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Shell model calculations are carried out for nuclei with $48<152 assuminglngdgz 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 stateh,,,,, the large energy gaps between the neutron single-particle stigieand 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 inwhyq, mds,, and sy, orbitals and the neutron pair inf;,, or vf;hg, Orbitals in nuclei
190 5% 1, 84 and 53Dys, 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 nRYygs, e Thgs, HOg,, and
16593Tm84 can be well interpreted in terms of the concept of homologous states, i.e., the level structures in nuclei
M Dygs, wTbgs, iHOg,, and BTmg, are homologous to those of the parent structure in nugf®ys,,
LG dy,, =Dy, and SEry,, respectively. The level structure of the nuclégiErg;, homologous to that of
parent states in the nucleﬂb%oErgz, 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 def&i0556-281®8)00207-6

PACS numbds): 21.60.Cs, 21.10.Hw, 21.10.Jx, 27.7@

I. INTRODUCTION lence protons and neutrons are distributed in two different
major shells, the average interactidfy, is much weaker

The structures of nuclei iA~150 mass region have at- {han those oW/, andV,,. Therefore, the Hamiltonian can be
tracted a great deal of attention becaugfGds, can be diagonalized using the following basgsy:
treated as an inert core and many properties of the nuclei in

this mass region can be well described in the framework of Wim=[&Y X U5 glim 2
the spherical shell mod¢l—3]. For example, the spectra of ! 2

the nuclei with proton numbet= 64+ z and neutron number \yhere

N=82 can be well described by theh?,, configuration

using the empirical two-body matrix elements extracted from Hpd8 o =E5 o5 o ©)
the spectrum ofstDys, [1,4,5. Some simple shell model
calculations were carried out to explain the levels. Horn HnwEZB:EgZB¢32B, (4)

et al. [6] carried out calculations of the high-spin states of

Dysprosium isotopes with up to four valence nucleons,,; J,a andJ,B as two complete sets of quantum numbers

Zhanget al.[7] calculated the high-spin states szthe nuclei needed to label the corresponding eigenstates. In order to
with N=84 using the configurationsmhi;,vf7, and  giagonalize the Hamiltonian, one should, in principle, in-
mhiywizdhe,, and the agreement with experiments is veryclude all the eigenbases of E@) in the model space. In our
satisfactory. However, up to now, no systematic shell modetases, as will be shown, the intruder proton single-particle
calculation in a unified model space has been performedstateh,,,,, the large energy gaps between neutron single-
especially for the nuclei having both valence protons angyarticle statesf;,, and the others in thé/Gdss, and the
neutrons. Simple shell model calculations are inadequatg fYpove mentioned weak,, interaction play an essential role
some cases where the neglected proton and neutron singlgrthe weak coupling scheme and provide us a simple picture
particle statesrdz,, Sy, YPs2, visp, €tC. have iImpor- for analyzing the results of our full shell model calculations.

tant contributions. Moreover, the most important thing whichgq, example, the spectrum Q%ODYM can be well understood
has not been discussed in references is that a lot of spectraifl tarms of compositions of the independent excitations of

this mass region can be well explained by a weak couplingne nroton pair in therh,,, orbital and the neutron pair in

sche_me. _That is, we can decompose the potential part of ﬂ}ﬂe vf,, orbital. We call this phenomenon independent
Hamiltonian as

nucleon-pair motion. Another example is the spectrum of
(1) 1%9Dy83, which can be understood as weakly coupling a

vf,;, neutron to the proton pair stateshfl,z. This weak
whereV,, V,, andV,, are proton-proton, neutron-neutron, coupling leads to the structure of the spectrum very similar
and proton-neutron interactions, respectively. Since the vao that of %%BDysz. We call this similarity homologous struc-

V=V, +Vy+ Vo,
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ture. The above pictures of the independent nucleon-pair morh,,,,. For example, thé&N=82, 0" —N=83, 1* Gamow-
tion and the homologous state structure indicate that th&eller transition strength ratioBgr(Dy— Tb):Bgr (Er
spectra can be well reproduced by selecting a few physicallys Ho):Bgr (Yb—Tm)~1:2:3 [14]. This evidence can
relevant bases from Eq2) to diagonalize the total Hamil- greatly reduce the model space in a reasonable way. In this
tonian. Similar phenomena happenAn-90 and 208 mass truncated scheme the single-particle states for valence pro-
regions[9-12| and the concept of homologous states hagons arer2ds,, 73s,,, andmlhyy,. For the valence neu-
been successfully used in analysis in these cEk&s _ trons, we adopt two model spaces: for the first one we only
In this paper, the details of the spectra, both the low-lyinggeect,,2,,, and »1hy, single-particle states; for the other
states and the high-spin high-lying states of the nuclei W'trbne we include all the neutron single-particle states in the

proton numbeZ =64+ and neutron numbeX =82+ n are 82~126 major shell. The single-particle energies of protons

cglcula_ted n a single shell model space using the same '&re extracted from the differences between the binding ener-
sidual interactions. The purpose of this work is to show the

existence of the independent nucleon-pair motion and th@'es of the smgle-partlcle excited Statesléﬁb& and that _Of
corresponding homologous state structure in this mass rdi® ground state ok, Gdg, [14]. The neutron single-particle
gion. The paper is organized as follows. In Sec. Il we discus§tat€sv2f7;2, 3Pz, ¥1Ng, andv3p,, aboveN =82 are
how the shell model space and the residual interactions aigentified from the nucleusg,Gds, [15] and their single-
constructed. The analyses of the spectra and the calculat@@ticle energies are extracted from the experimental data.
wave functions are presented in Sec. Ill where we show thdhe remainingv2fs, and v1i,3, are not observed and the
phenomena of the independent nucleon-pair motion and thestimated single-particle excitation energies of 30 and
corresponding homologous state structure, and the conditiors MeV are used for the two states. The excitation energy
for them to appear. Discussions and conclusions are given i€ adopt here for the single-particle stats 13, is about 0.4
Sec. IV. All the calculations are carried out using the shellMeV higher than that used in Ref3]. The reasons will be

