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Independent nucleon-pair motion and homologous structure in nuclei withA;150
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Shell model calculations are carried out for nuclei with 148<A<152 assuming64
146Gd82 as an inert core. A

weak coupling scheme is used to analyze the experimental data and the calculated results. The essential role of
the proton intruder stateph11/2, the large energy gaps between the neutron single-particle statesn f 7/2 and the
others, and the weak proton-neutron interaction provide a simple and interesting picture for the spectra and
wave functions, i.e., the independent nucleon-pair motion and the corresponding homologous structure. The
proton pairs inph11/2, pd3/2, andps1/2 orbitals and the neutron pair inn f 7/2 or n f 7/2h9/2 orbitals in nuclei

68
150,152Er82,84 and 66

150Dy84 are moving almost independently in the mean field provided by the core. Therefore,
the yrast states below 5.3 MeV of these nuclei can be finely explained as the compositions of the excitations
of these independent nucleon pairs. The negative parity levels of nuclei66

149Dy83, 65
149Tb84, 67

151Ho84, and

69
153Tm84 can be well interpreted in terms of the concept of homologous states, i.e., the level structures in nuclei

66
149Dy83, 65

149Tb84, 67
151Ho84, and 69

153Tm84 are homologous to those of the parent structure in nuclei66
148Dy82,

64
148Gd84, 66

150Dy84, and 68
152Er84, respectively. The level structure of the nucleus68

151Er83, homologous to that of
parent states in the nucleus68

150Er82, is predicted and quite impressive in our full shell model calculation. This
desires experiments to verify. The conditions for the onset of the independent nucleon-pair motion and the
homologous structure are discussed in detail.@S0556-2813~98!00207-6#

PACS number~s!: 21.60.Cs, 21.10.Hw, 21.10.Jx, 27.70.1q
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I. INTRODUCTION

The structures of nuclei inA;150 mass region have a
tracted a great deal of attention because64

146Gd82 can be
treated as an inert core and many properties of the nucle
this mass region can be well described in the framework
the spherical shell model@1–3#. For example, the spectra o
the nuclei with proton numberZ5641z and neutron numbe
N582 can be well described by theph11/2

z configuration
using the empirical two-body matrix elements extracted fr
the spectrum of 66

148Dy82 @1,4,5#. Some simple shell mode
calculations were carried out to explain the levels. Ho
et al. @6# carried out calculations of the high-spin states
Dysprosium isotopes with up to four valence nucleo
Zhanget al. @7# calculated the high-spin states of the nuc
with N584 using the configurationsph11/2

z n f 7/2
2 and

ph11/2
z n f 7/2h9/2, and the agreement with experiments is ve

satisfactory. However, up to now, no systematic shell mo
calculation in a unified model space has been perform
especially for the nuclei having both valence protons a
neutrons. Simple shell model calculations are inadequate
some cases where the neglected proton and neutron si
particle statespd3/2, ps1/2, np3/2, n f 5/2, etc. have impor-
tant contributions. Moreover, the most important thing wh
has not been discussed in references is that a lot of spec
this mass region can be well explained by a weak coup
scheme. That is, we can decompose the potential part o
Hamiltonian as

V5Vp1Vn1Vpn, ~1!

whereVp , Vn , andVpn are proton-proton, neutron-neutro
and proton-neutron interactions, respectively. Since the
PRC 580556-2813/98/58~2!/851~17!/$15.00
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lence protons and neutrons are distributed in two differ
major shells, the average interactionV̄pn is much weaker
than those ofV̄p andV̄n . Therefore, the Hamiltonian can b
diagonalized using the following bases@8#:

C IM 5@fJ1a
p 3cJ2b

n # IM , ~2!

where

HpfJ1a
p 5EJ1a

p fJ1a
p , ~3!

HncJ2b
n 5EJ2b

n cJ2b
n , ~4!

with J1a andJ2b as two complete sets of quantum numbe
needed to label the corresponding eigenstates. In orde
diagonalize the Hamiltonian, one should, in principle, i
clude all the eigenbases of Eq.~2! in the model space. In ou
cases, as will be shown, the intruder proton single-part
stateph11/2, the large energy gaps between neutron sing
particle statesf 7/2, and the others in the64

147Gd83, and the
above mentioned weakVpn interaction play an essential rol
in the weak coupling scheme and provide us a simple pic
for analyzing the results of our full shell model calculation
For example, the spectrum of66

150Dy84 can be well understood
in terms of compositions of the independent excitations
the proton pair in theph11/2 orbital and the neutron pair in
the n f 7/2 orbital. We call this phenomenon independe
nucleon-pair motion. Another example is the spectrum

66
149Dy83, which can be understood as weakly coupling
n f 7/2 neutron to the proton pair statesph11/2

2 . This weak
coupling leads to the structure of the spectrum very sim
to that of 66

148Dy82. We call this similarity homologous struc
851 © 1998 The American Physical Society
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852 PRC 58CHANG-HUA ZHANG, SHUN-JIN WANG, AND JIN-NAN GU
ture. The above pictures of the independent nucleon-pair
tion and the homologous state structure indicate that
spectra can be well reproduced by selecting a few physic
relevant bases from Eq.~2! to diagonalize the total Hamil
tonian. Similar phenomena happen inA;90 and 208 mass
regions @9–12# and the concept of homologous states h
been successfully used in analysis in these cases@12#.

In this paper, the details of the spectra, both the low-ly
states and the high-spin high-lying states of the nuclei w
proton numberZ5641z and neutron numberN5821n are
calculated in a single shell model space using the same
sidual interactions. The purpose of this work is to show
existence of the independent nucleon-pair motion and
corresponding homologous state structure in this mass
gion. The paper is organized as follows. In Sec. II we disc
how the shell model space and the residual interactions
constructed. The analyses of the spectra and the calcu
wave functions are presented in Sec. III where we show
phenomena of the independent nucleon-pair motion and
corresponding homologous state structure, and the condit
for them to appear. Discussions and conclusions are give
Sec. IV. All the calculations are carried out using the sh
model codeOXBASH @13#.

II. MODEL SPACE AND EFFECTIVE INTERACTIONS

Because of computational difficulties, it is impossible
treat the valence nucleons in the fullZ550;82 proton ma-
jor shell and the fullN582;126 neutron major shell. On
should desire truncated calculations for these nuclei. I
well known that the nucleus64

146Gd82 can be treated as
quasidoubly closed nucleus@1–3#. There is evidence that
number of properties of the nuclei withN582 and above

64
146Gd82 can be described by the configuration of fillingZ
264 valence protons in the intruder single-particle st
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e
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ph11/2. For example, theN582, 01→N583, 11 Gamow-
Teller transition strength ratiosBGT(Dy→Tb):BGT (Er
→Ho):BGT (Yb→Tm)'1:2:3 @14#. This evidence can
greatly reduce the model space in a reasonable way. In
truncated scheme the single-particle states for valence
tons arep2d3/2, p3s1/2, andp1h11/2. For the valence neu
trons, we adopt two model spaces: for the first one we o
selectn2 f 7/2 and n1h9/2 single-particle states; for the othe
one we include all the neutron single-particle states in
82;126 major shell. The single-particle energies of proto
are extracted from the differences between the binding e
gies of the single-particle excited states of65

147Tb82 and that of
the ground state of64

146Gd82 @14#. The neutron single-particle
statesn2 f 7/2, n3p3/2, n1h9/2, andn3p1/2 aboveN582 are
identified from the nucleus64

147Gd82 @15# and their single-
particle energies are extracted from the experimental d
The remainingn2 f 5/2 and n1i 13/2 are not observed and th
estimated single-particle excitation energies of 2.0@3# and
2.5 MeV are used for the two states. The excitation ene
we adopt here for the single-particle staten1i 13/2 is about 0.4
MeV higher than that used in Ref.@3#. The reasons will be
given in the next section.

