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Possible solution of the Coriolis attenuation problem

Pavlos Protopapas* and Abraham Klein†

Department of Physics, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6396
~Received 5 November 1996!

The most consistently useful simple model for the study of odd deformed nuclei, the particle-rotor model
~strong-coupling limit of the core-particle coupling model! has nevertheless been beset by a long-standing
problem: It is necessary in many cases to introduce anad hocparameter that reduces the size of the Coriolis
interaction coupling the collective and single-particle motions. Of the numerous suggestions put forward for
the origin of this supplementary interaction, none of those actually tested by calculations has been accepted as
the solution of the problem. In this paper we seek a solution for the difficulty within the framework of a general
formalism that starts from the spherical shell model and is capable of treating an arbitrary linear combination
of multipole and pairing forces. With the restriction of the interaction to the familiar sum of a quadrupole
multipole force and a monopole pairing force, we have previously studied a semimicroscopic version of the
formalism whose framework is nevertheless more comprehensive than any previously applied to the problem.
We obtained solutions for low-lying bands of several strongly deformed odd rare-earth nuclei and found good
agreement with experiment, except for an exaggerated staggering of levels forK5

1
2 bands, which can be

understood as a manifestation of the Coriolis attenuation problem. We argue that within the formalism utilized,
the only way to improve the physics is to add interactions to the model Hamiltonian. We verify that by adding
a magnetic dipole interaction of essentially fixed strength, we can fit theK5

1
2 bands without destroying the

agreement with other bands. In addition we show that our solution also fits163Er, a classic test case of Coriolis
attenuation that we had not previously studied.@S0556-2813~97!04804-8#

PACS number~s!: 21.60.Ev, 21.10.Re, 21.30.Fe, 21.60.Cs
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I. INTRODUCTION

In this paper we propose a solution to a long-stand
conundrum in the theoretical description of the properties
low-lying bands of deformed odd nuclei within the fram
work of the particle-rotor model@1#. Generally speaking, the
Hamiltonian of this model has the form

H5H rotor1Hparticle. ~1!

Here the first term is a phenomenological operator describ
the included bands of a given even~core! nucleus, assumed
to be a rotor. In the simplest case, it describes only
ground band of an axially symmetric system. The seco
term contains the single-particle energies of and the resi
interactions among the particles that move outside the r
and are assumed to be kinematically independent of the
stituents of this core. When we wish to describe odd nu
that are adjacent to the given core, the simplest assumpti
that it suffices to consider a single extra particle, or if w
include pairing interactions, quasiparticle, outside the co
described in the intrinsic system of the rotor by a set
axially symmetric solutions of the Nilsson-BCS formalism

An important point in favor of this extreme model is th
it contains, in so far as its predictions of energy levels
concerned, essentially no free parameters, since the quas
ticle properties can be determined by fitting bandheads al
and the core Hamiltonian depends to a good approxima
only on the observed moment of inertia of its ground-st
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band. When the angular momentum of the core is replac
according to angular momentum conservation, by the diff
ence between the total angular momentumJ and the particle
angular momentumj , the interaction between particle an
core becomes~omitting BCS occupation factors!

j•J

2I , ~2!

whereI is the moment of inertia of the core.
For many applications, the model as described above d

not predict the observed band structure@2,3# unless one mul-
tiplies the Coriolis interaction by a factorj>0.620.8, thus
giving rise to the name Coriolis attenuation. This means t
the model as described above is too rudimentary, and
there is missing physics. There have been numerous sug
tions concerning the source of this missing physics. We s
not review these suggestions in the form that they are
scribed in the literature@2,3# for at least two reasons. Th
first is that all those that have actually been tested by ca
lations fall short in some respect. The second is that they
all stated within the framework of some extended version
the particle-rotor model. But this model has among its fla
the assumption of the kinematic independence of the par
and rotor variables. This certainly violates the Pauli pr
ciple, the more so if one wishes to allow the particle to ha
access to several major shells~as in the calculations we re
port in the present work!.

