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Abstract.
A shell-model approach in order to study the inter-
play of collective and non-collective excitations,
which is feasible for numerical calculations,is sug-
gested. Study of some specific applications to odd-
even and even-even nuclei near the doubly-closed
shell nucleus 132sn has been carried out.Finally,
for the even-even nucleus 132Te,the fermion resi-
dual proton-neutron interaction is mapped onto a
boson-boson interaction which enables us to des-
cr%he the collective quadrupole excitations near
Sn.

1. Introduction

In describing nuclei where the number of valence
nucleons is not far from a closed shell configura-
tion(+ 1,%2,43,+4),specific nucleon configurations
remain such as to make a description in terms of
collective excitations only,difficult or impossible.
This happens to be the case for nuclei near the
doubly-closed Z=50, N=82 1325n nucleusl_3). In
trying to couple the extra proton degree of free-
dom,in describing heavy Sb,Te,I and Xe nuclei,with
the underlying Sn core nuclear excitations,large
deviations from the conventional macroscoplc gar—
ticle-core coupling mechanism are observed?~
(see fig.1). In order to attempt a full description
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Figure 1: Systematics for . = 2 4 .5, ,7
Leveds grom 728’" Sn towards #3153;1 !
Compa/u/%on with the theonetical 2- hole(HOSn) and
4-hote(128Sn)spectra is made.

of either the core system as well as of the par-
ticle core coupled configurations, one has to start
from a shell-model approach.

Therefore, we first derive (sect.2)the basic
equation for a shell-model approach to particle-
core coupling,which is able to describe as well
odd-even,odd-odd as even-even nuclei. In sect.3,
we dlscuss some sgec1f1c appllcatlons to nuclei
near 2sn i.e. 9sb and 1327e.

2. Shell-model approach

The aim is to derive a general expression for
matrix elements of the two-body interaction Vj .,
between wave functions involving n; particles of
type i and ny particles of type k(with type we
mean:protons and neutrons,particle-and hole exci-

tations,particle(-hole)and boson excitations).

We call furthermore J; (J)the resulting angular
momentum of the nj (n)particles and J the total
angular momentum from coupling J; with Jx in that
order.Usually,the interaction V;ix is expanded ast

+  +
v, =2 < p'n' ,J M, |V|pn;J.M ,>a ,a _,a_a X
ik P y[vleniagm, pi%ny"n 0,

><
171 Jpmp'JnmnIJ 1 . (1)

X <jém§,jémA|J

In order to obtain more efficiently written ex-
pressions,we shall use the Wigner covariant nota-
tion of the 3j- symbols9) Moreover ,we make the tacit
assumption throughout this paper that in the two-
body matrix elements <p'n';J,M |V|pn;J M >we denote
with p,p',n,n' not only the quantum numbérs but
also the exact nature of the type of excitation
i.ei for fermion hole excitations p,p' means D,
p'" .

We can now write an alternative expression for
(1) as*t

+ + ml Ml j
v, = I Ulp'p) ('m;iIa ,ala a | F Plx
1% p
m' J' 3
x| ® “) 2)
30 L}
]n M mn

The quantities U(...),appearing in eg(2)can be cal-
culated once for all and be stored. Obviously,the
U-matrix elements of(2)are related to the normal
two-body matrix elements of(1),by equating(1)and(2),
with as a result

- - j +3'+3'-3.[3! J 3
U((p'p) (n'm) ;3= 2% 35 (-1 P " I’p 71
o
Jq iy I g
<p'n'
x<p'n';J M 1lvlpn PTM, > (3)

If we now call |°iJiMi>(|°kaMk>)the resulting
wave functions of the n, (n )particles of type i(k),
Ci(.k)denoting all other quantum numbers necessary
to label the wave functions uniquely,then the ma-
trix elements for the resulting coupled wave func-
tlon|clJl,cka,JM> become

+ In the summations of (1) and (2),all quantum
numbers associated with the greec letters
of the four operators are implied. A greec
letter p denotes p = (p,m ) with p ={n_,£ ,j ).
Moreover, the coupled angglar momenta PP P

JlMl or J'M' are summed.
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gt P ii ii
i

