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1. INTRODUCTION

As is well known, the description of the structure and
properties of the excited states in medium and heavy nuclei
is a complicated task. It is obvious a priori that no theory can
account for all the details of each individual nucleon’s mo-
tion, because of the large number of degrees of freedom.
This fact has led to the formulation of various approaches,
each convenient for a specific domain of problems. One im-
portant such domain is related to the existence in nuclei of
collective modes,! mainly evinced by large electromagnetic
transitions and characteristic level spacing. Several models
aimed at the problems related to collective states have been
proposed and used. As far as collective vibrational states are
concerned, there exist two lines of model development. The
first of them starts from the expected microscopic structure
of the excitations, namely, it keeps track explicitly of the
underlying fermion structure. Such models, like the Quasi-
particle Phonon Model (QPM)*® (also the Multiphonon
model?), use phonons (RPA or TDA) as building blocks for
constructing more complicated states. The second type of
model formulates the problems expressing the operators and
wave functions in terms of superpositions of a few ideal
bosons (e.g., boson expansion and mapping techniques®~’
and the Interacting Boson Model (IBM)®). The former type
of model typically uses a sophisticated wave function and
relatively simple Hamiltonians. This is related to the fact that
the phonons can incorporate excitations with different de-
grees of collectivity—from pure two-quasiparticle excita-
tions to a superposition of many two-quasiparticle compo-
nents. This rich basis, to be used effectively, requires
allowance for the Pauli principle; otherwise, spurious solu-
tions appear. It has been shown>*'® that corrections due to
the Pauli principle can be handled approximately in a rela-
tively simple way. The interpretation of the results within
models using ideal bosons requires some mapping to the
fermion space. Typically, the bosons in the IBM are consid-
ered as counterparts of some two-fermion excitations. Both
approaches have their virtues and drawbacks. The QPM, as a
representative of the so-called semimicroscopic models,? has
been used in the investigation of spherical and deformed
nuclei in different energy domains. The large number of re-
sults shows convincingly that this model gives valuable in-
formation on the properties of the collective modes, both at
low and at high energies, and on the fragmentation of these
modes over the noncollective states in the spectrum. This
makes it possible to describe subtle properties stemming
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from the interplay between collective and noncollective de-
grees of freedom. On the other hand, the ideal-boson models,
some of which use a considerable number of parameters,
describe in a smooth way the properties of groups of collec-
tive excited states (usually reflecting some dynamical sym-
metry of the Hamiltonian) throughout different nuclei. The
latter permit systematics over a large number of nuclei. The
drawback of these models, however, is the restricted basis,
the large number of parameters, and the lack of detail in the
description.

In spite of the usefulness of the IBM and the QPM, the
description that they provide is only approximate. In the
IBM the noncollective degrees of freedom are neglected,
while the collective basis of the QPM is very restricted. The
new experimental information obtained by means of high-
resolution multidetector systems points to a very complicated
structure of the low-lying states. Even small admixtures are
important for explaining the observed values. Recent theo-
retical studies of energy-level statistics of low-lying excited
states reveal a nearly Gaussian orthogonal ensemble distri-
bution (see, e.g., Ref. 10). The latter means that the nuclear
dynamics is chaotic to a large extent, which suggests a com-
plex interaction of many factors. An important place among
them must be certainly be reserved for the interplay between
collective and noncollective modes, at least as far as the
low-lying states are concerned.

In a number of papers'''® we have studied the low-
lying excited states in medium and heavy even—even spheri-
cal nuclei in the framework of the QPM. Our main interest
was concentrated on the increase of the collective basis of
the model and the impact of the latter on the properties of the
low-lying states. Until recently, the basis of the QPM was
restricted to one- and two-phonon states. We have increased
the number of phonons in the model wave function up to
three.!""'* We want to present here the most important, in our
view, results, mainly concerning negative-parity two- and
three-phonon states involving quadrupole and octupole exci-
tations.

Section 2 of this paper contains a concise but complete
presentation of the QPM. In an appendix a detailed presen-
tation of the background of the model is presented, including
some new results. The next five sections are devoted to dif-
ferent applications of the formalism in different groups of
nuclei. Sections 3—6 are devoted to the description of dipole
two-phonon states in nuclei with N=282 and N=284, and of
isovector states in some N= 84 nuclei. Section 7 presents the
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investigation of three-phonon negative-parity states in '**Te.
In the Conclusion, a summary of the main results is given,
and suggestions for further research, both theoretical and ex-
perimental, are formulated.

2. GENERAL DESCRIPTION OF THE MODEL

There are several textbooks>” and review articles'’™"? in
which the main ideas of the QPM are presented. In this sec-
tion, we present in detail an extension of the model which
consists in the incorporation of three-phonon components in
the excited-state wave function.

Following Refs. 2 and 17 (see also the Appendix), we
shall introduce some basic notation. The building blocks of
the model basis are the quasiparticle RPA phonons, defined

as
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where the quantities j stand for all single-particle quantum
numbers except the magnetic ones. The quantities
AT(jj';\w) and A(jj';N—u) [see Eq. (27) in the Appen-
dix] are two-quasiparticle creation and annihilation opera-
tors respectively, coupled to angular momentum A. Further,
zﬁj 7 and ¢)" are the forward and backward RPA amplitudes,
respectlvely, defining a phonon with angular momentum \
and root number i. The obtained phonons are not boson op-
erators, and we use commutation relations which take care of
their fermion structure,® thus accounting for the violation of
the Pauli principle. We will refer to the RPA phonon states
by using the notation [N Jgpa. The phonons have different
degrees of collectivity, from collective ones (e.g., [2] Jrpa)
to pure two-quasiparticle configurations.

The following commutation relations can be obtained if

the fermion structure of the phonon operators is taken into
account:
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where Q)\ is defined in Eq. (1). The quantities

(j'm szzr;\ p) are the Clebsch—Gordan coefficients. The
operators a; im and @, are the creation and annihilation qua-
siparticle operators introduced by Eq. (23). The double com-
mutator of the phonon operators, taken in the so-called diag-
onal approximation (i.e., preserving the orthogonality of the
two-phonon states), reads’
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The quantity in curly brackets is a 9 symbol, %

below X\ = V2N +1.

The model Hamiltonian in terms of phonons reads

and here and
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The quantities w,; denote the energies of the RPA phonons.

The matrix elements U:;;()\3i3) are defined in Eq. (45) in
the Appendix.

The Hamiltonian (5) is diagonalized in a basis of wave

functions constructed as a superposition of one-, two-, and
three-phonon components:'*
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where [...],, stands for angular-momentum coupling, ¥,
represents the phonon vacuum state, and the coefficients R,
P, and T are unknown amplitudes. The index v specifies the
particular excited state.

The normalization condition reads:



608 Phys. Part. Nucl. 29 (6), November—December 1998
(P (IM)| ¥ (JM))

=2 [R, UnP+2, 2 [P“" UK (N jihgin)

ApipiA

+6Z (7 220 P iz Asia) =1, (7)

)\2!2
Asisl

where
— 1
KI()\lilxziz)= 1+ 5 KI()\ll.lxziz)
and

3
Cl(M i1 Nqip Nsiz) =1+ 5 K'(N iy hqig)
1
+ EKI(Miﬂ\ziz)
X 2 [O(N A5 LI
I'

XK (N gighsis).

The quantities K account for the Pauli principle and are de-

fined by Eq. (4). The quantities U stand for the Jahn
coefficients? [this somewhat unusual notation is used to dis-
tinguish these quantities from the matrix elements U defined
by Eq. (45)]. After applying a variational procedure,’ a sys-
tem of equations can be written in the following form:
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where 7, is the energy of the excited state v with angular
momentum J.

The coefficients R and T can be expressed as functions
of the coefficients P, and the system of equations can be
rewritten as a system of equations only for the coefficients P.
The corresponding expressions are
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After substitution in the second equation of the system
(8), we obtain
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In the general derivation of these equations® (without a
diagonal approximation for the quantities K) for the two pho-
non case, energy shifts of the two-phonon poles appear. They
are due to the inclusion of Hamiltonian terms which do not
contribute in the RPA, but contribute when the exact com-
mutation relations between phonons are taken into account in
the QPM. In fact, the energy shifts are proportional to only
nondiagonal quantities K. In the derivation here, we use the
diagonal approximation from the very beginning, and that is
why such shifts do not appear in (8). Moreover, the shifts of
the two -phonon poles are estimated to be small in spherical
nuclei.3

The electric transition operator in terms of phonons
reads?
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FIG. 1. (a) Unperturbed energy (i.c., the sum of the energies of the
constituent RPA phonons) of one-, two-, and three-phonon states with
J™=2" and energies of the two-quasiparticle states in 1445m, (b) Un-
perturbed energy (i.e., the sum of the energies of the constituent RPA
phonons) of one-, two-, and three-phonon states with J 7=2% and
energies of the two-quasiparticle states in '*‘Nd.
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The quantities fj?]., are the single-particle transition matrix
elements, and the quantities in curly brackets are the 6;
symbols. 2

Using the operator (9) and the excited-state wave func-
tion (6), we obtain for the reduced transition probabilities the
following expressions:
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3. THE STRUCTURE OF LOW-LYING EXCITED
STATES IN THE SEMIMAGIC N=82 AND THE
NEIGHBORING N=84 EVEN-EVEN NUCLEI