Instead we shall approach the subject from the point
view of a theoretical framework that is formally exact an
contains the particle-rotor model as a well-defined limit. W
1810 © 1997 The American Physical Society
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55 1811POSSIBLE SOLUTION OF THE CORIOLIS . . .
claim that for a sufficiently simple Hamiltonian we ca
within this framework, compute accurate solutions for t
low-lying bands of well-deformed odd nuclei. Therefo
with high probability a failure of the theory is to be ascrib
to a missing term in the Hamiltonian. For example, one
the classes of proposed explanation within the particle-ro
framework, that we need more than one particle outside
core, is ruled out in our case by the fact that the exact
malism never involves more than one particle outside a b
of the core, the point being that the inclusion of core exc
tion is taken care of by the inclusion of excited bands of
core. Another explanation of the standard list is that
model in its simplest form omits or treats incorrectly t
so-called recoil term that arises from the same transforma
that yields the Coriolis coupling; the distinction between t
two terms is a consequence of the use of an intrinsic fram
the implementation of the model. But our calculations a
carried in the so-called laboratory system, in a way that
tomatically includes the effects of the recoil term. The la
important class of suggestions and the only one that is co
from the point of view of the theory we utilize is that of
missing interaction. Here, the structure of our equations s
gests an essentially unique choice, at least as far as mul
larity is concerned. Further discussion of this point, the m
jor one made in this paper, is continued below, after so
remarks about the formalism.

The theory of collective motion for odd nuclei that w
shall apply is one that we have recently resuscitated
extended, and that we have rechristened the Kerman-Kl
Dönau-Frauendorf~KKDF! model @4–8#. This model was
introduced by Do¨nau and Frauendorf@9–12,2#, whose work
was in turn stimulated by an application@13# of the theory of
collective motion developed by Kerman and Klein@14–17#.
This theory starts from the spherical shell model with
sidual two-body interactions. A formally exact set of equ
tions is derived thatresemblesthe equations of a particle
core coupling model, but requires even after a suita
restriction on the size of the configuration space, the solu
of a formidable nonlinear problem. In the KKDF model th
problem is linearized by choosing the matrix elements
multipole and pairing operators, that arise from the inter
tion, either phenomenologically or from experiment. If th
can be done for a sufficiently extensive model space, we
be reasonably confident that the corresponding equation
the nonlinear theory have been solved accurately~although
we have no proof of this statement!. The KKDF program can
be carried out at the present time only if the interaction c
sen is sufficiently simple that, in fact, the ‘‘core’’ matri
elements that enter can be determined at least in part f
experiment.

In previous work we have used a conventional Ham
tonian in which the interactions were confined to monop
pairing and quadrupole multipole interactions. Among t
applications made, the simplest have been to the low-ly
bands of several well-deformed odd rare-earth nuclei. T
good approximation the only free parameter was the stren
of the quadrupole interaction. With the important except
to which this paper is devoted, we found good agreem
with the energies and electromagnetic moments~where mea-
sured! of all the lowest-lying bands, provided the calcul
tions were carried out with three major shells for the sing
f
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particle space and with the inclusion of excited bands of
core ~including but not confined tob and g bands!. The
inclusion of the excited core bands was necessary to acc
for odd bands near the top of the energy region conside
approximately 1 MeV.

The only discrepancy found was that our calculations p
dicted, uniformly, an exaggerated staggering of levels
K5 1

2 bands compared to experiment. In a particle-ro
model, it is easy to see from standard formulas@1# that this
discrepancy can be erased by introducing the Coriolis atte
ation factor. As we have argued above, the only fundame
way that is open to us to improve our calculations is to a
an interaction to the Hamiltonian. Such an interaction sho
effectively contribute to our equations a Coriolis-like co
pling that is dynamically independent of the standard o
~the latter hidden in our formalism because we calculate
the laboratory system!. Once we have reached this point
our thinking, it is almost obvious that the choice should b
magnetic dipole interaction, also satisfying our requirem
that the core matrix elements can be measured. In fact, f
the well-known properties of vector operators it follows th
contributions diagonal in both core angular momentum a
particle angular momentum of any dipole interaction are
actly equivalent to a Coriolis interaction. However, the ma
netic dipole interaction can also have off-diagonal eleme
and therefore the equivalence is only approximate.

