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ABSTRACT

A phenomenological algebraic approach to nuclear dipole excitations is
presented within the framework of the interacting boson model. The
application to photon absorption and scattering by nuclei in regions

of shape transitions and axially symmetric deformations is discussed.
Finally, an algebraic model for the coupling of giant dipole resonance
states to fermion and isospin degrees of freedom is proposed and applied.

INTRODUCTION

As is known, the coupling of the giant dipole resonance (GDR) to low-
energy nuclear excitations leads to a peculiar fragmentation pattern

of the GDR itself. In particular, the coupling to Tow-lying collective
modes (surface oscillations and nuclear rotations) has been considered
within the framework of the dynamic collective model /1/, the pairing-
plus-quadrupole model of Kumar and Baranger /2/ and the quasiparticle-
phonon model /3/.

For Tlight-mass nuclei with nonzero ground-state isospin, there is
experimental evidence for a further GDR splitting into different iso-
spin components /4/. This fragmentation has been investigated both by

a semiclassical treatment of spherical nuclei /5/ and by means of the
electric dipole sum rules for different isospin channels /6,7/.

From an experimental point of view, high-resolution measurements of
photon absorption and scattering cross sections in the GDR energy region
allow one to investigate the fragmentation mechanisms and to extract
nuclear structure information from the GDR coupling to low-energy degrees
of freedom, as discussed in ref./8/ in the case of deformed nuclei with
possible meson exchange effects.

In recent years, the interaction of low-lying (vibrations and rotations)
and high-lying (giant resonances) collective modes has been studied /9,
10,11/ within the framework of the interacting boson model (IBM) /12/,



which has proven to be a very flexible tool for the description of nuclear
structure data. The advantage of the IBM algebraic approach to GDR is
twofold : first, it provides a simple, yet accurate approximation to
complex shell-model calculations and an original framework to deal with
topics such as shape transitions in GDR photoabsorption /13/, inelastic
photon scattering /10,14/, interference between nuclear modes and quantum
electrodynamics effects (Delbriick scattering) /15/, which are sometimes
difficult to interpret with other nuclear models. Second, the flexible
algebraic structure of IBM allows one to introduce the GDR coupling to
nuclear non-bosonic degrees of freedom in a simple manner.

Essentially, four kinds of nuclear excitations have been introduced ti11]
now into an extended IBM, originally formulated /12/ in terms of s and

d bosons only, for low-energy spectra of even-even (non-magic) nuclei :

1) IBM plus further particle-particle bosons, like negative-parity
‘octupole bosons ( f-boson, with J™ = 37) to describe negative-parity
states in even-even nuclei /16/ and positive-parity bosons with intrin-
sic angular momentum L = 4, to enlarge the IBM configuration space /17/.

2) IBM plus fermion degrees of freedom, to deal with odd-mass nuclei
(interacting boson-fermion model) /19/, odd-odd nuclei /20/ and two-
quasiparticle excitations in even-even nuclei /21/.

3) IBM plus particle-hole bosons, to describe giant resonance states and
their coupling to low-energy levels /9-12,13,22/, and s' or d' bosons
(J™ = 0% and 2%, respectively) to simulate low-energy intruder states
originating from two particle-two hole excitations through closed
shells /18/.

4) IBM plus spin and isospin degrees of freedom, to reproduce Tow-energy
spectra and properties of Tight-mass nuclei,ed.in the 2s-1d shell (IBM-3
/23/ and IBM-4 /24/ models).

Moreover, different nuclear modes (1-4) can be combined together to yield,
for instance, an interacting boson-fermion model with enlarged boson basis
(s,d,g,...). In the following, we shall discuss point (3), Timiting
ourselves to GDR and extensions of the relevant model to include both
fermion (2) and isospin (4) degrees of freedom.

FORMAL ISM

In IBM language, the GDR excitation can be described by means of a p-boson
with J™ = 17 ; the whole nuclear system is then represented by the following
basis states :

Y > = (sHMdH"pH 0>, (1)

where | 0>>is the boson vacuum, m+n=N, number of effective bosons, g=0 or

1, depending on whether Tow-energy or GDR states are concerned, respectively.
s',d* and pt create one s,d or p boson, respectively. The relevant
Hamiltonian is :

sd ¥ Epﬁp * Hsdp i (2)



where ﬁsd is the usual IBM-1 Hamiltonian /12/, ﬁp is the p-boson number

operator and the coupling term, H
has the general form :

sdp? between Tow- and high-energy bosons

Fisdp = bo(d+xg)(0)(p+><5)(o) + b](d+xd”)“),(p+xg,’)(1) N
b,05). (p*x6) (2) . )
Here, 6§§) = [(sxd + d+x§)(2)+-x(d+x3)(2)] and 33 - (_])j+maj .