The low-energy spectrum of the nuclei reveals interest-
ing features of the interplay between collective and noncol-
lective excitations. The observed effects are related to the
initial stage of the dissipation of the collective properties in
nuclei. Usually, the phenomenon is associated with the exci-
tation energies in the domain of giant resonances, where the
interaction of the collective mode with surface vibrations
leads to its damping, and it is seen as a large spreading width
of the collective state.!?! At low excitation energies the
strength of the collective mode is usually shared between
several excited states, but in some cases the strength is dis-
tributed within an energy range of a few hundred keV. This
effect is very well established in the magic, semimagic, and
neighboring nuclei. A schematic picture presented in Fig. 1
explains qualitatively the reason for this. The two nuclei
1445m (semimagic N = 82) and '“*Nd (having two neutrons in
an extra closed shell) are discussed. The energies of the two-
quasiparticle states with J”=2" are plotted. It can be seen
for both nuclei that the energies of several 2% two-
quasiparticle states are between 2.5 and 4.0 MeV. On the
other hand, the properties of the first 2* state in both nuclei
are very different. The first 2 state in 1%4Nd is a collective
state [B(E2;2f—> g.8.)=16 W.u.], and its energy is rela-
tively far from the first group of two-quasiparticle states. The
nucleus 1**Nd is a vibrational nucleus, and the two-phonon
quadrupole states are expected at excitation energy equal to
twice the energy of the first 2 state. The energy of the
expected triplet is plotted in Fig. 1. It can be seen that the
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FIG. 2. (a) Distribution of the two-phonon [2} X2} ],+ com-
ponent in '*Sm. (b) Distribution of the two-phonon [2;
X2} 1,+ component in *Nd.
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triplet and the two-quasiparticle states are at least 1 MeV
apart. The energy of the 2, state in '*4Sm reveals a different
picture. Its energy is 1.628 MeV, and it is a collective state
[seen from the large value B(E2)=13 W.u., which is, how-
ever, smaller than the corresponding value for *Nd], but the
energy of the expected two-phonon quadrupole—quadrupole
multiplet is around 3.2 MeV—just in the middle of the two-
quasiparticle group. The comparison of these two nuclei
leads to the conclusion that the strength of the two-phonon
states in '**Sm could be fragmented over several excited
states, while for '**Nd one could expect more concentrated
two-phonon components. This effect for semimagic nuclei,
has been investigated in Refs. 22 and 23. The latter can be
seen from Fig. 2, which presents the distribution of the
[2I'®2f“]2+ component over 2% states in *Nd and
144Sm. The calculations were performed using the wave func-
tion (6). The histograms are in agreement with the above
considerations. The two-phonon [2; ®2 ],+ component is
shared between two states in 1**Nd, and the larger portion is
concentrated in the 1.7-MeV excited state. The two-phonon
component in #4Sm is distributed over several states within
a 1-MeV energy range. This example demonstrates that the
properties of the low-lying states around closed shells are
very sensitive to the details of the fragmentation of the two-
phonon components of the wave function (6). The last state-
ment raises a question about the dependence of the presented
results on the size of the collective basis. In the QPM, the
influence of the three-phonon term on the two-phonon one is

E, MeV

Y G |

35 4.0

crucial, as can be seen from Egs. (5) and (45). The model
interaction mixes states differing by one phonon. This is the
reason why four-phonon and more complicated multiphonon
states would change the distribution of the two-phonon com-
ponent much less than the three-phonon states. Some ex-
amples are given in Table LD In general, the energies of the
excited states are not very sensitive to the basis. For ex-
ample, the energy of the 2; state in '**Nd is changed from
1.772 MeV to 1.730 MeV when the three-phonon compo-
nents are taken into account (see Table VII).

Quantities bearing much interesting information are the
B(E2) values involving the states with a large two-phonon
[2; ®2]],+ component. As shown in Fig. 2, such states are
the 27 and 27 states in '““Nd and the 2 state in **Sm (in
Fig. 2, the notation 2, is used for the 27 state, to stress the
dominance of the [2] ®2]],+ component in the structure of
this state). It can be seen that the influence of the three-
phonon terms is more important for '*/Nd than for *4Sm.
The reason for this effect is the different collectivity of the
quadrupole phonon in the two nuclei. The larger collectivity
of the 2] state in **Nd leads to a larger quasiparticle—
phonon interaction matrix element (45) and consequently to
a larger coupling of the two- and three-phonon quadrupole
components, which increase the contribution of the
[2 ®2]],+ component in the wave function (see Table
VII). For example, depending on the basis, the contribution
of the [2] ®21,+ component in the 2; states is changed

TABLE I. Relative influence of the three-phonon component of the wave function (6) on the B(E2) value in

the QPM.
Exp. QPM with 3ph. QPM without 3ph. 3 ph. effect
B(E2) [e’b?] [’ [*b?] [%]
144Ng 27 —gs. 0.001(1)® 0.0020 0.0036 44
27 o gs. 0.0045® 0.0073 0.0054 35
2527 0.095(21)® 0.1200 0.0840 43
. 2t ot 0.020(10)@ 0.0400 0.0560 29
14Sm 2t 27 0.0821 0.0816 0.6
25 g, 0.0006 0.0006 0

2Taken from Refs. 31 and 33.
"Taken from Ref. 26.
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TABLE II. Parameters of the Woods—Saxon potential (A= 141, Z=159).

r [fm] V, [MeV] K [fm?] a[fm™']
N 127 45.95 0.413 1.613
z 1.31 53.435 0.349 1.538

from 48% (in the case when the three-phonon components
are not taken into account) to 61% (in the case when the
three-phonon components are taken into account). A similar
redistribution is found for the 27 state in !**Nd, while the
structure of the two-phonon 2;’ state in '*Sm is unchanged
by the interaction with three-phonon components (see Table
IV). Table I shows convincingly that the influence of the
three-phonon components is more important for the N=84
nuclei than for the semimagic N =82 nuclei.

The parameters that have been used in the calculations
are the following. The parameters of the Woods—Saxon po-
tential are taken from Refs. 24 and 25 (see Table II), and the
relevant part of the obtained single-particle spectrum can be
found in Fig. 3. The pairing coupling constants are chosen
according to Ref. 2. For the mass region A~ 144, the values
of the pairing constants G, and G, are 0.116 MeV and 0.119
MeV, respectively. The radial dependence of the separable
multipole interaction is taken in the form f(r)~dV(r)/dr,
where V(r) represents the central part of the Woods—Saxon
potential. The separable-interaction strength is considered as
a phenomenological parameter fixed so as to reproduce the
experimental energy of the corresponding lowest collective
states for the states with J"=2" and 3. For the rest of the
multipolarities, the first RPA root energy is usually fixed to
be close to the first two-quasiparticle-state energy.'” In the
cases when reliable experimental information shows that a
particular lowest state has a collective component, the pa-
rameters are fixed in the same way as for the quadrupole and
octupole collective states. In the present investigation, this is
the case for the 4, state in **Nd.?® The particle—particle
channel is included only for J”=2* and 3. The strength of
the interaction in this channel between protons and between
neutrons has been taken to be G5¥=G{’=(0.8-0.85)k{>

1A 2
i nw
Up
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TABLE III. Structure of some RPA phonons (only components exhausting
more than 5% are quoted) and values of B(EX)T for “Sm.

AT @yr [MeV] Structure B(E2)T [W.u.]

27 1.700 4% v[ 1 hy1p2 frp] +34% 7l 2ds;,)? 71.6
+22% [ L hyyo ]2+ 8% {25535 1]
+7% 7] 1g72d3,]+ 7% [ 1g7,]

25 2678  62%m[2dsp)2+ 13% 7] LAy 5.5
+10% [ 1g7,2ds]

27 2876  87%m[1g.2ds,]+ 6% w 1h,,,]* 1.5

25 3.146  87%w[1gpl2+ 10% w1k, 0.02

37 1900  74%m{2dsp1h,) 268.8

47 2.425 94% [ 2dsp,)* 53.2

and GO'=G=(0.6-0.7)«§” for the multipolarities 2*
and 37, respectively. Here, Kéz’(xg”) is the isoscalar quad-
rupole (octupole) parameter for the particle—hole separable
residual interaction. In the present calculation, phonons with
A™=17,2%,37,4%, 5, and 6" and several roots for each
multipolarity are included. The isovector constant for the 1~
states is chosen in such a way as to reproduce correctly the
energy of the isovector dipole resonance.

The structure of the low-lying states is calculated for
several nuclei with N=84 (%8s, Ce, "Nd, and *Sm)
and N=82 (3%, 0Ce, *2Nd, and '*‘Sm). In general, the
parameters used for the considered nuclei coincide within
5%.

For the RPA positive-parity states with low energy and
J=6 in the N=82 isotones, the main contribution comes
from the single-particle proton configurations 1g,, and
2ds,. The latter correspond to the filled subshells in ®Ba
and °Ce, and in Nd and '“Sm, respectively. The
[2] Trpa state is a collective one, containing [ 1g7,]?
(~35%) and m[2ds,]*(~22%) as major components for
140Ce and '*®Ba. The main component for '**Sm (see Table
) and '#Nd are 7[2ds;]*(~34%) and w[1h,,]?
(~22%). The other collective RPA state is the [3] ]rpa
state. The [3] ]rpa State obtained in our calculations contains
74% of the 7[2ds;1h,,,,] configuration and smaller admix-
tures of the v[3s,,2 f2] and 7w[1g4,1k;,/,] configurations,

2

-4 4
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Y

-8

mun
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FIG. 3. (a) Energies of the proton single-particle states for A= 141 (only the states around the Fermi level are plotted). (b) Energies of the neutron
single-particle states for A= 141 (only the states around the Fermi level are plotted).
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TABLE 1V. Energies and structure of the first 2%, 37, and 4™ states in '**Sm. Only the main components are presented.