In this mass region no definite residual interactions
available. Thus the ROT interaction inOXBASH @13# is trun-
cated according to our first model space and denoted
ROT64. For our second model space, the Schiffer-T
~ST2! @16# potential is used to generate all the two bo
matrix elements~TBMEs! using the harmonic oscillato
wave functions with \v57.644 MeV (\v541Ac

21/3

225Ac
22/3 and Ac5146) and denoted as ST64. In the ca

culation, we found that the proton-neutron TBMEs and t
neutron-neutron TBMEs should be scaled by factors of 0
and 0.8, respectively, in order to reproduce the binding
ergies and improve the calculated spectra of65

148Tb83 and
n-

i-
-
al
FIG. 1. The experimental and best fitted e
ergy levels of 66

148Dy82 and 64
148Gd84. The full shell

model calculation is performed using the mod
fied ST2@16# interactions in which some diago
nal TBMEs are replaced by the scaled empiric
TBMEs to include configurations mixtures~see
the text!.
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FIG. 2. The energy levels o

66
150Dy84. The solid lines in sets
~a!–~g! are the results of full shell
model calculation and the dashe
lines are the results of indepen
dent pair approximation, i.e., sim
ply adding up the correspondin
independent pair excitation ene
gies EJ1

p in 66
148Dy82 and EJ2

n in

64
148Gd84. The prominent configu-
rations of these levels are also di
played in each set of levels. Th
abbreviations ph5ph11/2, n f
5n f 7/2, andnh5nh9/2 are used.
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64
148Gd84. To improve the calculated results, many diago
TBMEs generated from the scaled ST2 potential are mo
fied according to the empirical TBMEs extracted from t
spectra of 66

148Dy82, 65
148Tb83, and 64

148Gd84 without configura-
tion mixings. A factor of 0.9 is used to scale these empiri
TBMEs to get a best fit of the spectra of the nuclei withA
5148 when configuration mixings are included. We fou
that the value 2.5 MeV of the excitation energy for the ne
tron single-particle staten1i 13/2 is the best one to reproduc
the binding energy of64

148Gd84 if the factor of 0.9 is used to
scale the empirical neutron-neutron TBMEs. This fina
modified ST2 interaction is denoted as ST64M.

The calculations are performed in the full ST64 mod
space for the nuclei with 148<A<152 except 66

152Dy86. For
comparison, the calculations in the ROT64 model space
also performed for all the nuclei and the results are v
similar to those of the simple shell model calculations, su
as those in Ref.@7#, and thus will not be presented in th
paper. All the experimental data are obtained from the e
tronic version of the nuclear data sheets@14#.

III. CALCULATED RESULTS

A. Energy levels of 66
148Dy82 and 64

148Gd84:
Structures of proton pair and neutron pair

The experimental@14# spectra of 66
148Dy82 and 64

148Gd84,
and their best fits are compared in Fig. 1. These two nu
together with 65

148Tb83 provide us with not only the informa
tion about the two-body matrix elements of the interactio
in the selected model space, but also the building blocks
the spectra of nuclei withA;150 ~see below!. The wave
functions of the positive parity states up to 101 in 66

148Dy82

consist of the configurationph11/2
2 except the 01 and 21

states which are affected by the configurations ofps1/2
2 ,

pd3/2
2 , and pd3/2s1/2. The component of the configuratio

ph11/2
2 for the 01 state is acutely dependent on the pair e

ergies inph11/2
2 , pd3/2

2 , and ps1/2
2 . In our calculation, the
l
i-

l
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l
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s
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-

pair energies inps1/2
2 and pd3/2

2 are generated by the ST
potential and that inph11/2

2 is obtained by scaling the empiri
cal TBMEs extracted from the experimental spectrum

66
148Dy82 without configuration mixing. The same procedure
used to calculate the 21 state and the negative parity states
there are configuration mixings. The empirical TBMEs a
used to calculate the other states which are pure stretch s
constructed from the configurationph11/2

2 , ph11/2s1/2, or
ph11/2d3/2.

The positive parity states up to 61 of 64
148Gd84 can be

reproduced quite well by the configurationn f 7/2
2 because of

the large single-particle energy gaps betweenn f 7/2 and the
other neutron single-particle states. The 81 state is given rise
from the configurationn f 7/2h9/2 due to angular momentum
requirement. This configuration also has an effect on
other states, and as neutron number increases, this effec
be amplified as a result of the reduction of the gaps betw
single-particle statesn f 7/2, nh9/2, etc. The spectrum is bes
reproduced as the factors of 0.8 and 0.9 are used to scal
TBMEs of the ST2 potential and the empirical TBMEs, r
spectively.

The internal excitations of the proton pair inph11/2,
pd3/2, andps1/2 orbitals of 66

148Dy82, and the neutron pair in
n f 7/2 or in n f 7/2h9/2 orbitals of 64

148Gd84 provide not only the
good descriptions of the low-lying spectra of66

148Dy82 and

64
148Gd84, but also the building blocks to establish the spec
of the other nuclei withA;150. As will be shown, the spec
tra of 66

150Dy84 and 68
150,152Er82,84 can be understood from th

weak coupling among pairs and those of66
149Dy83, 65

149Tb84,

67
151Ho84, and 68

151Er83 can be well approximated by weakl
coupling an odd nucleon to the corresponding parent nuc
All the information about the weak coupling among nucle
pairs and between the odd nucleon and nucleon pairs sh
a clear picture of independent nucleon pair motion as wel
homologous state structure in the nuclei in theA;150 mass
region.
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FIG. 3. The energy levels of68
150Er82. The the-

oretical results are obtained from the full she
model calculation.
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B. Energy levels of 66
150,152Dy84,86 and 68

150,152Er82,84

The comparisons of the experimental and calculated
els are showed in Figs. 2–5. The detailed discussions
each nucleus are as follows.

66
150Dy84 ~Fig. 2!. The low-lying levels of 66

150Dy84 can be
explained as a weak coupling of a proton pair excitation
the ph11/2 orbital to a neutron pair excitation in thep f 7/2
orbital in most cases, which is clearly shown in the figu
The states up to 101 come from the neutron pair excitation
(n f 7/2

2 )01,21,41,61 and (n f 7/2h9/2)81, 61 or the proton pair ex-
citations (ph11/2

2 )21,41,61,81,101, which are denoted as~a!,
~d!, and ~b!, respectively. The levels of 121,141,161, and
181 which are denoted as~c! and~g!, are originated from the
neutron pair excitations (n f 7/2

2 )21,41,61 and (n f 7/2h9/2)81

based on the proton pair excitation (ph11/2
2 )101. The state

~6,7,8! at 2.583 MeV is a possible 61 state from the configu-
ration (ph11/2

2 )01 ^ (n f 7/2h9/2)61 according to our calcula
tion. We also show two sets of states denoted as~e! and ~f!
which are excited from the configurations (ph11/2

2 )8

1(n f 7/2
2 )J8 and (ph11/2

2 )101(n f 7/2
2 )J8 with J8521, 41, and

61, respectively. Three pieces of evidence support the ab
assignments. One is the energy spectrum. The level spec
of 66

150Dy84 can be approximately obtained by simply sum
ming up the energy spectraEJ1

p of 66
148Dy82 and EJ2

n of

64
148Gd84 in a way corresponding to the above level assig
ment, which is shown by dashed lines in the figure. T
average deviation of experimental energy levels from the
dependent pair approximation is less than 0.2 MeV, wh
implies a weak coupling between the proton pair and
neutron pair. However, larger deviations of the states1,
61, and 181 in sets~d! and ~g! tell that the neutron-proton
interaction forph11/22nh9/2 is larger than that forph11/2
2n f 7/2. In fact, according to our finally fitted TBMEs, th
average proton-neutron interactions are about20.301 MeV
for ph11/22nh9/2 and20.163 MeV forph11/22n f 7/2. This
v-
for

in

.

ve
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-
e
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h
e

largerVpn interaction forph11/22nh9/2 will have an impor-
tant effect on the spectrum as the valence nucleon num
especially as the valence neutron number increases. The
ond piece of evidence is the similarity of electric quadrup
(E2) transition strengthsB(E2). Based on the above inde
pendent nucleon-pair approximation, theE2 transitions of
the states in sets~a! and~c! should have similarB(E2) val-
ues to those of the corresponding states of64

148Gd84. Like-
wise, theE2 transitions of the states in set~b! should have
similar B(E2) values to those of the corresponding states

66
148Dy82. The calculated neutronB(E2) ~hereafter the effec-
tive neutron chargeen50.5e is used! for the E2 transitions
161→141→121→101 in set ~c! are 6.09e2, 9.09e2, and
7.35e2 fm4, and they are close to theB(E2) values of
4.89e2, 11.18e2, and 10.56e2 fm4 for the E2 transitions
61→41→21→0g.s.