model codeoxBASH [13]. given in the next section.
In this mass region no definite residual interactions are

available. Thus the ROT interaction @xBASH [13] is trun-
cated according to our first model space and denoted as
Because of computational difficulties, it is impossible to ROT64. For our second model space, the Schiffer-True
treat the valence nucleons in the fdl=50~82 proton ma- (ST2 [16] potential is used to generate all the two body
jor shell and the fullN=82~126 neutron major shell. One matrix elements(TBMEs) using the harmonic oscillator
should desire truncated calculations for these nuclei. It isvave functions with Aw=7.644 MeV Gw=41A;
well known that the nucleusssGds, can be treated as a —25A; % and A,=146) and denoted as ST64. In the cal-
quasidoubly closed nucled4&—3]. There is evidence that a culation, we found that the proton-neutron TBMEs and the
number of properties of the nuclei with=82 and above neutron-neutron TBMEs should be scaled by factors of 0.60
lngdgz can be described by the configuration of fillidyg and 0.8, respectively, in order to reproduce the binding en-
—64 valence protons in the intruder single-particle stateergies and improve the calculated spectrajgiThg; and

Il. MODEL SPACE AND EFFECTIVE INTERACTIONS
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L et TS g @i FIG. 2. The energy levels of
S - 14} ===14* g T B Dyg,. The solid lines in sets
g 4 Eu* 12+ . (a)—(g) are the results of full shell
2 - (CJ[(EQ)I_W@F)J]J =10* W’:(%] model calculation and the dashed
@ o W=7 & 6" Ol w2 & ot lines are the results of indepen-
o 3| —w© 19 wih =", 4, and6’ dent pair approximation, i.e., sim-
OCJ ) f%’lm) 2+ e ply adding up the corresponding
1T} i 8t 4 8" independent pair excitation ener-
c 2 _ g . (Ot gies E5 in 4Dyg, and EJ in
2 2 . —2 L48Gdy,. The prominent configu-
1] r I i rations of these levels are also dis-
9 1 B R played in each set of levels. The
L - abbreviations wh=mhyp, vf
i =vf,,, andvh=vhy, are used.
0 o* 0*
] L Exp it Cal.

19854,,. To improve the calculated results, many diagonalpair energies inms, and d3, are generated by the ST2
TBMEs generated from the scaled ST2 potential are modipotential and that inrh3,,is obtained by scaling the empiri-
fied according to the empirical TBMEs extracted from thecal TBMEs extracted from the experimental spectrum of
spectra of geDyg,, 4aTbgs, and g4 Gdg, Without configura- 48Dy, without configuration mixing. The same procedure is
tion mixings. A factor of 0.9 is used to scale these empiricalused to calculate the'2state and the negative parity states if
TBMEs to get a best fit of the spectra of the nuclei with  there are configuration mixings. The empirical TBMEs are
=148 when configuration mixings are included. We foundysed to calculate the other states which are pure stretch states

that the value 2_.5 MeV of the excitation energy for the neu-cgnstructed from the configurationhfl,z, 7hy1S1, OF
tron single-particle stateli,s, is the best one to reproduce 7hyy s

the binding energy ofs3Gdg, if the factor of 0.9 is used to
scale the empirical neutron-neutron TBMEs. This finally
modified ST2 interaction is denoted as ST64M.

The calculations are performed in the full ST64 mode

The positive parity states up to"6of %Gdg, can be
reproduced quite well by the configuratieriZ,, because of
Ithe large single-particle energy gaps betwedn, and the
space for the nuclei with 148A<152 except16562Dy86. For other neutron _smgle_-partlcle states. The §ate is given rise
comparison, the calculations in the ROT64 model space arfo™m the configurationvf;hg, due to angular momentum
also performed for all the nuclei and the results are very€auirement. This configuration also has an effect on the
similar to those of the simple shell model calculations, suctPther states, and as neutron number increases, this effect will
as those in Ref[7], and thus will not be presented in the Pe amplified as a result of the reduction of the gaps between
paper. All the experimental data are obtained from the elecsingle-particle statesf;,, vhg,, etc. The spectrum is best
tronic version of the nuclear data sheftd]. reproduced as the factors of 0.8 and 0.9 are used to scale the
TBMESs of the ST2 potential and the empirical TBMEs, re-
spectively.

The internal excitations of the proton pair hqq,
mwdg, andrs,, orbitals of % Dys,, and the neutron pair in
vfp or in vfphg, orbitals of £%Gds, provide not only the

The experimenta[14] spectra of Dy, and Gd,,,  90od descriptions of the low-lying spectra Dy, and
and their best fits are compared in Fig. 1. These two nucleiaGths, but also the building blocks to establish the spectra
together with 16458sz33 provide us with not only the informa- Of the other nuclei wittA~150. As will be shown, the spec-
tion about the two-body matrix elements of the interactiondra of taDyg, and *%5>Erg, g4 can be understood from the
in the selected model space, but also the building blocks foweak coupling among pairs and those ]g?Dygg, 16459Tb84,
the spectra of nuclei wittA~150 (see below. The wave  1SlHo,,  and L'Ere; can be well approximated by weakly
functions of the positive parity states up to*1 4Dys,  coupling an odd nucleon to the corresponding parent nuclei.
consist of the configurationrh?,,, except the 0 and 2" All the information about the weak coupling among nucleon
states which are affected by the configurationsmaf,, pairs and between the odd nucleon and nucleon pairs shows
Trdé,z, and wdsS.,. The component of the configuration a clear picture of independent nucleon pair motion as well as
wh3,, for the 0" state is acutely dependent on the pair en-homologous state structure in the nuclei in fhe 150 mass
ergies inwh?,,, md3,, and 7s?,. In our calculation, the region.