QPM with 3 ph.

QPM without 3 ph.

Exp.
State E [MeV] E [MeV] Structure [%] E [MeV] Structure [%]
27 1.660 1.628 96.9%[ 2 Irpa+2.7%[3; ®37] 1.628 96.9%[ 2] Trea+2.7%[3;®3;]
25 2.423 2.560 78%[25 Ireat 5.8%[2; ®47] 2.560 78%[2; Trpat+ 5.8%[2} ®47]
25 2.799 2.808 78.6%[ 25 Irea+t 1.7%[2; ®4, ] 2.808 78.6%[ 25 Irpa+ 1.7%[2; ®45 ]
27 3.426 3.323 20.9%[ 25 Jrpa+51.9%[ 2] ®2; ] 3.323 21.19%[ 27 Jrpa+51.9%[2; ®2 ]
37 1.810 1.809 93.7%[3; lrpa+3.4%[2; ®37] 1.809 93.8%[3; Ireat3.4%[2] @3]
4 2.191 2.136 94.2%[ 4] Igpat+2%[4; ®47] 2.136 94.3%[ 47 Igpa+2%[4; ®47 ]
4F 2.588 2.637 94.9%[ 45 Irpa 2.638 95%[ 45 Irea

which is consistent with the estimates given in Refs. 27 and
28. A detailed analysis of the structure of the RPA states
within the QPM for '*Nd can also be found in Ref. 28.
The structure of some excited states in !*4Sm is given in
Table IV. The first excited 2+ and 3 ~ states described by (6)
are composed mainly of the corresponding collective RPA
phonons (>90%; see Table IV). A comparison of the calcu-
lated and experimental values of the B(E2) and B(E3) rates
from these states to the ground state can be found in Table X.
Owing to the magic number of neutrons, the low-lying
excited states of N =82 nuclei are expected to have a mainly
noncollective character. Nevertheless, the reduced E2 and
E3 transition probabilities from the first 2* and 3~ states,
respectively, are larger than 10 W.u., which indicates their
collective nature.®3° It should be pointed out that the gen-
eral trend of decrease of the 3 energy*”?® In going from
138Ba to *4Sm is reproduced in our calculations with only
slight changes of the parameters. The better agreement of our
results with experiment for the 3| states, in comparison with
the agreement of the results from Ref. 27, is due to the large
basis of single-particle components taken into account.
Several E2 transitions in '¥Sm are compared with the
corresponding experimental values in Table V. The structure
of the quadrupole—quadrupole two-phonon state (denoted by
25, in Table V) is given in Table IV (the two-phonon state is
in fact the 27 excited state). The states with an index (23)
(see the caption to Table V) have a large two-phonon
quadrupole—octupole component. The [2] ®37],, compo-
nent exhausts from 82% to 95% of the norm of the wave
function of the state members of the quadrupole—octupole

TABLE V. E2 transition properties of several states in '*‘Sm, calculated in
the QPM. The notation \, and A, is used for the states belonging to the
quadrupole—quadrupole (22) and quadrupole—octupole (23) multiplets.

multiplet. The calculated reduced transition probabilities for
140Ce are compared with the measured ones in Table XI. The
data from the nanosecond lifetime measurements are taken
from Ref. 15.

The calculations and comparison with the experimental
data allow us to conclude that the structure of the low-lying
excited states in N=82 nuclei is relatively simple in the
sense that only a single component is dominant. This is due
to the relatively weaker quasiparticle—phonon interaction for
semimagic nuclei.

Let us consider the structure of the low-lying states in
144Nd obtained in the RPA. The main characteristics of sev-
eral of them are given in Table VI. For the collective
[2] Irpa state the largest neutron RPA forward amplitude
comes from the [2 f;,]? two-quasiparticle component. The
structure of '*Nd was studied in detail in the framework of
the Cluster Vibrator Model (CVM).3! This [2 f5,]* compo-
nent is also important in the structure of the neutron d boson
obtained by means of a mapping procedure in the CVM.>!
The next largest contribution in the CVM comes from the
[2 f722p31,] neutron configuration and has nearly the same
amplitude as the [2 f5,]> component. In our calculations, the
[2 f422p 3] two-quasiparticle component has a contribution
to the [2;']RPA state at least three times smaller than the
corresponding contribution to the neutron d boson in the
CVM. The smaller contribution of [2 f7,2p5/,] in compari-
son with the [2 f;,]* component seems to be in agreement
with the experimental data given in Ref. 32. This discrep-
ancy between the two models comes mainly from the differ-
ent single-particle level spacing used in the calculations. For
14Nd, the [2] Jgpa state is highly collective and has 55%
and 45% contributions from neutron and proton two-

TABLE VI. Structure of the first RPA phonons (only the largest compo-

I Jm B(E2;I™—J™) [Wu.] nents are given) in 'Nd.
- - Exp. ?II,IZI AT oy [MeV] Structure B(EN)T [¢%b%]
42*: 2% - 8.1 2f 0.998  0.77v[2 f7,]*+0.557[ 2ds,]* 0.48
s 37 16.6(40)® 13.7 0.220(2 f23p 3] + 0457 1 h 0]
25 37 7.8(25H™ 10.7 0.198[ 141152 f72]+0.39m[ 1 87,]
3 3 5.5(* 30 10.8 o 1997  —1.099(2 f7,]2+0.65m 2ds/5]? 0.03
45, 37 48(+230) 116 =0.120[ Liy3,]* + 0357 185"
55 37 8.6(* JLH® 129 —0.064[2 f123p3nl+ ml Lhyy)
47 1780 L1y[2 f7,]*+0.487]2ds),]? 0.06
*Taken from Ref. 54. =037 1gp2ds)]

“Taken from Ref. 79.
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TABLE VIL Energies and structure of the first 2+ and 4* states in '**Nd. Only the main and larger than 0.1% components are presented.

5 QPM with 3 ph. QPM without 3 ph.

Xp.

State E [MeV] E [MeV] Structure [%] E [MeV] Structure [%]

2t 0.697 0.709 88.7%[2] Tnpa+ 6%[2] ® 411 0.714 89.2%([2] Irea+ 6%[2] ®4 ]
+0.1%[[2} ®271,©2]]

25 1.561 1.731 30%[ 25 Jrea+ 61%[27 ®2] ] 1.772 43.79%[ 25 Trpat 48.4%[2] ®27]
+1.8%[[2] ®2]14®4]]

2% 2.066 1.999 58.9%[ 27 Jrpa+27%[2] ®27 ] 2.039 47.6%[ 2} Trea+43.8%[2] ®2] ]
+1.4%[[2] ®2] 1,841

4t 1.311 1.464 66.2%[4,*]pr++23.6%£2,+®2f] 1.510 73.9%[ 4] Treat+ 18%[2; ®27 1]
+0.4%[[2] ®2{1,®927]

45 2.109 1.965 16.8%[4;]EPA++60.6%£2;'®2;*] 2.010 15.19%[ 4} Jgpa+66.6%[2] ®27]
+1.8%[[2] ®2714®4,]

a5 2.295 2219 57.6%[4; Jppat 11.7%[2] ®2{] 2.250 66.5%[ 45 Treat+ 11.3%[2] ®2] ]

+4%[[2}®2]1,®2]]

quasiparticle components, respectively. The contributions of
the neutrons and of the protons in the structure of the
[2; Irpa state in **Nd state are 60% and 40%, respectively,
and the smaller B(E2;g.5.—[25 Jrpa) shows that this state is
considerably less collective than the [2; Jgpa state (see Table
VI). The main neutron components of the [2; Igpa state have
signs opposite to those of the proton ones. This means that
the [2, Jrpa state exhibits an isovector origin, in contrast to
the [2 Jrpa state. This property will be discussed more
quantitatively in the next section.

The parameters for the J"=4* states in the RPA are
fixed so that the [4T]RPA state is not a pure two-quasiparticle
state, although the main component is the neutron [2 f;,]?
(75%—85%). Small admixtures of two-quasiparticle proton
configurations (~3—-6%) are also present. This structure is in
agreement with the experimental results from Ref. 26.

The wave-function structure (6) of the first three quad-
rupole states in '**Nd is given in Table VII. The correspond-
ing calculated electromagnetic transitions for '**Nd are given
in Table VIII. The comparison with the experimental data
shows a satisfactory agreement. The results are on the aver-
age similar to those of Refs. 31 and 33 for '*Nd.

The first 27 state is predominantly a one-phonon collec-
tive state. The contribution of the one-phonon component
gives 88.7% in the norm of the wave function. The second
2% state has a large two-phonon component (61%). This
causes the strong E2 transition to the first 2% state. The
strength of the [2; ]gpa State, due to the quasiparticle—
phonon interaction of the QPM [see Eq. (44)], is fragmented
mainly over the 2; and 27 states (see Table VII).

The 4:’ and 4, states share the one-phonon [4:’]RPA
component and the two-phonon quadrupole—quadrupole
[2] ®2] 14+ component. According to Ref. 26, the 4] state
should have a collective one-phonon component, two-
quasiparticle components, and a two-phonon component to
explain the large B(E4) value (12 W.u.). We can see from
Table VII that the 4" state has a large one-phonon compo-
nent (~66%) and a considerable two-phonon component
(~24%). In this sense, our results are in agreement with the
results of Ref. 26. The experimental B(E2;4{ —2]) values
are also well reproduced (see Table VIII). To complete our
discussion of the 4;“ state, we should say that the g boson
obtained by means of a mapping procedure in the framework

TABLE VIII. Electromagnetic properties of several positive-parity states in 144Nd, calculated in the QPM.