1 in set ~a!, respectively. Moreover, the
calculatedB(E2) values for theE2 transitions 61→41

→21→01 in 64
148Gd84 are 11.11e2, 26.94e2, and

25.73e2 fm4, respectively. The calculated protonB(E2) for
the transitions 101→81→61→41→21→0gs

1 in set~b! are
52.59e2, 117.1e2, 165.4e2, 161e2, and 102.4e2 fm4, and the
corresponding calculatedB(E2) values in the 66

148Dy82 are
51.45e2, 137.3e2, 221e2, 264.5e2, and 218.7e2 fm4, respec-
tively. The calculatedB(E2) of 81→61 in set ~d! is
2.65e2 fm4 and the calculatedB(E2) for the corresponding
81→61 in the 64

148Gd84 is 4.90e2 fm4. The third piece of
evidence comes from the calculated two-neutron and t
proton shell model spectroscopic amplitudes defined
@8,13#

S1/2~r,l,DJDT!5@~2Jf11!~2Tf11!#21/2

3^JfTf uuuA†~r,l,DJDT!uuuJiTi&,

~5!

where r and l are the abbreviations of the single-partic
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FIG. 4. The energy levels o

68
152Er84. The full shell model cal-
culated level structures labeled b
~a!–~g! and their prominent con-
figurations are the same as tho
in Fig. 2.
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states with quantum numbersj 1m1t1tz1 and j 2m2t2tz2, uJiTi&
and uJfTf& are the initial and final state wave functions, r
spectively. The two-particle creation operator is defined
@8#

AJMTTz

† ~r,l!5~11drl!21/2 (
m1m2tz1tz2

^ j 1m1 j 2m2uJM&

3^t1tz1t2tz2uTTz&aj 1m1t1tz2

† aj 2m2t2tz2

† . ~6!

The calculated results are displayed in Tables I~a! and I~b!.
The two-particle shell model spectroscopic amplitud
S1/2 (n f 7/2,n f 7/2) for u01, 66

148Dy82&→uJf , 66
150Dy84& and

u101, 66
148Dy82&→uJf , 66

150Dy84& are much larger than thos
S1/2(ph11/2,ph11/2) for u01, 64

148Gd84&→uJf , 66
150Dy84& with Jf
s

s

being the states in sets~a! and~c!, respectively. On the othe
hand, the calculated two-particle shell model spectrosco
amplitudes S1/2 (ph11/2,ph11/2) for u01, 64

148Gd84&
→uJf , 66

150Dy84& are much larger than thoseS1/2(n f 7/2,n f 7/2)
for u01, 66

148Dy82&→uJf , 66
150Dy84& with Jf being the states in

set~b!. The contributions from thepd3/2 or ps1/2 configura-
tion are quite small. Similar results are obtained for the sta
of sets~e! and ~f!. From the above discussion we conclu
that the excitations of the proton pair inph11/2

2 and the neu-
tron pair in n f 7/2

2 or n f 7/2h11/2 are almost independent. W
call this phenomenon independent nucleon pair motion in
mean field provided by the core.

68
150Er82 ~Fig. 3!. The structure of positive parity states

68
150Er82 were calculated by Lawson with a single configur
tion ph11/2

4 using the empirical TBMEs extracted from th
y
.
xt.
FIG. 5. Theoretical and experimental energ
levels of 66

152Dy86 for the positive parity states
The two groups of levels are described in the te
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spectrum of 66
148Dy82 @5#. Our full shell model calculation ha

some improvements. The essential new point we found h
is the concept of independent motion of proton pairs. T
structure of the states 01, 21, 41, 61, 81, and 101 is very
similar to those in 66

148Dy82 and the other proton pair ha
small influence on these states. Thus we assign this se
states to be (ph11/2

2 )J1 ^ (ph11/2
2 )01 with J1501, 21, 41,

61, 81, and 101. The 121, 141, and 161 states have simila
energy positions as 21, 41, and 61 if one subtracts the ex
citation energy of the 101 state from their excited energie
So this set of states can be assigned to be@(ph11/2

2 )101

^ (ph11/2
2 )21,41,61#121,141,161. The calculatedB(E2)’s are

also close to each other for the two sets of levels. The
culated wave functions,B(E2)’s, and two-proton shel

TABLE I. ~a! The calculated two-neutron shell model spect
scopic amplitudes S1/2 for the transitions u01, 66

148Dy82&
→uJf , 66

150Dy84& with Jf being the states of sets~a!, ~b!, and~d!, and
the transitionsu101, 66

148Dy82&→uJf , 66
150Dy84& with Jf being the states

of set ~c!. Here sets~a!, ~b!, ~c!, and ~d! are labeled in Fig. 2.~b!
The two-proton shell model spectroscopic amplitud
S1/2(ph11/2,ph11/2) for the transitionsu01, 64

148Gd84&→uJf , 66
150Dy84&

with Jf being the states of sets~a!, ~b!, and~d! labeled in Fig. 2.

~a!

Ji
p ;Ti→Jf

p ;Tf DJ;DT Ex f ~MeV! r,l S1/2

~a! 01;1→01;0 0;1 0.000 n f 7/2n f 7/2 1.577
01;1→21;0 2;1 0.812 n f 7/2n f 7/2 1.634
01;1→41;0 4;1 1.475 n f 7/2n f 7/2 21.652
01;1→61;0 6;1 1.872 n f 7/2n f 7/2 1.655

~b! 01;1→21;0 2;1 1.710 n f 7/2n f 7/2 20.416
01;1→41;0 4;1 2.314 n f 7/2n f 7/2 20.342
01;1→61;0 6;1 2.710 n f 7/2nh9/2 20.151
01;1→81;0 8;1 2.835 n f 7/2nh9/2 20.134

~c! 101;1→121;0 2;1 3.789 n f 7/2n f 7/2 21.616
101;1→141;0 4;1 4.328 n f 7/2n f 7/2 1.524
101;1→161;0 6;1 4.570 n f 7/2n f 7/2 1.702

~d! 01;1→61;0 6;1 2.534 n f 7/2nh9/2 21.606
01;1→81;0 8;1 2.395 n f 7/2nh9/2 1.615

~b!

Ji
p ;Ti→Jf

p ;Tf DJ;DT Ex f ~MeV! S1/2

~a! 01;1→21;0 2;1 0.812 20.301
01;1→41;0 4;1 1.475 0.168
01;1→61;0 6;1 1.872 20.098

~b! 01;1→01;0 0;1 0.000 21.564
01;1→21;0 2;1 1.710 21.369
01;1→41;0 4;1 2.314 21.289
01;1→61;0 6;1 2.710 1.471
01;1→81;0 8;1 2.835 1.640
01;1→101;0 10;1 2.918 1.638

~d! 01;1→61;0 6;1 2.534 0.301
01;1→81;0 8;1 2.395 20.120
re
e

of

l-

model spectroscopic amplitudes support the above ass
ments. This similarity of the level structures of the above t
sets of states indicates that the interactions between pr
pairs are very weak, and therefore, these proton pairs m
almost independently with the restriction of Pauli’s princip
The low-lying negative parity states are also reproduc
in our calculations and assigned as (ph11/2

2 )0
1

^ (ps1/2h11/2)52,62 or (pd3/2h11/2)42,52,62,72.

