the I3A which treat broad classes
of states and, in particular, those limits such as 0(6) which contain states not
normally accessible by the usual operator-specific reactions. Specifically, the
non-selectivity allows one to test not only if the predicted model states occur,
but if they exhaust the set of actual states.

The comparison of the 0(6) limit and the data for 196pc has been presented several
times in the literature5,7,16,48) a^j win n o t j,e repeated in full here. Since the
predictions for the quasi-ground and quasi-y bands do not differ greatly from other
models we shall stress the other levels, in particular the two higher lying
0+-2"p-2 sequences. A comparison of the relative experimental and 0(6) S(E2)
values for the decay of these levels is shown in fig. 5. The 0(6) predictions
are characteristic of the limit and are parameter-free. One notes in fig. 5 that
there is rather remarkable agreement. To summarize, there is, in fact, a one-co-
one correspondence of predicted and observed low spin states and, for E2 transi-
tions, all allowed transitions are observed and found to dominate the decay of
their respective levels and all forbidden transitions are weak or unobserved.
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Enoirical and calculated relative B(E2) values for 0 -2-2' sequences in ?t and
^°0s. The numbers on the transition arrows are the data (refs. AS and 51), the
I3A (refs. 4,7) and the BE (refs. 20,21) results, respectively. Although ^ P t
closely resembles the 0(6) limit the IBA calculations are cron the 0(6) ->• rotor
calculations of ref. 7 where a slight symmetry breaking was introduced.



There are two other 0 + levels expected iu the 0(6) limit at reasonably low ener-
gies in 196pt. One should deexcite preferentially to the 2^ level, Che other to
the 2^ level. Several candidates were found in che (n,v) study48) but definite
spin assignments were lacking. Two of these, the levels at 1918 and 2199 IceV
have recently^*) been confirmed as 0 + levels based on their population in the
(t,p) reaction. Further, they have the expected decay patterns. While this is a
nice extension of the 0(6) levels for 196pt it should not be overemphasized, since
the levels lie above the pairing gap and may not be collective.

Since the 0(6) limit appears in the. IBA on an equal footing as the SU(5) and SU(3)
symmetries its empirical discovery"3 in -^6pt gives substantial confidence in the
predictive power of the model. There are also two other significant implications.
First, although the 0(6) limit at first appears less familiar than the other two
symmetries, it was iicmediately recognized and shown-"1'' to correspond geometrical-
ly to the y-unstable situation and therefore its discovery lends support to the
idea of ysoftness in the Pt region as opposed to rigid triaxiality.

Secondly, it allows a new interpretation of the complex Pt-Os region, a region
heretofore never successfully interpreted and previously typified by the need
for the introduction of numerous competing and coexisting geometrical degrees of
freedom (prolate, oblate, triaxial, y soft, hexadecapole shape components). Since
the lighter Os isotopes approach the rotor limit, it was suggested,^»*°' that this
region might be interpreted as initiating an 0(6) •*• rotor transition. As dis-
cussed above and indicated in fig. lb this corresponds to one of the legs of the
symmetry triangle and can be calculated in the IBA in terms of a single parameter,
denoted K/B (B <* T3 in eq. (1)) in ref. 7, which specifies the relative position
along the 0(6)-rotor transition. Calculations were carried out with the computer
codes PHINT and FBEM27) and are summarized in refs. 7 and 16, 48, and 51.
In general the model is able to account surprisingly well for the data, par-
ticularly considering the fact that, as suggested in fig. 2, the allowed E2
transitions are r-adicallydifferent in the two limits and, therefore,both branching
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Figure 6
Relative B(E2) values for K-4 bands in 0s. The upper numbers are the data;
the lower ones are from the 0(6) •* rotor calculations. Taken from ref. 7.



ratios and absolute B(E2) values change by orders of magnitude during the transi-
tion. Figures 5 and 6 extract small parts of the comparison between theory and
experiment, showing, in addition to the results already discussed for 196Pt, the
decay of the 0+-2+-2+ sequence in 1900s and the systematics in decay patterns for
the emerging K»4 band in Os. One notes that the 0+-2+-2+ sequence in 19<>0s still
strongly ressembles the 0(6) limit and that, again, the dominant transitions are
in fact predicted to dominate, while weak transitions are predicted to be weak.
This agreement is all the more interesting since, in other respects, such as the
emergence of the well-known K=4 bands in 0s, the 0s nuclei have apparently pro-
gressed quite far toward the development of rotational sequences. As for these
bands, and others not shown, the IBA predictions are remarkably good except for
the one grossly overpredicted 5 + •*• 4+ transition in 186Os.

Perhaps the most important characteristic of the 0(6) •*• rotor transition is the
unique systematics in predicted decay of the excited 0*.levels. No previous model
has been able to account for the empirical preferences » 3 ' for decay of all
excited 0 + states to the 2^ rather than the 2* state in 0s, compared with mixed
decay preferences in Pt. As detailed in refs. 7 and 16, not only does this fea-
ture emerge in the IBA but it emerges in an essentially parameter-independent
manner and as a natural and automatic consequence of the basic structure of near-
0(6) nuclei and of the effects of finite dimensionality: the correct IBA predic-
tions arise essentially because of the N dependence of the 0 + energies, the sepa-
ration of states according to the a quantum number and the strong AT=«+1 selection
rule. For further details, see Sect. 3 and fig. 3 of the second article of ref. 7.

The IBA accounts for absolute 3(E2) values as well as branching ratios. Exanples
are given in refs. 7, 16 from which fig. 7 is taken. The IBA calculations are
identical to those which produced the excellent agreement with empirical E2 bran-
ching ratios. For each nucleus one additional normalization parameter has been
fixed by matching the experimental B(E2:2'£ •+• 0̂ ) value. As is evident in fig. 7,
not only are the absolute values in agreement with the data but the trends across
the region are well reproduced. The calculated 3(E2) values of Kumar and
Baranger-3") are shown for conroarison.
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Farther calculations with these same parameters for the 0(6) -*• rotor transition
will be discussed later in the. context of an analysis of the (p,p') data of
Deason et al.38)

There is, however, one recently noted aspect of the 0(6) •+• rotor calculations,
which relates to this (p,p') data, that is best discussed here. One of the prin-
cipal stumbling blocks in previous models for the Pt isotopes has been the pro-
blem of the relative signs of E2 matrix elements,. Specifically, the product P3 =
MQ 2M02'M22' (Mi^-i

A<i||M(E2)||j >, that is, iA is included in the phase convention),
has been found to be negative in both Pt and Os. The empirical evidence for this
is now considerable^9"6^ In addition to the earlier (a,af) studies59'60' and re-
orientation effect measurements,61) the very recent (p,p') data of Deason et al.38)
very clearly determines that P3<0 for