< 1 ) . v >
CkaH (n'n)J'l| o3> (4)
using as a definition for the reduced single-par-
ticle matrix elements

-1 + v
<ejillerm i >= = <epaill lagap ]y Il egdy>e )

+\
where [aaaB]X denotes the usual vector coupling and

where the annihilation operator is defined as
~ Iptm,
ag (-1) ag -
Here,one also remarks that the reduced matrix eie-
ments in eq.(4) can be calculated independently and
only depend on the particular states [c.J.>for the
first one and on |c J, > for the second * % one. In
this sense,the eq.("4") lends itself to possible
approximations when taking specific values for these
reduced matrix elements (using a macroscopic col-
lective wave function to describe core excitations,
the reduced matrix elements reduce to the boson
c.f.p.).

We now show the equivalence of eq(4),in the par-
ticular case of one particle-core coupling,with the
well-known macroscopic particle-core coupling ma-
trix elements.Using for Vi,k a sum of multiple-mul-
tipole forces

-3 > > > >
Vi,k =1 X Qx(ri).Qx(rk) B . (6)
SA(;)E (% %Qr)x yx(;) , (7)

one can reduce eq(4), in a straightforward way into

j_+3'+J Ty A J]'(
<p',ctal;am|v|p,c J ;Im>= I (=1) P
X"k k' X N )
A it g 3
A p P
x<p' || 8, Il p><crat || 1l e, 3,> (8)
A kX k AN kTR

Here,we used the definition

>
<ciJi||61H ¢ Jy = Z<n'||QA" n><ciJi“ (n'n) AJ| ¢, J,>-
n,n

(9)

Expression(8)is completely equivalent with the ma-

croscopic particle-core coupling matrix element.

The core matrix elements(9) are however defined

in terms of their shell-model description.Thus, the

expression(4)is a most general expression,giving

possibilities to treat odd-even,even-even as well

as odd-odd nuclei on the same footing. The advances

of this expression is that

-the residual interaction V;y is treated in a corre-
lated basis,

—the form of eq(4)allows for approximations in an
easy way,

—the residual interaction matrix elements of Vjp
are easily programmable on a computer,
-weak-coupling can easily be obtained from the pre-
sent formulation.

3.Application near Z=50,N=82

3.1. Parameters and two-body interactions

In order to carry out calculations near the
doubly-closed shell nucleus 132Sn,for which the
first excited state occurs at Ey,=4.041 MeV,single-
particle (-hole)energies and effective two-body ma-
trix elements are needed. In table 1, we give the

Table 1
PROTON NEUTRON
€ 0.0 & 0.0
19,5 %2‘13/2
€ 1.0 5 0.3
2d5/2 m351/2
€ 2.0 5 0.4
hy1/2 P2
£ 2.4 ¢ 2.4
243/, %197/2
€ 2.0 € 2.8
331/2 2d5/2
v -39.0 v -39.0
(e} (e}
t +0.2 t +0.2

The parameters for the proton-proton and neutron-
neutron internactions as well as the proton single-
particle and neutron single-hole energies.

proton single-particle and neutron single-hole ener-
gies as obtained from_the experimental level schemes
of 133Sb(ref.lo)and 131Sn(ref.2),respectively.Neu—
tron single-particle and proton single-hole energies
could be obtained from the experimental level sche-
mes of 133sn and 1311y respectively .However, lack
of experimental data does not allow a good deter-
mination of these energies.

Two-body p-p and n-n interactions matrix ele-
ments have been obtained from a gaussian interaction
V=V, e PX° (P + tP ) ,with parameters as given in
table 1. ThiS particular interaction has proven its
ability to describe many even-even nuclei in this
particular mass regionll‘ls). For the proton-neutron
interaction, a sum of quadrupole and octupole forces
has been used with parameters X, and X.(see eq.6),
determined via a best fit to low-lying experimental
levels in 129,130, 132gp Thus, for the particular1328n
mass region,the valu«;.g))(2 = - 0.15 MeV and X3= -0.06
MeV have been used”’ ."In some cases,calculations
have also been carried out using a §-interaction
with spin exchange as proton-neutron interaction”’.

Starting from these basic nuclear parameters
and using eq.4 after diagonalising in the identical
nucleon systems in order to obtain the wave functions
lciJiMi> and |ckaMk>),the actual energy matrices
can be constructed and diagonalised.