68
152Er84 ~Fig. 4!. The level structure of68

152Er84 is almost
identical to that of 66

150Dy84. The dominant configurations o
the states in sets~a!–~g! in the figure are similar to those in
Fig. 2 of the nucleus66

150Dy84. It is interesting to note tha
both the simple configuration shell model calculation in R
@7# and our full shell model calculation reproduce this ide
tification quite well. But our calculated wave functions a
quite different from those in that reference which are pu
ph11/2

4 n f 7/2
2 or ph11/2

4 n f 7/2h9/2. We list the wave functions in
Table II for the yrast states up to 61 for important configu-
rations. The most important one is theph11/2

4 n f 7/2
2 configu-

ration and the less important ones are the component
ph11/2

2 d3/2
2 n f 7/2

2 and ph11/2
2 s1/2

2 n f 7/2
2 . It is interesting to note

that all the wave functions listed in the table have simi
configuration structures. The proton pair inpd3/2 andps1/2
orbitals can at most provide two units of angular momen
The calculated two-proton shell model spectroscopic am
tudes show that the proton pair in these two orbitals is,
most cases, in theJ50 state. The identification of the spec
tra of 66

150Dy84 and 68
152Er84 indicates that the proton-proto

interactions in theph11/22pd3/2 andph11/22ps1/2 are very
weak and that the proton pairs inpd3/2 or ps1/2 orbitals are
independent of the proton pairs in theph11/2 orbital. Indeed
the average interactions forph11/22pd3/2 and ph11/2
2ps1/2 are both about 0.126 MeV calculated with ST2 p
tential in the ST64 model space, which are much sma
than the average interactions forph11/22ph11/2, pd3/2
2pd3/2, and ps1/22ps1/2. Therefore, the configuration
ph11/2

2 s1/2
2 n f 7/2

2 and ph11/2
2 d3/2

2 n f 7/2
2 only slightly affect the

spectrum and allow us to scale the empirical TBMEs by
factor to incorporate the configuration mixings and vi
versa. After having scaled the wave functions or the TBM
the spectrum of 68

152Er84 displayed in Fig. 4 can be finely
described by the configuration ph11/2

2 n f 7/2
2 or

ph11/2
2 n f 7/2h9/2, which is almost identical to that of66

150Dy84.
However, the components neglected in the simple configu
tion shell model calculation have important effects on oth
properties such asB(E2) and Gamow-Teller transition
strengthB(GT). For example, the calculatedB(GT) ~9.96!
using the simple configuration forb1-decay 68

152Er84(0
1)

→ 67
152Ho85(1

1) is almost identical to thatB(GT) ~9.66! of

68
150Er82(0

1)→ 67
150Ho83(1

1). But the experimental results ar

-

s

TABLE II. The weights of the main configurations for the yra
states of 68

152Er84 up to 61 ~in %!.

Configurations 01 21 41 61

ph11/2
4 n f 7/2

2 58.01 63.41 66.26 65.77
pd3/2

2 h11/2
2 n f 7/2

2 15.34 19.18 17.51 16.76
ps1/2

2 h11/2
2 n f 7/2

2 7.40 8.38 8.12 7.97
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not the case. The logf t for the former decay is 4.08 and tha
for the latter is 3.60. This indicates that the protons ha
some probabilities to occupy thepd3/2 and ps1/2 orbitals
which have no contributions to the Gamow-Teller transiti
strengths. Therefore, the studies of the Gamow-Teller tra
tion provide a stringent test to the shell model calculatio
Our wave functions can give a more reasonable Gam
Teller transition strength. The analyses of the Gamow-Te
transition strengths for the nuclei in this mass region will
presented elsewhere@17#.

The independent nucleon-pair motion is also appro
mately valid for the neutron pair in the configurationh9/2f 7/2
because the 81 and 181 states are approximately identical
those in 66

150Dy84. However, as neutron number increas
this is no longer true, as will be seen in66

152Dy86 and 66
151Dy85

discussed below.

66
152Dy86 ~Fig. 5!. In the calculation, we restrict the fou

neutrons only filling thep, f , andh9/2 single-particle states
to reduce the computational difficulty. Our calculation rep
duces the correct level sequence of66

152Dy86 up to spin 181

except the two levels 151 and 171. However, the indepen
dent nucleon-pair motion disappears in this nucleus. I
found from our shell model calculation that, the four valen
neutrons have large occupation probabilities in thenh9/2,
np3/2,1/2, andn f 5/2 orbitals because the energy gaps betwe
n f 7/2 and these neutron single-particle states have b
greatly reduced due to the increase of valence neutrons.
consequence, the independent nucleon-pair motion is
stroyed and the complicated configuration distributions le
to collective properties of the spectrum in66

152Dy86. How-
ever, the regular experimental spectrum~except 151 and
171) shows a characteristic of collective vibrations, wh
our calculated spectrum is less regular. This discrepancy
be related to the surface vibration in66

152Dy86 and our shell
model space is not large enough to describe it correctly.

We are now at the point where we can summarize
conditions for the onset of the independent nucleon-pair m
tion. First, the intruder proton stateph11/2 plays an essentia
role for the independent nucleon-pair motion due to its h
angular momentum, strong pairing energy, and negative
ity in contrast to the other orbitals (ps1/2 andpd3/2). More-
over, theph11/2 orbital can accommodate six proton pair
thus two proton pairs show a good independent motion. F
thermore, the proton-proton interactions inph11/22pd3/2
and inph11/22ps1/2 are quite small due to the less similari
of the relevant single-particle wave functions.

To formulate the above ideas more clearly, let us int
duce the pair operators as@18#

ĵJM
†5

1

A2
(

m1m2

^ jm1 jm2uJM&ajm1

† ajm2

† , ~7!

which have the following commutation relation:

@ ĵ0 ,ĵ0
†#512

2N̂

2 j 11
, ~8!

where j05jJ50,M50. The second term in Eq.~8! can be
neglected if the particle number in the orbital isN!2 j 11.
This is called the pair approximation. Under this approxim
e

i-
.
-
r

i-

,

-

is
e

n
en
s a
e-
s

ay

e
-

h
r-

,
r-

-

-

tion, the nucleon-pairĵJM
† behaves as a boson. Furthermo

the weak interaction between nucleon pairsjJM
† makes them

move independently, as we have seen in the spectrum

68
150Er82. We prefer independent pair approximation to bos
approximation for two reasons:~i! the nucleon pairjJM

† pos-
sesses fermion structure and has many internal excitati
i.e., theJM can take all allowed values, which cannot b
described by a simple structureless boson. This ferm
structure is fully taken into account in the shell model calc
lation. ~ii ! The commutation relation of Eq.~8! is just the
kinetic condition for the independent pair approximatio
The independent motion of these nucleon pairs is rooted
the weak interactions between them. This is the dynam
reason for the independent nucleon pair approximati
which is originated from the specific shell model Ham
tonian.

Under the independent nucleon-pair approximation,
ground state of 2N like particles in the highj orbital can be
written as

~9!

Herej0 can be considered to be a ground-state pair. Beca
the proton-proton interactions inph11/22pd3/2 and ph11/2
2ps1/2 are quite small and the proton pair inpd3/2 andps1/2
in most cases is in theJ50 state, thej0 can be also referred
to thisJ50 pair. The excited states can be constructed fr
the compositions of the weakly coupled pairsĵJM

† such as

~10!

This scheme provides a good approximation to the ev
even nuclei with valence protonsz<6 andN582. The posi-
tive parity yrast states of66

148Dy82 can be explained as on

proton pair statesCJ(2)5 ĵJM
† u0& in the ph11/2 orbital with

J501, 21, 41, 61, 81, and 101. According to our shell
model calculation, the positive parity states of68

150Er82 can be
interpreted as two proton pair states with a weak coupli
namely, CJ(4)5@ ĵJ1M1

†
^ ĵJ2M2

† #Ju0& in the ph11/2 orbital.

The yrast states in64
148Gd84 up to 61 can be described by on

neutron pair statesCJ(2)5 ĵJM
† u0& in the n f 7/2 orbital. As

pointed out, one of the conditions for the independent p
approximation to be valid is related to the degeneracy of
j orbital. It is expected that the goodness of this approxim
tion is less for the neutronf 7/2 orbital. We can also extend
the neutron pair states to (n f 7/2h9/2)J if there is only one
neutron pair as we have shown in nuclei withN584.