 19<iPt. These (p,p') results are shown in
fig. 6 along with angular distributions calculated for the two signs of P3 using
an optical model code (see ref. 38 for details of these calculations and see be-
low for additional comments on the (p,p') angular distributions). As Baker has
emphasized!9>6^) a negative P3 is difficult to reproduce theoretically- It
corresponds, for the oblate Pt nuclei, to a positive ?/> (P4=M22P3> whereas P4 is
negative in Kumar's calculations-*®), in the asymmetric rotor model6^) and, in fact,
as Kumar has shown,63) in any conventional collective model where the 2\ level is
the Y-vibration. In fact, it is only very recently that Baker54) has developed
a model yielding a negative P3 for both Os and Pt by incorporating a 34 defor-
mation into the asymmetric rotor model. It is therefore of some considerable
interest to note that, as pointed out by Deason,3S) the E2 matrix elements for
near-0(6) nuclei, as calculated in refs. 7 and 38, also predict negative P3 values.
One must be cautious here, though, since ons of chese matrix elements, Mg2', is
very small and since the ISA-1 is not suited for calculating the fourth factor,
^22'» that occurs in P4. It is not yet determined whether IBA-2 calculations
will give reasonable quadrupole moments (Q" ! ̂ 221) ^or *>t atlc* retain the negative

20 40 5C dO 100 120 20 ''0 50 dO 100 120 21 SO 80 10D 120

Figure 8
Inelastic proton scattering on Pt isotopes. The data and calculations are from
ri»f. 38. The solid lines in the left and center panels correspond to the cal-
culations discussed in the text. (The dashed refer Co test calculations with
no L-S terns in the optical potential.) The right panel shows calculations for
the two signs of P3.



prediction for P-̂ . Very preliminary results^) obtain quadrupole moments of the
correct sign for"both Os and ?t although the absolute magnitudes for Pt are too
small. Further, they obtain the correct signs for both P3 and P4 in Os and in
194pc by reasonable choices of proton and neutron effective charges. Whether it
is possible for 196,192pt ±s not yet clear. If it is, an interesting geometrical
question arises: since the asyrametric-rotor-64 model of Baker also accounts
rather well for the E2 and E4 properties of the Pt-Os region as well as correctly
predicting P3, is it perhaps the case that this transition indeed reflects that of
a y-unstable shape changing to a y-soft configuration with hexadecapole components
and thence moving toward a symmetric rotor. Recent work ' including a contribu-
tion to this conference"') has suggested new ways to calculate the geometrical
correspondence of IBA wave functions, and it may therefore soon be possible to
probe this question.

Spurred by these successes of the IBA, and encouraged by the results for 3E cal-
culacions in the Sm region,19) Tamura and co-workers have now treated the Pt-Os
transition region as well.20,21) in general, their calculations are in good agree-
ment with the data compared to existing results of previous models. To compare
them with the IEA predictions the relative B(E2) values are included in fig. 5.
While the BE calculations also correctly predict the dominant decay routes in
fig. 5 one does note some discrepancies. The most serious is for the highest 2 +

level in 190()s and the 1604 keV 2 + state in 196pt where the BE model shows strong
transitions that are absent or weak both empirically and in the IBA. The transi-
tions in 196pt are of particular interest in that they represent allowed transi-
tions in the vibrator limit (where this 2 + level would be a multi-phonon st.ite) .
Thus the BE wave functions seem to be somewhat intermediate in character between
vibrational and 0(6) or y-ur.stable and, to the extent that this is so, to disagree
with the data. For the K»4 bands in Os the BE results are in reasonable agreement
with the data although they systematically under-predict the 4 + -*• 4* transitions.
A nice feature of the BE calculations is that they do appear to reproduce most if
not all of the interesting systematics in 0 + state decay patterns in Pt and Os.
Since the correct IBA prediction cf these empirical results stemmed directly from
the structure of the 0(6) limit and the effects of finite dimensionality one again
has an interesting opportunity to delve into the relationship between two apparent-
ly disparate approaches that generate similar results. It will be noted that we
have not compared quadrupole moments for Os and Pt with either tha IBA or BE cal-
culations. While both the I3A-2 (refs. 9,10,65) andBE calculations^»~^' correctly
predict the empirical signs of the Q2+ moments, it is premature to compare abso-
lute magnitudes since different empirical techniques (Coulomb excitation and
muonic atom studies) still give widely different results. A resolution of the em-
pirical difficulties is first needed.

IV. THE SU(5) H. SU(3) TRANSITION IN THE SM ISOTOPES

As with the 0(6) •* rotor transition, this direct path can be calculated in IBA-1
in terms of a single, smoothly varying parameter specifying the relative location
of £ nucleus along the path, A convenient parameter, see eq. (1), would be <!z.
In ref. 6, the transition region was treated by holding •< constant and allowing
e to decrease linearly with varying boson number N (i.e., with increasing neutron
number). Energies and electromagnetic transition rates for both E2 and El transi-
tions were calculated. The most extensive comparisons with the data occur for
the E2 transition between low-lying positive parity states and they are presented
in figs. 9 to 11. In addition, the calculated absolute B(E2:2*-* oj) and
3(E2:4^ •+• 2?) values are almost identical to those calculated with the IBA-2 that
were compared with the data in fic. 4a. Figures 9 to 11 also show comparisons with
the BE calculations of ref. 19 and with the microscopic pairing plus quadrupole
model of Kumar.^^ It is remarkable that the extremely simplified IBA calculations
can account as well as they do for the systematic empirical trends. There are, of
course, discrepancies in the details but the general trends and some of the fine



2.0

.. 1.6

</ 1.2
'2

as

OL*

10

- . •

4

2

I Sm
BCEZtZj—-Otl

\TWK

\

\ / \

TY.K-.

1 '• ''"

«8 *0 92
NEUTRON NUMIC*

>• Sm ' ' ' ' '
'. BIEJ-. j ;—Otl

y-°[ . BIE2.-25-J')

jasf- «'.

°1 \ ./-0.4

ox

,0

a

«

4

2

Sm

K

/

ft/'.'* "TWK

B(E2:a; —«;i
9(E2-j;—s;i "

•

• - ^

t \ f*'

3 9S 9S 90 32 9 *
NEUTRON NUMBER

i-0

?n

\s

a
10

9

6

4

Z

• aiE!-i;—2;> ,.;^K

SiSVZ'—*$,-•'

:B« .

1

1 aiej-2*— z\\

\ mzz\—o;i

• " \

• I \ J

ISA

99 90 92
NEUTRON HUMBER

Figure 9 '
Comparisons of measured absolute B(E2) values and of branching ratios in Che Sm
isotopes with the IBA-1 calculations of ref. 6 (solid lines), the BE calculations
(TWK) of ref. 19, and those of Kumar (K) in che second and third articles of ref.
58. The data are from the sources quoted in refs. 19 and 6. The 2t(2t) levels
correspond to the 2+(2+) levels of the familiar collective models.