In eq.(3) the dominant term, responsible for the GDR splitting due to
nuclear deformations or surface oscillations, is the quadrupole-quadrupole
operator, while the monopole-monopole interaction renormalizes the free
p-boson energy, €,. Finally, the dipole-dipole interaction shifts the GDR
states to Tower oE higher energies, according to the sign of b], and
modifies the relevant dipole strengths.

The transition strengths from GDR to low-lying states can be easily evalua-
ted by means of the following dipole operator :

o) = o (p* + p) . (4)

For a comparison with experimental data, one calculates the photon absorption,
0aps, and differential scattering, do /d 82 , cross sections in the GDR
region. They are expressed, as usual, in terms of nuclear polarizabilities

AN
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E,,+E'}HI‘,,/2 *tE, ——(E-—:i'[i“n/z *5L05LL,% : (%)
Tabs =%%—ImPo. (6)
%(E,E',B;OT—»L}“)=% | Pe | %8081, (7)

with  8ol@)=¢(1+cos?), g2(6)=15(13+cos’6) . Here, E (E') is the incident
(emitted) photon energy, ¥ the scattering angle, L the transferred angular
momentum and L¢ the spin of final nuclear state ; the last term on the r.h.s.
of eq.(5) accounts for the Thomson amplitude in the elastic channel, Z and

A being the charge and mass number, respectively, of the target nucleus and

my the atomic mass unit.

Moreover, |1' > is the nth GDR state, at energy E_. Since its intrinsic width,
I’,,» cannot be evaluated within the IBM framework, we assume the following
power law /1/ :

C(E) = ke©, (8)

where k and 0 have to be adjusted on experimental data. We have thus six
parameters left, namely bo, b], b2, DO’ k and ¢ , whose values are determined,
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Fig.2. Photon absorption and scattering by ]98Pt. See captions of fig.1.



for a given isotope chain, by the best fit to the photoabsorption cross_]/3
section. The p-boson energy satisfies the semiempirical law & . = 77.5 A
MeV. Once the parameters are adjusted 0on the experimental pho@oabsorption
data, differential scattering cross sections can be calculated without
further adjustable parameters and, therefore, represent a good test for

the model.

GDR EXCITATION IN SHAPE TRANSITIONAL REGIONS

Since the IBM parameters are fixed for a given isotope chain (see Table I),
it is useful to investigate shape transitional regions where different GDR
fragmentation patterns appear as a consequence of the coupling to different
ground-state shapes. The original SU,(6) symmetry of IBM-1 can be reduced
to three subsymmetries corresponding” to different Tow-energy spectra : SU,(3)
which describes an axially symmetric rotor ; SUB(5), a vibrational nucleus;
0,(6), a gamma-soft nucleus.
Tﬁe SUL(5)— SUB(3) transition from a spherical to a deformed shape is
exemp]@fied by Nd~ and Sm isotopes /16/; the relevant GDR fragmentation along
this chain is discussed in ref./13/. The SUB(3)-—-9 0,(6) case 9088 from
axially symmetric rotors, with two main GDR componentg Tike in Os, to
¥-soft nuclei, where the GDR state at the lowest energy is strongly excited
and the remaining dipgle strength is uniformly distributed among several GDR
components, Tike in_ 1920s /13/. In figs.1 and 2, we show analogous results
for Pt_isotopes : '92Pt has the GDR splitting typical of a ¥y-soft nucleus,
while 198Pt exhibits a fragmentation pattern close to that of an oblate rotor.
Finally, the OB(6)-—9 SU,(5) transition is observed, for instance, ag Ru
isotopes and néighbouring nuclei /12/. Calculations for 100pd and 106pq
presented in figs.3 and 4, are representative of GDR fragmentation for nuclear
shapes intermediate between these two symmetries, but closer to the SU,(5)
Timit. In this case, the dipole strength decreases with increasing excitation
energy. :
We observe that the elastic scattering in figs.1-4 is evaluated in kinematical
ranges (E =8 MeV, & = 140°) where both atomic Rayleigh and Delbriick
contributions are negligible. As for the inelastic Raman scattering, the
present IBM approach has been proven successful in reproducing experimental
data /25/, in particular
excitation of rotational
side bands /10,13/,
TABLE I which cannot be easily
described within the
framework of other
collective models.