It may be noted that there is even a simpler way to obt
an additional Coriolis coupling than the one we have chos
and that is to add to the Hamiltonian a term proportional
the square of the angular momentum. We shall verify t
such an interaction can also be used to fit the data. Su
Coriolis coupling term was seen to arise, for example, in
paper@18# showing that a version of the particle-rotor mod
can be derived from the fermion dynamical symmetry mo
~FDSM!. This is not surprising, since the standard Ham
tonian of FDSM indeed contains a term proportional to t
square of the angular momentum operator of that mo
This observation was not followed up.

It is also of interest to remark that in a recent analysis@19#
which sought to identify the most important multipole com
ponents of a shell-model interaction, it was found that m
netic dipole interactions were present. The result was re
sented as a spin-spin interaction and therefore differen
detail from either of the possibilities examined in this wor
Nevertheless this analysis further buttresses our viewpoi

Finally we outline the contents of the body of work th
follows. In Sec. II, we briefly review the basic elements
our theory and incorporate the changes necessary to inc
the new interaction. In Sec. III, we specify how the para
eters of the magnetic dipole interactions were chosen.
results of our calculations are presented in Sec. IV, toge
with a brief description of how the analysis was carried o
where it was deemed necessary to supplement discussio
our earlier papers. In Sec. V we compare some results fo
for the magnetic dipole interaction with a correspondi
analysis in which we simply add to the Hamiltonian a te
proportional to the square of the angular momentum. A b
discussion of our results is given in Sec. VI.

II. THEORY

For the sake of completeness, we start with a brief rev
of the basic elements of our method. We base our consi
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1812 55PAVLOS PROTOPAPAS AND ABRAHAM KLEIN
ations on a shell-model Hamiltonian of the form,

H5(
a

haaa
†aa1

1

4 (
abcd

(
LML

Facdb~L !BLML

† ~a,c!BLML
~d,b!

1
1

4 (
abcd

(
LML

Gabcd~L !ALML

† ~a,b!ALML
~c,d!. ~3!

Here ha @a5( j a ,ma) and a5 j a# are the spherical single
particle energies,BLM is the elementary particle-hole mult
pole operator,

BLML

† ~a,b![ (
mamb

sbCab̄

LMLaa
†ab5@aa

†3ãb#ML

L , ~4!

andALM is the elementary particle-particle multipole oper
tor

ALML

† ~a,b![ (
mamb

Cab
LMLaa

†ab
†5@aa

†3ab
†#ML

L , ~5!

where Cab
LM are the Clebsch-Gordan coefficients a

sa5(2) j a2ma. The coefficientsF are the particle-hole ma
trix elements

Facdb~L ![(
m8s

sgsbCa ḡ

LMLC
db̄

LMLVabgd , ~6!

andG the particle-particle matrix elements

Gabcd~L ![(
m8s

Cab
LMLCgd

LMLVabgd . ~7!

The task is to obtain equations for the states and ener
of the odd nucleus assuming that the properties of neigh
ing even nuclei are known. The states of the odd nucl
~particle numberN) are designated asuJmn& wheren de-
notes all quantum numbers beside the angular momentuJ
and its projectionm. The eigenstates and eigenvalues of
neighboring even nuclei with particle numbers (N61) are
uIMn(N61)& and EIn

N61 , respectively, wheren plays the
same role for even nuclei asn does for the odd nuclei. The
equations of motion are obtained by forming commutat
between the Hamiltonian and single fermion operators, le
ing to

@aa ,H#5haaa1
1

4(
bdg

(
LM

Cag
LMGacbd~L !ag

†ALM~c,d!

1
1

4(
bdg

(
LM

sgCa ḡ
LMFacdb~L !agBLM~d,b!, ~8!

together with its Hermitian conjugate.
The matrix elements of these equations provide exp

sions that determine the single-particle coefficients of fr
tional parentage~cfp!,

VJmn~a;IMn !5^JmnuaauIMn~A11!&, ~9!

