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The structure of the low-lying levels in N=85 nuclei is discussed in the framework of the
cluster-phonon coupling model. Excitation energies, one body reaction amplitudes, dipole

and quadrupole moments, and B(M 1) and B(E2) values are calculated and compared with

the available experimental data.

NUCLEAR STRUCTURE ' Ce, ' 'Nd, ' Sm, and ' Gd; calculated

energy levels, S, Q, p, 8(E2), and B(M I). Cluster-phonon coupling

model.

I. INTRODUCTION

There is abundant experimental evidence for a
phase transition, from spherical to permanently de-
formed nuclei, in the mass region of 2 =150. It can
be found in the evolution of: (i) the low energy
specta, (ii) the B(E2) values, (iii) the giant dipole
resonances, and (iv) the binding energies B2„,of the
nuclei in question. ' As a consequence, the nuclei
with a few valence neutrons above the ¹=82 major
shell should exhibit a very rich variety of nuclear
phenomena due to the interplay of fundamental
modes of motion, i.e., the single particle excitations,
vibrations, and rotations. Such a situation is very
appropriate for exploring different coupling be-

tween the elementary modes of excitations and
several zeroth order symmetries.

The recent calculations, performed within the
cluster-vibrator model (CVM), by Heyde et al. and

by Vanden-Berghe, clearly show that the coex-
istence of a spherical shell model with quadrupole
and octupole vibrations is the dominant ingredient
in creating the properties of nuclei with ¹=83and
¹=84.The aim of the present study is to analyze
to which extent the same coupling scheme might be
applied to ¹=85nuclei.

The CVM is a semiphenomenological model
based on the assumption that the low-lying nuclear
states can be described in terms of a cluster of
valence fermions (particles or quasiparticles) and a
quadrupole and/or an octupole vibrational field.
The residual interactions among the particles is usu-

ally approximated by a pairing force and all other
correlations are averaged and included into the
model through an effective vibrator, effective
charges, and renormalized single-particle energies.
This framework has been extensively used ever since
it was suggested by Bohr and Mottelson and ex-
tended and developed by Raz, Alaga, and Kiss-
linger and Sorensen.

During the last few years several experimental
studies of %=85 isotones have been performed,
which provide data on the spectra, electromagnetic
properties, and high-spin states. ' However, the
experimental information for these nuclei is far
from complete, even for the low-lying states.
Most of the existing data for the low-energy spectra
and one particle spectroscopic strengths for ' Ce,

Nd, ' Sm, and ' Gd nuclei are shown in Fig. 1.
When the present work was initiated the theoreti-

cal studies of the ¹ 85 nuclei were also quite lim-
ited. The only calculations available in the litera-
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FIG. 1. The experimental energy spectra and the (d,p) stripping strengths for %=85 nuclei (Refs. 8 —15).

ture were those of: (i) Kiss1inger and Sorensen,
who described a few properites of ' Nd and ' Sm
nuclei by means of the quasiparticle-core coupling
model; and (ii) Garret et al. , ' who interpreted
several low lying collective states and the high spin
band structure in the ' Sm nucleus by coupling the
(2f7/2) cluster to a harmonic quadrupole vibrator.

The present calculations include more correla-
tions than the above mentioned theoretical studies.
With respect to the first one, we include explicitly:
(a) the Pauli principle in the valence shell, (b) the
anharmonic structure of the neighboring doubly-
even nuclei, and (c) the effect of broken and pro-
moted pairs. %ith respect to the second, we consid-
er the interplay of the vibrational field with all
three-particle clusters built up from the single parti-
cle orbits in the %=82 major shell, and not only
with the (2f7~2) cluster. In other words, although
we employ the same dynamics (Alaga model) as
Garret et al., ' our wave functions will be more
correlated since we use a more complete kinematics.