6.ol-
:at-orj|

ea 90 92
NEUTRON NUMBER

Figure 10
Similar to fig. 9

100
TWK'

1,01-

0.2
88 90 93

NEUT90N NUMBER

Figure 11
Similar to fig. 9



structure are reproduced. It is important to note, as was the case in the Pt-Os
transition region, that not all experimental quantities proceed toward the rotor
liait at the same rate and this feature is reasonably well accounted for by the
I3A calculations. In most cases the BE calculations also reflect the transitional
region but the agreement with the data is clearly not as good as for the IBA. Of
particular interest as a sensitive probe of this transition region are the
3(E2:22" * Oj) and B(E2:2| •+ 2t) values and their ratios (see fig. 9). The former
transition is forbidden in SU(5); both transitions are interband, and related by
the Alaga ratio of 0.7, in the rotor. Both the data and the IBA clearly show
this systematic trand in the branching ratio while the BE calculations display an
opposite one. Inspection of the absolute B(E2) values involved shows that the
behavior of the B(E2:22* -> 0^) is predicted by the IBA, in particular the rise
from neutron number 90 to 92, but exactly the contrary trend energes in the BE
model. A part of these difficulties may arise from the convergence properties of
the boson expansion method. As in fact pointed out by Tamura et al.19>, the
convergence is slower the further one is from the spherical limit. Thus, for ex-
ample, there is little difference in the fourth and sixth order BE predictions
for energy levels in 148,150Sm ^ut these differences rapidly increase for 152'15liSm
(see fig. 1 of ref. 19). It seems plausible then that the adequacy of even the
sixth order expansion is not constant throughout the transitional region and
that this may account for some of the discrepancies. Unfortunately, a dependence
of convergence properties on nuclear structure reduces somewhat the appeal of the
BE approach as a tool of general utility for broad series of nuclei. Neverthe-
less, the overall agreement is good for both IBA and BE models, and, in many cases,
such as for the branching ratios for the 2"$ and 3"£ f-band members to the 2f and
4t levels and the B(E2:2*-* 0^) value, they display rather similar trends even if
th*e absolute magnitudes differ. In general both sets of calculations are distinct-
ly superior to the calculations of Kumar58) which often do not have the correct
gross systematic behavior.

There have been other tests of the I3A in this mass region. Scott et al.^' have
recently performed simi_ar calculations of an S'J(5) •* SU(3) transition in the Ba
isoropes. Their calculations also include n&gative parity states and, indeed,
one measure of the spherical-deformed transition is identified as the crossing of
the 3~ and 1" levels. Excellent fits of the IBA-1 calculations to the data are ob-
tained but with somewhat different parameters than those used by Sc'nolten"' for 3m.

Two othei- recant studies in this mass region are reported"' at this conference.
One concerns both positive and negative parity levels in l^Gd ̂  a n u c i e u s chat
has been subjected Co an extremely thorough empirical investigation by Konijn and
co-workers. Seven rotational bands were identified and IBA calculations were per-
formed for the negative parity energy levels and for the 3(E1) and B(E1)/B(E2)
branching ratios. Overall, excellent agreement is obtained and the reader is re-
ferred to their contribution for further details. The other involves studies of
the nuclei l^^~^^^Gd and 160-164^^^ a nj presents a comparison of a large number
of experimental B(E2) values in the ground, y and 3 bands with IBA predictions in
the SU(3) limit and with broken SU(3) symmetry. Not unexpectedly, the SU(3)
calculations are in poor agreement with the data. However, the ones with broken
symmetry, which involve the L-L, Q*Q and ?•? terms of eq. 1, are in excellent
agreement in almost every case. It is interesting to note, in fact, the large
changes in B(E2) values brought about by the symmetry breaking and Che fact that
the parameter values were obtained by fitting the energy levels only.

In this context it might be mentioned that in the offing,in the near future, is
an even more extensive level scheme for the well deformed nucleus l°°Er, incor-
porating a known-to-be-complete (up to certain spins) level scheme extending be-
yond 2.41 MeV and incorporating all states up to about 2.18 MeV into twenty
rotational bands. The scheme includes ten negative parity bands as well as a
high lying series of bands that may reflect the effects and interactions of the
g boson. The level scheme has been developed in an extensive collaboration cen-



tered in Grenoble and headed by W. F. Davidson.7°) IBA calculations are in pro-
gress and should provide an essentially unique opportunity for an extremely sensi-
tive test of how far the model can be pushed in a presumably well behaved nucleus.

Before leaving the heavy mass region some comment should be made concerning high
spin levels. Due to its correct treatment of the finite number of valence nucleons
the IBA inherently predicts both spin cutoffs and falloffs in B(E2) values at high
spins in rotational bands in deformed nuclei. Studies by Sujkowski and co-
workers32' 33 in 150Sm a r e particularly interesting in this regard since they treat
not only the ground band but also a negative parity band based on a 3~ level at
1071 kev. The calculations for the positive parity levels were performed with
the Hamiltonian in eq. (1) truncated to four terms, those in E, P-P, L-L and Q'Q.
The negative parity levels were calculated with an additional f boson Hamiltonian
of the form

H1 Vdf " 6 (4)

In all, twenty levels were calculated and the fit is so precise that it is more
meaningiul to plot the first differences in the excitation energies. This is
shown in fig. 12, where, for the ground band, several limiting cases are also
shown for comparison. As mentioned, the agreement is remarkable. An alternate
presentation of the same results is shown in fig. 13 in the form of the familiar
backbending plot. An interesting feature is that the distinct upbend in the
ground band is correctly reproduced by the IBA calculations (which even show a
backbend for the 18+ level) without the need to introduce a crossing band.
Sujkowski has spectulated33) that this upbend in the IBA may be a reflection of
the effects of finita dimensionality. This has not yet been demonstrated, but it
is certainly intriguing that backbending-like structures can be generated without
crossing bands in the IBA.

Unfortunately neither this study nor others in heavy nuclei have unambiguously
addressed the question of the predicted falloff in B(E2) values at high spins.
Several Coulomb excitation studies are currently underway?!), dealing with both
Pt and actinide nuclei, which seem to indicate no such falloff. However, the
experimental analysis is complex, since it must take account of the muitipath
removal of strength from the ground band to other collective excitations, and.
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First differences in the measured energies of successive ground and negative parity
band members of i-Osm compared with IBA-1 calculations (curves labelled IBA). For
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since it is not yet completed, it is still premature to draw definite conclusions.
Furthermore, such studies may not provide a sensitive test of the IBA in any
case because it is just for such high spin states,where the IBA predictions are
unique, that one in fact expects, £ priori, that the neglect of degrees of freedom
cun-ently outside the IBA, such as the rotation alignment of particle pairs, or
the couplings to a g boson, may be important.