UJmn~a;IMn !5^Jmnuaā
† uIMn~A21!&. ~10!
-

es
r-
s

e

s
d-

s-
-

In terms of a convenient and physically meaningful set
energy differences and sets of multipole fields and pair
fields defined below, we obtain generalized matrix equati
of the Hartree-Bogoliubov form

EJnVJmn~a;IMn !5~e1v~A11!

1G~A11!!aIMn,gI 8M8n8VJmn~g;I 8M 8n8!

1DaIMn,gI 8M8n8UJmn~g;I 8M 8n8!, ~11!

EJnUJmn~a;IMn !5~2e1v~A21!2G~A21!†! ā IMn, ḡ I 8M8n8

3UJmn~g;I 8M 8n8!

1Dā IMn, ḡ I 8M8n8
† VJmn~g;I 8M 8n8!,

~12!

where

EJn52EJn1 1
2 ~E0

~A11!1E0
~A21!!, ~13!

eaIMn,gI 8M8n85dagd II 8dMM8dnn8~ha2lA!, ~14!

lA5 1
2 ~E0

~A11!2E0
~A21!!, ~15!

vaINn,gI 8M8n8
~A61!

5dagd II 8dMM8dnn8~EIn
~A61!2E0

~A61!!,
~16!

GaIMn,gI 8M8n8
~A61!

5
1

2 (
LML

(
bd

sgCa ḡ

LMLFacdb~L !

3^I 8M 8n8~A61!uBLML
~db!uIMn~A61!&,

~17!

DaIMn,gI 8M8n85
1

2 (
LML

(
bd

C
a ḡ

LMLGacdb~L !

3^I 8M 8n8~A21!uALML
~db!uIMn~A11!&.

~18!

HereE is the eigenvalue, the energy of the state of an o
nucleus relative to the average ground-state energy of
neighboring even ones. The remaining definitions refer to
elements of the effective Hamiltonian matrix:e are the
single-particle energies measured relative to the chemical
tential, l the chemical potential, the elements ofv are the
excitation energies in the even nuclei, andG andD are the
multipole and pair fields, respectively.

The solutions also require a normalization condition th
is derived from matrix elements of the fundamental antico
mutation relations,

1

V (
aIMn

@ uUJm
n ~aIM ;n!u21uVJm

n ~aIM ;n!u2#51, ~19!

where

V5(
j a

~2 j a11!. ~20!
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55 1813POSSIBLE SOLUTION OF THE CORIOLIS . . .
Since we shall use only a restricted set of interactio
specializing to the case whereL51,2 multipoles and the
L50 pairing are included, the multipole and pairing fiel
defined above take the form

GaIMn,gI 8M8n8
~A61!

5
1

2(
M1

(
bd

sgCa ḡ

1M1Facdb~1!

3^I 8M 8n8~A61!uB1M1
~db!uIMn~A61!&

1
1

2(
M2

(
bd

sgCa ḡ

2M2Facdb~2!

3^I 8M 8n8~A61!uB2ML
~db!uIMn~A61!&,

~21!

DaIMn,gI 8M8n85
1

2(
bd

Ca ḡ
00Gacdb~0!

3^I 8M 8n8~A21!uA00~db!uIMn~A11!&.

~22!

The further specialization to the magnetic dipole, the m
quadrupole, and the standard monopole pairing interacti
is defined by the equations
s,

s
s,

Facdb~1!52k1Mab~1!Mdc~1!, ~23!

Facdb~2!52k2Fab~2!Fdc~2!, ~24!

Gacdb~0!52g0Gab~0!Gdc~0!, ~25!

together with the identification of the sums

Mm5(
ac

Mac~1!B1M1
~a,c!, ~26!

Qm5(
ac

Fac~2!B2M2
~a,c!, ~27!

D5(
ac

Gac~0!A00~a,c!, ~28!

as the electromagnetic dipole, the mass quadrupole, and
pairing gap operators, respectively.