Secondly, the proton-neutron interactions inph11/2
2n f 7/2 are much weaker than the like-particle pairing inte
actions in orbitalsnh11/2 andn f 7/2. As mentioned in Sec. I,
in order to reproduce the binding energy of65

148Tb83 using
ST2 potential, one should scale thep2n TBMEs by a factor
of 0.6, while larger factors of 0.8 and 1.0 are needed to sc
the neutron-neutron TBMEs and proton-proton TBMEs
reproduce the binding energies of64

148Gd84 and 66
148Dy82, re-

spectively. Thus the independent pair approximation d
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cussed above is also valid for the nuclei which have b
proton pairs and neutron pairs. Therefore, the wave funct
of the ground state and excited states for even-even nu
can be written as compositions of the proton pairs and
neutron pairs
f
n

pa
ai

n

-

io

-

e
io
h
s

lei
e ~11!

and
~12!
in
nt
e-
.7
d by
n
en-

the
are

ates
respectively, with

ĵJM
p† 5

1

A2
5 (

m1m2

^ j pm1 j pm2uJM&aj pm1

† aj pm2

† , ~13!

and

ĵJM
n† 5

1

A2
(

m1m2

^ j nm1 j nm2uJM&aj nm1

† aj nm2

† , ~14!

where j p5ph11/2, pd3/2 or ps1/2, and j n5n f 7/2 as in the
definitions of ĵJM

p† and ĵJM
n† . The shell model results o

66
150Dy84 and 68

152Er84 can be well classified as the compositio
states of one proton pair weakly coupled to one neutron
and of two proton pairs weakly coupled to one neutron p
respectively.

Thirdly, the large gaps between single-particle statesn f 7/2
and nh9/2, etc., play an important role in the independe
nucleon-pair approximation. Unlike theph11/2 isolated from
the pd3/2 and ps1/2, the n f 7/2 has the same parity and ap
ir
r,

t

proximate angular momentum asnh9/2 andn f 5/2. Therefore,
the large energy gaps betweenn f 7/2 and nh9/2 and n f 5/2 in

64
147Gd83 is crucial for the independent neutron-pair motion
nuclei with N584. Calculations show that the independe
pair picture in 66

150Dy84 is greatly destroyed as the gap b
tweenn f 7/2 andnh9/2 is reduced from actual value 1.4 to 0
MeV since the neutron states can no longer be describe
a singlen f 7/2 orbital. The gaps will be reduced as neutro
and proton number increase. For example, the excitation
ergies of the 9/22 state in 66

149Dy83 and 64
151Gd87 reduce from

1.04 to 0.379 MeV. For the reasons mentioned above,
independent motion of proton pairs and neutron pairs
restricted to the nuclei withN<84. We will see that it is also
true for odd-even nuclei.

C. Energy levels in 66
149Dy83, 65

149Tb84, 67
151Ho84, 68

151Er83,

69
153Tm84, and 66

151Dy85

For odd-even nuclei, the ground states and excited st
can be approximated as
~15!

and

~16!
the
olo-
respectively, if the independent nucleon-pair approximat
holds for the even-even nucleus withN52Nn valence neu-
trons andZ52Np valence protons.ajm

† creates an odd neu
tron in then f 7/2 orbital or an odd proton in theph11/2 orbital
outside the even-even core. As mentioned above, the w
residual interactions lead to the spectra and wave funct
n

ak
ns

of odd-even nuclei having similar structures to those of
even-even parent nuclei. This phenomenon is called hom
gous state structure@12#. We denoteCJc

(2Np,2Nn) as the

parent states which are excitation states of theNp proton
pairs in theph11/2 orbital and of theNn neutron pairs in the
n f 7/2 orbital, and CJ(2Np,2Nn ,Jc , j ) as the homologous
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FIG. 6. The homologous structure of the e
ergy levels of 66

149Dy83 for the negative parity
states. The levels of set~a! are parent states, thos
of set ~b! are the experimental results, and tho
of set ~c! are the results of full shell model cal
culation.
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states corresponding to the coupling of an odd proton in
ph11/2 orbital or an odd neutron in then f 7/2 orbital to the
parent stateCJc

(2Np,2Nn) with an angular momentumJc .
We use this scheme to analyze the full shell model calc
tions for the nuclei 66

149Dy83, 65
149Tb84, 67

151Ho84, 69
153Tm84,

68
151Er83, and 66

151Dy85 in the following. In order to verify the
above idea, we calculate the total one-particle shell mo
spectroscopic amplitudes defined as

Stotal
Jp;T~r!5 (

k51

N

@Sk
1/2,Jp;T~r!#2

5 (
k51

N

@~2J11!~2T11!#21u^JT;kuuuar
†uuuJcTc&u2

~17!

and the corresponding centroid energies defined as

Ecentroid
Jp;T 5(

k

N

Ek
Jp;T@Sk

1/2,Jp;T#2/Stotal
Jp;T , ~18!

whereN is the number of final eigenstates with the sameJp

andT in the summation. In our calculationN510 can count
most of the shell model spectroscopic strengths.uJcTc& is the
corresponding parent state. The quantitiesStotal and Ecentroid
bear the information of the distribution of the one-partic
shell model spectroscopic amplitudes. The quantityEcentroid
should be located at the position of the corresponding pa
state because theStotal is most exhausted by the homologo
state if the weak coupling scheme holds. Thus the quant
Stotal and Ecentroid are very sensitive to the wave function
The above idea can be also tested by comparing the foll
ing B(E2) strength relations betweenE2 transitions @ j
3Jc# I i M i

→@ j 3Jc8# I f M f
andJc→Jc8 . According to the weak

coupling scheme, we have the following relation@8#:
e

-

el

nt

es

-

B$E2;~ jJc! I i
→~ jJc8! I f

%

B~E2;Jc→Jc8!
5~2I f11!~2Jc11!

3W2~ jJcI f2;I iJc8!, ~19!

whereW is Racah coefficient defined as in Ref.@8#.

66
149Dy83 ~Fig. 6!. The calculated and experimental neg

tive parity levels are compared in Fig. 6. Only a few expe
mental levels have been assigned. The level density is re
duced in our calculation. According to the calculated resu
the levels can be finely interpreted in terms of the config
ration scheme that the neutron single-particle staten f 7/2
weakly couples to the independent proton-pair sta
CJc

(2,0) with Jc501, 21, 41, 61, 81, and 101. The nega-
tive parity states ranging from 1.583 to 1.712 MeV are
homologous state family ofCJ(2,0,2,n f 7/2) with J53/22,
5/22, 7/22, 9/22, and 11/22 ~only 11/22 and 9/22 are
observed!; the states ranging from 2.291 to 2.487 Me
whose spins and parities (Jp) have not been assigned i
experiments, are probably a family of homologous sta
CJ(2,0,4,n f 7/2) with J51/22, 3/22, 5/22, 7/22, 9/22,
11/22, 13/22, and/or 15/22; the states ranging from 2.607 t
about 3.0 MeV, whoseJp also have not been assigned
experiments, may be the homologous state family
CJ(2,0,Jc ,n f 7/2) with Jc561, 81, or 101. It must be em-
phasized that not all the homologous states in a family
pear because of the configuration mixings, especially
low-spin states. This can be seen in the wave functions lis
in Table III. For example, the component of the configu
tion ph11/2

2 n f 7/2 are less than 50% in the 3/22 and 5/22 states
in the CJ(2,0,2,n f 7/2) family and the other configuration
have large contributions. Similar phenomena happen in
low-spin states in other homologous state families and
other nuclei which we will discuss next. We also list th
wave functions of these bad homologous states in the t
for comparison. The homologous structure can be verified
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TABLE III. The excitation energies, the weights of the main configurations, the one-neutron sp
scopic amplitudes calculated by Eq.~17!, and the corresponding centroid energies of homologous s
families calculated by Eq.~18! for 66

149Dy83. The homologous states are given rise by coupling then f 7/2

neutron to the parent states 21,61,81, and 101 in 66
148Dy82. The main configurations are listed in percentag

For the parent states the neutron configuration should be ignored. The second column is for the pare
and the following columns are for the homologous state family.