IBM parameters for the giant dipole resonance

Isotope Pd Sm Os Pt
b0 (MeV) 0. 0. 0.30 0.30
b] (MeV) 0. 1.0 0 0.
b2 (MeV) 0.50 0.48 0.35 0.35
D0 (e.fm) 6.4 8.0 9.4 9.5

k (Mevl-0) 0.08 0.06 0.09 0.08
B 1.5 1.6 1.4 1.5
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EXACT SUg(3) SYMMETRY

In the SUL(3) Timit, it is possible to derive analytic formulae for the
GDR sp]it%ing due to the ground-state deformation, since the p-boson
operator transforms under SU(3) Tike a first-rank tensor, belonging to
the (1,0) irreducible representation (irrep). The GDR states are then
coupled only to the OT and ZT levels in the ground-state rotational band,
which belongs to (2N, 0). Thus,

(2N,0) ® (1,0) = (2N+1,0) @ (2N-1,1) . (9)

The energies of the two GDR states contained in the (2N+1,0) and (2N-1,1)
irreps are expressible in terms of expectation values of relevant SU(3)
Casimir operators /11/. In fact, the Hamiltonian

o= g L (h) (1) n 0(2) (e (2)
H = a]Lsd .LSd + Spnp + czQsd .(p xp) R (19)
with Lgl)ﬁﬁﬁ(d+xg)(]), can be written as a combination of SU(3) Casimir

operators,'ﬁ2 :

€, [su(3)]

2q(2) (@) L 3.0 () (11)
4

if one defines Q(z) = -g;—(p+x5)(2) in order to satisfy the commutation

rules of su(3) pa]gebra.

Therefore, neglecting the energy differences of levels in the ground-state

band (the first term on the r.h.s. of eq.(10) ) in comparison with the GDR

splitting, one obtains /11/ :

E = & - % SZ[SUSdp(3)] - Bz[susd(3)]_‘62[sup(3)] | -

n p 2V§
ep " 2Na/V3
eyt a(2N+3)/(213) . (12)

Alternatively, we can recover the same result by an exact solution of the
corresponding two mixed-Tevel problem /9/. The 2x2 matrix Hamiltonian (10)
which couples GDR components to OT and 2% levels, is :

- Q& (atnn(2)yo+
Aeoelef 0 —]—<o]uo§d>u213cb )
e cqliolgio)y @ E(ZT)&JZ(z{HQgﬁ)Hz{)d)
10¥3

with @= ((1,0),0,1 [ (0%xp) @ (1,0),0,1) = /5 and Co3llo{A|21 ) -
(230i0T ) = JRiane3) 21{&2ty = -5 (an3)s (2)7).

By diagonalizing Hamiltonian (13), where E(ZT) is assumed negligible, we
obtain the eigenvalues En = Ep -a(4N+3+3 V]GN +24N+1 )/(8V§), corresponding

to the energies of the two GDR components ; in the limit of large N, they
reduce to :

Ep - 2aN/V§ ;

= a
n e, + — (2N+3/2) ,
P 213

E (14)
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Fig.5. SUB( ) calculations of (a) pho%gg elastic scattering and (b) inelastic
scatter1ng to the 27 state of Th, at an angle ¥ = 140° Solid line :
broken SU symme%ry /14/ dashed Tine : exact SUB(3) symmetry (see
text). ExBer1menta] data are quoted in ref./14/.

to be compared with formula (12). Moreover, the two dipole transition
strengths are proportional /11/ to the reduced Wigner coefficients of
the SU(3) D S0(3) decomposition /26/. 232
In fig.5, results of IBM calculations for Th in both exact and broken
SUB(3) symmetry are compared with experimental data. Breaking the SU,(3)
symmetry allows the Tow-energy spectrum to be accurately reproduced ~/14/.

GDR IN ODD-MASS NUCLEI

It is possible to generalize to odd systems the above treatment of GDR in
even-even nuclei by adding suitable fermion degrees of freedom /27/. In
particular cases we can exploit the limit symmetries to derive closed-form
expressions for the GDR energy splitting, in analogy with the exact SU,(3)
symmetry. For instance, we shall consider a deformed nucleus whose eveﬁ-
even core is described by SU,(3), where the unpaired nucleon occupies a
j=1/2 or 3/2 orbital. The fepmion angular momenta, j=1/2 and 3/2, can be
decomposed into a pseudo-orbital part, k=1, which transforms like a first-
rank tensor under SUF(3), and a pseudo-spin part, s=1/2 /28/.

The relevant group decomposition chain for the description of low-energy
spectrum is :
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U(6/6) > Ug(6) ® Ut (6) > sU(3) @ sutk) (3) @ sul®)(2) o
SUge(3) ® SULS)(2)D 505:(3) @ SUlS) (2) D spin(3) . (15)

The rotational ground-state band belongs to the (2N+1,0) irrep of SUBF(3)
and includes states with J=1/2,3/2,5/2,...,2N+3/2. Only the three lower-
spin Tlevels, namely J=1/2,3/2 and 5/2, are coupled to the GDR, according
to the following decomposition :

(2N+1,0) ® (1,0) = (2N+2,0) ® (2N,1) , (16)

where five GDR components arise ; two of them,with angular momentum J=1/2
and 3/2 and parity opposite to the ground-state, belong to the (2N+2,0)
symmetric irrep. The remaining three states, with J=1/2,3/2 and 3/2, are
contained in the (2N,1) irrep.