Energy [keV]

B(EN;I™—J™) [*fm?*]

I Exp. QPM A J= Exp. QPM
27 696.5® 709 E2 of 1.08x10°@ 0.72X 10
2+ 1561© 1731 E2 o} 0.001(1)X 10*® 0.002
864.5 1022 E2 2} 0.95(21)x10°® 12X 10?
2% 2073¢ 1999 E2 o} 0.45x 102@ 0.73X 10?
1376.5 1290 E2 2} 2(1)x102® 4x10?
37 1510.7% 1527 E3 o} 2.86x10*® 3.38% 10
47 13159 1464 E4 of 43%X10°9 4.1%x10°
618.5 755 E2 2} 8(1)x102® 7.6X 10
Q2] 1[eb]
Exp. QPM
—-39(21)® -22

2Taken from Ref. 26.
bTaken from Ref. 80.
°Taken from Ref. 81.
9Taken from Ref. 82.
°Taken from Refs. 31 and 33.



614 Phys. Part. Nucl. 29 (6), November—December 1998

TABLE IX. Values of the quantity B [see Eq. (12)] for '*Ba, 42Ce, “Nd,
and “5Sm.

Grinberg et al.

TABLE X. Some results in the QPM, compared with experimental data in
different N =82 nuclei.

B Nuclei Quantity Exp. QPM
State 1408, 12¢e 14Nd 1465m 1588, B(E2;2} —07) [e2b?] 0.0452+0.0018%  0.050
= B(E3;07 —3,) [¢*°] 0.133+0.013® 0.115
+ 5 -5 -5 1 1
2 0.0003 6x10 10 2% 10 Ey- MeV] 28810 2907
2, 25.6 10.1 3.4 53 140Ce B(E2;2{ —07) [¢2b?] 0.061:+0.020) 0.068
B(E3;0] —37) [¢2b%] 0.21+0.03® 0.147
Ey- [MeV] 2.465© 2.345
5 ) . 12N B(E2;2} —0}) [e2b?] 0.0562+0.00029  0.065
of the CVM”" is much more collective than our [4] Irpa B(E3;0} —37) [¢2b?] 0.2620+0.00159 0.226
state. To determine unambiguously the structure of the 4] E5- [MeV] 2.083¢ 1.973
state, more precise experimental information is needed for  '“Sm 3(52;2i—'0f') [ezb2] 0-0532108?16(’) 0.046
. . . . = 3

more nuclei from this region. g(mf\g ';f W e (1).21(-):(“'?‘05 't

The 45 state is a noncollective one. The structure of the 3 [Me _ L8

lowest three 4™ states is similar for the other investigated
nuclei. It was observed that the 4. state (1.965 MeV) feeds
the 27 state appreciably, while the 4] state (2.219 MeV)
feeds the 2] state very weakly.

The structure of the excited states in the N= 84 nuclei is
more complicated than those of the semimagic ones. The
reason is the larger quasiparticle—phonon interaction and the
smaller energy difference between the basic states. The in-
fluence of the three-phonon components has been found to
be significant.

4. THE LOW-LYING ISOVECTOR MODE

The low-lying quadrupole states in the N=84 isotones
have been subject to several experimental and theoretical in-
vestigations in connection with the so-called isovector or
mixed-symmetry states.” > The small mixing ratios
S(E2UM1;2{ —2]) and the relatively large value of
B(M1;27 —2) correspond to a classification of the first
2% state as a symmetric state, and of the third 2* state as a
mixed-symmetry state in the U(5) limit of the IBM-2.34% In
the extended vibrational model,*® the isospin dependence of
the collective coordinates is used, and the 2;" state is re-
garded as an in-phase (isoscalar) vibration, and the 2; state
as an out-of-phase (isovector) vibration of protons and neu-
trons. The vibrational model described the characteristic fea-
tures (energies and multipole mixing ratios) of low-lying 2+
states observed experimentally in nuclei near the shell clo-
sures ('2*re, 19Ba, *2Ce, and '“Nd). Other theoretical ef-
forts to understand the origin of the low-lying quadrupole
states in this region have been undertaken in the framework
of the shell model,”” as well as in the pairing-plus-
quadrupole model.’® The properties of the M1 transitions
between low-lying states and their theoretical interpretation
are reviewed in Ref. 39.

In Ref. 33, a detailed calculation for the N =84 isotones
was performed, using the two-Particle-core Coupling Model
(PCM) and the IBM-2 in order to study the validity of the
interacting-boson model in these nuclei. A general mapping
procedure between the wave functions obtained in the two
models was proposed and applied for *Nd. Although both
models give a reasonable description of the excited-state en-
ergies, differences occur in the electromagnetic decay prob-
abilities. For instance, the IBM-2 fit fails to reproduce both
the B(E2;2; —g.s.) and the B(M 1;25 —27) values. It also

*Taken from Ref. 57.
®Taken from Ref. 29.
°Taken from Ref. 83.
9Taken from Ref. 28.
®Taken from Ref. 27.

predicts, in conflict with experiment, that the B(E2;
4;*—»2;') value should be 1.4 times larger than the
B(E2;2f—» g.s.) value. The PCM gives reasonable agree-
ment for all these quantities. Neither model could reproduce
the signs of the S(E2M1;2] —2}) and SE2UMI;
25 —2}) mixing ratios.

The experimental data, obtained by direct lifetime
measurements,*’ show that the B(M1;2; —»2;') value in
1Nd is close to the value of the single-particle estimation
for this transition. This means that the low-lying states in
1%Nd contain significant two-particle components. Consider-
ing the relative sign of the main neutron and proton compo-
nents, the [2] Jgp, state is symmetric, and the [2; Jgpa state
is antisymmetric (see Table VI). A relevant quantity* to
check the nature of a RPA phonon, taking into account its
structure, is the ratio

_ 12118, (08) =21, ,,(0) | |g.5) 2 12
2 [1Z5riY 2,(Qk) +Z3r7Y 5, (k)| [gs )

As was shown in Ref. 41, in the case B>1 the 2% state
under consideration is an isovector state; otherwise, it is an

TABLE XI. Some reduced transition probabilities in “°Ce.

Exp. QPM
B(E2;27 —07) [¢%?] 0.061+0.020@ 0.068
B(E2;25—07) [*b?] =6.8x107"@ 0.001
B(E2;2; —2}) [€%b?] >1.2X1074@ 0.0056
B(M1;27 —=27) [p3] >3.4%1074@ 0.044
B(E2;4{ —27) [¢*?] (6.2£0.4)x 104@ 12.3%1074
B(E2;25 —47) [e*b?] (1.5£0.7) X 1074® 5.6x107*
B(E2;67 —47]) [%b?] (1.1£0.3)x 1073@ 1.5%1073
B(E3;37 —07) [¢%p?] 0.0300+0.0043( 0.021
SE2AM1;25—27) 0.37%0.06© 0.2

3Taken from Ref. 15.
Taken from Ref. 57.
“Taken from Ref. 29.
“Taken from Ref. 83.
“Taken from Ref. 84.
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TABLE XII. Comparison of QPM calculations with experimental M tran-
sitions and & ratios in 4‘Nd.
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TABLE XIV. Comparison of experimental, IBM, and QPM results for some
B(E?2) values among collective states in '“Sm.

Exp. QPM B(E2) [¢?b?]
B(M1;23 —27)(u2) 0.119 0.13 I—I, Exp. (Ref. 83) IBM QPM
BM1;2} 527)(u2) 0.14(0.04)® 0.32
320 ey { 27507 >0.033 0.069 0.069
5(E2/M1;2;—>2:') _]‘13(22)(11) —1.02 42—»2{ >0.()6+0054 0.108 0.093
SEUM1;2§ —27) 0.31(11)® 0.43 61 —4y 0.043Z502 - 0.01

*Taken from Refs. 31 and 33.
Taken from Ref. 40.

isoscalar one. As shown in Table IX, in our results the
[2} Trpa state is an isoscalar state, and the [2] rpa state is
an isovector one.

As we have already mentioned, in '**Nd there is a frag-
mentation of the [2; Jgpa isovector state over the 25 and 2
states (see Table VII). Because of this fragmentation the
large M1 transition strength between the [2 Irpa and the
[2;5 ]RPA states will be shared by the transitions from the 2
and 2; states to the 2] | State. A similar behavior of the M1
fragmentation is discussed in Ref. 39. According to the QPM
calculations, there are five 2* RPA states below 3 MeV. The
value of the quantity ;B(M1;[2; Jrpa—[2] Trpa) is
0.641%. The main contribution in this sum comes from the
B(M1;[2; Trpa—[2] Jrpa) value, which is 50 times larger
than the other terms. The proton orbital part of it is about
70%. The latter is in qualitative agreement with shell-model
calculations for medium-mass spherical nuclei.? The
quasiparticle—phonon interaction distributes about 90% of
the total RPA M1 strength over seven excited states below 3
MeV. Because of the dominance of B(M1;[2) Jxpa
—[2] Trpa), which is mainly due to proton orbital contribu-
tions (see the discussion above), the main part in the distri-
bution comes from the proton orbital M1 term. The latter
feature of the M1 transition between the low-lying states is
discussed in detail in Ref. 43.

The calculated B(M 1) values and the mixing ratios for
'44Nd are given in Table XII. The results are on the average
similar to those of Refs. 31 and 33 for 4*Nd. With regard to
the structure of the 2 and 27 states, the relevant quantities
are  the mixing ratios  S(E2/M1;25 —27) and
S(E2IM1; 23 —>2 ), and the correspondlng B(M 1) transi-
tion values. The higher value of B(M1;25 —>2 ) compared
with that of B(M1; 22 —>2 ) is reproduced in our calcula-

TABLE XIII. Energies and structure of the lowest three 2% and 4* excited
states in '%Sm, calculated in the framework of the QPM. Only the main
components of the wave function are given.