With the definitions given above, the multipole and pa
ing fields take the form
airing
GaIMn,gI 8M8n8
~A61!

52
k1

2 (
M1

sgCa ḡ

1M1Mac~1!^I 8M 8n8~A61!uMM1
~db!uIMn~A61!&2

k2

2 (
M2

sgCa ḡ

2M2Fac~2!

3^I 8M 8n8~A61!uQM2
~db!uIMn~A61!&, ~29!

DaIMn,gI 8M8n852
g0
2
Ca ḡ
0 Gac~0!^I 8M 8n8~A21!uDuIMn~A11!&. ~30!

We apply the Wigner-Eckart theorem to obtain the equations of motion in their final form. For the multipole and p
fields, we use the following definitions of reduced matrix elements

^I8M8n8~A61!uMM1
uIMn~A61!&5

~21! I2M

A3
C
IMI 82M8

1M1 ^I 8n8~A61!uuMuuIn~A61!&, ~31!

^I 8M 8n8~A61!uQM2
uIMn~A61!&5

~21! I2M

A5
C
IMI 82M8

2M2 ^I 8n8~A61!uuQuuIn~A61!&, ~32!

^I 8M 8n8~A61!uDuIMn~A61!&5~21! I2MCIMI 82M8
00 ^I 8n8~A61!uuDuuIn~A61!&, ~33!
and for the cfpV andU, we employ the definitions

VJmn~a,IMK !5
~21!J2m

A2 j a11
CIMJ2m

a VJn~aIK !, ~34!

UJmn~a,IMK !5
~21!J2m1 j a1ma

A2 j a11
CIMJ2m

a UJn~aIK !.

~35!
We thus find the equations of motion

EJnVJn~aIK !5~ea1v IK !VJn~aIK !

1 (
cI8K8

GaIK,cI8K8
~A11! VJn~cI8K8!

1 (
cI8K8

DaIK,cI8K8UJn~cI8K8!, ~36!
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EJnUJn~aIK !5~2ea1v IK !UJn~aIK !2 (
cI8K8

GaIK,cI8K8
~A21! UJn~cI8K8!1 (

cI8K8
DaIK,cI8K8VJn~cI8K8!, ~37!

where

GaIK,cI8K8
~A61!

52
k1

2
~21! j c1I1JH j a j c 1

I 8 I J J ^I 8K8~A61!uuMuuIK ~A61!&Mac~1!2
k2

2
~21! j c1I1JH j a j c 2

I 8 I J J
3^I 8K8~A61!uuQuuIK ~A61!&Fac~2!, ~38!

DaIn,cI8n852
g0
2

^I 8n8~A61!uuDuuIn~A61!&. ~39!
ti
.

f
t
n

ata
gh-
lues

on
f a
ct,
of

en
III. DETERMINATION OF MAGNETIC PARAMETERS

In this section we describe how to extract the magne
parameters for the core and for the single-particle motion

A. Phenomenology of the even core

The matrix elements of the operatorM between states o
the even nuclei have to be determined. The reduced ma
elements of this operator can be expressed using the Wig
Eckart theorem as

^I uuMuuI &5
A2I11

CII 10
II ^II uM0uII &. ~40!

From the definition of the intrinsic magnetic momentm we
have

m5^II uM0uII &. ~41!

Consequently we have
s
d

nu
c

rix
er-

^I uuMuuI &5
A2I11

CII 10
II m. ~42!

Because of the limitation on available experimental d
for the intrinsic magnetic moments of the states of the nei
boring even nuclei, we have chosen to represent their va
by the simplest possible phenomenological model,

m5gR~ I !I.g1I , ~43!

where the parametergR is the effectiveg factor for the ro-
tational motion. Though this quantity can itself depend
the angular momentum, we have found that the use o
constant value,g1, provides a reasonable, though not perfe
fit to the data and, at the same time, simplifies our study
the odd systems. For the resulting values ofg1 see Table I.