Their energies are obtained by diagonalizing two Hamiltonian matrices, as
in the SUp(3) Timit. The 2x2 Hamiltonian matrix gives the energies of the
J=1/2 GDR"components, coupled to the low-energy J=1/2 and 3/2 Tevels, while
the other 3x3 Hamiltonian matrix yields the energies of the J=3/2 GDR
states, interacting with the J=1/2,3/2 and 5/2 levels of the ground-state
band.

Instead of solving the exact Hamiltonian, the energy splitting of the two
J=1/2 GDR components can be directly related to the expectation values of
SU(3) Casimir operators, in analogy with egs.(11) and (12) :

AE = E[(2N,1),172 | - E[(2N42,0),1/2 ] % & 3(N+1) . (17)

GDR WITH ISOSPIN

Another interesting problem is the isospin splitting of the GDR in Tight-
mass nuclei, where the isospin, T, is a good quantum number and the Tow-
energy spectrum has to be described within the framework of IBM-3 version
/23/ of the model, which contains neutron-proton bosons (T=1, TZ=O), in
addition to the usual neutron-neutron and proton-proton pairs.

Moreover, the electric dipole excitation carries one isospin unit with
third component equal to zero. The relevant group decomposition chains
are /29/ :

D) @ suf*V(3) @ U (3) @ su{P)(3) >

or :
> Ui (6) @ sulP)(3) @ su{*¢(2) @ sulP (2)
S

> e sul)3) @ w2y, (en)

(sd)

u !

{ (6) ® suiP) (3) @ sulstP)(3)

(18a)

depending on whether strong (18a) or weak (18b) isospin coupling is
considered (see ref./29/ for a detajled discussion). If eq.(18a) holds,
the isospin irreps for the ground-state band /23/, (N,0), and the GDR
excitation /29/, (1,0), are decomposed as follows :

(N,0) ® (1,0) = (N+1,0) ® (N-T,1) . (19)

The (N+1,0) irrep contains T=N+],N-1,...,TO+], where TO is the ground-state
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Fig.6. Experimental /30/ and calculated (solid T1n§ broken 0 (6) X SUT(Z)
symmetry) photoabsorption cross sect1on of Mg Dot- dashed Tine :
T=1 component ; dashed line : T=2 component ; the segments at the
bottom represent the calculated dipole strengths, Sn’ in arbitrary
units.

isospin, while the non-symmetric (N-1,1) dirrep contains T=N,N-T,...,TO+T,
T~. Only GDR components with T= T or T +1 are allowed by the seTection
rules. In scheme (18b), only two 1sosp9n components arise, with T=T,+
and T=T,, respectively, and energy separation Z& = 45 T +1) gre

= 15/R MeV /29/.
In both cases, however, the ratio of dipole strengths in the two isospin

channels (TO and TO+T) is given by :
S(T=Ty+1)/S(T=Ty) = 1/T, . (20)

This isospin splitting is superimposed to the (previously discussed)

def%rmation splitting. In fig.6, we show the photoabsorption cross section
Mg, where both isospin and deformation (in a broken 0,(6) symmetry

wh1ch reproduces the low-lying spectrum /29/) effects are %aken into

account in the IBM calculation. The GDR parameters are : 21.9 MeV,

b, = 2.60 MeV and Dy = 1.7 e fm. P

FinaTTy, it is worth mentioning the possible model extension which includes
both spin and isospin degrees of freedom within the IBM-4 framework /24/.
The p-boson excitation then carries additional intrinsic spi Ss=0,1) and
isospin quantum numbers ; the relevant group structure is sug (3) ® SUZE)(G),
which is coupled to the low-lying IBM-4 states /24/.

IBM-4 shows two interesting features : first, the low-energy spectra of
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odd-odd nuclei can be successfully described within the model /31/ and,
therefore, it is possible to consider GDR fragmentation in odd-odd
nuclei, too. Second, since SU.+(6) contains the Wigner supermultiplet
group, SU(4), the following mgln1ngfu1 decomposition holds :

0§59 (6) ® suls (6) @ sulP)(3) @ sulP)(6) > (21)
u$s(6) @ suls¥ (6) @ sulP)(3) @ sulP)ay .

This symmetry group incorporates the Goldhaber-Teller Oscillator (GTO)
model, introduced by Donnelly and Loludice /32/ in order to couple
surface vibrations to GDR excitations so as to deal with inelastic
electron scattering reactions in light-mass ngc1e1 n fact th? S
model corresponds to the Timit symmetry, SUé (5)® SU& ) ® SULP
arising as subgroup of formula (21).
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