3.2. Application_ to 12gsb

Results for the core nuclei 128,129,130 Sn

have already been discussed at some length in refs.9

and 17. These nuclei can serve as a core in order to

describe more complex nuclei. The nucleus 131gp

(1 particle-2 hole system) is discussed in much de-

tail by F.Schussler et al.in the present proceedingsla)
In this section,we point out that using eq. (4)

and having a good description of the 4 hole nucleus

128gn as well as of the odd-proton moving in all the

available proton single-particle orbits(lg , 24 B

24 ,3s ,1h ) ,the 129gp 1evel scheme7é%d 5/2

ité/aecaé/gropé% fes can be studied in a shell-model

approach to the particle-core coupling description.

(see fig.2).
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Figure 2:Comparison of the experimental data, the
nesults of a shell-model approach to parnticle-core
coupling(eq.8)using a quadrupole+octupole proton-
neutron interaction as discussed in the text and
the macroscopic particle-cone coupling caleulations
for tuo different €5 values(see text)in 129sb.

For 129sb,macroscopic particle-core coupling cal-
culations have been carried out!9:20 .Here,we per-
form the macroscopic particle-core coupling calcu-
lations with the proton single-particle energies
as discussed here(tablel)and collective parameters
Wy, AWz (the 2% and 37 excitation energy in 128gy)
£, =1.35 and £_ = 1.SO{fig.Z,calculation(I)),Here,
also the calcu%ationwith €3 = 0 was carried out
(fig.2,calculation(II)) to show the strong octupole
dependence for the macroscopic coupling calcula-
tions 5:21,22) The results are shown in fig.2,
where also the experimental data are given.

We now discuss,in some detail,the similarities
and differences between both the macroscopic and
shell-model calculations

i) the Jr = 7/2+ state has about equal single-
partiéle amplitudes in both models. The stron-
gest coupling occurs with the Ilg ,2?; 7/2+ >
configuration in both the shell-model and ma-
croscopic calculations,

ii) the Jv = 5/2+ level has again comparable single-
particle amplitudes in both models. For the
1h 1/2,3";5/2+> configuration,about equal ad-
mix%ures occur although in the shell-model
approach, the coupling occurs preferentially with
two high-lying J" = 3_levels(|1h11/2,3;;5/2+>
at | 1h11/2,35;5/2+> at 3.97 MeV).These 3  le-
vels in 128sn show very strong B(E3)
transition probabilities to the ground state
and therefore serve as a description of the
collective 37 level.

iii) the JT = 11/27 state also has comparable
singlé—partic e character in both calculations.
For the |24 /2,3_;11/2'>configurations, the
same commen%s as for the JE = 5/2I level
apply

iv) for the JE = 3/2? 5 levels,some differences
occur when comparing both calculations.In the
macroscopic calculation, the Jg = 3/2T state
is mainly the 1197/2,2I;3/2+> configuration as
is also the case in the shell-model approach.
In the latter model, a JE = 3/25 level occurs,
containing as the most important configuration
|1g7 2,2+;3/2+>, a configuration with no ob-
vious counterpart in the macroscopic model

v) for the Jv =1/2+ state,about equal fractions
of the 351/2 and the [2d5/2, 2%;1/2%>configu-
rations result in both descriptions. A second
1/2*1evel (3] = 1/23)is obtained in the macros-
copic model as mainly the ‘197/2'4§ph’1/2+>
configuration(4+ means the quadrupole two-
phonon 4%state) and in the shell-model cal-
culation, the corresponding |1g7/2,4t;1/2+>
configuration dominates.

As a conclusion we find very strong similarities
between both models. For the quadrupole degree of
freedom, in both the macroscopic and the shell-mo-
del approach,coupling of the single-particle confi-
guation goes preferentially via the Tnﬂj,ZY> confi-
gurations.For the octupole degree of freedom,high-
lying |n£j,3;> configurations are strongly admixed
via the 3; and 37 levels(E_ = 4.0 MeV). Also, the
strong octupole %orce dependence of some particular
levels is completely analoguous in both models, due
to the large non-spin flip reduced Y3 matrix ele-
ments resulting in both models.