Jp 21 3/22 3/22 5/22 5/22 7/22 9/22 11/22

Ecal ~MeV! 1.688 1.798 1.954 1.753 1.898 1.595 1.617 1.705
ph11/2

2 n f 7/2 97.64 46.28 42.62 51.96 41.77 96.00 96.84 91.17
ph11/2

2 np3/2 13.25 3.56
ph11/2

2 n f 5/2 36.68 45.92
pd3/2

2 n f 7/2 8.80
ps1/2d3/2n f 7/2 30.33 34.51 4.95 3.06
Stotal(n f 7/2) 0.994 0.994 0.994 0.994 0.980 0.996 0.997
Ecentriod ~MeV! 1.806 1.806 1.859 1.859 1.585 1.662 1.772

Jp 41 1/22 3/22 5/22 7/22 9/22 11/22 13/22 15/22

Ecal ~MeV! 2.435 2.516 2.595 2.391 2.409 2.421 2.341 2.316 2.36
ph11/2

2 n f 7/2 100 85.05 83.94 80.38 92.97 66.70 84.58 99.25 97.5
ph11/2

2 nh9/2 2.42 30.44 2.19
ph11/2

2 np3/2 2.83 10.75 8.03 1.29
ph11/2

2 n f 5/2 1.10 5.29 1.01
ph11/2

2 np1/2 6.82
ps1/2d3/2n f 7/2 10.89
Stotal(n f 7/2) 0.996 0.993 0.985 0.985 0.985 0.991 0.996 0.997
Ecentriod ~MeV! 2.514 2.546 2.438 2.444 3.394 2.324 2.357 2.448

Jp 61 5/22 7/22 9/22 11/22 13/22 15/22 17/22 19/22

Ecal ~MeV! 2.739 2.787 2.712 2.662 2.658 2.610 2.692 2.606 2.59
ph11/2

2 n f 7/2 100 64.56 48.71 81.70 64.09 84.21 97.34 99.31 99.6
ph11/2

2 nh9/2 1.74 2.38 1.19 34.67 13.99
ph11/2

2 np3/2 5.16 18.61 1.54 1.00 1.46
ph11/2

2 n f 5/2 3.06 1.25 1.14
pd3/2

2 n f 7/2 9.76 18.50 4.24
ps1/2d3/2n f 7/2 11.78 2.13 9.98
Stotal(n f 7/2) 0.950 0.863 0.956 0.980 0.992 0.991 0.996 0.99
Ecentriod ~MeV! 2.778 2.718 2.666 2.686 2.798 2.685 2.634 2.71

Jp 81 9/22 11/22 13/22 15/22 17/22 19/22 21/22 23/22

Ecal ~MeV! 2.840 2.837 2.840 2.823 2.803 2.893 2.940 2.692 2.66
ph11/2

2 n f 7/2 100 92.47 96.49 87.59 96.88 97.19 98.11 98.80 98.3
ph11/2

2 n f 5/2 2.20 1.06 2.04
Stotal(n f 7/2) 0.939 0.987 0.989 0.983 0.996 0.999 1.000 1.00
Ecentriod ~MeV! 2.800 2.766 2.811 2.828 2.916 2.886 2.714 2.73

Jp 101 13/22 15/22 17/22 19/22 21/22 23/22 25/22 27/22

Ecal ~MeV! 2.920 2.931 2.908 2.970 3.030 2.932 3.110 2.880 2.68
ph11/2

2 n f 7/2 100 81.74 97.55 97.63 97.69 96.87 98.69 99.08 99.9
ph11/2

2 nh9/2 16.80 1.19
Stotal(n f 7/2) 0.980 0.987 0.986 0.998 1.000 1.000 1.000 1.00
Ecentriod ~MeV! 2.791 2.870 2.960 3.035 2.976 3.051 2.895 2.68
in
it

rum
the

re.
pli-
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ne-
checking the relation of Eq.~19!. We investigate the follow-
ing two sets of decays: 27/22→23/22→19/22→15/22

→11/22 and 25/22→21/22→17/22→11/22→19/22. The
decays of their corresponding parent states are 101→81

→61→41→21 in 66
148Dy82. The results are presented

Table IV. The shell model results are in good agreement w
 h

the values given by the weak coupling scheme. The spect
can thus be quite reasonably reproduced by selecting
main configurations according to this weak coupling pictu
The calculated one-neutron shell model spectroscopic am
tudes and the corresponding centroid energies further ve
the homologous structure of the spectrum. The total o
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TABLE IV. Comparison of the results ofE2 transitions calculated by the full shell model~SM! and by
the weak coupling scheme~WC! @Eq. ~19!# for the nucleus66

149Dy83.

WC SM WC SM

B~E2;27/22→23/22!

B~E2;101→81!

1.000 1.267 B~E2;25/22→21/22!

B~E2;101→81!

0.939 0.710

B~E2;23/22→19/22!

B~E2;81→61!

1.000 1.099 B~E2;21/22→17/22!

B~E2;81→61!

0.907 0.923

B~E2;19/22→15/22!

B~E2;61→41!

1.000 1.011 B~E2;17/22→13/22!

B~E2;61→41!

0.844 0.874

B~E2;15/22→11/22!

B~E2;41→21!

1.000 1.121 B~E2;13/22→9/22!

B~E2;41→21!

0.681 0.681
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neutron shell model spectroscopic amplitudesS(n f 7/2) total
and the corresponding centroid energies calculated by
~18! for the different homologous state families are also p
sented in Table III in the last two lines. The centroid energ
are located at the positions of the corresponding parent s
quite well. This also happens for the bad homologous st
because the@S1/2(n f 7/2)#2 is distributed in two energy-nea
states which have a similar weight of componentph11/2

2 n f 7/2

as shown for the above mentioned 3/22 and 5/22 states in
the second line of the table. In a word, the spectrum

66
149Dy83 can be reasonably interpreted by the homolog
state concept. There are several single-particle excited s
which are not displayed in Fig. 6 and Table III. They c
also be explained as homologous states by weakly coup
the corresponding single-particle states to the ground s
(01) of the parent nucleus. The first excited state 3/22 can
be interpreted as the homologous stateC3/2(2,0,np3/2). Its
excitation energy is 1.03 MeV, just a little bit smaller tha
that in 64

147Gd83 ~1.13 MeV!. The second excited state 9/22 is
a neutronh9/2 state and can be regarded as a homolog
q.
-
s
tes
es

f
s
tes

g
te

s

state C9/2(2,0,0,nh9/2). The strong proton-neutron interac
tions forph11/22nh9/2 reduce the energy of this excited sta
from 1.40 MeV in the 64

147Gd83 to 1.09 MeV in 66
149Dy83.

Because of the high excited energies of the neutron sin
particle orbitalsp1/2 and f 5/2, the single-particle excitations
for these two states are strongly mixed with other configu
tions. As to the positive parity states, only a few have be
assigned in experiments. According to our calculation,
21/21 state at 2.55 MeV, which is a stretch state in o
model space, can be considered to be a homologous sta
the parent state 72 ~2.75 MeV! in 66

148Dy82; the 17/21 state at
2.251 MeV is a homologous state to the parent state 52. For
the other positive parity states, the two main configuratio
ps1/2h11/2n f 7/2 and pd3/2h11/2n f 7/2 mix strongly because o
their approximate average energies^H& and, therefore, these
states are much less similar to the corresponding nega
parity states in66

148Dy82, which are given rise from the con
figurationps1/2h11/2 or pd3/2h11/2.

65
149Tb84 ~Fig. 7!. The structure of this nucleus was inve

tigated by Lachet al. @19# using an empirical shell model. In
n-

e
se
-

FIG. 7. The homologous structure of the e
ergy levels of 65

149Tb84 for the negative parity
states. The levels of set~a! are parent states, thos
of set ~b! are the experimental results, and tho
of set ~c! are the results of full shell model cal
culation.
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TABLE V. The excitation energies, the main configurations, the one-proton spectroscopic amp
@calculated by Eq.~17!#, and the corresponding centroid energies@calculated by Eq.~18!# of the homologous
state families in65

149Tb84 which are given rise from coupling theh11/2 proton to the parent states 21, 41, and
61 in 64

148Gd84.