However, a careful study of the finite dimensionality effects in the IBA has been
carried out in the A^80 region and perhaps does provide a sensitive test. We new
turn to the results for that mass region.

V. ENERGIES AND TRANSITIONS IN THE A^30 REGION

Several studies, of both even and odd nuclei have been carried out in this region.
In this section we consider the results for ^Kr, the most extensively studied
nucleus. This work is actually of interest for several reasons. One is the
natural one of providing further tests of the IBA. Secondly, these tests include
some of the few extensive ones of the IBA-2. Thirdly, they represent a probe of
Che mass limits of IBA applicability. One does not expect that the number of
valence nucleons is sufficient in very light nuclei to render a boson model with
coherent pair structure viable. The studies of Kr and adjacent nuclei are the
first extensive test of the model in this medium mass range.

In a series of recent papers^.30) a group from KSln, in collaboration with one
from Saclay, has performed detailed studies of 78lCr with 1 60, ̂ F ancj 12c reac-
tions on "Cu, 64(ji and 6^Zr targets. Measurements of y-ray energies, excitation
functions, y~Y coincidences and angular distributions, and Doppler shifts have
resulted in a complex level scheme extending to nearly S MeV of excitation.



The scheme is interpreted in terras of a deformed structure for Kr and in-
cludes a quasi-ground band extending possibly to a spin of 16*, a y band through
a likely 10+ state, and a negative parity b3rid, basad on a 3" state at 2.398 MeV,
up to 1-13". Inter- and Intra-band transitions were identified. In addition
there is a 0 + state near 1 MeV. The ground band displays a mild backbend or up-
bend at I-10"1

Gelbert and Kaup had previously performed" '" one of the earliest sets of I3A-2
calculations in which they interpreted the even Kr isotones as undergoing a
rotor-0(6) transition with increasing mass from '*Kr to 8^Kr. /8Kr appears inter-
mediate in character. With the recent data for 78Kr, the Koln group has carried
out IBA-2 calculations with the parameters deduced by Gelberg and Kaup as well as
new IBA-1 calculations in both the SU(5) limit and with broken symmetry. The
IBA-2 calculations used the Hamiltonian of eq. 3 with parameter values c = 0.96
MeV, K =* 0.18 MeV, Xff » -1.127 and Xv • 0.495. From the X values one sees
that indeed 78Kr is transitional. The absolutp '52) values were calculated with
one additional parameter, an effective charge ti as chosen so as to fit the
3(E2:2f •+• Ot) value. It is important to note v these calculations are part
of a series 26.28) creating the Kr isotopic chain and that all the parameters
were he.'d essentially constant in all isotopes except for Xv which was varied
linearly with neutron boson number N. Thus i better fit could presumbably have
been obtained for any individual isotope by a fine tuning of the parameters.
However, it is more instructive and compelling to determine if the simpler
approach used is satisfactory. Indeed, as will be reen, the results are in excel-
lent agreement with the d«.ta. Although the ground state band energies above the
backbend are not reproduced, the other energy levels are well fit, as are the 3(22)
values (see below for further discussion).
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Figure 14
Energies of the ground, Y, and octupole bands in 78fCr compared with different
IBA calculations. Taken from refs. 29-31.



In spite of the excellent agreement obtained ic is also interesting to see if the
simpler IBA-1 can also account for the data. This has the practical advantage
with the current stage of development of the IDA that negative parity states can
be included. The full Hamiltonian used, then,-was

H =» H
sd Vdf (4)

where Hs<j is the s-d boson Hamiltonian, Ef is the octupole boson energy and V^f
is the quadrupole-octupole boson interaction. Two sets of IBA-1 calculations were
performed. The first utilized the pure SU(5) limit and, while the results are
reasonable,an excessive odd-even staggering is predicted for the y band, and the
ground band B(E2) values are grossly overpredicted. Thus, Helmeister, Lieb and
co-workers also performed IBA-1 calculations for a case of broken symmetry. For
all these calculations the detailed tabulation of parameters used is given in the
footnotes to Table 5 of the second article of ref. 30.

The most interesting results are shown in the two figs. 14 and IS. It is clear
that both the calculations labelled IBA-2 and I3A-1 nicely account for the level
energies of the ground and y-bands and that the latter reproduces the octupole
band energies as well. As pointed out, the SU<5) limit, which in any case is
not realistic for this nucleus, fails badly for y-band energies.

The ground band B(E2) values are particularly interesting since they elegantly
distinguish the different symmetries and reflect the finite dimensionality as
well. The left-hand part of fig. IS shows that both the symmetric and triaxial
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Figure 15
Absolute B(E2) values for the ground and Y bands in '^Kr. The g.s.b. calculations
are compared to all three IBA limits and to two detailed calculations as well as
to the usual rotational and triaxial (7*25") model values. Data and calculations
from refs. 29-31. The IBA-2 calculation used the parameters for 7 8 K C found in a
systematic survey by Gelberg and Kaup (refs. 26,23).



rotor models fail to predict the turn-over in 3(E2) values at high spins observed
empirically, especially for the 14+ •+ 12+ transition. While the SU(5) limit does
show a turn-over it greatly overestimates the intermediate B(E2) values. There
is hardly any distinction between the IBA-2, the broken symmetry IBA-1, the SU(3),
and the 0(6) limits and all agree excellently with the data. Thus in this case
both IBA-1 and IBA-2 are comparable in quality although the former contains more
parameters. These specific B(E2) values do not distinguish the SU(3) and 0(6)
limits. The right side of the figure shows the IBA-2 results for the y-band
where intraband 1 •*• 1-2 transitions and interband I •+• I, I -*• 1-1, and I •* 1-2
transitions are separately compared with tha data. The measured 3(E2) values ex-
tend over two orders of magnitude and the agreement between theory and experiment
is to within a factor of tvo throughout.

The same calculations also provide, with one additional 3(E1) normalization factor,
the intra-to-interband E2/E1 branching ratios for the decay of the negative parity
band. The results30»31 are in essentially perfect agreement with the data (except
for the tentative 4~ level) but will not be illustrated since they add little to
the above comparisons because the pure rotational model gives exactly the same
predictions.

