THE INTERACTING BOSON MODEL

A. Arima
Department of Physics, Faculty of Science,
University of Tokyo, Tokyo, Japan
and
F. Iachello
Kernfysisch Versneller Instituut,
University of Groningen, Groningen, The Netherlands

Nuclei away from closed shells and regions of large
deformations often appear to be characterized by a typic-
al vibrational-like spectrum |1| with large splitting
between members of the two-phonon O+,2+,4+ triplet,
relatively large quadrupole moment of the first excited
2; state, but rather small values for the matrix elements
of the forbidden An=2 transitions. Typically, the BE2

ratio
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ranges between 10.3 and 3XI0-2.

To accommodate these experimental results, we have
recently proposed |2| a phenomenological model of vibra-
tional nuclei describud by the Hamiltonian

H=¢€ ) b$bm + 7 cL[(b+b+)L(bb)L]o (2)
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and by the transition operator
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where b*(b) are the creation (annihilation) operators for
quadrupole phonons and the parentheses denote angular mo-
mentum couplings. In this model the large anharmonicity in
the energies is caused by the phonon-phonon interaction de-
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scribed by the term cr, (L=0,2,4) , the quadrupole moment of
the first excited state arises from the second term in the
transition operator, and the cross-ovér An=2 transitions
.are strictly forbidden. Our model can be obtained from
previously discussed models by neglecting all anharmonic
terms except the boson-boson interaction cr, - In particular
it is identical to that of Das, Dreizler and Klein |3| if
one drops the terms of dI' Copr 34 in their egs. (8) and
(9) and to that of Brink, Kerman and de Toledo Piza |4]|

if one assumes that the phonon changing terms are small
from the outset and that therefore no unitary transforma-
tion is needed to bring the Hamiltonian to the form of

eq. (2).

The main advantage of this model is that the Hamil-
tonian of eq. (2) is diagonal in the boson basis. Using
standard group theoretical techniques |5| it is possible to
obtain its eigenvalues in compact form. They are given by

12|
E(n;v,nA,L,M) =€en + a Biﬂ%ll + B(n=-v) (n+v+3) +
+ y[L(L+1)-6n] . (3)

The parameters «,B8,y (related to Cor C, and 64) describe
the phonon-phonon interaction and n, v, nA, L, M are the
quantum numbers which completely label the representations
of the five-dimensional rotation group 0(5). As it can be
seen from Eq. (3), the boson-boson interaction splits but
does not admix the different representations of O0(5) and
thus it gives rise to a dynamical symmetry. The possible
existence of this symmetry (also suggested in a slightly
less general form by Ferreira, Alcards and Navarro |6|)and
its experimental verification is one of the main results
of our approach. The observation of the cross-over transi-
tions indicates that this dynamical symmetry is broken.
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However, the breaking appears to be small, of the order
of few percent, and it can therefore be treated in per-
turbation theory |7]|.

In addition to the quadrupole mode, vibrational
nuclei are expected to exhibit other excitation modes
such as the octupole mode and two or more quasi-particle
modes |8|. In view of the arguments above we now propose
to treat these other modes in the same fashion as the
quadrupole mode and thus we formulate a general interact-
ing boson model by defining a Hamiltonian

= t Wt A A10

otk
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and transition operators
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where £ labels the different excitation modes. This Hamil-
tonian describes a system of interacting bosons and it is
thus analogous to the shell-model Hamiltonian.

Deferring a more detailed study of the properties of
our model to a longer paper |7|. we quote here some results
which can be inferred from eqgs. (4) and (5). (i) The
coupling of an excitation mode with angular momentum j to
the states of the quadrupole phonon introduces in general
many new states. However, only two sets of states appear to form
stable "bands", a band being defined as a set of levels
connected by strong E2 transitions. They correspond to the
totally aligned, I=2n+j, and totally aligned minus one,
I=2n+j-1, states where n is the number of quadrupole

phonons. The energies of these states are given by simple
expressions. As an example we consider the case of a single
octupole boson, denoted by £, coupled to the quadrupole
boson, denoted by d. The energies of the states belonging
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Fig.l. Schematic re-
presentation of the
coupling of an octu-
pole 3~ excitation
mode to the quadru-
pole phonon. The two
negative parity
bands are called N
and N°, respectively.
The parameters used

are €2=365 kev, c£22)=
=45 keV, e3=1123 keVv,

c{?3a-10 kev, A:23)=
==40 keV.
represent El transi-
tions, full lines re-

Broken lines

present E2 transitions.
Only El transitions
from the N to the Y
band are shown.