Similar comparisons can be made for the levels
which have the quadrupole one-phonon |1g7/2,2+;J">
configuration as their main configuration. For the
|1g7/2,7I ; 3™ and l1g7/2,51; J™> configurations,
negative parity multiplets result (see also fig.2)
that are not easily obtained within the macroscopic
particle-core coupling model.

In this subsect.3.2,we have discussed the applica-
tion of a shell-model approach to particle-core
coupling(see egs.4 and 8)near closed shells.We have
carried out an extensive comparison with the macros-
cogic particle-core coupling model calculations in
1295y and obtain very similar results concerning
energy spectra and nuclear wave functions.Nuclear
levels,in which the neutron 2p,4p,...excitations
show up explicitely can onlybe obtained in a consis-
tent way from the shell-model approach to particle-
core coupling.

3.3. Study of 132Te.

Recently, we have reported on detailed shell-model
studies,along the lines discussed in eq(4),for the
even-even 132Te nucleus 9,16,23,24) 1 this particu-
lar nucleus, the wave functions|c-J~Mi>and|c§JkMk>
describe the single-closed shell 1'321Te and 130gn
nuclei.Thus, the proton-neutron interaction will be
decisive in describing the kind of coupling between
both systems (weak-or strong mixed final wave func-
tions).

The basic experimental features are shown in fig.3,
where the idea of weak coupling particular proton
excitations(4;,6;)to the neutron Otground state or
of specific neutron excitations(?‘,S',4+)to the pro-
ton O*ground state, becomes clear. In the particular
case of Te, the proton-neutron interaction used
was the 6-12te£action with spin exchange,

Z ; VEff-d(rp_rn)(Ps+tPT)’ with Vg ge=84 MeV.fm

In this nucleus,a representation of the wave func-
tions obtained by coupling the proton 2p and neutron
2h wave functions for 4Te and 0Sn respectively,

3and
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Figure 3: The most impo7§5nt expesimental Low-
Lying Levels in 1347, Sn and 132Te, indicating
the weak -coupling pattern.

is particularly transparent and moreover gives a
possibility of comparing with a boson model inter-
pretation of the purely collective quadrupole exci-
tations.

Diagonalising within the separate proton and neu-
tron spaces as well as by diagonalising within the
full proton 2p-neutron 2h configuration space (di-
mensions of 1000x1000 occur),the wave functions

- k .
|k,Jn(\)) >=h zh A (hlhern) | (hth)'Jn > 7 (10)
1772

- i

>= >
|£,Jp(n) T B (plpz,Jp) |(p1P2)’Jp , (11)
P1:P2

and

J ;J)](hlhz)Jn(p

— i
i > =
i,J z o] (hthJn'p1p2 p

hl'hZ’Jn

1p2)Jp;J>’
(12)
PerZIJp

result for 13OSn, 134Te and 132Te,respectively.In-

verting the relations(10)and(11),one can express the
states(12)as

li,a>= I (13)

DT (kT LI _;3) kT _,L3_;3>.
n’ " p n" ' p
»KIJ rli
P n
Wave functions(13)for some particular important sta-
tes are shown in table 2.

The nucleus under study, Te,now presents an in-
teresting case in order to stud¥5§elations to the
IBA model of Arima and Iachello . In this approach
particular collective states in nuclei with 2p ac-
tive protons and 2n active neutrons (outside closed
shells)are supposed to result from the interaction
of p proton and n neutron bosons,with only spin o
(s boson)an 2(d boson).In the IBA approximation,a

Table 2

Eé MeV) Wave function

0.000
1.467  |ob>= 0.86]0% (V)@ OF (m)>+0.49|0; (V)@ 0] (M) >
1.566  |o%>= 0.83]0, (W@ of (m>-0.47|0} (e of (m>
2.384  |o}>=-0.91[2] (V)@ 2] (m>+0.30[25 (M@ 2} (m>