IT  Eeyp [MeV] E [MeV] Structure

24 0.747 0.737  91%[2] Irea

25 1.647 1672 75%[[2} lrpa®[2] Ireal+ 14%[ 27 Trpa
25 2.155 1944 79%[2; Irpa+ 11%[[2] Jrpa®[ 2} Trpal
47 1.381 1616 45%[ 4] Tnpa+ 48%[[2} Irpa® [ 2] Irpal
4} 2.280 2042 49%[4] Ippat39%[[2] Irea®[2] Trpal
43 2.439 2502 96%[4; Irpa

tions. This means that the fragmentation of the [2; Jgpa is-
ovector state over the excited states is realistic. Taking into
account the structure of the [2*]gp, states and the final dis-
tribution of these states, we can conclude that the first 2%
state is of isoscalar type, and the third 2% state is of mixed
(isoscalar and isovector) type, although with a main isovec-
tor component (59%). It should be noted that the mixing
ratio J differs (sometimes by a factor of 2) in different
experiments. 274044

5. COMPARISON OF THE QPM AND THE IBM
APPROACHES

In this section, we shall compare the descriptions of the
structure of the low-lying states in '6Sm in the IBM-2 (Ref.
45) and in the QPM. Several IBM studies in the Sm isotope
region have been published. The nucleus *Sm has been
treated in Refs. 46 and 47. The IBM results used here are
taken from Ref. 13.

The results obtained in both models, for the energies and
for the structure of the excited states with J"=2% and 4% in
146Sm, are shown in Tables XIII-XVIIL. The calculated en-
ergy distribution of all positive-parity states is plotted in Fig.
4. The QPM states with excitation energy below 2 MeV
consist mainly of collective components. For the first 2+
state, the main component arises from the [2] Jrpa phonon.
In the structure of the 2; and 4; states, the two-phonon
component [2+®2 ];= is most important. The calculated
energies and B(E2) values involving the states below 2
MeV are in good agreement with the experimental data.

Most of the QPM states with excitation energy above 2
MeV are of noncollective nature. Some of them have large
two-phonon and three-phonon components. The structure of
some states is quite complicated and is exhausted by several

TABLE XV. Some reduced E2 transition probabilities in 1Sm, calculated
in the QPM.

B(E2)
I—I; [€%b?]
2;—07 0.0031
25 —07 0.0093
2;—-0] 0.0005
2, 2] 0.12
27 —2f 0.04
2:-2) 0.0001
4;._.2j 0.07
4y —2f 0.001
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components. It should be noted that the three-phonon com-
ponents are distributed over several levels. The number of
levels below 3.5 MeV is well reproduced, and only for a few
levels does the discrepancy between the calculated and mea-
sured energies exceed 150 keV. Satisfactory agreement with
the experimental data is also achieved for the reduced E2
transition probabilities (see Tables XIV and XVI). The re-
sults obtained within the QPM and within the IBM display
some differences, as well as some common features. This
arises from the physical backgrounds of both models. The
IBM model, in the version including protons and neutrons
(IBM-2) in its model space, has combinations of bosons
roughly corresponding to the [2] ]gpa isoscalar phonon and
to the [2; Jrpa isovector phonon in the language of the
QPM. Good agreement between the IBM and the QPM is
thus observed for QPM states involving collective compo-
nents. On the other hand, the lowest 6 state of 1*Sm in the
IBM is to be expected at an excitation energy E= 3E(21+)
(=~2.4 MeV). The energy of the 6] state calculated in the
QPM is E=1.744 MeV. This state is of noncollective char-
acter, as is suggested also from a smaller B(E2,6] —47)
value than the B(E2;4f“—>2f) value (see Table XIV). The
properties of the 6 state in Sm calculated within the
QPM agree with the experimental data. The QPM predicts a
collective three-phonon 6* state at excitation energy 2.62
MeV, which is in agreement with the IBM lowest 6% -state
energy.

The energy of the 4] level is lower than twice the en-
ergy of the 2;’ state, which indicates that components differ-
ent from the two-phonon quadrupole collective one are im-
portant in its structure. In the QPM calculations, the [2;F
®2f] 4+ two-phonon component is shared by the 4] and 4;
states. The latter contain an important [ 4] Jgpa component as
well. This is the reason for the nearly equal QPM E2 tran-
sition probabilities between the first two 4" states and the
2f state (Table XV). The importance of the [4 Jgpa com-
ponent in the QPM 47 states suggests that a better descrip-
tion within the IBM framework could be achieved by enlarg-

TABLE XVI. Comparison of experimental, IBM, and QPM results for some
E2 transition ratios in “Sm. The experimental data are taken from Ref. 13.

I—I, B(E%;1—1p)
I[—)Ifl B(EZ;I‘-—-)Iff)
Exp. IBM QPM

25 -2 74+30 84 40
207

27 ot 9-18 9.6 4.1
2; 0]

4527 0.7-2.0 1.4 1.8
44

227 <15 0.30 0.2
2: —-)()1+

Grinberg et al.

TABLE XVII. Comparison of experimental, IBM, and QPM results for
some mixing ratios [ 8(E2/M1)] in '*°Sm.

S(E2UM1)
1i—1; Exp. IBM QPM
24523 -2.20 -2.13 -13
27 -2} —3.2<6<-09% 0.059 0.4

*Taken from Ref. 44.
YTaken from Ref. 46.

ing the IBM model space so as to include also the L=4g
boson.

In the IBM, the decay of the 4, state to the 2] state is
suppressed. Such suppression is observed for the third 4*
state (2.439 MeV) in the experimental spectrum. In the
QPM, the 4; state in 1#6Sm is a noncollective state, which
leads to a very small B(E2,4] —27) value (see Table XV).

In Table XVII, results are given for some mixing ratios &
in 1“Sm. We must note that the experimental information is
quite indeterminate. The results of both calculations, in the
QPM and in the IBM, also differ appreciably. The noncol-
lective components have an important influence on the QPM
8 values. Qualitative agreement between the two models oc-
curs only in the cases when in the structure of the initial and
final states the contribution from the collective components
(one- and two-phonon ones) is large (2;+ 2T ;2;’ —>2fr).
Further study along these lines would be fruitful only if more
precise experimental information becomes available.

The 25 state (E=2.156 MeV) in *Sm is interpreted as
an isovector state in both models. The quite uncertain experi-
mental information does not contradict this interpretation.

3.00 T 3+
o& 5’
2.75 1 2 2:
4* 2% 3¢
2.50 3 g‘
6* v
225 2*
4*
2.00 - 2*
*
O 6
2. “
> e
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>
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0.75 1 2* 2*
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0.25 1
o004 O 0

IBM-2 QPM

FIG. 4. Comparison of the 'Sm positive-parity energy levels in the IBM-2
and QPM.
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6. ELECTRIC DIPOLE TRANSITIONS IN THE N=82
AND N=84 ISOTONES

Recently, the interest in low-lying vibrations in nuclei
has increased considerably with the appearance of experi-
mental evidence for two-phonon quadrupole—-octupole and
octupole—octupole excitations in the semimagic N=82
nuclei.**">* In Ref. 49, the B(E1) value from the first 1~
state to the ground state has been measured in '**Sm, using
the nuclear-resonance fluorescence method. It was suggested
in Ref. 49 that this 1~ state might be a member of the two-
phonon quadrupole—octupole multiplet expected at this en-
ergy. Earlier measurements of the E1 transition between the
first 3~ and 2% states were reported in Ref. 48, where a
study of (aa') Coulomb excitation was performed in the
same nuclei. The comparison of the value obtained for
B(E1;2f'—)31_) with the B(E1;1, —g.s.) value also sup-
ports the two-phonon structure of the 1] state. In Refs. 50
and 51, '¥Sm was investigated via the (n,n’ ) reaction, and
a large number of fast (>107> W.u.) E1 transitions was
observed. The typical rates for the E1 transitions, known
from systematics, are of the order of 10™4-1078 W.u.%6"7
The larger values of the recently reported B(E1) transitions
reveal that the corresponding states have a different origin
than those reported in Refs. 56 and 57. However, as was
shown in Ref. 51, the enhanced E1 transitions are typical of
the N= 82 nuclei.’?

A description of the properties of the quadrupole-
octupole and octupole—octupole multiplets was proposed in
Ref. 58. Later on, calculations were performed in the QPM,
studying the first dipole states in many spherical nuclei.>’
Within the same model, E1 transitions were calculated in
deformed nuclei.®® A description of some members of the
octupole two-phonon multiplets in the spdf IBM was given
in Ref. 61. The interplay of different shells in the E1 transi-
tions was discussed in Ref. 62. The first 1~ state was
described as a 2] ®3] two-boson state in the IBM.*® The
theoretical investigations show that the first 1~ state has an
isoscalar character. This suggests that the large B(E1) val-
ues obtained recently may be a result of the interplay be-
tween isoscalar and isovector modes in the structure of the
low-lying excited states. Theoretical and experimental inves-
tigations for **Sm were performed in Ref. 63. In that paper,
a high-resolution (p,p’) analysis was used to derive infor-
mation about the character of the transitions involving the
presumed members of the two-phonon octupole multiplets.
In the same paper, the available experimental information
concerning the E1 transitions in '**Sm was compared with
nuclear field-theory calculations. That investigation confirms
the two-phonon character of the states pointed out in Ref. 50,
although some mixing with two-quasiparticle components
was found. Direct experimental evidence for the two-phonon
nature of the first dipole state in '**Sm was obtained in Ref.
54, where good agreement with a previous prediction for the
B(E2;17—3]) value in the QPM'S was observed (see
Table V).