Fig.2. Comparison
between experimental
|9| and theoretical
energies of the ground
state (Y) and negative
parity (N) band in
152Gd. The parameters
in the theoretical
spectrum are the same
as in fig. 1.
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to the totally aligned band are given by
n n {23)
Eld (3,=2n) £;I=2n+3| = E|d (J,=2n) |+e y+ne, (6)

and those of the states belonging to the totally aligned
minus one band by

E|a"(J,=2n) £;1=2n42| = E]a"(J,=2n) |+e,+nc{®P+
2n+3 | (23)
+ 2013, (23) (7)

In these expressions the first term on the right-hand
side represents the energy of the ground state band

(y-band in ref. |2]|) and °é23) and A:23)
meters related to the boson-boson interaction. The cor-

are two new para-

responding spectrum is shown in fig. 1. (ii) The two
bands which arise from the coupling of the octupole to

the quadrupole mode can de-excite either by E2 transi-
tions, first term in eq. (5), or by El transitions, second
term in eq. (5) with £"=2 and £°=3. For the totally
aligned band the branching ratio E1/E2 is given by

B|El; (I=2n+3) - (I=2n+2)+l
B|E2; (I=2n+3)  + (T=2n+1) |

n+1
o c (8)

where c¢ 1s a constant for each nucleus. There is com-
pounding evidence that these bands are observed in nuclei.
A typical application of eq. (6) is shown in fig. 2. The
nucleus to which it refers, 152Gd, is not completely
vibrational but its ground state band can still be de-
scribed by the boson formula

E[dn(JINZn)] = €0 + 0;22) Eiﬁ_g_ll . (9)

Similar relations apply to the coupling of a two
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Fig.3.
presentation of the

Schematic re-

coupling of a high-
spin two quasi-parti-
cle state (8+) to the
quadrupole phonon.
The two new bands are
called QP and QP°,
respectively. E2 tran-
sitions within bands
are represented by
full lines. The full
E2 transition de-
exciting the lowest
member of the QP band
is indicated by a
broken line.

quasi-particle state in even-even nuclei or to the coup-
ling of a single quasi-particle state in odd-A nuclei.
The expected behavior for the coupling of a two quasi-
particle state with spin 8+ is shown in fig. 3. It is
worth mentioning that in the case in which the two quasi-

particle state occurs at an energy below the correspond-
ing state of the same spin in the ground state band, it
will cause a dramatic backbending effect. However, since

the states on top of the two quasi-particle state are built
on the same basic excitation mode, the expected behavior of
the band built on such a state will very closely resemble
that of the corresponding ground state band. A full detail-
ed description of these properties will be given else-
where |7].



- 18 -

REFERENCES

|1]

121

131
14]

151

G. Scharff-Goldhaber and J. Weneser, Phys. Rev. 98
(1955) 212.

F. Iachello, Proc. Int. Conf. on Nuclear Structure
and Spectroscopy, Amsterdam (September 1974), Vol.
I, p. 163;

F. Iachello and A. Arima, to be published in Phys.
Lett.

T.K. Das, R.M. Dreizler and A. Klein, Phys. Rev.
C2 (1970) 632.

D.M. Brink, A.F.R. de Toledo Piza and A.K. Kerman,
Phys. Lett. 19 (1965) 413.

G. Racah, Group Theory and Spectroscopy (Princeton
lectures, 1951);

H. Ui, Ann. of Phys. 49 (1968) 69;

T. Kishimoto and T. Tamura, Nucl. Phys. Al192 (1972)
246.

P. Leal Ferreira, J.A. Castilho Alcards and V.C.
Aguilera Navarro, Phys. Rev. 136 (1964) Bl243.

A. Arima and F. Iachello, paper in preparation.

G. Alaga, these proceedings.

D.R. 201nowski} Y. Gono and T.T. Sugihara, Texas
A and M Progress Report, p. 20.