Ill. CALCULATED RESULTS

A. Energy levels of £2Dyg, and iGdg,:
Structures of proton pair and neutron pair
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B. Energy levels of *22*Dyg, gsand ¥%15%rg, 4, largerV,, interaction formrh;;,,— vhgy, will have an impor-

The comparisons of the experimental and calculated levi@nt effect on the spectrum as the valence nucleon number,
els are showed in Figs. 2-5. The detailed discussions fdfSPecially as the valence neutron number increases. The sec-
each nucleus are as follows. ond piece of evidence is the similarity of electric quadrupole

%%ODym (Fig. 2. The low-lying levels 0f16560Dy84 can be (E2) transition stren.gthB(EZ)_. Bgsed on the apqve inde-
explained as a weak coupling of a proton pair excitation inpendent ngcleon-palr approximation, tEQ _transmons of
the 7h,,, orbital to a neutron pair excitation in thef, (1€ States in set@®) and(c) should have similaB(E2) val-
orbital in most cases, which is clearly shown in the figure.U€S t0 those of the corresponding st.ates%‘{fsdm. Like-

The states up to T0come from the neutron pair excitations Wise, theE2 transitions of the states in se) should have
(Vf%/2)0+,2+,4+,6+ and (vf,hg)g+ 6+ OF the proton pair ex- similar B(E2) values to those of the corresponding states of

14
citations (Wh§1/2)2+,4+,6+,s+,1o+, which are denoted a&), “®ys,. The calculated neutroB(E2) (hereafter the effec-

(d), and (b), respectively. The levels of 1214",167, and tivE neution chf\rgenf 0.5 is used for the2E2 tranzsitions
18" which are denoted &s) and(g), are originated from the %635:211%? %51 djﬁg g]resectk()(;)eatrc? tig?Ez )9 .?/g?u’e:ngf
neutron pair excitations uf7z)z+ 4+ ¢+ and (f7zhes: 4892, 11.182 andylo 582 fm* for the E2 transitions
based on the proton pair excitationrmfl,g)lm. The state 6; 4’+ '2+ ’0+ in .t() . tivelv. Moreover. th
(6,7,8 at 2.583 MeV is a possibleBstate from the configu- caI;JIate_(;B(E_é)g'\s/'aluesse fc?r, tf?jlggctr;ngitio:seg‘ € 4t €
ration (wh§1,2)0+®(vf7,2h9,2)6+ according to our calcula- ot L0t i 148 11182 26.942 - d
tion. We also show two sets of states denotedepsnd (f) '~ , n ‘g4 _d84 are A7, 94, an

hich ited f th fi Hi 2 25.73“ fm®, respectively. The calculated prot&{E2) for
which are excited from the configurationsmif;,)s the transitions 10—8* -6 —4"—-2" -0, in set(b) are
+(vf2,)y and (wh?;,) 10+ (vf5,) 5 with J'=2%, 4%, and s

6", respectively. Three pieces of evidence support the abov5ez'5932’ 117.%% 165.47, 161°, and 102.¢° fm", and the
- resp y. P P rresponding calculateB(E2) values in thetDys, are

assignments. One is the energy spectrum. The level spectru 5 9 5 5 o 99
15 . . . _51.4%7, 137.27, 2217, 264.%°, and 218.8 fm*, respec-
of 66°Dy84 can be approximately obtained by simply sum tively. The calculatedB(E2) of 8" —6" in set (d) is

. p 14 n

rﬂmg up the energy spectr§J1 of ‘sgDys, and By, Of_ 2.6%° fm* and the calculateB(E2) for the corresponding
64 G, in a way corresponding to the above level assigng*_,6* in the L&Gdy, is 4.98% fm*. The third piece of
ment, which is shown by dashed lines in the figure. Theayidence comes from the calculated two-neutron and two-

average deviation of experimental energy levels from the inproton shell model spectroscopic amplitudes defined as
dependent pair approximation is less than 0.2 MeV, whicljg 13|

implies a weak coupling between the proton pair and the

neutron pair. However, larger deviations of the statés 8 SY(p, N, AJAT)=[(23;+1)(2T;+1)] 12
6%, and 18 in sets(d) and(g) tell that the neutron-proton

interaction for whq1,— vhy, is larger than that forrhq, X(ITHIIAT(p N AIATIT)),
—vfys. In fact, according to our finally fitted TBMEs, the (5)
average proton-neutron interactions are abe0t301 MeV

for whyqo— vhgp and —0.163 MeV forwhqq— vf7. This  wherep and A are the abbreviations of the single-particle
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states with quantum numbergmt;t,, andj,mytst o, |J;T;) being the states in seta) and(c), respectively. On the other
and|J;T;) are the initial and final state wave functions, re- hand, the calculated two-particle shell model spectroscopic
spectively. The two-particle creation operator is defined agmplitudes ~ S*2 (whyyp,mhyy)  for |07, 55Gds,)
[8] —13¢,5Dys,) are much larger than thos2(vfy,, v
for |07, 4eDyg) —|Js, 53 Dyss) With J; being the states in
set(b). The contributions from therds, or 7s;;, configura-

T — -1/2 i i
At (P M) =(1+6,) mlm%ltzz (11myjoma| IM) tion are quite small. Similar results are obtained for the states
of sets(e) and (f). From the above discussion we conclude
X(tatatot 2l TT8] mi e @ mi,- (6)  that the excitations of the proton pair irh?;,, and the neu-

tron pair in vf2, or vf;h;y), are almost independent. We
The calculated results are displayed in Tabl@g &nd Kkb).  call this phenomenon independent nucleon pair motion in the
The two-particle shell model spectroscopic amplitudesmean field provided by the core.
SY2 (vfyp,vfzn)  for |07, % Dyg)— |3, 5Dyss)  and %r,, (Fig. 3. The structure of positive parity states in
|10",56Dyg2) — |5, 5eDyss) are much larger than those 15%Erg, were calculated by Lawson with a single configura-
SYAwhyay, mhay) for [0, 6RGdss) —|J¢, 5aDyes) With J;  tion wh?,,, using the empirical TBMEs extracted from the