The E1 transitions at low energy in nuclei are strongly
hindered. The reason for this hindrance is manifold: the isos-
calar part of the E1 operator should not contribute to the E1
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transition; the isovector E1 interaction is repulsive and shifts
the E1 strength to higher excitation energies; the pairing
factor involved in the E1 transition operator, which does not
change the number of quasiparticles [see Eq. (9)], should be
much smaller than unity; the £1 matrix element between the
main components of the wave functions is often very small
or vanishes at low energy. The reduction due to the isovector
channel of the interaction may be expressed as an effective
charge for the E1 transition.! The result is

eqg=e(l+yx).

Adding the correction for the center-of-mass motion, the
above equation becomes

1
Ceff— — 2 e

N-Z

r— | (4. (13)

The parameter y was estimated qualitatively to be approxi-
mately —0.7 in Ref. 1. A determination of y via comparison
with experiment for some nuclei was made in Ref. 64.

The appropriate nuclear model to study the properties of
the low-lying 1~ states must possess two main features. The
first one is to incorporate the Giant Dipole Resonance
(GDR), which means dealing with a large single-particle
space and a sufficiently complex interaction. The second is
the detailed reproduction of the fragmentation of the two-
phonon states, which requires that the collective basis of the
model should include at least three-phonon states.

In the case of the 1~ states the matrix element mixing
the GDR and the low-lying [2®3[],- state is [see Eq.
(45)]

U2:+(GDR)=<Q1—GDR'Hint|[Q;:—Q;-l—]l‘>- (14

Because of the isovector origin of the GDR, the neutron and
proton components of the wave function (6) contribute with
opposite signs in (14), and it becomes small.>*® A serious
test of a model would be to predict not only the magnitude of
the matrix element (14), but also its sign. It must be stressed
that in the present case a very weak E1 transition (=3
mW.u.) has to be described, taking into account the influence
of the GDR (=10 W.u.).

We have applied the model to study the properties of the
low-lying 1~ states in N=82 and N=_84 isotones. The re-
sults for *4Sm and **Nd are compared with the available
experimental information in Table X VIIL. It can be seen from
Table XVIII that the calculated structure of the 1] state is
mainly a two-phonon one for ¥Sm (N=282), while for the
N=84 nucleus "*Nd there is a contribution from the three-
phonon component ([[2T®2f]2®31_]1—). The isovector
E1 strength is concentrated predominantly in a single RPA
state (the GDR). For “Sm this RPA state collects 60% of
the EWSR, while for "*Nd it collects 56%. At the same
time, its contribution in the wave function (6) of the 1, state
is less than 0.5%.

The reduced matrix element of the E1 operator [see Eq.
(9)] between the 1, and the ground state is
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TABLE XVIIL Energies and B(E1) values for the 1, state in 1449m and '*Nd, compared with experimental data.

l445m 144Nd
calc. exp. calc. exp.
E(17) [MeV] 3.440 3.225 247 2.185
Structure 95%[2; ®3,] 83%[[2] ®371+9%[[2] ®2; 1,831
B(El;g.s.— 17) [efm?] 1811073 189x1073@  63x 1073 7.2x10730)
B(ELi(g:5.—(2ph),~) [e¥fm?] 52.2x1073 51.6x1073
B(EL;gs.—(1ph),-) [e2fm?] 8.8x107° 21.8X1073

2Taken from Ref. 50.
®Taken from Ref. 55.

(\I'IM(EI)|0>~RGDR<Q1—GDR’M(E1)|0>+P§i—(11_)
X([Q2TQ3I]1*|M(E1)|0>- (15)

. 2y .
The quantities Rgpr and Pal_ are coefficients of the
1
wave function (6). The contribution of the two-phonon part

in (15) dominates, because of the large value of the coeffi-
+

cient P;l_. The very small value of the coefficient Rgpg is
1
multiplied by the large matrix element connected with the

GDR, but the product contributes in (15) less than the two-
phonon part. The corresponding reduced transition probabili-
ties are given in Table XVIII. The quantity B(E1),, is con-
nected with the GDR [first term in Eq. (15)]. The quantity
B(E1),py, is the part of the transition due to the two-phonon
component of the wave function (6) [second term in Eq.
(15)]. The two ingredients of (15) have opposite signs, and
B(E1l),,, is largely reduced. The calculated B(El;
g.s.—17) value is in good agreement with the experimental
data in both nuclei. The calculated energies and B(E1) val-
ues are compared with the experimental results in Table XIX
for the N=82 isotones.

The reasonable agreement between the QPM results and
experiment concerning the very subtle properties of the di-
pole transitions shows that the model reproduces well the
intricate interplay of isoscalar and isovector modes in the
structure of the low-lying states. The properties of all mem-
bers of the quadrupole—octupole multiplet other than the 1~
state are discussed in detail in Ref. 16.

7. EVIDENCE FOR OCTUPOLE-COUPLED
MULTIPHONON STATES IN '*Te

In this section, we shall present results of the QPM and
compare them with experimental results from various experi-
ments investigating the nucleus **Te, following Ref. 65.
The structure of the even—even nucleus ?*Te has been the
subject of considerable interest,%*7° since it is an ideal test-
ing ground for different theoretical models. Up to now, how-
ever, no complete understanding of the nuclear structure of
this isotope has been achieved. Even many aspects of the
low-lying spectrum are still puzzling.”! At lower excitation
energies '2*Te seems to be an ideal collective nucleus. The
energy ratio of the first 47 level to the first 2 level is nearly
two. This supports a spherical picture, as, for instance, ob-

tained in the SU(5) limit of the IBM. On the other hand, the
level sequences show that only the 2* and 4™ states of the
two-phonon triplet are in the correct energy region, whereas
the corresponding first 0* level is about 300 keV too high in
excitation energy. This implies a more complex structure of
the nucleus '?*Te which cannot be fully described by current
microscopic models. In order to achieve a better understand-
ing of these problems, one needs extensive and complete
experimental information. Here, we make use of the results
of a variety of experimental data, taken from Ref. 65, which
were measured in different reactions, the aim being to obtain
the maximum information in order to find the greatest pos-
sible correspondence with the theoretical interpretation of the
structure of 2*Te within the QPM. Special attention is paid
to the unusual deexcitation cascade in the level scheme of
124Te, which has been known for a long time, but never
examined in detail.” The suggestion is made that this un-
usual cascade may be related to the presence of multiphonon
structures with negative parity.

The EMN transitions have been calculated with efy
=1.25¢ and e 3=0.25¢, except for E1 transitions. In the
present case the effective charge is a parameter fixed to re-
produce the B(E2) transitions from the ground state to the
first 2 state. The effective charges for the E1 transitions
have to be reduced according to Refs. 1 and 64 [see also the
discussion in Sec. 6 and Eq. (13)]. In our calculations, mix-
ing with the GDR is taken explicitly into account, and to
reproduce the B(E1) strength for its excitation we use the
following effective charges: e_(E1)=—0.39¢ and eZ(E1)
=0.53¢. They have been used to calculate all other E1 tran-
sitions as well.

A comparison of the experimental level scheme with the
one calculated in the QPM is presented in Table XX, where
the largest multiphonon amplitudes are also listed for the
collective levels. The excitation energies of the dominant

TABLE XIX. Comparison of experimental data and QPM results for the
two-phonon 1~ states in the N =382 isotones. The experimental results are
taken from Ref. 51.

138Ba MOCe 142Nd lMsm
E 1™ Exp. [keV] 4026 3643 3425 3225
E-oem [keV] 3582 3611 3590 3600
B(E1;1] —£.8) gy, [m W] 25(5)  32(2) 315 3.6(5
B(E1;1; —gs)gem [m Wa] 2.8 32 3.03 34
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TABLE XX. Level scheme of '**Te calculated in the QPM. For the collec-
tive states the main component of the QPM wave function is given. For
comparison the experimentally measured level energies are included where
possible.

Root Ey QPM B2,
J7 number [MeV] wave function [%] [MeV]
0* 1 1080 2/ ®2f 83 1.657
o* 2 2085 2/®2{®2] 50 1.883
ot 3 2.383 2.308
1t 1 2.749
1t 2 3.098
1* 3 3.185
1 1 2985 2/®3; 91 2.747
1- 2 3796 27®2{®3] 70 3.092
1- 3 4.063
2% 1 0599 2} 92 0.603
2% 2 1408 2f®2f 87 1.325
2* 3 1986  [25]rea 81 2.091
2% 4 2100 2{®2{®2] 70 2.039
2% 5 2246
2+ 6 2.386
2t 7 2398
2+ 8 2.610
2* 9 2.741
2" 1 3.057 2{®3] 92
2” 2 3.302
2 3 3770 27®2{®3; 2 3.101
3* 21+@21+ 90
3+
3" 1 2277 3% 79 2.294
3” 2 2781 2/®3] 41 2.336
3 3 3.063 2.694
3" 4 3.151 2.701
3” 5 3276
4% 1 1360 27 88 1.249
4t 2 2.191 1.958
4* 3 2.335
4* 4 2367
4* 5 2.524
5 1 2.300
6* 2139  2{®2{®2] 88 1.747
6* 2 2.291
7 1 2.289
8t 1 2.345
8* 2 3.083

*Taken from Ref. 65.

one- and two-phonon states are well reproduced, but the re-
sults are generally too high for states with a large three-
phonon component. This can be traced back to the omission
of more complex configurations. It must be expected that as
a result of the interaction between phonons specific for the
QPM [coupling between components differing by one pho-
non; see Eq. (44) in the Appendix] the inclusion of four-
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phonon components will improve the above-mentioned defi-
ciency.