There are two caveats that oust be added which may or may not temper the conclu-
sions drawn from the excellent predictive power of the IBA in the Kr isotopes.
The first is to recall30) that the backbend energies in the ground band were not
reproduced and to note that the fall-off in B(E2) values was most evident for one
of the post-backbend levels. It cannot be ruled out that this decrease in col-
lectivity might reflect admixtures with an unobserved crossing band. Secondly,
there is an empirical 0 + state near 1 MeV that cannot be reproduced. The cal-
culations place it 200-400 keV higher. It is not clear if this might be an in-
truder state or not. Nevertheless a large assemblage of data on energies, B(E2),
B(E1) values, and inter-intraband branching ratios for low and high spin states
has been accommodated in IBA calculations which in essence use parameters that had
previously been deiuced by global fits to all the even Kr isotopes.

The nearby nucleus ?6ge j_s discussed in a contribution by Wells et al. to this
conference in which 'tBA-1 calculations of the ground, y, and negative parity
bands are compared with the empirical energy levels. Again, the agreement is good
except for the highest spin members of the first two bands. A detailed discussion
of the role and influence of a possible crossing band (which is outside the IBA
basis) is presented. '2)

VI. TWO NUCLEON TRANSFER IN THE IBA

It would seem that the I3A is particularly well adapted for calculating two nuclaon
transfer strengths since the basic construct of the model is to treat Fermions in
pairs as either particles or holes. Thus far, there have been tests of Che IBA
predictions for (t,p) and (p,c) cross sections in three mass regions: the Sm,
W and Os-?t nuclei. As will je sean the agreement is reasonable although one must
be cautious in applying the IBA-1 model r.o such a process. Indeed, even in the
IBA-1 calculations to date, a partial distinction between proton and neutron
bosons, in the sense of separately counting pairs of each type, must be made.

We shall only consider 0 -*• 0 transitions here primarily because it is always diff-
icult to ensure that LrO transitions are single step processes. For 0 + -»• 0 +

transitions £he two neutron transfer operator can be easily constructed in terms
of the s boson operators s and s+. If we denote the ground state to ground state
transition strength, for either (t,p) or (p,t),by Sg, then Arima and lachello have
derived^•-!»50 the following simple expressions for the three limiting symmetries:



tf+l) - o^ (N.+l)(fl,.-N..) SU(5)

, (N 4(>I-1)N \/
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3(2N+1) ( v v -snsiyy su(3)

(N+1XN+4) / (N-l)N

+1) - < 2(N+2) (̂  W -2(̂ lf J 0(6)

where av is an overall normalization factor reflecting the coherence of the Fennion
pairs, Nv is the number of neutron bosons and ftv is the pair degeneracy of
the neutron shell (e.g., £2V=«22 for the 82-126 shell).

For excited 0 + states definite selection rules exist.4•11>50^ In SU(5) all ex-
cited states involve basis states with d-boson number n^C and so the excitation
of excited 0 + states is forbidden. In the SU(3) limit, allowed transitions are
defined relative to the mid-shell point: Above this point excited C+ states are
only populated in (p,t), while below it, only in (t,p). This is strictly analogous
to the pairing vibrational (PV) model rules relative to the closed shell. For the
SU(3) limit, Batts and Mortenson have derived^) an expression for the cross sec-
tion relative to the ground state cross section. They obtain

Sl(02> " (2»-l)(£l)(W3) S0

which, for a typical boson number of 13, yields S1 ^ 0.14 SQ. This differs sub-
stantially from the near equality predicted by the pairing vibrational model.
In 0(6), the selection rules are Aa»0,+2 and AT»0. (Changing T involves changing
the d boson distribution and is thus forbidden. The a selection rule, as in the
Aa=0 rule for E2 transitions, arises in Che limit due to an exact cancellation and
may thus be expected to be more easily broken.) Thus,only the "bandhead" of the
a»amaj.-2»N-2 sequence of states should be excited. This is normally the second
excited 0 + level and, in any case, may be defined as the lowest that decays pre-
dominantly to the 2* sv.ate.

Betts and Mortensen have compared the (p,t) and (t,p)cross sections in W to the
predictions of the IBA and the PV model. The details of their analysis and as-
sumptions are given in ref. 35. They take 182w in the effective midshell nucleus.
The results for ground state transitions are shown in fig. 16, where the value of
av is determined to best normalize the (p,t) and (t,p) cross sections on the

 182W
target. The calculations involve no other parameters and account rather well for
the data. In the final nuclei 182,184^ an excited 0 + state is populated in (p,t)
near 1 MeV with cross sections of 8% and 152 of the ground state cross section
respectively, in rough agreement with IBA predictions. (Other excited 0 + states
in 178,180,182^ have previously been interpreted in terms of intruder states that
are outside the IBA space). Also in agreement with predictions are the negligible
(t,p) cross sections to excited 0 + states in 184,186,188y# ^ significant and thus
far unexplained discrepancy is the apparently large (t,p) cross section to the 1.14
MeV 0 + state in 182w.

Cizewski et al.37) have measured, the (t,p) cross sections to ground states in the
Pt and 0s nuclei. As will be recalled from our earlier discussion, Pt nuclei are
nearly pure 0(6) nuclei and the heavier Os isotopes are reasonably close to this
limit. The relative neutron number dependence of the ground state (t,p) cross
sections for the 0(6) and SU(3) limits is very similar and cannot be distinguished
empirically: however, for the SU(5) and 0(6) limits they differ substantially, the
former increasing much more steeply with increasing Nv. The result of a compari-
son of these two limits with the data is shown in fig. 17. It is clear Chat the



2.C

1.0

I i

v Wp,t)

• \ . P V /

2.0

1.0 - - \

i

W(t,p) /

1 r |

ISO 182 184 186

Figure 16
Strengths of (p,t) and (c,p) ground state transitions in W compared to PV and
IBA calculations. Taken from ref. 35.

0(6) limit is preferred and provides excellent agreement with the data. This is
also of interest in that, prior to the discovery of the 0(6) limit in Pt these
nuclei were considered nearly vibrational. Thus, the distinction befwaen SU(5)
and 0(6) is the interesting one for these isotopes and tha 0(6) limit is again
clearly favorsd.