4
1.977  |11>= 0.96]1} ()@ o] (m>-0.24]2] (W@ 2} (m)>

|o}>=-0.98 0] (Wa o] (m>

2.425  |1}>= 0.94|2} (we 2} (m)>+0.24]1] (W)@ o} (M) >
1.109 |2§>=-o.78|2;(v)a o;(n)>+o.61[o;(v)@ 27 (m>
1.306 |2I>= 0.75|0] (We 2] (m>+0.60|2] (V)@ o] (m>
2.440  |2}>= 0.93]2] (W& 2} (m>-0.20|2% (»)a o] (M >
2.408  [3]>=0.97|2] (e 2f(m>

1.582  [41>= 0.97|0F(n)e a3y (m>

2.310  |4}>= 0.84]2} (e 2¢(m>+0.49|4] (M@ o} (m>

2.480 at>= 0.81]at (v)@ ot (M) >-0.46]2T (V)@ 2t (M) >
1 1 1 1

3
1.705  |6%3>= 0.97]0} (V@ 6% (m>

2.697 |8;>= 0.96]8% (V)@ o] (m>

2.764  |8}>= 0.98|2] (V& &} (m)>

2.704 [10t>= 0.95]10% (v)@ 0% (m)>-0.24] 10 (V)@ 2] (m)>
2.035  |5]>= 0.97] 57 (V@ o} (m>

1.823  |77>= 0.96| 77 ()@ of (m>-0.22[7] (v)a 2] (m>
Wave functions forn some Aimportant states in 132Te,
expressed in the coupled basis of 34Te and 130sn

wave functions(see also eq.13).The excitation ener-
ayl4in MeV),using a proton-neutrhon §-interaction,Lis
also given.

boson is related to a pair of fermion particles
(-holes) .In the ideal situation,the boson-boson
interaction should be calculated from the residual
fermion interaction26). Now in the particular nu-
cleus 132Te,one is left with one boson of each kind
and one can make the following correspondences
-associate one g boson s_(s,)with the otground sta-
Yol m

te in 134re (130sn)

-associate one d boson(d )with the 2t state in !34Te

130 = v 1

(*°“sn).

The necessary boson matrix elements for all pos-
sible angular momenta (J"= o*,1%,2%,3%,4%)can
easily be calculated. Indeed, we have at our dispo-
sal the shell-model matrix elements

<(h'"h")YJ'(p'p!' v, + J>
(hlhz)Jn(plpz)Jp,J[V|(hlhz)Jn(plpz)Jp,J . Then a

unitary transformation gives us the matrix elements

of V in the coupled basis of the states of 130gn

1
and 34Te.These matrix elements can than be inter-

preted as matrix elements of the boson-boson

interaction. They are given in Table 3. In diago-
nalising the latter interaction within the restric-
ted space(one T-one V boson)and comparing with the
full shell-model calculations(fig.4) ,a very good
agreement results as well in energy as for the nu-
clear wave functions (Table 4). By inspecting the
wave functions corresponding with the 2t states,one
observes that the wave function antisymmetric for
exchange of proton and neutron coordinates corres-—
ponds to the lowest 2¥state.

This feature can be easily pointed out to corres-
pond to the lowest 2% state for a proton 2-particle-
neutron 2-hole system, when simplifying towards a
single j-shell,and a pairing(for identical particles)
+quadrupole (for non identical particles)interaction
within this scheme and taking into account the two
unperturbed J"= 2% statelep= 2+,Jn= 0; J = 2¥>and
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+ + +
Jp =0, Jn =2 ; J = 2 >(neglecting other confi-

gurations) .

Table 3

< . .
svsﬂ,olvlsvsﬂ,0> 0.94
<s,spio0|vlad ;0> = 0.32

<d 4

, ﬂ;0[V|dVdn;O> = 0.9

< .
dvdﬂ'

tlvlaa ;1> = 0.82
<s d;2|v]s d ;2> = 0.92
<s dr:2|v]d s 2> = 0.14
<svdn;2|vldvdn;2> = -0.01
<d s i2|vla s ;2> = 0.86
<dspi2lviaa 2> = o.04
<a.d:2|vlad ;2> = 0.86
<dvdn;3]V|dvdﬂ;3> = 0.82

<dd;4|vldd 4> = 0.76

P}wton-neuMo;? ?040}1 nesddual interaction matrix
ekements fon 3%Te as obtained grnom the fermion
fwo-body & interaction.