The 0% state cannot be well reproduced by the theory.
One would have to account for this by using strong
anharmonicities.”! The 6:’ state is a three-phonon quadru-
pole state in the calculations. However, the almost constant
excitation energy observed experimentally for this level in
different Te isotopes suggests a noncollective structure.”*
Thus, it would correspond better to the 6; model state, but
the energy difference of 540 keV from the experiment would
be rather large.

Electromagnetic transition probabilities, E2/M | mixing
ratios and branching ratios between low-lying collective
states are compared in Table XXI with the QPM results. The
quadrupole moment of the 2;’ level and the B(E2) values to
the lowest 2* states agree well. The signs and magnitudes of
the E2/M 1 mixing ratios for transitions between the lowest
2% states are reproduced. Many branching ratios are also
reasonably described.

In order to account for the large number of experimen-
tally observed 2* levels, it was proposed that the fourth 2+
state at 2.092 MeV has an isovector structure’® (see also the
discussion in Sec. 4). The third 2% state in the QPM calcu-
lation is assumed to correspond to this level. A small mixing
ratio 6(E2/M1;2;'—>2:') and a large B(M1;23+—>2f')
value would support such a classification.***> For '%*Te the
calculated value 8(E2/M1;25 —2,)=0.07 should be com-
pared with the experimental value 0.13(12).>4 Moreover,
the 27 level has a dominant [2 Jzpa phonon contribution
(81%). The comparison of the structure of this phonon in
terms of two-quasiparticle components, compared to the
structure of the lowest [2] Jgpa state, reveals similar charac-
teristics to the ones discussed in Sec. 4 and shown in Table
VI for “Nd. Considering the relative signs of the main neu-
tron and proton components, the [2] ]gpa state is isoscalar,
and the [2; Jrpa state is isovector. As discussed earlier [see
Sec. 4 and Eq. (12)], the quantity B is small for isoscalar
states and large for isovector states. In our case, the magni-
tude of the quantity B and the structure of the [2; Jzpa state
support the interpretation of the third calculated 2% level as
an isovector state.

Another interesting phenomenon, observed in these nu-
clei, is the unusual y-decay cascade after thermal neutron
capture in '2Te.® The analysis of the experimental
data%>7>™ gives clear evidence for a cascade, where the
3.101-MeV level decays via a very strong 353-keV transition
to the 17 level at 2.747 MeV, which itself populates the first
excited state and the ground state. Whereas the decay of the
3.101-MeV level to the ground state is clearly suppressed
because it requires an M2 transition, the surprising absence
of other spin-allowed transitions to low-lying states has to be
explained by the nuclear structure of the intermediate state.

A solution is suggested by the (y,7’) results.5’ Here a
ground-state E1 transition to the 2.747-MeV level with
B(E1)71=0.47X 1072 W.u. is observed, which is unusually
large for this mass region.”” However, enhanced E1 transi-
tions have recently been observed in the neighboring
1161243 isotopes as well.”® This seems to be a typical phe-
nomenon in nuclei near closed shells. The fast E1 transi-
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TABLE XXI. Quadrupole moment of the 2 state, strengths, mixing ratios, and branching ratios of transitions
in 2Te, calculated with the QPM, in comparison with experimental data.

Quantity Theory Experiment
B(E1;07—1;) [W.u] 5.6-1074 47(4)-1074@
B(E1;0}—17) [Wa] 45-1074 6.5(9)- 10~ 4@
B(E2;27 —17) [e*m*] 288 -
B(E2;2; —0;) [e*fm*] 922 1136(10)®
B(E2;25;—0]) [e*fm*] 78 38(1)®

B(E2;4] —2}) [2fm®] 290 2000
S(E2IM1;25 —27) -2.1 -33(1)®
S(E2IM1;27 —27}) 0.07 0.13(12)©
S(E2IM1;2] -2 0.26 1.5(8)®
B(E1;17—=2])/B(E1;1] —=07) 0.61 0.18(5)@
B(E1;1;—2[)/B(E1;1; —07) 0.01 0.31(22)@
B(E2;25 —27)/B(E2;2} —g.s) 31.2 55.6(1)@
B(E2;2)—27)/B(E2;2; —4}) 0.85 1.00(33)@
B(E2;4; —21)/B(E2;45 —41) 0.02 0.0062(16)"©
B(E2;2}—27)/B(E2;2] —4}) 0.04 0.09(6)©
B(E2;4; —27)/B(E2;4; —27) 90.16 43(3)®
B(E2;4; —23)/B(E2;4; —4]) 1.42 0.14(1)®
B(E2;3} —2])/B(E2;3} —4]) 2.55 53(3)®
B(E2;37—23)/B(E2;3] —27) 33.52 61(4)®
0,(21) —40 efm? ~45(4) efm’®

*Taken from Ref. 65.
bTaken from Ref. 71.
®Taken from Ref. 70.

tions, as we have seen in Sec. 6, are considered to be a
signature for quadrupole—octupole coupled states. For such a
coupling, a quintet of negative-parity levels from 1~ to 5™ is
predicted near the total energy of the 2;' and 3| phonon
states.’® The level in '?*Te lies at 2.747 MeV. This is nearly
the total energy of the first 2* state at 0.603 MeV and the
first 37 level at 2.294 MeV.

The two-phonon nature of the 1~ state at 2.747 MeV is
strongly supported by the QPM results, which can reproduce
the transition strength and the branching ratios to the ground
state and to the first 2" level. A sizable direct two-phonon
decay is possible within the QPM because of the RPA cor-
related ground state [see Eq. (9)]. In fact, one finds in general
too large B(E1) values, although, as discussed at length in
Sec. 6, the mixing with the GDR is taken into account to a
large extent in the QPM. For the intermediate 7y-cascade
level at 3.101 MeV a dominant three-phonon structure is
suggested. Such a 2™ state is predicted by the calculations at
3.770 MeV. In such a picture the experimentally observed
decoupling from the low-lying dominant one-phonon states
is explained in a natural way.

In a way similar to the decay of the 1] level at 2.747
MeV, the second fast E1 transition in the (y,y’) data from
the 3.91-MeV state can be interpreted as the ground-state
decay of a multiphonon coupled state. Within the QPM the
state would constitute the 1~ member of the 2] ®2] ®37
multiplet. Again, the experimental strength B(E1)7
=6.5(9)X 10™* W.u. can be well reproduced by such an
assumption (see Table XX). However, sizable decays to the
2] and 2; states not predicted by the QPM and the rela-
tively large difference of about 600 keV from the 25 +3|

total energy suggest a more complex structure of this level.
A possible explanation of both problems might be a signifi-
cant anharmonicity, as already suggested in Ref. 71 for the
interpretation of the low-energy spectrum. However, the
presence of a large three-phonon component is likely, con-
sidering the successful explanation of the ground-state cou-
pling.

These results demonstrate that a microscopically based
vibrational model is quite successful in explaining many as-
pects of the structure of 2*Te. For the lowest 2% and 47
states this is not surprising, in view of their pure phonon
structure, which was shown’’ to be a general phenomenon in
virtually all even—even nuclei with Z=30. However, the
prevalence of multiphonon structures built on the octupole
vibrations seems crucial for the explanation of the observed
data.

On the other hand, open questions remain. As mentioned
before, neither the lowest 0" states nor the 6 states can be
fully interpreted. Clearly, further experimental studies to es-
tablish complete experimental information, not only on the
level scheme, but also on spectroscopic properties, are re-
quired for a full understanding of the 2*Te structure. Addi-
tionally, the study of the evolution of prominent features like
multiphonon structures in the chain of even—even tellurium
isotopes will provide important insight.

8. CONCLUSION

There exists a widespread conviction that the low-lying
excited states in nuclei have been well studied. Of course,
this is true as far as our knowledge about the large compo-
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nents in the structure of the wave function is concerned. It
can be seen from the present work that recent experimental
results reveal very interesting properties of the excited states
connected with the medium and even the small components
in the structure of the wave function. The resulting picture
turns out to be a very complicated one. It requires a substan-
tial refinement of the theoretical models in order to get a
deeper insight and understanding of the experimental data.
Far from being sufficient, the contemporary nuclear models,
including the QPM, allow for the investigation of these more
complex phenomena. In particular, the delicate interaction
between isovector and isoscalar degrees of freedom and be-
tween collective and noncollective modes, as well as the fast
E1 transitions and other footprints of multiphonon states in
even—even spherical nuclei, find a reasonably fair descrip-
tion within the QPM in terms of the interaction between
quasiparticles and phonons.

We acknowledge useful discussions with Prof. W.
Andrejtscheff, Prof. I. Hamamoto, Prof. M. Kneissl, Dr. P.
von Neumann-Cosel, Dr. V. Yu. Ponomarev, Dr. O. Schol-
ten, Prof. V. G. Soloviev, Dr. A. L. Vdovin, and Dr. V. V.
Voronov. This work was partly supported by the Bulgarian
Ministry of Science and Education under contract No. 626.

APPENDIX: QPM BACKGROUND

Following Refs. 2, 3, 17, and 18, we shall introduce
some basic notation. The most general form of the model
Hamiltonian is

H=H,+H,+Hb +HEy+HE? (16)

where the term H, describes the motion of the independent
nucleons in a self-consistent mean field; H y,;, represents the
monopole pairing interaction in the particle—particle chan-
nel; H" is a sum of isoscalar and isovector separable mul-
tipole interactions in the particle—hole channel; H5" Sy is the
same for the spin—multipole interaction; and H%/ is the sum
of the multipole interactions in the particle—particle channel
(multipole pairing).