Inspection of eqs. (4-6) shows that, aside from the number dependence of the cross
sections, the transition from 3U(5) to SU(3) involves, in the limit of large N,
a reduction in cross section by a factor of ^ 3. This effect, which is solely a
property of the two limiting symmetries, is illustrated in fig. 18 along with the
experimental data for (t,p) ground state transitions in Sm. The data at first
follow the SU(5) curve and then suddenly drop at the N=8S-90 transition and con-
tinue afterwards to follow the SU(3) curve. This qualitative IBA interpretation
of the ground scate cross sections is not inconsistent with the usual inter-
pretation in terns of a shape change be-veen N'=88 and 90 which reduces the gTound
state overlap, "his is still a viable, interpretation which is reflected in an
alternate IBA fra.nework as the SU(5) •* SU(3) transition. Although -he curves in
fig. 18 account for the data by utilizing the two limits, it is also interesting
to apply the earliar, simplified description (see Section TV) or tha SU(5) •* SU(3)
transition to calculate all the ground and excited 0 + state (t,p) and (p.t) cross
sections with the same wave functions that reproduced the trends in energies and
B(E2) values for the Sm isotopes. The results, obtained with IBA-1, are'taken
from ref. 6 and shown in fig. 19. The (t,p) data therein are the same as in
fig. 18 while the (p:.t) data are weighted averages of earlier data as well as the
most recent results of Saha et al.34) The overall prediction of tha major trends
is correctly calculated. As opposed to the extreme, discontinuous jump in predicted
c-oss sections shown in fig. 18, here the SU(5) •* SU(3) transition is forced to
be smooth (recall that e decreases linearly with increasing mass) and so the cal-
culated cross sections vary smoothly as well. The drop in ground seate cross sec-
tions for ^ s m (p,t) and 130Sm ;'.:,p) occurs more weakly theoretically than in the
data. For the excited 0 states, whose population is forbidden in the vibrator,
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Figure 17
Relative (t,p) ground state transi-
tions in Os and Pt compared to IBA
calculations in the 0(6) and SU(5)
limits. Based on ref. 37-
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Figure 18
Ground state (t,p) cross sections
in the Sm isotopes compared to the
SU(5) , SU(3) and 0(6) limits.
Taken from refs. 11, 34.
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che empirical increase as the transition region is entered is reproduced as is
the subsequent fall off. Thus, the partition of che cross section between ground
and excited states at the spherical-deformed transition point is correctly pre-
dicted although the detailed agreement leaves room for some improvement. One
possibility for a more refined calculation could be to use the I3A-2. This has
been done by Saha et al.-^' who obtain calculated cross sections slightly dif-
ferent than with the IBA-1 (most notably, a rise in grcund state cross sections
for A>150) but the overall agreement is comparable to that in fig. 19.

VII. INELASTIC SCATTERING PROCESSES

Very little has yet been published in this area but one careful study, by Deason
and co-workers, ^ deserves consideration. As discussed earlier in the context of
the E2 matrix element product P3»they performed detailed angular distribution
measurements of the protons inelastically scattered fron targets of 194,196,198pt.
Their data were displayed in fig. 8 the right hand part of which was already dis-
cussed. The two panels at left and center show the results of the calculations
for 194Pt and 196Pt. These were performed by first searching for best fit optical
model parameters. The procedures for this are detailed in ref. 38 and are not of
interest here. Given an adopted optical potential the problem is then one of
choosing a set of E2 and E4 matrix elements and 3 2 and 3^ deformation parameters
to insert into a coupled channel calculation. The procedure Deason followed was
to adopt the set of IBA matrix elements for the parameters used in the 0(6) •*
rotor calculations?) discussed above in Section III. 39 and o^ were then varied
to obtain the best fit to the data. Numerous subsidiary tests were also carried
out such as the effects of a larger < parameter for Pt, of a 3g component,and of
the neglect of the spin-orbit potential. These turn out to be relatively minor
and the results shown in fig. 8 are suitable for a comparison to the data.

As is evident the agreement is excellent. It is importan: note thac not only
the shape and phase of the angular distribution agrees wi V./ data but the
absolute magnitudes of the cross sections for different ' • . *»d states as well.
Since the latter vary by three orders of magnitude from n u state to another, the
test is a sensitive one.

The sensitivity of the calculations to different sets of E2 matrix elements has
not been tasted for the exact optical potential used by Deason but a measure of
the sensitivity to model matrix elements is provided by similar calculations of
Delaroche.73) In the analysis of the same (p,p') data Delaroche performed three
calculations, one with pure rotational model matrix elements, another with the
same set except for a greatly enlarged M22 matrix element and a third with matrix
elements for a triaxial rotor with Y"30°. The most interesting result is that
the different sets of matrix elements give cross sections that diffar by nearly
a factor of tv» at some angles and which, for the 4j state, become partially
out of phase vith each other at back angles. Furthermore in a recent abstract,?4)
Dslaroche states that, although calculations for a wealth of data on -^Au succeed
admirably, the proton data on 19*pt cannot be reproduced by the sinple collective
models, just mentioned. it is in this context that the excellent agreement ob-
tained by Deason-33) with the broken 0(6) symmetry matrix elements of ref. 7 should
be considered as offering another stringent test of the IBA in thr'.s region.

VIII. THE IBA FOR ODD MASS NUCLEI (IBFA)

Although there was an early attempt^) to extend^the I3A to odd mass nuclei it
proved premature until the recent recognition^,25) of ĝ e importance of an ex-
change term iu the interaction Hamiltonian of the odd Fermion with the boson core.
In the current version^ of the so-called Interacting Boson-Ferraion Approximation
(IBFA), the Hamiltonian is written:

H - HB + HF + VBF . (S)



where

^BF

(9)

The first term in VgF is a monopole-monopole interaction that is not particularly
important: it acts in most cases as a scale factor on the calculated energies.
The second term is a direct interaction similar in form to that occurring in the
Intermediate Coupling model (Hinc

=Kq*q)• The third term is an exchange term which
sensitively reflects the microscopic structure of the boson through its interac-
tion with a particle in orbit j. The coefficients T and A are in principle
related, given a knowledge of the microscopic structure of the boson core. Lack-
ing this, they have thus far been treated as free parameters. One immediately
notes in eq. (9) that, if the odd particle can occupy several shell model orbits
j, the coefficients T..i and. AJl*? become multi-dimensional matrices and thus the
number of free parameters rapidly becomes enormous unless some prescription is
developed to interrelate them. Thus, up until recently, 41> 43-45) Ch e o^y c e s t s

of the IBFA have been for unique parity states where the A, r, and. t arrays
reduce to c-numbers. Since the quantity A is relatively unimportant the calcula-
tions for unique parity orbits in odd mass nuclei involve two additional param-
eters beyond those needed to fit the even core. (There is, of course, the single
particle energy which is normally set so as to reproduce the energy of the lowest
lying unique parity level.) The exchange terra is particularly interesting and
important. Since it essentially reflects the action of the Pauli principle and
of blocking effects of the single particle on the boson structure, it clearly be-
comes more important the more particles (or holes) occupy an orbit j and it there-
fore increases toward mid-shell. Th-'S, in effect, it simulates the movement of
the Fermi surface. Without it, the sequence of states calculated is always that
of a pure particle or hole coupled to the core. With it the well known effects
of a rising Fermi surface can be simulated. Thus, for example, for a given value
of T, a small f> value leads to a decoupled spectrum with AI=2 sequences of states
lying on successive parabolas displaced in energy according to the degree of align-
ment of particle and core angular momenta. This is exactly analogous to the case
of a low lying Fermi surface near the K=l/2 or 3/2 Nilsson orbits in the particle-
rotor (Nilsson plus Coriolis) model. As A grows the specturm of levels smoothl"
changes over into the strongly coupled systems one observes in well deformed
nuclei where the Fermi surface lies higher amongst the unique parity orbits.