%'hile the present work was in progress, three dif-
ferent studies of the %=85 nuclei, in the frame-
work of the CVM model, were published. ' ' '
However, in all these works attention was paid only
to isolated aspects of the nuclei in question, namely
to: (1) energy spectra in ' Sm (Ref 13), (2) .B(E2)
values in ' Sm (Ref. 14), and (3) the ' Ce(d,p) re-

action (Ref. 17).
It is worth noting that all medium and heavy nu-

clei with one open shell and three valence particles
or holes have been extensively analyzed, so far,
within the Alaga model, ' with the exception of
the X=SS nuclei.

II. FORMALISM

A detailed description of the CVM can be found
in the literature. ' Here, only the main formulas
mill be given in order to establish the notation. The
total Hamiltonian is
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II =Ho+H-s+II

where Ho represents the energy of the unperturbed
system consisting of quadrupole and octupole vibra-
tional fields and valence neutrons in a central field.

I

The residual interaction energy among the neutrons
in the shell-model cluster, H„„only includes ex-
plicitly the pairing force. The interaction energy
between the p-particle cluster and the vibrational
fields is given by the expression

3
A b~g++( —1) "bi„" g k (r, )Yi„(P;8;), (2)

where Pi are the deformation parameters and all
other symbols have the standard meaning. The
deformation parameter P2 is related to coupling
strength a, used in the previous calculations, '

by a =(E&P~/v 2(hr.
The Hamiltonian (1) is diagonalized in the basis

I (jij~)J» R 'I
& =

l

&»'I &

for the N= 84 nuclei (p =2) and in the basis

I (I1J2)J»,j sJ,R;I &
=

I &,;I&—

for the N=85 nuclei (p =3). Here the symbol R
stands for the quantum numbers IN2Rq, NiR3 R I,
where Ni is the number of A,-pole phonons of angu-
lar momentum Rx and R=R~+R3. In the case of
(j ) J configuration with j & —,, an additional quan-

turn number is introduced. The corresponding
wave functions read

and

~I &= gq, (X, ;I )~X, ;I&
Ix2I

where the subindices m and n distinguish between
states of same angular momentum.

The parentage coefficient, which measures to
which extent the nuclear state

~
I„& can be built up

by adding a nucleon in the single particle state lj to
the core state

~

I &, is given by

8(jl,I,I„)= (I„~
~

aij+
~ ~

I~ &(2I„+1)

(2I~+1)'"&(JiJ2)Ji2jiJ
I

Iaido'

I
I(J'iJz)Ji2&

j Ji2 J
l2+2~Im ) 93(~31In +RR'

n m
(3)

The quantities 8(l&,I~;I„)satisfy the sum rule

~
8(lj,I;I„)

~

=3 . (4)

' 1/2
3M(M l,p) = giiRq+giL„+g, Sp px,

4m

(7)
The spectroscopic factor for a stripping process,

i.e, for forming the state
~

I„& by transferring a par-
ticle to the orbital Ij of the target state

~
0, &, reads

S(jl,I„)=
~

8(jl,Oi,I„)
~

(5)

M(E2, IJ, )= e„' g r( Y2„(p;,8;)

The electric quadrupole and magnetic-dipole
operators consist of a particle and a collective part

where e„' is the effective neutron charge,
e„' =ZeP2/v 5 is the effective vibrator charge, and

gg, gI, and g, are, respectively, the collective, orbi-
tal, and spin gyromagnetic ratios.

III. CALCULATIONS

Our starting point in the choice of model param-
eters were the experimental and theoretical studies
performed so far on %=82, N=-83, and %=84 nu-
clei. ' ' ' Namely, we took:

(i) the centroid energies, measured in the
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Sm(d, p) reaction study as the single particle en-

ergies e(j);
(ii) the effective quadrupole phonon energy fico2

used in the calculation of N =84 nuclei;
(iii) the excitation energy of the 3, state in ' Nd

(Ref. 42) for the effective octupole phonon energy

ACO3,
'

(iv) the quadrupole deformation parameter Pq
measured in the (' 0,' 0') reaction on ' Nd (Ref.
42) and adopted by Nuclear Data Sheets

(v) the octupole deformation parameter P3 from

the (a,a') experiment on ' Nd (Ref. 44); and
(vi) the usual pairing strength (6=24/A) for the

pairing interaction. The numerical values for the
parameters selected in this way are listed in the first
column of Table I (parametrization I}.