2H 2P 2H-2P EXPERIMENT BOSON
(9)
R
N0y —— <2732
B
i )g. _ 7 ﬁ:7E/___ o |
y — 19\_____(3L e —
> . ———p -
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b3 — el ¥
>
2 38—
W 20— 5 —— 5 —
z - -
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Figure 4:The sepanate 7-hote(!30Sn), 2-panticte (13479
and 2-particle 2-hole(!32Te)shelt-model caleubations
(onky the Low-Lying Levels that can be interpreted
An terums of collective excitations,are given)are
compared with the experimental data. In the Last
column, the nesults from the boson-boson interaction
An a one proton-one neutron basis, are given.

The only non-vanishing matrix element is the off-
diagonal matrix element :

+ + + n + + +
<, = « J= - = «J=
3,=2",3,=0"13=2 | X)\ap;\.QA|JP=O o3 =2"3=2">

. .2 4
=3l ol 9 sy - (14)

+
The energy matrix for Jﬂ= 2 then simplifies into
the 2 x 2 matrix (calling E = -G(j + 1/2)and

taking Ej = 0) pair

E__. b

pair

' (15)
b E
pair
with eigenvalues E__. - b and E _. + b corres-
pair pair

ponding respectively with the antisymmetric and
symmetric wave functions

+ + +
L|J =2, 3 =0 ;32 L

7 a

L5 = 2%,5 =o"a=2t>tg =ot,q =2t a=2t>.
V2 P n vz B n

For a proton 2-particle-neutron 2-particle system
the off-diagonal matrix element changes sign,thus
the same eigenvalues are obtained,but the wave
functions(16) interchange.

lg =0*,a =2%;a=0*>
P n

(16)

Table 4
lo}>= 0.99]0] (v) @ o} (m>
|0:>= o.99|2:(v) @ 2;(ﬂ)>
|2]>=-0.60]0] (v) @ 2‘;(1r)>+o.80{2’;(v)a oy (m>
|2Z>=-o.60|2:(v) @ o:(n)>-o.80|o:(v)@ 2:<n)>
|20>= 1.00]2](v) & 2] (m>

Wave functions for IszTe,ne/qu,éng grom diagonali-
sing the proton-neutron boson interaction in the
nestnicted basis of collective excitations only.

Starting now from this T-V boson interaction,it
should become possible to proceed towards more com-
plex nuclei withp bosons of the proton type and n
bosons of the neutron type. The T-V Hamiltonian is
completely equivalent with the one discussed in
ref. although an other microscopic proton-neutron
interaction is used by Otsuka,i.e. a quadrupole-
quadrupole interaction whereas the delta interac-
tion with spin exchange is used here.One must have
in mind however,that the interaction derived above
is obtained near closed shells whereas,strictly
speaking,the IBM is valid far from closed shells.
Restricting to strongly collective states only, the
approach discussed above may well give good results.

In conclusion,we can say that,by means of the
shell-model calculations carried out for 134Te,13°Sn
and 132Te,it became possible to derive a macroscopic
T-V boson interaction from a residual proton-neutron
(delta) interaction,when identifying the respective
ot and 21 states in 130sn and 134Te, as collective
s and d éoson excitations.

4.Conclusion
In this study,we have proposed a shell-model

approach for studying,in a unified way,the inter-
play of collective and non-collective excitations.
The formalism extends the simplified macroscopic
particle-core coupling models in such a way as to
allow for single-particle coupling to non-collec-
tive excitations.Applications for odd-mass and evemr
even nuclei near the doubly-closed shell nucleus
1325n have been discussed in some detail. In the
even-even nucleus 132Te,we have made an attempt to
derive a collective proton-neutron interaction in
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terms of s(Jﬂ=0+)and d(Jn= 2+)boson—1ike excita-
tions only.

The general method,as discussed in sect.2.has
also been applied to other mass region i.e. the
96-100p3 nuclei??) .

Going beyond 4p(4h)configurations away from clo-
sed shells will definitlyneed certain approxima-
tions such as taking only the lowest J7= ot ana 2
two particle(-hole)states acting on the 4 particle
(-hole)space, in order to produce 6 particle(-hole),
8 particle(-hole),...configurations. In a certain
sense, the approximations of the IBA have to be
used.
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