The first extensive and sensitive test of the IBFA dealt with unique parity levels
built on the hn/2 neutron in 109pcl. A proper discussion of these results should
also include a detailed description of the failure of the particle rotor model
to reproduce the data. This is out of place here and so the reader is referred
to refs. 39, 40, 46, 47 for further details supplementing the very brief comments
below. It has become clear76*77) in the last years that the sequence of favored
aligned high spin yrast energy levels in unique parity systems is not particularly
sensitive to varying model assumptions. However, strong differences occur for
the low spin states of the same parentage. These comprise both the favored and
unfavored anti-aligned levels. Being of unique parity, they are equally as iso-
lated and low lying as the high spin states and, in fact, may even be expected
to be purer, since they are actually fewer in number than their high spin counter-
parts.



A series of (n,y) experiments leading to 109Pd and carried ouc at Brookhaven and
in Grenoble has led 46,47) to the disclosure, for the first time, of the full set
of low-spin unique parity states. When particle-rotor calculations were Per.^-
forned in a Nilsson model with pairing and Coriolis coupling framework, for Pd,
they i»ere found77) to admirably reproduce the high-spin levels. Exactly analogous
calculations for *09Pd failed completely to reproduce the empirical results . This
is shown in figure 20. In particular, while the favored anti-aligned states
were correctly calculated the unfavored levels were predicted at far too high ex-
citation energies. Furthermore, it was shown that there was no set of parameters
that could produce agreement. The essence of the discrepancy centers on the energy
separations in pairs of states of the same spin. The coupling matrix elements of
the particle rotor model perforce predict too large separations.

When IBFA calculations were performed39^,with the results shown in fig. 20, for
the parameter values 1**2.5 MsV and /W6.93 MeV,a dramatic improvement occurred. Al-
though the agreement is not perfect the discrepancies have been reduced by factors
of three or more. Furthermore, the existing discrepancies certainly arise in
part merely from an imperfect fit to the even 108pd core the parameters for which
were not taken from a separate optimized fit but rather from a global, qualitative
fit78) to all the Pd isotopes. Careful inspection of fig. 20 shows the improvement
in the splitting of pairs of states of the same spin.

The most interesting aspect of these results emerges upon inspection of the impor-
tant core states occurring in the final IBFA wave functions^) and schematically
illustrated on the right in fig. 20. Fully 70% of the probability distribution
'3r both the high and low spir. jtates involves core states other than chose which
characterize the unique parity levels in the extreme weak coupling picture. More
importantly, 50-70% of the wave function probability distribution involves core
states not belonging to the quasi-ground band, that is, core, states outside the
basis of the particle rotor Nilsson model. . Thus, in this respect the IBFA
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Figure 20
Comparison of the observed negative parity levels of 109Pd with IBFA and particle
rotor calculations. The heavier lines identify the unfavored states which are
more sensitive to varying model assumptions. The right part schematically shows
Che core basis states included in ea. 'h model. Based on refs. 39, 46, 47.



provides, at the least, a convenient way to perform large basis intermediate coupl-
ing calculations although it appears-^) that finite dimensionality effects are
also important.

Following the success of the systematic treatment of the even Kr isotopes by the
Kbln group,26,28) j t w a s natural to apply the IBFA *.o unique parity states in the
odd Rb isotopes where one is dealing with the spectra of the S9/2 proton. Using
the parameters for the 80,82}jr cores obtained by Gelberg and Kaup26,28) and in-
cluding only the second and third terms in Vgr (eq. (9)). Kaup et al.28,41) ob-
tained the fit to positive parity levels of sl»33Rb shown in fig. 21. Again, the
agreement is quite good, most notably for the unfavored states (I»7/2, 11/2, 15/2).
An interesting extension of this work, to include multi-j shells, is now underway.
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Levels of 33,81RD compared with IBA calculations. The numbers are twice the spin
values of the positive parity states. Taken from ref. 41.

Perhaps the most impressive test of the IBFA to date centers on the Eu isotopes.
Here, Lo Bianco and co-workers have established4^^ detailed empirical level
schemes for 14?Eu and 15l£u using the (p,2ny) reaction on even Sm targets. While
147£u is characterized by the rather vibrational 1^6sn cor°, 15l£u is affected by
the much more transitional 150sm core. The negative parity states observed ori-
ginate in the h]_]./2 neutron orbit. Two sets of IBFA calculations were performed,
the first rather early and with the original"^ odd mass ISA Hamiltonian, the
second with the more recent IBFA modell-) specified by eqs. (3) and (9). The re-
sults are shown in fig. 22. Reasonable agreement is obtained. It is curious
that the earlier model appears to work as well as or better than the current
IBFA in particular for ^~Eu. The reasons for this have not been established al-
though LoBianco has suggested^) that the neglect of couplings to J>2 in the in-
teraction term of Vgp may be less realistic near the vibrational limit than in
Cu rotational region.

Subsequent to these calculations more extensive ones, covering the entire series
of Eu isotopes, have been carried out in a Milan-Groningen collaboration.43-45)
Since the core isotopes span the SU(5) to SU(3) transition region the parameter
Xv occurring in Qg is expected to vary and it was included as a parameter. As
expected, it was found to vary from values near zero for the light Sm isotopes
to -1.1 for 15*Sm (the SU(3) limiting value is -*/f/2=» -1.323). Except for
l-47Eu, the parameter A was held constant and the crucial parameters V and A were
found to vary smoothly across the region: V changed from 0.18 in l^Eu t 0 o.49>^'

r

in ^^Eu while A changed from 0.6 MeV to 1.4 MeV over the same range of nuclei.
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Figure 22
•Levels of 147,151E U compared with two IBFA calculations. The middle column for
each isotopa shows calculations using the earlier (ref. 75) IBFA model. The
levels marked with the asterisks were used in fitting the parameters. The right
column shows the I3FA calculations using eqs. (8) and (9). Results from refs.
42 and 44.