8
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S 6 18* 18!
7S r
2 5| e i o 5
8 B 14* - 14*
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o 4 | 12* 12 i i
5 | i 12 12* FIG. 5. Theoretical and experimental energy
c i 10* levels of 3Dygq for the positive parity states.
w 3 E—— gt 10* The two groups of levels are described in the text.
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TABLE I. (a) The calculated two-neutron shell model spectro- TABLE Il. The weights of the main configurations for the yrast
scopic amplitudes S*? for the transitions |07,%Dyg,)  states ofiyErg, up to 6" (in %).
— ]3¢, 5 Dygs) with J; being the states of seta), (b), and(d), and
the transitiong10", %¥Dys,) — |J; , 2 Dyg,) with J; being the states ~ Configurations 0 2+ 47 6+
of set(c). Here setda), (b), (c), and(d) are labeled in Fig. 2(b) 2 2
The two-proton shell model spectroscopic amplitudes”h%l/22f7/2

58.01 63.41 66.26 65.77

SY%(hyy 5, hyy) for the transitiond0*, 4G de) — |37, B Dys 73N 15.34 19.18 17.51 16.76
with J; being the states of sets), (b), and(d) labeled in Fig. 2. 73 hdy s, 7.40 8.38 8.12 7.97
@
ITi=If T AJAT By (MeV) poh s model spectroscopic amplitudes support the above assign-
@ 07:1-0":0 0:1 0000  wfpufy, 1577 ments. This similarity of the level structures of the above two
0:152":0 21 0812  vfywfy, 1634 sets of states indicates that the interactions between proton
0+ 140 41 1475 vfypvfy —1.652 pairs are very weak, and therefore_, t.hese protqn pairs move
0"16"0 61 1872 wlywfs, 1655 almost mde_pendently with thg restriction of Pauli’'s principle.
’ ’ ’ The low-lying negative parity states are also reproduced
b 071270 21 1710 wlyfsy, —0.416 in our calculatons and assigned aswhé,,)q
0*;1—-4%;0 41 2.314  wf iy, —0.342 ®(Z§§E1/2h11’2).576’ or (Wd3’2h11’2)4"5"6’v7’52E .
0*:1.6":0 6:1 2710  vlyhgy —0151 68 rga (Fig. 4).1l'he level structure ofe f4 1S allmost
0+:1-8%:0 8:1 2835  wfwhy, —0.134 identical to that of GGODy?[l. The_ dominant ponﬂguraﬂons Qf
the states in set@)—(g) in the figure are similar to those in
© 10:1-120 21 3780 uiyuf,, —1616 Fig. 2 of the nucleuglsZODy§4. It is interesting to note that
10711470 4:1 4328  vliywfs, 1524 both the simple configuration shell r_nodel calculatlon_ in Ref.
1015160 61 4570  vlygiy, 1702 [7] aqd our _fuII shell model calculation reproduce thls iden-
’ ’ ’ tification quite well. But our calculated wave functions are
@ 0%:1-6%0 6:1 2534 vfoshen — 1606 quige difgerent frgm those in that_ reference which are pure
O*;l—>8*;o 8;1 5 305 vf:ivh:z 1615 wh?yvf5, or whiyvfphe. We list the wave functions in

Table Il for the yrast states up to"6for important configu-
rations. The most important one is then;,,vf3, configu-
ration and the less important ones are the components of

(b)
I Ti—=Jd7: Ty AJAT Ey (Mev) — SY2

(@ 0%1-2%;0 21 0.812  —0.301 wh?, 45,02, and wh,,.s2,,vf2,. It is interesting to note
0*:1—4%:0 4:1 1.475 0.168 that all the wave functions listed in the table have similar
0":1—6%:0 6:1 1.872 —0.098 configuration structures. The proton pair#rtg, and 7Sy,

orbitals can at most provide two units of angular momenta.

(b) 0%:1—0":0 0:1 0.000 —1.564 The calculated two-proton shell model spectroscopic ampli-
0+:1-2%:0 2:1 1.710 —1.369 tudes show that the proton pair in these two orbitals is, in
0:14":0 4:1 2314 —1.289 most cases, in th@=0 state. The identification of the spec-
0160 61 2710 1471 tra of o Dys, and L2Ery, indicates that the proton-proton
0*:1-8%:0 8:1 2835 1.640 interactions in therhy,— wds, and whyp— 7Sy, are very
0*:1-10":0 101 2918 1.638 weak and that the proton pairs #rds;, or 7Sy, orbitals are

independent of the proton pairs in the, 4, orbital. Indeed

d 07:1-6":0 61 2534 0.301 the average interactions fotrhyqp— mwdg, and arhqqp
0+t:1-8":0 81 2305 — 0120 — Sy, are both about 0.126 MeV calculated with ST2 po-

tential in the ST64 model space, which are much smaller
than the average interactions farhijp— mhyyp, wmdsp
—ads,, and wsy,— wSyp. Therefore, the configurations
spectrum ofs4¥Dys, [5]. Our full shell model calculation has  7hiyst,vfs, and whiyd3,vf%, only slightly affect the
some improvements. The essential new point we found hergpectrum and allow us to scale the empirical TBMEs by a
is the concept of independent motion of proton pairs. Thdactor to incorporate the configuration mixings and vice
structure of the states'Q 2%, 4™, 6™, 8", and 10 is very  Vversa. After having scaled the wave functions or the TBMEs,
similar to those in%Dyg, and the other proton pair has the spectrum of G Erg, displayed in Fig. 4 can be finely
small influence on these states. Thus we assign this set @escribed by the  configuration 7h?, {7, or
states to be £h?,,);+ @ (wh2,)o+ with 3*=0%, 2%, 4%, whi,wf,shep, which is almost identical to that I Dygy.