The radial matrix elements (j2
~
k(r)

~ j& } and
(j2

~

r
~ j~ ) were calculated numerically using the

wave functions obtained from the Woods-Saxon po-
tential and their values are displayed in Table II.

The size of the configuration space was fixed by
the conditions

4.5 MeV for J,2+0ej(I)+e(J2)+%2' 2+%3' 3& ' G4.5 MeV+ —(2j~+1) for J~2 ——0
2

(8a)

and

3.5 MeV for J&2+06(j ] ) +e(j2 ) +e(j 3 }+%2fico2+X3fK03&, G3.5 MeV+ —(2j~ + 1) for J~2 ——0
2

(8b)

for %=84 and %=85 nuclei, respectively The.
number of phonons in both cases was %2 &3 and
X3 & 1. In this way we still have reasonable dimen-
sions for the energy matrices while retaining the
most important basic states.

The electromagnetic properties were evaluated
with the usual values of the electromagnetic electric

charge and the effective gyromagnetic ratios, name-
ly:

PZeff
O 5 =3.1e ~

gg ——Z/A =0.41; g( ——0; gg' ——0.5'"'———1.91.

TABLE I. Model parameters used in the present calculation and chosen as explained in the
text.

IV

e(2f 7') (MeV)
e{1h9/p) (MeV)
e(3p3/2) {MeV)
e(3p~/2) (MeV)
e(2f5~2) (MeV)
e( ii/3/2) {MeV)
Aco2 (MeV)

fico3 (MeV)

3

G (pairing) (MeV)

0.00
1.37
1.07
1.88
1.94
1.49
1.20
0.115
2.08
0.14
0.15

0.00
1.37
1.07
1.88
1.94
1.49
1.20
0.115
2.08
0.14
0.10

0.00
0.50
1.50
1.30
0.90
0.70
1.20
0.115
2.08
0.14
0.10

0.00
0.50
2.00
1.30
0.90
0.70
1.20
0.10
2.08
0.14
0.10
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TABLE II. Matrix elements of the radial form factors k(r)= —r(dV/dr) and r . A
Woods-Saxon single-particle potential was used with parameters Vp ——49.4 MeV, Rp ——1.25
2' 'fm (A =145) Op=0.59 fm and Aso =30MeV.

&2I2j2

(n2lgz I
k(r)

I
n, l,j, )

(MeV)

(n, l,j2 I

r'
I

n iii ji )
(fm2)

lh—9
2

3
3p 2

2f—5

. 13li—
2

2f 7

2

lh—9
2
3

3p 2

2f
. 13li—

2

1A—9
2

2f
. 13

1l
2
33p—
2
13p—
2

2f—,

2f—,
5

13p—
2

. 13li—
2

. 13li—
2

55.9

44.8

50.9

56.1

58.9

52.4

47.2

61.3

50.0

50.1

50.2

56.6

50.9

61.0

74.2

31.1

15.9

29.4

31.5

. 28.8

18.3

35.7

29.9

32.6

31.2

34.8

III. RESULTS AND DISCUSSION

A. Energy spectra
and spectroscopic amplitudes

The measured spectra for ' Ce (Refs. 8 and 11),
Nd (Refs. 9 and 10), ' Sm (Refs. 12—14), and

'~9Gd (Ref. 15), together with the one-particle (d,p)
spectroscopic strengths for ' Ce (Ref. 47) and

Nd (Ref. 48) nuclei are shown in Fig. 1.
From the energy splittings of the —.. . —.. . and

states one is led to the conclusion that the
anharmonicity effects decrease in going from ' 3Ce

(Z=58) to ' Gd (Z=64), i.e., in approaching the
transitional region. This somewhat surprising fact
is consistent, however, with the variation of the first
excited 2+ states in N=82 nuclei and suggests the
existence of an unusually large energy gap at
Z=64, between the proton g7~2 and d5~2 orbitals
and the h „„state.""