The results, illustrated in fig. 23, are discussed by Blasi and Scholtan in
ref. 43 and are most impressive. The empirical systematics of energy levels is
rather complicated, exhibiting a large number of level crossings and substantially
different patterns of energy and spin sequences. Careful inspection of the figure
shows that nearly every facet of Khe empirical systenatics is reproduced. Speci-
fically, the level crossings 5/2-7/2, 5/2-9/2, 5/2-11/2, 7/2-11/2, 9/2-11/2, 5/2-
15/2, and 17/2-19/2 are all predicted to occur between the correct pair of iso-
topes. The 7/2-9/2 crossing is predicted but slightly later than observed., and
the predicted 5/2-13/2 crossing between i^?Eu and 15l£U almost but not quits
occurs experimentally. Furthermore, the overall pattern of levels is reproduced.
The complex change from a decoupled toward a strongly coupled spectrum is beau-
tifully reproduced as is the factor of two compression in scale as the rotational
region is entered.

These same authors are now expanding the calculations to include positive parity
levels and this will provide one of the first tests of the IBFA for a multi-j
shell case. In order to reduce the number of parameters, a semimicroscopic rela-
fion between the I1,.,and between the AJ.,was developed.66' Since these results
are preliminary, the reader is best referred to the original papers. ' If tha
parameter prescription proves reasonable and good results can be obtained in the
multi-j shell case the utility of the IBFA will be greatly expanded. One awaits
further results from the multi-j studies in Eu and P,b with great interest.

A final test of the IBFA may be briefly cited. At this conference, the Koln
group of Gelberg and von Brentano has reported'9' 13FA calculations for the gj/o
proton states in 97Tc they had previously^0) studied using bLi induced reactions
on even Zr isotopes. The parameters for the even core were obtainedby fitting
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the levels of Mo. The results are illustrated in the collected proceedings for
contributed papers and show once again good agreement with the data not only for
yrsst and yrar states but for the full multiplet of states involving coupling to
the 2^ core state.

Until now no substantial tests of transition rates in odd nuclei have been carried
out with the IBFA principally because, though E2 rates can be easily calculated,
the treats snt of Ml rates (and thus of E2/M1 mixtures) was not similarly advanced.
This limitation has now been remedied in the latest generation of computer codes
and many new tests should now be feasible.

IX. SUMMARY AND CONCLUSIONS

In the preceding pages we have presented a survey of many of the extensive and
sensitive tests of the IBA known do us. In so doing a number of topics, such as
IBA calculations of electron scattering,3D and population systematics and feeding
in (n,y) and (a, xn) spectra^) were neglected for reasons of space. Also neg-
glected were detailed sets of calculations by Scholcen and Iachello2>3>b«1A>15-'
with the IBA-2 over broad series of nuclei. Uo mention has been made of the recent
theoretical discover* and prediction of supersymmetries1^) in odd mass nuclei that
are expected when certain single particle orbits are coupled to core nuclei exhibit-
ing the even-even IBA symmetries. These are. treated extensively in a recent
publication^) and in another invited paper at this conference.83) N 0 discussion
was made of IBA predictions34) for EO transitions, although the selection rules
and the ease of calculation makes the potential for future tests appealing. Cal-
culations of quadrupole moments have also generally been neglected either because
the experimental situation is unclear (as in the Os-Pt region) or because a proper
treatment requires extensive systematic IBA-2 calculations which are still in pro-
gress. Mention might be made, however, of studies"^,86) of tj,e nuadrupole moments,
energies, and 3(E2) values.in a broken SU(5) scheme in the Ru and Pd nuclei.



Despite the omissions, the tests discussed cover a broad variety of topics ranging
from the discovery of the 0(6) symmetry and the treatments of two of the transi-
tion legs of fig. 1, to the IBA predictions for high spin states and for negative
parity levels involving the f boson, to the calculation of (t,p), (p,t) and (p,p')
cross sections and angular distributions in several mass regions and finally to
several tests for unique parity levels in odd mass nuclei.

Overall, the predictive power of the IBA at the present stage indeed appears re-
markable. With either no free parameters (in the limiting symmetries), a single
running paraneter (in the transition legs)t or a relatively small number of para-
meters, often held constant or varied smoothly rather than fine tuned, the I3A
succeeds in accounting for nearly all the broad trends in the data under scrutiny
and often for the fine details as well.

Before closing, it is well to emphasize an important point concerning the relation
of the IBA to other models, especially geometrical ones. For nearly every IBA
calculation, the statement can be made that some geometrical model yields similar
results (except where finite dimensionality effects are important). This is hard-
ly surprising since whatever approach the IBA may take, it is also clear that the
nuclei under consideration have an approximate classical shape and that a geomet-
rical model for that shape will lead to comparable predictions. The point is that
this realization discriminates against neither type of model, since they are com-
plementary. Rather, as far as the IBA is concerned, the crucial question, aside
from whether or not it works, is whether it provides a new, unified, more general
and easily calculable approach that obviates the need to introduce, ad hoc, a
specific choics. of geometrical model for a given situation. Since IBA-1 is phen-
omenological, c'le choices of parameters there are also ad hoc: its principal
advantages lie in its symmetry characteristics, which allow the recognition of
limiting nuclear coupling schemes and permit extremely simple treatments of tran-
sitions between them, and in its generality which allows the treatment of the
entire gamut of empirically observed nuclear level schemes. This latter point
means that it presents a single model capable of spanning the realms of many indi-
vidual geometrical models, and with parameter values that vary smoothly and system-
atically. With IBA-2, one begins to surpass the scope of geometrical aodels in
that the parameter choices are no longer ad hoc but are based in the shell model
and therefore the prediction of symmetries, transitional regions, and intermediate
cases becomes grounded in a more microscopic framework. Here the complementarity
is with familiar microscopic models and again it is here chat the ability of the
IBA to encompass all sorts of level structures (see e.g., figs. 3 and 4) in a
single Hamiltonian emerges as a significant achievement and one worthy, given its
initial successes, of extremely careful testing.

Obviously the many initial successes of the IBA will soon be followed by the recog-
nition of discrepancies as both measurements and calculations begin to look at
more sutble and detailed comparisons. The essential question to be addressed
when thase discrepancies appear is that of their origin. That is, do they repre-
sent a failure of the model to correctly predict quantities within its anticipated
areas of competence (which, be it noted, differ for IEA-1 and IBA-2 and which, for
IBA-1, depend also on relative position in the symmetry triangle of fig. 1) or,
do they merely concern quantities outside the proper space of the IBA? If the
latter, they may provide clues to simple extensions of the model. Thus, for ex-
ample, it is already feasible to introduce g bosons or intruder families of states
(s' and d1 bosons) into the IBA. Future tests will show x*hen and where these or
other modifications will be needed. However, in the attempt to incorporate more
and more data into its purview, oen hopes that the model will not be overly ex-
ter-l<»4 and complicated. Racher, one should recall that much of its appeal origi-
nates not just in its ability to, thus far, account for an enormous oody of data,
but in the simplicity, elegance and generality of its approach. These are the
features which, to the author's mind, distinguish the IBA from other r.odels much
more so than the relative quality of its predictions in any given detailed case.
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