Jp 21 7/22 9/22 11/22 13/22 15/22

Ecal ~MeV! 0.812 0.859 0.945 0.759 0.785 0.842
n f 7/2

2 ph11/2 98.49 91.54 97.06 97.57 98.51 95.47
nh9/2

2 ph11/2 2.89
n f 5/2

2 ph11/2 1.72
n f 7/2p3/2ph11/2 5.06 2.66
np3/2ph11/2 2.57
Stotal(ph11/2) 0.993 0.994 0.995 0.997
Ecentroid ~MeV! 0.961 0.745 0.817 0.892

Jp 41 3/22 5/22 7/22 9/22 11/22 13/22 15/22 17/22 19/22

Ecal ~MeV! 1.475 1.451 1.539 1.469 1.385 1.516 1.598 1.453 1.404 1.4
n f 7/2

2 ph11/2 99.12 87.24 83.64 94.34 93.47 94.90 97.27 96.19 97.88 96
n f 7/2h9/2ph11/2 10.65 1.81 2.10 2.17
n f 7/2f 5/2ph11/2 3.88 3.48 1.60 1.12
n f 7/2p3/2ph11/2 2.48 1.22 1.96 1.08 1.44
n f 7/2p1/2ph11/2 3.39
Stotal(nh11/2) 0.992 0.992 0.977 0.975 0.991 0.984 0.991 0.997 0.9
Ecentriod ~MeV! 1.551 1.620 1.489 1.425 1.545 1.584 1.462 1.434 1.4

Jp 61 1/22 3/22 5/22 7/22 9/22 11/22 13/22 15/22 17/22

Ecal ~MeV! 1.872 1.734 1.799 1.828 1.762 1.837 1.917 1.934 1.938 1.9
n f 7/2

2 ph11/2 98.40 81.60 89.80 91.29 79.94 89.97 86.80 87.53 84.64 90
n f 7/2h9/2ph11/2 17.41 1.88 5.60 22.34 3.73 1.65 1.35
n f 7/2f 5/2ph11/2 7.34 1.11 2.51 3.33 3.35 2.58 2.24
n f 7/2p3/2ph11/2 1.43 1.46 1.88 6.01 6.48 9.90 3.53
Stotal(ph11/2) 1.000 0.992 0.986 0.977 0.965 0.957 0.967 0.973 0.9
Ecentroid ~MeV! 1.848 1.835 1.826 1.829 1.859 1.921 1.973 1.961 1.9

Jp 61 19/22 21/22 23/22

Ecal ~MeV! 1.872 2.061 1.754 1.733
n f 7/2

2 ph11/2 98.84 97.10 93.68 96.80
n f 7/2h9/2ph11/2 2.27
n f 7/2f 5/2ph11/2 1.69
n f 7/2p3/2ph11/2 3.83
Stotal(ph11/2) 0.998 1.000 1.000
Ecentroid ~MeV! 2.022 1.812 1.738
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our calculation, the homologous structure is also obvious
the negative parity spectrum and clearly displayed in Fig
This homologous structure is even better than that in
spectrum of 66

149Dy83 because of the proton intruder singl
particle stateph11/2. The low-lying state 11/22 is a quite
good protonph11/2 single-particle state as in65

147Tb82, i.e., a
good homologous stateC11/2(0,2,0,nh11/2). The negative
parity states 7/22, 9/22, 11/22, and 15/22 ranging from
0.69 to 0.9 MeV are well located at the positions of t
homologous statesCJ(0,2,2,ph11/2) with J57/22, 9/22,
11/22, and 15/22. The other negative parity states below 2
MeV have a similar structure. The states ranging from 1.3
to about 1.58MeV and from about 1.65 to 1.85 MeV cou
in
.
e

2

be homologous statesCJ(0,2,Jc ,ph11/2) with Jc541 and
61, respectively. The calculated wave functions and o
proton shell model spectroscopic amplitudes@S1/2(ph11/2)#2

for different homologous state families are listed in Table
We see again that all the centroid energies are located a
positions of the corresponding parent states even for the
homologous states because of the same reasons a

66
149Dy83. For the positive parity states, similar results a
obtained as in66

149Dy83, i.e., the stretch states are good h
mologous states and the other states have strong config
tion mixings. Therefore, the intruder proton single-partic
stateph11/2 plays an essential role for the homologous stru
ture of the negative parity states in66

149Dy83 and 65
149Tb84 as
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FIG. 8. The homologous struc
ture of the energy levels o

67
151Ho84 for the negative parity
states. The levels of set~a! are the
experimental results, those of se
~b! are the parent states, and tho
set of ~c! are the results of full
shell model calculation~see the
text for a detailed explanation!.
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well as in the nuclei67
151Ho84, etc., discussed below. This

one of the reasons why the simple shell model calcula
can reproduce the negative parity states, especially the
spin states quite well.

67
151Ho84 ~Fig. 8!. The high-spin states of this nucleus we

studied first by Gizonet al. @20#, and then by Zhanget al. @7#
both using in beam method. They found that the energy
els of the yrast high-spin states could be reproduced
very high accuracy using the configurationsph11/2

3 n f 7/2
2 and

ph11/2
3 nh9/2f 7/2. We have carried out a calculation in a fu

N582–126 major shell. Just like the results in Ref.@7#, the
high-spin states are reproduced quite well in our full sh
model calculation. The homologous structure is obviou
these states, which is clearly displayed in Fig. 8. The le
structures from the ground state 11/22 to 23/22, and from
n
h-

v-
th

ll
n
l

the second 27/22 to 39/22 are very similar to each other an
are homologous to their parent statesCJc

(2,2) with Jc

501, 21, 41, 61, 101, 121, 141, 161. The weights of the
dominant configurationph11/2

3 n f 7/2
2 for 15/22, 19/22, 21/22,

and 23/22 are 76.81, 78.62, 78.38, and 78.21 %, very clo
to the weights 81.19, 82.69, and 81.62 % for the domin
configurationph11/2

2 n f 7/2
2 in the parent states 21, 41, and 61

in 66
150Dy84. Much purer homologous wave functions for th

states 27/22, 31/22, 35/22, and 39/22 to the parent states
CJc

(2,2) with Jc5101, 121, 141, and 161 in the 66
150Dy84

are obtained. Thus these states can be well interpreted a
odd proton weakly coupled to the excited states of the in
pendent nucleon pair in the66

150Dy84. Our calculation also
successfully reproduces the high-spin states arose from
configurationph3n f 7/2h9/2. These states can be understo
y
FIG. 9. Theoretical and experimental energ
levels of 69

153Tm84 for the negative parity states.
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FIG. 10. The theoretical prediction of the ho
mologous states of68

151Er83. The levels of set~a!
are the parent states and those of set~b! are the
results of full shell model calculation~see the text
for a detailed explanation!.
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by a bit stronger coupling of the oddph11/2 proton to the
states with the characteristic configuration (ph11/2

2 )01

^ (n f 7/2h9/2)61 or 81 in the 66
150Dy84.

69
153Tm84 ~Fig. 9!. It is interesting to note again that th

spectrum of 69
153Tm84 is almost identical to that of67

151Ho84.
This is not surprising because the spectrum of69

153Tm84 is an
excellent homologous state family of its parent spectrum

68
152Er84.

68
151Er83 ~Fig. 10!. The negative parity levels of68

151Er83 are
expected to be classified by using the above homolog
state concept. The predicted levels are presented in Fig
and show a clear homologous structure to the parent stat
the 68

150Er82, which can be explained by the weak coupling
the odd valence neutron inn f 7/2 orbital to two independen
proton pairs. The wave functions given in Table VI al
clearly show the homologous structure, especially for
high-spin states. This homologous structure is also confirm
by the calculated one-neutron shell model spectroscopic
plitudes which are similar to the results in66

149Dy83 and

65
149Tb84. However, the available experimental data of the
levels are not sufficient to show such a structure. More
periments should be done to test the predicted results.

66
151Dy85 ~Fig. 11!. The concept of homologous states is

longer valid for the levels of66
151Dy85. The large possibility

of exciting neutrons from thef 7/2 orbital to theh9/2 as well as
other orbitals in the low-lying states breaks the validity
the independent neutron pair motion and destroys the co
sponding homologous structure. It is impossible to reprod
the experimental data using simple configurations.