In the second-quantized representation these terms can
be written as

= - + +
Hsp-—'H:.‘p"}‘pr—jEm "Ejajmaj,,,-l-jzm "Ejajmajm, (17)

Hif=- ?ﬂ L2, (k4 oMY (M (p),
(18)
My,(1)= 2 (jm|R\(D Y\ ()] m")a i
ol
(19)
th e l (K()‘L)‘l'pl((u'))
M 2 08 n=tley ppamy 1
X[Sh( DT [Sh(p D], (20)
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[S}p(D)]* = 2 (jm|i*R\(r)

><[o-Yx(n)]LMlj'm'>a}“mafm' :

[o-Y\(Q)]u= UEM (lv)\,u,|LM)0',,YM ,

1
=y 3 1O

+G()\)P>\ﬂ(p)P>\,u(p)+G()\)(Pu(n)P>\u(P)
+PX,1,(p)P)\;l.(n))]s (21)

Px,u(”) 2 ”(]m|1)‘R)\(r)YM(Q)|j m')
u

X(=)'"™ aja s (22)
where j=+/2j+1, the operators a;;, and aj, are, respec-
tively, the creation and annihilation operators of nucleons
with j={nlj}, m is the magnetic quantum number, and E; is
the energy of the corresponding single-particle state. The in-
dex 7 is an isotopic index and takes the two values
7=n,p. Changing the sign of 7 means changing the type of
particles: n—p and p—n. The quantities G, and G, are the
neutron—neutron and proton—proton pairing interaction con-
stants. The constants of the isoscalar and isovector terms of
the multipole—multipole (spin—multipole) interaction are de-
noted by KO‘) (Kg"“)) and K(l)‘) (K(l)‘L)), respectively. These
constants( a)re related to the neutron—neutron, x»), proton—
A

proton, ,;’, and neutron—proton, Kgl‘,) , multipole and spin—

multipole interaction constants in the following manner:
()\)_ A) = (N) ()\)
Kpp =Ko T Kj
N (A
)= )

The quantities GV, Gf,)‘) , and Gf,’}‘,) are the constants of the
multipole pairing. In the present implementation of the
model, the particle—particle channel can be switched on in
addition to the multipole—multipole interaction in the cases
where it is estimated to be important (usually for the
quadrupole—quadrupole and octupole—octupole channels). It
should be noted here that the monopole pairing interaction is
also realized by using this channel, and not the formulas that
can be derived specifically for the pairing case.> The radial
dependence R, (r) of the interaction can be either R, (r)
~rX or R\ (r)~dV(r)/dr, where V(r) is the central part of
the single-particle potential.

The Bogolyubov canonical transformation from nucleon
creation and annihilation operators a jm and aj,, to quasipar-
ticle creation and annihilation operators a m and @, is taken
in the standard form:

Ajm=U &+ (=) "0 va 1+m (23)

Using the transformation (23), we can re-express the
model Hamiltonian in terms of quasiparticles. For example,
the term H, takes the form
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H,,= E sajm 1m+2 ne ajm m » 29

where the quasiparticle energy is given by
g;=[(E;~\,)*+C7]".

The chemical potential N, and the correlation function (en-

ergy gap) C, are calculated according to the well-known

BCS equations.” The particle—hole operator M ; u(7) [Eq.
(19)] can be written in the form

Mw)— 2 fﬁ,” AT (i M)

+(= DM HAGH A= )1+ BUT R |
(25)

and the particle—particle operator P;L u(7) [Eq. (22)] becomes

1
Py ()= " 2 N Luup AT (Gi' AR
Ji'

—(_l)x—ﬂvjvj’A(jj’)\~.“)
—2uv;B(jj' \u)], (26)
where
AY(jj'Np)= E (jmj'm' |\ ) &t s @7)
AGj" N ) =[AT G AT, (28)

B (ji'Nw)= 2 (= 1) jmj m [N ) et
mm’ (29)

and the quantities f( ) are the reduced single-particle matrix
elements of the operator i*R,\(r)Y, “(Q)

The RPA phonon creation operator is taken as a super-
position of the operators (27) and (28):

1 .
Q=3 2 ? {5 A*(i' N

== 1)*-"¢¢;,A(jj'x—m}, (30)

where zp and <p j are the forward and backward RPA am-
phtudes, respectwely The energy of the phonons w,; and the
amplitudes w ” and (p ;jr are obtained by solving the RPA
equations. The general form of the equations in the case of a
separable interaction is given in Refs. 2 and 3.

The operator Py,(7) [see Eqs. (22) and (26)] can be
rewritten in terms of the phonon operators (30) and the op-
erators (29) as follows:
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.1 ) ) ) )
P;'“(T)=)\{5 2 l(L(M).’.M(M))Q;m_(L(M)_M(M))
1]

X(=DMHQy_ = 2(— 1) #

XE @5?}2B+(jljzx—u)], (31)
where
L(M)_E LY=2 2 fjvi 800 (32)
T Jia
MOV M-S S . 6
M) — pN)
05, =Fii, iV (34
and
O _ i
gllllz %\1]2 (Pf:fz’

i) — _
Wids 1112 ‘sz (35)

A similar form could be found for the operators M ,u( T)
and SL (7). 218 For the multipole—multipole operators we
obtain

111 ;
My, ()= < [5 2 ROD(QF A+ (=140, _ )

+2 5,1,2B(Juz>»u)] (36)
where
) — (N) A) L (—1)
R™ Er RT 2 11]2011]2 (37)
J1J2
and
£X) = 0 (=1 (38)

J1J2 1112 J1Ja

Taking into account these equations, the terms in the
general model Hamiltonian (16) responsible for the interac-
tion of quasiparticles and phonons acquire the following
form:

> e

N T

qu—ph= %i (- 1))‘_”'
+IMPN) 0N+ (- MR

— Qx-,u-]j; TG%J)ZB(J 1jah— 1)

1 :
=5 AL+ (DM )

X 2 4 5?}23(11]2)\ u)+He. (39)

where
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’ 2 ; . .
Ai) _ A A\ A
_Z,M .Cg. ')—-GE, )L(T ')+G£,);,)L(_.',) .
2 M) = M) gD 4 (M) g (i)
2 =G,VM +anM_,r .
i

2 , ; .
‘/27 RO = (k-4 kP)RO-+ (D — (M)ROD.
Ai
(40)

The quantities %,; (Ref. 3) are calculated at the RPA level,
using the normalization condition for the forward and back-
ward amplitudes:

1 . .
= hEn ()2~ (e} =1 (41)
Introducing the notation
\)
7w 5 R J1)2 - 5 o g
0= S o 0~ (2
1
=M, 42)

Eq. (39) finally takes the form

LSS S L

H —ph ™
w-p 2V2 i T Jih

X(j1ia M) Q@+ (— 1A 5g(7)
X(J1JaAD)Or— wilB(jjoh —u)+He.}. (43)

The influence of the particle—particle channel is
switched off if the terms £ and MMM are equal to zero. In
that case, the interaction between quasiparticles and phonons
of Eq. (43) takes the well-known form for the particle~hole
channel taken alone.>'

The matrix element H,, ,, [see Eq. (43)] between a
one- and a two-phonon state has the form

Aqi o + +
S)\?l_i;("l) =<QJMiIqu—ph| QxluliIQx2y2i2>

| A
=—— XK T T
V2 2 J1i2js
L J NN
x| (=it T
J3 J2 1
ANqiy iy s s ogs
X[(lejswj:;jz%('r (]1.]2‘]1)
Api]  Aqi =Y/ s s g
+ ‘»[/jll;; ¢j32;22‘%(1' )(.]1.]2]1)]
L AT N
+(_1)11+12+>\1 . . .
Jz J2 J1
i Noi N .
X[‘/’;lj3‘l/j:j:%(r Y(jriah i)

ko Ngi Cy
+‘P§1j3<Pj32;22%AT+)(]112)\111)]
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L Ao A J
+(—1)1t2 Ay ) ‘
J3 J2 N1
Aqi i bl PR .
X[‘lel;;“’;;jz%(r Y(j1jahaia)
k i - - -
"01'11;31 i:i2%<r+)(11]2}\2'2)]]- (44)

where the quantities in curly brackets are the 6 symbols.?

If £?=0 and M*’=0 (ie., the particle—particle
channel is switched off), the quantity %™ reduces to the
expression

FB W 1jaN) =F ik D) = £ 087 25 2

and Si;::;(.l i) becomes®

) . 1
Adpe gy — AL pay— (YA HA -
Skziz(‘h)_U AJi)=(-) (2N,

Aip
+1)2(2N,+1)12
2
x2 2 ™ f?'h. [)\l "2 }\}
T a3 M2 gy Js 2

i Ny N ghi)
X(‘/,-;\Sjll/lfzj3+ ]3-’l¢ )

JaJ3
1
+ Jiia { A Ay A }
NS O 2O PR
Ni Ny i gNaiy
X (55815 Vinis Ui5)
+ f;‘ljz )\1 )\'2 A (¢)}1f1¢)‘2i2
[y)\l j2 j] j3 J3jy Vs

Niig g
i Vi) (45)

which is the matrix coupling states differing by one phonon
in the case when only the particle—hole channel is switched
on.

UTables IV and VII contain the energies and the structure of the excited-
state wave function for two cases—with and without the three-phonon
components in the basis.
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