Initially, the calculations were performed with
constant values for the radial matrix elements

[(k (r) ) =50 MeV and (r ) = —,(1.2A '~ ) fm j and

only quadrupole phonons were considered. These

calculations yielded a reasonable description for
most of the properties of the %=85 isotones (energy
spectra, electromagnetic transitions and moments,

7 3
the parentage coefficients of the —,, and —, reso-

nances in ' Nd, the spectroscopic factors of the
low-lying triplet —, , —.. . and —, in ' Ce and

Nd, and the pickup spectroscopic amplitudes in
'"Sm).

Moreover, it was easy to understand the variation
of the energy spectra, i.e., the increase in the energy

3 — 5 7
splittings between the —.. . —,, and —,, states, in

going from ' Ce to ' Gd. This could be done ei-
ther by smoothly diminishing the anharmonicity ef-
fects generated by the CVM (decreasing the defor-
mation parameter Pz and/or increasing the phonon
energy fico2), or by smoothly increasing the pairing
strength G.

By optimizing the collective parameters %co~ and

P~ and the pairing strength G it was not possible to
account for the distribution of the spectroscopic
strengths seen experimentally in ' Ce and ' Nd
nuclei, in the energy region between 0.6 and 1.5
MeV. Van der Berghe and Paar' faced the same
problem in their study of the ' Ce(d,p)' Ce reac-
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tion. The parametrization employed by them is
close to our parametrization I, and their configura-
tion space is also similar to the one used by us.
(Our single-particle energies are all about 200 keV
different from those employed in Ref. 17, but, qual-
itatively, this difference is not important at all. ) To
a certain extent, they were able to surmount this
difficulty by including higher multiplet states (but a
smaller number of single-particle states).

We have attacked the problem differently, and
tried some additional correlations which are not
usually considered in the three-particle-cluster
model (Alaga model), but which might, in principle,
play an important role in the description of low-

lying states. Explicitly, (i) instead of using constant
values for the form factors (k(r)) and (r ), we
have employed those given in Table II, which were
obtained from the Woods-Saxon potential; (ii) in ad-
dition to the quadrupole phonons, we have also in-
cluded an octupole phonon; and (iii) the pairing
force was substituted by the surface delta interac-
tion. It turned out that none of these effects was
able to lower the states with spin and parity —,

, and —, and with large spectroscopic factors
into the energy region where they have been ob-
served experimentally. In view of this situation, a
thorough study of the spectroscopic factors as a
function of the model parameters was done. A few
relevant results are discussed below.

Although the properties of the low-lying states do
not become qualitatively altered by the above men-

tioned correlations, we prefer to present the final re-
sults with modifications (i) and (ii) included. On
the other hand, modification (iii) was left out owing
to the fact that the numerical calculation of the
residual interaction between broken pairs (Jiz+0)
was rather time consuming. It is worth noticing
that the single-particle energies when evaluated with

the Woods-Saxon potential are all about 0.5 to 1.0
MeV higher than those taken from the experiment
and used in the present calculations.

In Fig. 2 the calculated energy spectra and the
one particle transfer strengths are shown. The ener-

Nd are fairly well reproduced by the calculations
with parametrization I [Fig. 2(a)]. The wave func-
tions of these states, are of a rather mixed charac-

7 3
ter. The states —,, and —, are based, in zeroth or-
der approximation, on the zero phonon clusters

I I(f7n)'I J= ) a"d
I I(f7')'pp3nI J=

respectively. The remaining states exhibit a pro-
nounced collective character, with the dominant

components

and

The relative position of this group of levels is main-

ly governed by the pairing force, which lowers the
seniority one states, and by the quadrupole vibra-
tional field, which strongly pushes down the —,,5
and —, states. The mechanisms which bring these2

7
two states close to the —, state are different. The2 i
lowering of the —, state mainly arises because of
the single-particle cluster