6", 8", and 10°. The 12, 14", and 16 states have similar However, the components neglected in the simple configura-
energy positions as2 4", and 6" if one subtracts the ex- tion shell model calculation have important effects on other
citation energy of the 10 state from their excited energies. properties such a$3(E2) and Gamow-Teller transition
So this set of states can be assigned to[ peh?,,)+  StrengthB(GT). For example, the calculateB(GT) (9.96

® (%) 2+ 4+ s+ ]12+ 14+ 16+. The calculatedB(E2)’s are  using the simple configuration foB*-decay & Ers,(0")
also close to each other for the two sets of levels. The cal— 5/H0gs(1") is almost identical to thaB(GT) (9.66 of
culated wave functionsB(E2)’s, and two-proton shell Ers(07)—1Hogy(1™). But the experimental results are
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not the case. The Idg for the former decay is 4.08 and that tion, the nucleon-paitl,, behaves as a boson. Furthermore,
for the latter is 3.60. This indicates that the protons havgne weak interaction between nucleon paifs makes them

some probabilities to occupy theds, and 7Sy, orbitals - move independently, as we have seen in the spectrum of
which have no contributions to the Gamow-Teller transition 15°Er82. We prefer independent pair approximation to boson

: :68

Egr? ngrt:\ia-elz—hae rset:?rieégt]iesst? ?éetshce)fstngllerﬁgndoevlv '(:Taelgﬁlr;triiﬂzﬁpproximation for two reasoné) the nucleon paigjy, pos-
P ring . sesses fermion structure and has many internal excitations,
Our wave functions can give a more reasonable Gamow-

Teller transition strength. The analyses of the Gamow—TeIIe'r'e" theM can take all allowed values, which cannot be
gth. y described by a simple structureless boson. This fermion

transition strengths for the nuclei in this mass region will bestructure is fully taken into account in the shell model calcu-

pre$ﬁ2t?r?dzlssréjheerg:e?r%lﬁcleon- air motion is also a roXi_lation. (i) The commutation relation of Eq8) is just the
ep ba , 0 app kinetic condition for the independent pair approximation.
mately valid for the neutron pair in the configuratibg),f,,,

because the 8and 18 states are approximately identical to The independent motion of these nucleon pairs is rooted in
15 bp y 1 the weak interactions between them. This is the dynamical
those in taDygs. However, as neutron number increases

s ) 151, reason for the independent nucleon pair approximation,
this is no longer true, as will be seen §¥Dyss and 65DYss  which is originated from the specific shell model Hamil-
discussed below. tonian
1%2Dygs (Fig. 5). In the calculation, we restrict the four ' - i imati
660Ys6 (F19. ). ' Under the independent nucleon-pair approximation, the

neutrons only filling thep, f, andhy, single-particle states ground state of R like particles in the higlj orbital can be
to reduce the computational difficulty. Our calculation repro-yritten as

duces the correct level sequence §fDygs up to spin 18

except the two levels I5and 17 . However, the indepen- N

dent nucleon-pair motion disappears in this nucleus. It is 1 n €)
found from our shell model calculation that, the four valence ‘I’O(QN) =& & IO>

neutrons have large occupation probabilities in i®,,  Here&, can be considered to be a ground-state pair. Because

vPai2,12: @ndvigy; orbitals because the energy gaps betweeRhe proton-proton interactions irrhy;,— 7dz, and 7hyy,
vfyp and these neutron smgle—pamcle states have been Sy, are quite small and the proton pairirds, and s,
greatly reduced due to the increase of valence neutrons. Asia most cases is in thé=0 state, thet, can be also referred
consequence, the independent nucleon-pair motion is dgq this J=0 pair. The excited states can be constructed from

stroyed and the complicated configuration distributions lead . fth K | 2 h
to collective properties of the spectrum i'grgZDygs. How- the compositions of the weakly coupled paﬁﬁ" such as

ever, the regular experimental spectrigxcept 15 and N

177) shows a characteristic of collective vibrations, while - -

our calculated spectrum is less regular. This discrepancy may U,(2N) = [g}lMl e §}NMN]J|O) : (10

be related to the surface vibration j3°Dygs and our shell

model space is not large enough to describe it correctly. This scheme provides a good approximation to the even-
We are now at the point where we can summarize thewyen nuclei with valence protos<6 andN=82. The posi-

conditions for the onset of the independent nucleon-pair Motiye parity yrast states ofDyg, can be explained as one

tion. First, the intruder proton stateh,,,, plays an essential roton pair states ;(2)=£! 10 in the mrhyy, orbital with

role for the independent nucleon-pair motion due to its higl‘S_0+ %+ o 6+J g+ a#\é g Accgrrdilrig o our shell

angular momentum, strong pairing energy, and negative pa ; " .
g g pairing 9y g P& odel calculation, the positive parity states'gfErg, can be

ity in contrast to the other orbitalsrs;, and 7ds,). More- | . : .
over, thearh,y, orbital can accommodate six proton pairs, interpreted as two proton pair states with a weak coupling,

thus two proton pairs show a good independent motion. Furiamely, W (4)=[&] y ®&} . 1,0) in the mhyy, orbital.
thermore, the proton—pro;on interactions #hqqo— 7_Td_3/2 . The yrast states ir’ngdm up to 6" can be described by one
and inmhy,— sy, are quite small due to the less similarity naytron pair state® ;(2)=&1,,|0) in the vfy, orbital. As

of the relevant single-particle wave functions. _pointed out, one of the conditions for the independent pair
To formulate the above ideas more clearly, let us intro-,n5roximation to be valid is related to the degeneracy of the
duce the pair operators 58] j orbital. It is expected that the goodness of this approxima-
1 tion is less for the neutrofi;;, orbital. We can also extend
ot = TR t ,f the neutron pair states tov{,h if there is only one
Som Zm%z <Jm1JmZ|JM>ajmlajm2' @) neutron pair gs we have shgjingﬁJnuclei wiki- 84. g
Secondly, the proton-neutron interactions imhqq,
which have the following commutation relation: —vf,, are much weaker than the like-particle pairing inter-

actions in orbitalsvh,,,, and vf4,. As mentioned in Sec. |,
s at 2 in order to reproduce the binding energy %”fTbg3 using
[0.60]=1~ 2j+1’ ® sm2 potential, one should scale the-n TBMEs by a factor
of 0.6, while larger factors of 0.8 and 1.0 are needed to scale
where £y=¢;-om=0o- The second term in Eq8) can be the neutron-neutron TBMEs and proton-proton TBMEsS to
neglected if the particle number in the orbitalNs<2j+1. reproduce the binding energies §£Gdg, and %Dyg,, re-
This is called the pair approximation. Under this approxima-spectively. Thus the independent pair approximation dis-
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cussed above is also valid for the nuclei which have both Np Ny,
proton pairs and neutron pairs. Therefore, the wave functions ot oot ot ont
of the ground state and excited states for even-even nucIei‘I’O(QNpaZNn) = [ o & ]0 ® [ 0 " %o ]0]0>
can be written as compositions of the proton pairs and the (13)
neutron pairs and