B. Matrix elements of the M1 operator for a single particle

For the matrix elements of the M1 operator betwe
single-particle states we quote the formula from@1# as
^ j aiMi j c&5^nal aj auncl cj c&A3 ~2 j a11!~2 j c11!

4p
~21! j c21/2S j a 1 j c

21/2 0 1/2D ~12k!F12 gs2gl S 11
k

2D G , ~44!
lar,
re-

ple of

ur
ur
the
ader
es
few

to
where the first factor is a radial overlap integral, and

k5S j a1 1

2D ~21!~ j a1 l a11/2!1S j c1 1

2D ~21!~ j c1 l c11/2!.

~45!

Heregs andgl are the spin and orbital gyromagnetic ratio
In our calculations, we have adopted the values suggeste
the analysis found in Ref.@21#, namely 0.70 of their bare
values.

IV. APPLICATIONS

We have applied the theory described above to four
clei, the odd neutron nuclei157Gd, 159Dy, 163Er, and the odd
.
by

-

proton case157Tb. All but 163Er were studied earlier@5,8# by
our methods. The results for the neutron cases, in particu
displayedK5 1

2 staggering not seen in the experimental
sults. We added Er to the mix because it has severalK5 1

2

bands and has been used in the past as a classic exam
the Coriolis attenuation phenomenon.

The special technical problems involved in applying o
formalism have been fully documented and solved in o
previous papers and will not be repeated here. As far as
size of the model space is concerned we remind the re
that for the low-energy data that we are analyzing, it suffic
to describe the core by its ground-state band and those
excited bands, such asb andg bands~but not restricted to
these! that show some quadrupole collectivity with respect
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55 1815POSSIBLE SOLUTION OF THE CORIOLIS . . .
the ground band. We then choose the size of the sin
particle space coupled to these bands large enough so
further enlargement does not modify the results. In this
spect we can claim to have essentially exact solutions of
semimicroscopic model, though the question of whet
these are close to fully self-consistent solutions of
Kerman-Klein equations remains an open question. In g
eral we have found that three major shells centered at
valence shell suffices.

For all intents and purposes, our previous calculatio
contained only one free parameter, the strengthk2 of the
quadrupole-quadrupole interaction, all other parameters h
ing been determined by other experimental results.~A minor
cavil to this assertion is that small adjustments of the sph
cal single-particle energies emerging from Woods-Sa
calculations were permitted for levels near the Fermi s
face.! In the present work, we have a second parameter,
strengthk1 of the magnetic interaction, to adjust.

Before displaying the results found using the full theo
we illustrate the method of fitting the data with the addition
parameter by studying a simplified model involving the co
pling of a singlej level to the core bands of Gd and with
value of the quadrupole interaction chosen so that we ha
lowerK5 3

2 band clearly separated from a higherK5 1
2 band.

We see from Fig. 1 that for fixedk2, the staggering is re
duced and finally eliminated as we raisek1 from its initial

TABLE I. Parameters used in the calculations reported in t
work. The second column lists the gyromagnetic ratios of the c
nuclei, the third column lists the values of the magnetic dip
interaction strength, and the last lists the values for the quadru
interaction strength.

Nucleus g1 (mn) k1 ~MeV/mn
2) k2 ~MeV/fm2)

157Gd 0.371 0.045 0.394
159Dy 0.345 0.043 0.368
157Tb 0.362 0.052 0.420
163Er (2) 0.353 0.04 0.366
163Er ~1! 0.353 0.04 0.396

FIG. 1. A model calculation to illustrate the effect of the ma
netic dipole-dipole interaction on staggering. A single-parti
space with a singlej value is coupled to the ground-state bands
the even neighbors of157Gd. The strength of the quadrupole force
fixed atk250.564 MeV/fm2. The strength of the magnetic dipol
force is varied to demonstrate the effect of this interaction.
e-
hat
-
ur
r
e
n-
e

s

v-

i-
n
r-
e

,
l
-

a

value of 0. At the same time the effect on the shape of
K5 3

2 band is negligible. Next, fixing the magnetic intera
tion at its optimum value, we see from Fig. 2 that chang
the value ofk2 shifts bandhead energies. What is not cle
from these figures is that in the general case, the magn
interaction also shifts relative bandhead energies. There
in actual calculations, we first adjustk2 to give the best
results for other than the staggering, next find the optim
value of k1, and subsequently refit bandheads with a n
search onk2. This is an iterative procedure to find the be
pair of coupling strengths.