I I (f7/g) p,p3/Q IJ= —, )
lying close the zeroth order component

I (f7/p ) i 12 i ) . In the second case the origin of
the effect stems from the Pauli principle through
the recoupling

7 7—2
2 2

J 22

which is positive for J= —, and negative for all oth-

er values of J.
The energy ordering —.. . —.. . —.. . exhibited by

the lowest states in ' Ce, can be accounted for in
the calculation either by increasing the deformation
or by diminishing the pairing interaction. The last
possibility is illustrated by Fig. 2(b), where we used
a pairing strenght of 0.1 MeV instead of 0.15 MeV
(parametrization II). The remaining states are in-
fluenced by this change in parametrization only
very weakly.

In Ref. 47 an additional low lying I =1 state (at

p.p56 MeV) in '~~Ce was reported. Within the

framework of the model employed here it is not

possible to obtain such a state. It should be men-

tioned, however, that the experimental evidences for
the existence of this level are very weak. " In addi-

tion, in the energy region between 0.5 and 1 MeV,
of the experimentally known six or seven levels in
'~ Ce '" Nd, and ' Sm, the theory is able to ac-

count only for three or four states. The remaining

levels probably arise from the 1 hole-4 particle clus-

ters, involving si/p d3/g ', and h»/z
' neutron

holes.
Among the calculated spectroscopic factors of

7
the low-lying triplet, only that of the —,, agrees

with the measured values in ' Ce and ' Nd. The
concordance between the theory and experiment for
the remaining two states is only qualitative.

In the energy region between 0.6 and 1.5 MeV



STRUCTURE OF N=85 NUCLEI WITHIN THE. . . 2065

1.5—

SJ

MO 5/2
15/2

Q.01 5/2
M4 7/2-
O.OO ~ 9/2-

SJ

5/2

15/2"
M1 5/2
033 X j 7/2

0.00 9/2-

0.03 5/2
0.00 ~~5
0.07 1/2
0.06 7/2

15/2

SJ
3/2
7l2

13/2
5/2
3/2
7/2
9/2
5/2
7/2

1' /2
'/2

1/2

0.05

0.32 9/2
0.24 5/2
O.

'OS ~ 9/2-
0.18 1/2-

0.14 3/2
0.28 1/2-
0.02~ 9/2

15/2

~ 1.0—
V
X 0,00

0.33

9/2-

3/2

0.00 9/2

0.36 X J 3/2-

0.30

0.07

3/2

9/2-

0.35

0.01

0.45

5/2
9/2-

9/2

x
C)
I

I-
M
LU

0.5—

11/2

11/2
11/2

0.00 5/2

0.02

3/2

5/2

0.15 3/2

pp 052 ~ 7/2

a)

0.00
0.50

0.11

b)

5/2-
7/2-

3/2

0.01

0.1 0
0.50

5/2

3/2
7/2 0.57 7/2

FIG. 2. The calculated energy levels and reaction strengths for the negative-parity states in 1V=85 nuclei. The spec-
ta (a), (1), (c), and {d) correspond to parametrizations I, II, III, and IV, respectively.

most of the reaction strength, observed experimen-
tally in ' Ce and ' Nd nuclei, is missed in the
theoretical description when we use the parameters
extracted from the experimental data (parametriza-
tion I or II); only the spectroscopic factor of the
3

state is reasonably well reproduced by theory 1n

this energy region [see Figs. 2(a) and (b)]. The most

pronounced discrepancy between the theory and the
experimental data appears in the energy distribution
of the l =5 strength; experimentally, two —, states
with large spectroscopic factors and with energy ex-
citation below 1.5 MeV in both ' Ce and ' Nd nu-

clei have been reported, while the lowest calculated
—, state with large spectroscopic strength lies at 2.1

MeV.
From the study of several different parametriza-

tions it was possible to conclude that the lowering
in energy of the I =5 strength within the configura-

tion space given by condition (8) could be achieved
only by diminishing the single particle energy of the
A 9/Q state with a simultaneous increase of the ener-

gy of the orbital p3/2 Moreover, it was necessary
to lower the single-particle energies at the p1&q and

fs/2 states in order to transfer a reasonable amount
of the spectroscopic strength into the states —, and