NP Nn

U5 (2N,, 2N,,) = {[ﬁngl "'§§LPMNP]JP ® [ j;:[Ml "'fjll,tnMNn]Jn}J|0>’

(12

respectively, with proximate angular momentum abg,, and vfg,. Therefore,

the large energy gaps betweefy,, and vhy,, and vfsg, in

. 1 14Gds, is crucial for the independent neutron-pair motion in
o oot
é.‘])g/l:ﬁ: 2 <melJ pm2|‘JM>ajpmlajpm2 ’ (13) 64 d83 P b

My, nuclei with N=84. Calculations show that the independent
pair picture in £Dys, is greatly destroyed as the gap be-
and tweenwvf,, andvhg, is reduced from actual value 1.4 to 0.7
L MeV since the neutron states can no longer be described by
“nt e ot a singlevf, orbital. The gaps will be reduced as neutron
JM_Em%Z (i"myj"mal IM)@jn, Bjo, (14 gy proton number increase. For example, the excitation en-
ergies of the 9/2 state in §sDygs and L'Gdg; reduce from
where jP=1hyy;5, wds, Or 7Sy, andj"=vf,, as in the 1.04 to 0.379 MeV. For the reasons mentioned above, the
definitions of ¢8), and &}l,. The shell model results of independent motion of proton pairs and neutron pairs are
lG%ODys4 and 16%2584 can be well classified as the composition restricted to the nuclei V\_/|th|s84. We will see that it is also
states of one proton pair weakly coupled to one neutron paifue for odd-even nuclei.
and of two proton pairs weakly coupled to one neutron pair,
respectively.

Thirdly, the large gaps between single-particle statieg,
and vhgp, etc., play an important role in the independent
nucleon-pair approximation. Unlike theh,,, isolated from For odd-even nuclei, the ground states and excited states
the rds, and sy, the vf4, has the same parity and ap- can be approximated as

C. Energy Ievelslisn ke Dyss, ggzbm, S MHog,, aErgs,
6o TMgs, and §DYgs

jVP N, n

\Dj(2NP72Nn707jm) = {(";rm Y [ggT Tt égT]O @ [A(TJLJr o ggT]O}JI())

(15

and
NP Nn

U;(2N,,2N,, J., §) = {al,, @ {[&],, "‘fﬁfvwap]Jp ® [0 - &t ary 10} 110),

(16)

respectively, if the independent nucleon-pair approximatiorof odd-even nuclei having similar structures to those of the
holds for the even-even nucleus with=2N,, valence neu- even-even parent nuclei. This phenomenon is called homolo-
trons andZ=2N, valence protonsa;rm creates an odd neu- gous state structurgl2]. We denote¥; (2N;,2N,)) as the
tron in thevf,, orbital or an odd proton in thehy;, orbital  parent states which are excitation states of eproton
outside the even-even core. As mentioned above, the weglairs in thewrhy,,, orbital and of theN,, neutron pairs in the
residual interactions lead to the spectra and wave functionsf, orbital, and ¥ ;(2N,,2N,,J.,j) as the homologous
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states corresponding to the coupl'ing of an odq proton in the B{E2;(jJo) —(jIN) }
7hq4, Orbital or an odd neutron in thef,, orbital to the ! f =(21;+1)(23.+1)
parent statel; (2N,,2N,,) with an angular momenturd, . B(E2;J.—J))
Je p n C c
We use this scheme to analyze the full shell model calcula- - ,
15 XWA([Jel2;130), (19

tions for the nucleityDygs, weThgs, HOgs, s5TMgs,

LErgs, and %iDyss in the following. In order to verify the
above idea, we calculate the total one-particle shell mode\fv
spectroscopic amplitudes defined as

hereW is Racah coefficient defined as in RES).
M Dygs (Fig. 6). The calculated and experimental nega-
tive parity levels are compared in Fig. 6. Only a few experi-
N mental levels have been assigned. The level density is repro-
2 [Sﬁ’ZJ’T?T(p)]Z duced in our calculation. According to the calculated results,
k=1 the levels can be finely interpreted in terms of the configu-
ration scheme that the neutron single-particle state,
weakly couples to the independent proton-pair states
W, (2,0) withJ;=0", 27,47, 6", 8", and 10°. The nega-
17 tive parity states ranging from 1.583 to 1.712 MeV are a
homologous state family o ;(2,0,2pf,5) with J=3/27,
and the corresponding centroid energies defined as 5/27, 7/27, 9/127, and 11/2 (only 11/2" and 9/2 are
observed the states ranging from 2.291 to 2.487 MeV,
N whose spins and parities]{) have not been assigned in
Elenrod= > Er 1S T 2ISt (18  experiments, are probably a family of homologous states
K V,(2,0,4pf,) with IJ=1/27, 3/27, 5/27, 7/2°, 9/27,
11/2", 13/Z", and/or 15/2; the states ranging from 2.607 to
whereN is the number of final eigenstates with the saifie  gphout 3.0 MeV, whosd™ also have not been assigned in
andT in the summation. In our calculatidd= 10 can count experimentsl may be the homo'ogous state fam”y of
most of the shell model spectroscopic strengthsT ) is the W¥(2,0J.,vf) with J.=6%, 8%, or 10". It must be em-
corresponding parent state. The quantiigs, andEcenoid phasized that not all the homologous states in a family ap-
bear the information of the distribution of the One'partidepear because of the Conﬁguration mixingS, especia”y for
shell model spectroscopic amplitudes. The quariynroia  low-spin states. This can be seen in the wave functions listed
should be located at the position of the corresponding paren Table 1Il. For example, the component of the configura-
state because tH,, is most exhausted by the homologous tion 77h2, vf, are less than 50% in the 3/2and 5/2° states
state if the weak coupling scheme holds. Thus the quantitieg, the W (2,0,2pf,,) family and the other configurations
Stotal @Nd Ecentroiq @r€ very sensitive to the wave functions. haye large contributions. Similar phenomena happen in the
The above idea can be also tested by comparing the followgy_spin states in other homologous state families and in
ing B(E2) strength relations betweeB2 transitions[j  other nuclei which we will discuss next. We also list the
XJelim— X I¢]im, andJc—J¢ . According to the weak wave functions of these bad homologous states in the table
coupling scheme, we have the following relatid@: for comparison. The homologous structure can be verified by