We next present the results of our calculations. The o
neutron nuclei157Gd and 159Dy were studied previously in
Ref. @5#. We found that we could fit the energies satisfac
rily except that a staggering of aK51/2 band for each
nucleus that was not observed experimentally. To obtain
quality of agreement found in the previous work, it was ne
essary to include theb band, theg band, and an additiona
K50 excited band. In Figs. 3 and 4 we show the results
the augmented calculations and compare them to those fo
previously. It can be seen that the addition of the magn
dipole interaction removes the unphysical staggering fou
earlier without any serious damage to the rest of the fit.

The odd proton nucleus157Tb was used in a previou
study of the status of the traditional core-particle model as
approximation to the KKDF model@8#. In Fig. 5 we see that
in this case no exaggerated staggering was predicted by
theory without a magnetic dipole interaction. The addition
a magnetic dipole-dipole field with strength of the same
der of magnitude as for the other two nuclei gives, nevert
less, a perceptibly improved overall fit to the data.

Last we have applied our theory to the case of163Er. We
have studied both the negative and positive parity state
this nucleus. The results are shown in Fig. 6. In the rig
panel, which displays the results for the levels of odd par
one sees that we have found a good fit to the data, wh
includes threeK5 1

2 bands. We note that the fit is best fo
those two of these bands for which the data is more ex
sive. In the left panel, which is devoted to the positive par
levels, there is only a singleK5 1

2 bandhead. The lowes
band,K5 5

2, the only one that seems to be well-establish

s
e

le

f

FIG. 2. The purpose of this figure is to demonstrate that
strength of the quadrupole field does not influence the stagge
The model is the same as in Fig 1. The value,k1, of the magnetic
interaction is set at the value that minimizes the staggering of
K5

1
2 band. Then the effect of varyingk2 is studied.
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experimentally, has features that we have failed to cap
thus far.

V. J–J INTERACTION

As mentioned in the introduction we can achieve resu
similar to those reported above by replacing the magn
dipole interaction used previously by a term proportional
the square of the angular momentum. In Fig. 7 we contr
the new calculation thus engendered for157Gd ~right panel!
with that found in the previous section~reproduced in the left
panel!. We find that both interactions have a similar effect
the staggering, but that the effect on the relative bandh
energies is different. In general, fits of comparable qua
are obtained. To achieve the desired staggering, the stren
k18 of theJ•J interaction should be set atk150.026. We get

FIG. 3. Negative parity energy levels of157Gd. The calculation
includes single-particle states for three major shells and exc
bands of the core. On the left is the previous calculation, with
strength of the quadrupole force set at 0.380 MeV/fm2 and
k150.0 MeV/mn

2 . On the right is the improved calculation with
k250.394 MeV/fm2 andk150.045 MeV/mn

2 .

FIG. 4. Negative parity energy levels of159Dy. The calculation
includes single-particle states for three major shells and exc
bands of the core. On the left is the previous result with the stren
of the quadrupole force set at 0.383 MeV/fm2 and k150.0
MeV/mn

2 . On the right is the improved calculation withk250.368
MeV/fm2 andk150.043 MeV/mn

2 .
re

s
ic

st

ad
y
th,

the best fit if the strength of the quadrupole fieldk2 is altered
slightly from what we had before:k250.392 MeV/fm2 com-
pared tok250.394 MeV/fm2.