5
2

, respectively. One of the calculations which
reproduces the measured energy spectra and the
spectroscopic factors in ' Ce and ' Nd nuclei fair-
ly well is that performed with parametrization III.
The corresponding results are displayed in Fig. 2(c).
The results obtained with parametrization IV
[which are shown in Fig. 2(d)], illustrate: (i) to
which extent the distribution of the l =5 strength
depends on the position of the p3/2 orbital, and (ii)
in what manner the energy splittings between the

3 — 5 7
—.. . —.. . and —, , levels are increased, when the de-
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formation parameter P2 decreases.
The experimental results for the spectroscopic

factors S(l) measured through the ' 7Sm(d, p) reac-
tion by Oelert et al. ' are compared in Table III
with the calculation obtained with parametrization
I. The agreement is quite reasonable for the 0~+,

4~, and 6~+ states, while the experimental spectro-
scopic factors for the first two 2+ states are poorly
reproduced by the theory.

By the inelastic proton scattering through analog
resonances it is possible to measure both the magni-
tude and the sign of the neutron parentage coeffi-
cients 8(lj,I~,I„). Such an experiment was per-
formed recently by Foster" on the —,, and —,

resonances in ' Nd. His results, together with our
calculated values within parametrization I, are
shown in Table IV, with the overall agreement quite
satisfactory.

B. Electromagnetic properties

We limit our attention here to the low-lying
7 — 5 — 3 — 11 3

states 2] 2] 2~ 2 ~
and 22 ' as the wave

functions of these levels are rather stable against a
relatively small variation of model parameters. The
matrix elements of the electromagnetic operators
M(E2) and M(M1) were evaluated with the wave
functions calculated with parametrization I. The
main component of these wave functions are listed
in Table V. The calculated moments and transition
probabilities are compared with the experimental
data ' ' ' in Table VI.

When only the first order effects are included,
which involves the emission or absorption of a vir-
tual phonon and its interaction with the electromag-

netic field, the quadrupole moment for a predom-
inantly particle state is enhanced and given by the
expression53

Q(J) =Q, (J)e'(J), (10)

where Q, (J) is the bare quadrupole moment of the
cluster and

e' (J)=e„' +rf eff 3p2 Ro ze (J [ ~
kr2

~ (
J )

107TANQ (J
/ [

r2I
[ ] J)

Within parametrization I and radial matrix ele-
ments from Table II one has e' (J)=5.01e and
e' (J)=4 84e . for the clusters I(f7/z) IJ3 5 7 11 2 3

and I(f7/2) Op3/2IJ = —,, respective-
ly. Given below are the zeroth order approxima-
tions for the low-lying states in question and the
corresponding quadrupole moments as obtained
from the relation (10)

2, :
I I(f7/&)'4 00'

~ & Q = —o 3«b
:i I(f7/2) ) 2

00'2 ) Q= —0.98 eb

:
I t(f7/2)'h 00'

~ & Q =0 64 e b

:
i I(f ) I —,,00;—,), Q= —0 11 b,

:~ I(f7/2) Op3/2t 00 2 ~ Q

Comparing these quadrupole moments with the re-
sults of the exact calculations shown in Table VI,
one can see that the estimate (10) reproduces

7
correctly only the quadrupole moment of the —,

state. For the remaining states the higher order ef-
fects are quite important in establishing the magni-
tude of the corresponding quadrupole moments.

TABLE III. Comparsion of experimental and theoretical excitation energies and spectro-
scopic factors S(l) in ' Sm. The calculation was performed with parametrization I and the
experimental data are from the work of Oelert et al. (Ref. 51). We abbreviate
$(lj =1+ ,I 7/2, ):(0(lj —=1+ ,I,——)

~

as S—(j=1+—) and define S(1) as S(j =1——)

+ S(i =l+ —, ).