S]oz‘;lr( p)

N
gl [(23+1)(2T+1)] HIT:Kl[[afl|[3cTe)I?
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TABLE lll. The excitation energies, the weights of the main configurations, the one-neutron spectro-
scopic amplitudes calculated by E@L7), and the corresponding centroid energies of homologous state
families calculated by Eq(18) for %iDygss. The homologous states are given rise by couplingithg,
neutron to the parent state$ 8,8, and 10 in 4Dyg,. The main configurations are listed in percentage.

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

Jm 2" 327 32 52 52 72 92 11X

Eca (MeV) 1.688 1.798 1954 1753 1.898 1595 1.617 1.705

wh3 v 97.64 4628 4262 5196 41.77 96.00 96.84  91.17

mh3 v Pan 13.25 3.56

mh3 v fs, 36.68 4592

wd3 vt 8.80

7Sy vtz 30.33 3451 495  3.06

Sl Y712 0.994 0.994 0994 0.994 0980 0.996 0.997

E centriog (MeV) 1.806 1.806 1.859 1.859 1585 1.662  1.772

J7 4* 12 327 5/ 72 92 112 132 15/
Eca (MeV) 2435 2516 2595 2391 2409 2421 2341 2316  2.367
wh2 v, 100 8505 8394 80.38 9297 66.70 8458 99.25 97.56
wh2, whep, 242 3044 219

mh3 v Pan 283 1075  8.03 1.29
mhaovfs, 1.10 5.29 1.01

mhiiPue 6.82

wSydapvfzn 10.89

Sl P72 0.996 0993 0.985 0.985 0985 0.991 0.996  0.997
Eceniog(MeV) 2514 2546 2438 2444 3394 2324 2357 2448

Jm 6" 52— 7127 92 11/2 13/ 15/2  17/2  19/2°
Eca (MeV) 2739 2787 2712 2,662 2658 2610 2.692 2606 2.592
wh2 v, 100 6456 4871 8170 64.09 8421 97.34 99.31  99.63
mh2, ,whg 1.74  2.38 1.19 3467 13.99

wh2,,vPap 516 1861  1.54 1.00 1.46
whaovfsn 3.06 1.25 1.14

md3,vf, 9.76 1850  4.24

7Sy Mapovizg 11.78 213  9.98

Sl P72 0950 0.863 0956 0.980 0.992 0991 0.996 0.998
E centriog (MeV) 2778 2718 2.666 2.686 2798 2.685 2634 2714
J7 8" 9/27 11/ 13/ 15/z  17/2 19/ 212 232
Eca (MeV) 2.840 2.837 2840 2.823 2803 2893 2940 2692 2.663
wh2 v 100 9247 9649 8759 96.88 97.19 9811 98.80 9831
mha v fsn 2.20 1.06 2.04

Sl Y712 0939 0987 0989 0.983 0996 0999 1.000 1.000
E centriod (MeV) 2.800 2766 2.811 2.828 2916 2.88 2714 2.733
J7 10" 13/27 15/ 17/2  19/2 21/ 23/2 25/2  27/2
Eca (MeV) 2920 2931 2908 2970 3.030 2932 3110 2.880 2.687
wh2 . vfp 100 8174 9755 97.63 97.69 96.87 98.69 99.08  99.92
wh3,whe 16.80  1.19

Sl P72 0.980 0.987 098  0.998 1.000 1.000 1.000  1.000
E centriog (MeV) 2791 2870 2960 3.035 2976 3.051 2.895 2.688

checking the relation of Eq19). We investigate the follow- the values given by the weak coupling scheme. The spectrum
ing two sets of decays: 27/2-23/2° —19/2° —15/2 can thus be quite reasonably reproduced by selecting the
—11/2° and 25/2 —21/2 —17/2 —11/2—19/2". The  main configurations according to this weak coupling picture.

decays of their corresponding parent states are-18* The calculated one-neutron shell model spectroscopic ampli-
—6"—4" 2" in %‘ESDygz. The results are presented in tudes and the corresponding centroid energies further verify
Table IV. The shell model results are in good agreement withhe homologous structure of the spectrum. The total one-
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TABLE IV. Comparison of the results &2 transitions calculated by the full shell mod&M) and by
the weak coupling schem®/C) [Eq. (19)] for the nucleusiDyss.

wC SM we SM

B(E2;27/2 —23/2°) 1.000 1267 pg(E2;25/2 —21/2) 0.939 0.710
B(E2;10' —8") B(E2;10' —8")

B(E2:23/2° —19/2°) 1.000 1.099  B(E2:21/27 —17/2) 0.907 0.923
B(E2;8" —6") B(E2;8" —6")

B(E2:19/2° —15/2°) 1.000 1011 g(E2:17/2 —13/2) 0.844 0.874
B(E2;6" —4") B(E2;6" —4")