We compare the two interactions to understand their si
larities and differences. If only matrix elements diagonal
both the core and the particle are considered, it is a w
known property of vector operators that the two interactio
are equivalent. In fact this equivalence holds very well
the core, since forK50 bands, withI values differing by
two, the magnetic dipole operator has no off-diagonal e
ments. It is true that we lose this simplification for theg
band, but the physics we are discussing is dominated by
ground band. When we turn, however, to the single-part

d
e

d
th

FIG. 5. Positive parity energy levels of157Tb. The calculation
includes single-particle states for three major shells and exc
bands of the core. On the left is shown the previous result where
strength of the quadrupole force is 0.428 MeV/fm2 and k150.0
MeV/mn

2 . On the right is the improved calculation withk250.420
MeV/fm2 andk1520.052 MeV/mn

2 .

FIG. 6. Energy levels of163Er. Single-particle states for thre
major shells and excited bands of the core are included. On the
are the positive parity states and on the right the negative pa
states. For the positive parity states the strength of the quadru
force is 0.413 MeV/fm2 when k150.0 MeV/mn

2 ~not shown! and
k250.399 MeV/fm2 whenk1520.040 MeV/mn

2 . For the negative
parity states the strength of the quadrupole force is 0.3
MeV/fm2 when k150.0 MeV/mn

2 ~not shown! and k250.366
MeV/fm2 whenk1520.040 MeV/mn

2 .
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space, off-diagonal matrix elements of the magnetic mom
operator can play an important role, as in generating m
netic dipole transitions, and are thus the agent responsibl
the slightly different results found for the two interactio
considered.

VI. DISCUSSION

The aim of this paper has been to present a reason
convincing case, both on the basis ofa priori arguments and
by illustrative calculations, that we have uncovered the o
gin of the phenomena referred to as attenuation of the C
olis coupling. By basing our considerations on a theoret
framework of great generality, we were able to rule ou
large subset of explanations offered previously, since we
tained evidence of the attenuation phenomenon even w
the physics associated with these explanations was natu
incorporated in our calculations. The only possibility rema
ing to us was to think about adding some term to the pair
and quadrupole interactions that define the Hamiltonian u

FIG. 7. Comparison of two magnetic interactions. On the lef
the same fit as in Fig. 3 using the magnetic dipole operator an
the right the fit using the angular momentum form. For the cal
lations in the left panel, we havek250.394 MeV/fm2 with
k150.045 MeV/mn

2 . For the calculation on the right,k250.392
MeV/fm2 andk1850.026 MeV/mn

2 .
e
re
nt
g-
for

ly

i-
ri-
l
a
b-
en
lly
-
g
ed

in our previous work. Because of the nature of the eff
sought, the most obvious choice is a magnetic dipole in
action. There are two such interactions that can be fit
easily into our semimicroscopic theory, the scalar produc
the magnetic moment operator with itself and the square
the angular momentum operator. Calculations done with
former on four different nuclei showed that the excess
staggering encountered in previous calculations, but ab
experimentally, could be made to disappear with a dip
interaction strength that remains constant within 10% for
nuclei studied. For one of the nuclei,157Tb, where no exces-
sive staggering was calculated previously, we found a sli
improvement to the overall fit with the same interacti
strength.

For one case, that of157Gd, we compared the result
found for the two types of interaction mentioned above a
found quite similar, but not identical, results. This sugge
that we have identified the multipolarity of the addition
interaction necessary to explain the quenching effect, but
its detailed form.

Note added. We have been made aware of a paper@20#
whose method and contents are germane to our investiga
This paper is also based on the KKDF formalism, employ
a Hamiltonian that in addition to the monopole pairing a
quadrupole multipole interactions includes a quadrup
pairing interaction and a spin-spin interaction. Both of t
latter are shown to give rise to Coriolis-type couplings.
opposed to our exact numerical solutions, the effects of
Coriolis coupling and of the additional interactions a
treated by perturbation theory. NoK5 1

2 bands are studied
but impressive agreement is obtained otherwise for a se
of isotopes of Er and for235U. On the other hand the fits ar
obtained by reducing the observed monopole pairing by 2
and increasing the core moment of inertia by 15%. It do
not appear that the recoil effect has been included. Never
less, it is clear that high priority should be given to the i
clusion of a quadrupole pairing interaction in our future i
vestigations.
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