I E p (MeV) E,h (MeV) l S(l)ezP S(i =l
2 th S(i =l+

2 )th S(l)th

0+
2+

4+

22'

6+

0
0.75

1.38

1.65

1.81

0
0.72

1.24

1.52

1.60

0.56
0.05
0.14

0.62
0.14
0.01
0.82

0.00
0.00
0.00

0.00
0.00

0.52
0.02
0.04
0.07
0.48
0.01
0.14
0.60

0.52
0.02
0.04
0.07
0.48
0.01
0.14
0.60
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In zeroth order all the E2 transitions among the
above mentioned states are of the particle type
N =0, hN =0. By including first order induced
collective contributions, the transition moment
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where ez and eJ are the energies of the cluster in
l

the initial and final state, respectively. As in the
present case this effective charge is large (=5e), it is
easy to understand, at least qualitatively, the
enhancement of the
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values. Within the same approximation the
5 — 3 3 — 3

and —,,
—+ —, E2 transitions are forbid-

den and the calculated results for these transitions,
shown in Table VI, arise from the higher order ef-
fects. Also in the case of the —,, ~—, transition,
the higher order effects are essential in generating a
relatively small B(E2) value.

In the zeroth order only the spin part of the
M(M 1) operator contributes to the magnetic dipole
moment with the following values:

RS
p( — ) =—=—0.955 plv2 i 2

p( —, )=(—, )
~ —= —0.616 plv

5 — 5 ]yp SS
2] 12

p( —, )=(—„)i —= —0.330 pN,
3 — 5 ]/p Rs

p( —, )=—=—0.955 p~ .

After including the cluster-field interaction the
magnetic moments turn out to be the following:
p, ( —,, )= —0.897 pN, p, ( —,, )= —0.586 p~,
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TABLE V. Calculated wave functions for the low-lying states of the %=85 nudei. Each
state is denoted by its spin, parity, and order of appearance. The parameters used are given in
the first column of Table I. Only those amplitudes that contribute more than 4% are listed.

) &= —o 341((f—,)'j —,;oo& —o 3o
I I(f—,)'o,p —, j —,;oo&

+0.28
i I(f—, )'2 p —, j —,;00) +0.26

[ I(f—,)'j —,;12)
—0.20

( I (f }~4,p—j —;—12)+0.43
f t(f—)'j —,;12)

f( —, )2) = —0.48
[ f(f—) O,p-

+0.31
~ I (f , )~o,p-—

+0.27
~
[(f )2,p ——

+0.24
~ j(f—, )'2,p —,

j —,';oo) —o.3o
i

j —;12)—0.28
i

j —;12)+0.20
~

j —;12)—0.21
i

I (f—, )'2,p —
j —,;00)

I (f—,)' j —,;24)

~ (2 )i) = —0.25
~ I(f—) 2,p —

j —;12)+0.48
i I(f—)'j —;00)

—0.20
~
I(f )4,p j —;—00)+0—.20

~
I(f—)'j —;20)

+0.47
~ I(f—, )'j —,;12)+0.21

~
I(f—, )'6 p —, j —,;12)

~

( —, )))= —0.29
( I(f , )'j —,;12—)+0.60

~
I(f—,)'j —,;00)

—0.30/ t(f—)'j —,;12&

~

( —, )))=0.49
~ I(f—,)'j —,;12)—0.47

~
I(f—,)'j —,;00)

+0.24
~ I (f , )26 p —, j ——;00)+0.27

~ I(f—, )3}—,;12)

p( — ) =0 610 p. N, p( —, , )= —1.223 p~, and

(u( —, ) = —0.707 pN. The difference between these

last values and those listed in Table VI stems from
the collective part of the M(M 1) operator.