IV. DISCUSSIONS AND CONCLUSIONS

The calculated results for the nuclei inA;150 mass re-
gion clearly show the independent nucleon pair mot
which implies that the proton pairs inp1h11/2, p2d3/2, and
p3s1/2 orbitals and the neutron pair inn f 7/2 orbital are mov-
f

us
10
of

f

e
d
-

e
-

f
e-
e

n

ing almost independently because of the weak interacti
among them. The states which are given rise from the w
coupling of an odd nucleon to the excitation states of in
pendent nucleon pairs share homologous structures to
parent states. These are the reasons that the simple
model calculations are surprisingly successful for these
clei. One should expect that the concept of homologo
states, which is an outcome of the weak coupling of an o
nucleon to the corresponding parent state, is a useful too
analyze the spectra of heavy nuclei where a few nucleon
nucleon pairs are at the beginning of a major shell or s
shell if the residual interactions are much smaller than
single-particle energies~i.e., the mean field!. This can be
confirmed by one of our recent investigations of the hi
excited states of 206Pb induced by the reaction
209Bi( pW ,a)206Pb @12#. These states can be described in t
terms of one proton inh9/2 single-particle state weakly
coupled to the low lying states in205Tl so that the level
structure and wave functions of these high excited state
206Pb are very similar to those of the low-lying states
205Tl. This similarity is called homology.

There are three factors which give rise to the independ
pair approximation and the homologous structure in nucle
A;150 mass region. First, the high angular momentum
truder proton single-particle stateph11/2 plays an essentia
role. Its pair energy is much larger than those ofpd3/2 and
ps1/2. The excited states, especially the high-spin states
the proton configurationph11/2

z are isolated from the othe
states due to the parity and angular momentum conse
tions. This makes the independent pair approximation v
effective for the nuclei withZ5641z andN582. Secondly,
the weak proton-neutron interaction forph11/22n f 7/2 also
keeps this approximation valid to the nuclei having both v
lence protons and neutrons. The last factor is the large
ergy gaps between the neutron orbitalsn f 7/2 and the others in

64
147Gd83. This makes other single-particle states have lit
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TABLE VI. The excitation energies, the main configurations of the predicted homologous state fa
in the 68

151Er83, which are given rise from the coupling of then f 7/2 neutron to the parent states 21, 41, 61,
81, 101, 121, 141, and 161 in 68

150Er82. The other notations have the same meanings as those in Tabl

Jp 21 11/22 9/22 7/22 5/22 3/22

Ecal ~MeV! 1.707 1.710 1.705 1.709 1.888 1.845
ph11/2

4 n f 7/2 89.35 73.46 83.37 78.07 41.34 73.19

Jp 41 15/22 13/22 11/22 9/22 7/22 5/22

Ecal ~MeV! 2.388 2.407 2.392 2.385 2.353 2.451 2.431
ph11/2

4 n f 7/2 92.39 86.86 86.81 84.27 75.31 58.73 77.59

Jp 61 19/22 17/22 15/22 13/22 11/22 9/22

Ecal ~MeV! 2.690 2.675 2.679 2.705 2.693 2.666 2.712
ph11/2

4 n f 7/2 92.45 86.41 86.69 87.65 86.10 84.32 75.47

Jp 81 23/22 21/22 19/22 17/22 15/22 13/22 11/22 9/22

Ecal ~MeV! 2.780 2.741 2.760 2.858 2.850 2.793 2.835 2.947 2.82
ph11/2

4 n f 7/2 92.47 86.59 86.60 89.23 88.12 86.85 80.47 83.47 81.4

Jp 101 27/22 25/22 23/22 21/22 19/22 17/22 15/22 13/22

Ecal ~MeV! 2.879 2.804 2.896 2.963 2.930 2.983 2.947 2.923 2.90
ph11/2

4 n f 7/2 92.42 86.36 87.60 89.55 87.00 87.12 87.04 84.55 80.2

Jp 121 31/22 29/22 27/22 25/22 23/22

Ecal ~MeV! 4.371 4.299 4.391 4.347 4.324 4.246
ph11/2

4 n f 7/2 97.371 85.53 95.45 89.87 84.31 83.93

Jp 141 35/22 33/22 31/22 29/22 27/22

Ecal ~MeV! 5.133 5.072 5.119 5.188 5.048 5.070
ph11/2

4 n f 7/2 100 98.86 99.80 96.44 98.00 95.12

Jp 161 39/22 37/22 35/22 33/22 31/22

Ecal ~MeV! 5.490 5.412 5.482 5.616 5.794 5.763
ph11/2

4 n f 7/2 100 99.38 98.85 97.91 95.78 95.22
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influence on the configurationph11/2
z n f 7/2

n . However, this en-
ergy gap effect will reduce as neutron number increases
yond N584 as has been shown in the spectra

66
151,152Dy85,86. Strong configuration mixings due to the exc
tation of valence neutrons into other orbitals make the in
pendent pair approximation invalid and destroys the co
sponding homologous structure, as has been shown in n

66
151,152Dy85,86.

The independent pair approximation provides a natu
explanation to the identification of the spectra of66

150Dy84 and

68
152Er84 as well as 67

151Ho84 and 69
153Tm84. Further experiments

are expected to test the prediction of the new mode, i.e.,
phenomenon of independent pair motion in these nuclei.

It must be pointed out that the effect of the broken su
shell Z564 is totally ignored in this paper. The energy g
of this subshell is about 2.5 MeV, and the protons below
Z564 shell can be scattered into the shell aboveZ564. This
leads to particle-hole (p-h) excitations. This effect can b
e-
f

-
-
lei

l

he

-

e

fully taken into account by extending the proton model spa
from the 64–82 subshell to the 50–82 full major shell. T
difficulty for this extension comes from two aspects:~i! the
calculation is very complicated and~ii ! there is an ambiguity
in residual interactions. Here we just discuss the effect fr
one-particle one-hole (1p-1h) excitations in a qualitative
way. The 1p-1h excitations may have important effects o
the negative parity states of the even-even nuclei and
positive parity states of the even-odd nuclei, especially
the low-spin states because of the parity and angular mom
tum restrictions. For the negative parity states of even-o
nuclei, such as65

149Tb84, etc., a proton excited from the below
Z564 subshell can only fill in theps1/2 or pd3/2 orbital due
to the parity restriction. However, the influence is reduc
due to the fact that the average proton particle-hole inte
tions of Vp(g7/2

212d3/2
1 or s1/2

1 ) and Vp(d5/2
212d3/2

1 or s1/2
1 )

across theZ564 subshell are smaller than the average p
ton hole-hole interactionsV̄p(d5/2

22) and V̄p(g7/2
22). For the
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FIG. 11. Theoretical and experimental ener
levels of 66

151Dy85 for the negative parity states.
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high-spin states, the 1p-1h excitations can only provide a
most five units of angular momenta~the pg7/2

212pd3/2
1 exci-

tation! and have a small impact on the levels discussed
this paper because of the angular momentum restrict
Moreover, the most important thing is that the effect
particle-hole excitations will not change the weak coupli
scheme for the nuclei studied in the paper. Therefore,
physical pictures of the independent nucleon-pair motion
the homologous state structure are still valid as the s
model space is extended.

As a whole, our full shell model calculations give a go
overall description of the nuclei studied. The positive par
states up to 101 in 66

148Dy82 and up to 61 in 64
148Gd84 can be

understood as proton pair excitations inph11/2 and neutron
pair excitations inn f 7/2, respectively. The spectra of66

150Dy84

and 68
150,152Er82,84 can be interpreted as independent pair

citations and share a similar level structure. The level str
tures of 66

149Dy83, 65
149Tb84, 67

151Ho84, and 69
153Tm84 can be ex-
nd

.

Do
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,

in
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e
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plained using the concept of homologous states which
given rise from the weak coupling of an odd nucleon to t
parent states of independent nucleon pair excitations.
predicted levels of68

151Er83 show a clear homologous struc
ture to its parent states of68

150Er82. Experiments on this
nucleus are desired to test our predictions. The indepen
nucleon-pair motion and the corresponding homologous s
structure are broken down in 66

151,152Dy85,86 since the condi-
tions for them to occur are not satisfied and the shell mo
space is too small to describe them.
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