7 — 5 5 — 3
The 2 ] 21 d 21 2] Ml transitions are

of the type (j )J~(j )J&~ and, therefore, exactly
forbidden. On the other hand, the —, ~—, and
3 — 3

21 22
M 1 transitions a:e I forbidden. Owing

to the incoherence of the higher order effects these
shell-model features are conserved in the exact cal-
culation. The last transition arises mainly from the
admixture of the

~ I(f7/2) Op3/2} —,,00;—, & configu-
3 3

ration in the wave functions of the —,, and —,

states. VA'th the above mentioned selection rules

operating, the collective contributions, although
small, are quite significant. In such a situation
some additional higher order effects, for example,
velocity dependent potentials, might also be im-
portant.

The overall agreement between the theory and ex-
periment for the electromagnetic properties is satis-
factory (see Table VI), although we have no free
parameters in order to fit the data (parametrization
I). The calculations of the electromagnetic proper-
ties performed with the remaining three parametri-

zations, shown in Table I, yield quite similar results;
owing to this fact, we do not present the
corresponding results.

IV. SUMMARY AND CONCLUSIONS

The properties of %=85 nuclei were calculated
within the framework of the three-particle cluster-
phonon coupling model. A11 available data on the
low-lying states in ' Ce, ' Nd, ' Sm, and ' Gd
nuclei were examined. With the parameters extract-
ed in a simple way directly from experiment
(parametrization I) it was possible to give a reason-
able description of the electric and magnetic mo-

ments, the 8 (E2) and 8 (M 1) values, and the spec-
troscopic amplitudes of the low

11 3
, and —, states. The energy spectra of the

above mentioned nuclei, and, in particular, the ener-

gy splittings between the states of the triplet —,
5 — 3 2j

are also easy to understand within the

CVM.
In order to account for the one-particle spectro-

scopic strengths in the energy region between 0.6
and 1.5 MeV, which were measured in ' Ce and

Nd, it was necessary to significantly modify the
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TABLE VI. Comparison of the calculated electromagnetic observables ~ith the available

experimental information for N=85 nuclei. The magnetic dipole and electric quadrupole mo-

ments are in units of p~ and e b, respectively. The B(E2) and B(M1) values are in units of
(e b) and pz, respectively.

145Nd 147Sm

Experiment

Q( —,, )

Q(-, , )

Q( —, , )

Q(-, , )

J(21 )

p( —,, )
5

p( —,, )

p( —, , )
11

p( —,, )

B(E2' — —+ — )
7 5

'21 21
B(E2'— —+— ). 7 3

21 21
B(E2'— —+—)

7 11

21 21
B(E2'— ~— ). 7 3

'21 21
B(E2'— —+— )

5 3

21 21

B(E2;— ~— )
5 3

21 21
B(E2' — ~— ). 3 3

B(M 1' — —+—7 5

21 21

B(M1~ -'
21 21

B(M 1;— —+— )
5 — 3—
21 22

B(M1 — —+— )'21 22

'Reference 9.
bReference 12.
'Reference 14.

Reference 52.

—0.25'

—0.654+0.004'

—0.18'

—0.31+0.12

—0.813

—0.45b

—0.30+0.10b

0.093+0.011'

0.051+0.004'

0.191+0.007'

0.019+0.005'

0.010~

0.001~

—0.36

—0.20

0.32

—0.41

—0.30

—0.794

—0.506

—0.698

—0.822

—0.658

0.112

0.071

0.186

0.003

0.070

0.051

0.032

0.016

0.008

0.013

0.047

"experimental" single-particle energies. We believe
that this difference is a consequence of the trunca-
tion of the configuration space which we were
forced to introduce due to practical reasons (i.e., to
keep the maximum dimensions of the energy ma-
trices within our computational possibilities). The
work of Vanden Berghe and Paar' also supports
this assumption. For the same reason, we have res-
tricted the discussion to the low-lying negative pari-

ty states. One possible way to overcome the prob-
lem could be to extend the shell-model method of
Liotta et al. ' to the particle phonon model.
Their formalism allows for drastic truncations in
the configuration space, still giving states very close
to the exact ones.

There is, evidently, considerable scope for more
experimental work and theoretical analysis of the
1V=85 nuclei.
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