B(E2:15/2° —11/2°) 1.000 1121 B(E2:13/2° —9/27) 0.681 0.681
B(E2;4* —2%) B(E2;4* —2%)

neutron shell model spectroscopic amplitud&e:f,)m  State Wo(2,0,09hg). The strong proton-neutron interac-
and the corresponding centroid energies calculated by Edions forh,,,— vho, reduce the energy of this excited state
(18) for the different homologous state families are also prefrom 1.40 MeV in the X/Gds; to 1.09 MeV in %Dysgs.
sented in Table Il in the last two lines. The centroid energieBecause of the high excited energies of the neutron single-
are located at the positions of the corresponding parent statgarticle orbitalsp,, and fs.,, the single-particle excitations
quite well. This also happens for the bad homologous statefor these two states are strongly mixed with other configura-
because th¢SY3(vf,,)]? is distributed in two energy-near tions. As to the positive parity states, only a few have been
states which have a similar weight of componett, ,vf;,  assigned in experiments. According to our calculation, the
as shown for the above mentioned 3/and 5/2 states in 21/2" state at 2.55 MeV, which is a stretch state in our
the second line of the table. In a word, the spectrum ofmodel space, can be considered to be a homologous state to
U9Dyes can be reasonably interpreted by the homologoushe parent state 7(2.75 MeV) in 4aDys,; the 17/2 state at
state concept. There are several single-particle excited statés251 MeV is a homologous state to the parent stateFor
which are not displayed in Fig. 6 and Table Ill. They canthe other positive parity states, the two main configurations
also be explained as homologous states by weakly couplingsn112vf7, and wdghy,,0f;, mix strongly because of
the corresponding single-particle states to the ground statéeir approximate average energié$) and, therefore, these
(0*) of the parent nucleus. The first excited state 3¢an  states are much less similar to the corresponding negative
be interpreted as the homologous stitg,(2,0ps,). Its  parity states ingeDyg,, which are given rise from the con-
excitation energy is 1.03 MeV, just a little bit smaller than figuration 7s;,)h11/> Or wdg;hq1.

that in 5, Gdgs (1.13 Me\). The second excited state 9/ M9Thg, (Fig. 7). The structure of this nucleus was inves-

a neutronhg,, state and can be regarded as a homologoutgated by Lactet al.[19] using an empirical shell model. In

2
- ;/372 - 23/2
1 .6 j 7/2' —15/2: :?47’2
P 4+ N =};/§. ¥é _E15/2:
> slr ———VF =172
g 19/2 9/
5 1.2 |
@ I FIG. 7. The homologous structure of the en-
o | e 9z ergy levels of ¥Thy, for the negative parity
!0:3 08 | " 13/2-:? z —_— é% states. The levels of s@) are parent states, those
(1T} ) | 7/; - 1z of set(b) are the experimental results, and those
C of set(c) are the results of full shell model cal-
90 culation.
©
8 04
O
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w I
0 o —_— 1z 1wz
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TABLE V. The excitation energies, the main configurations, the one-proton spectroscopic amplitudes
[calculated by Eq(17)], and the corresponding centroid enerdieaculated by Eq(18)] of the homologous
state families inkeThg, which are given rise from coupling the, proton to the parent states 24", and

6" in WGdy,.

J7 2+ 7127 9/2~ 11/ 13/2 15/

Eca (MeV) 0.812 0.859 0945 0.759 0.785 0.842

v2mhi, 98.49 9154 97.06 97.57 9851 9547

vhgmhyy, 2.89

Vg mhy, 1.72

VE7Papmhyss 5.06 2.66

VP31 2.57

Sl ™11 0993 0994 0995 0.997

Eceroig (MEV) 0961 0745 0817 0.892

J7 4% 3/2” 512~ 712~ 9/2~ 11/2= 13/ 15/ 17/2 19/
Eca (MeV) 1.475 1451 1539 1469 1385 1516 1598 1.453 1.404 1.434
Vf%,zwhn/z 99.12 87.24 83.64 9434 9347 9490 97.27 96.19 97.88 96.59
vE7hemhyss 1065 181 210 217

Vo shisro 388 348 160 1.12

HoPashysrs 2.48 122 196 1.8 1.44

v 7P 1m0 3.39

Siotal( Y112 0.992 0992 0977 0.975 0991 0.984 0.991 0.997 0.998
Eeontiog (MEV) 1551 1.620 1489 1425 1545 1584 1462 1434 1.496
N 6+ 1/27 3/2° 5/2~ 7127 9/2~ 11/2= 13/2 15/ 17/
E.a (MeV) 1872 1734 1799 1828 1.762 1837 1917 1934 1938 1.934
Vf%/zﬂ'hlllz 98.40 81.60 89.80 91.29 7994 89.97 86.80 8753 84.64 90.78
vE 711/ 1741 188 560 2234 373 165 1.35

vt epmhisn 734 111 251 333 335 258 224
VE7Papmhiss 143 146 188 601 648 990 353
Sl ™11/ 1.000 0992 0986 0977 0965 0957 0967 0973 0.975
Eonrog (MeV) 1848 1835 1826 1829 1859 1921 1973 1961 1.966
J7 6+ 19/2 21/ 23/Z

E.. (MeV) 1872 2061 1754 1.733

V2,710, 98.84 97.10 93.68 96.80

vizhgpmhyyy, 2.27

vl sy 1.69

v 7aPapmhyay 3.83

S ™11 0998 1.000 1.000

Ecenaia (MEV) 2022 1812 1738

our calculation, the homologous structure is also obvious irbe homologous stated;(0,2J.,7h;1,) with J.=4" and
the negative parity spectrum and clearly displayed in Fig. 76", respectively. The calculated wave functions and one-
This homologous structure is even better than that in theroton shell model spectroscopic amplitud&X(whyy,) 1
spectrum of¥kDyg, because of the proton intruder single- for different homologous state families are listed in Table V.

particle staterhq;;,. The low-lying state 11/2 is a quite
good protonrh, 4, single-particle state as il Thg,, i.e., a
good homologous statd’;,/(0,2,0ph;4/0). The negative
parity states 7/2, 9/27, 11/2", and 15/2 ranging from

We see again that all the centroid energies are located at the
positions of the corresponding parent states even for the bad
homologous states because of the same reasons as in
L9Dygs. For the positive parity states, similar results are

0.69 to 0.9 MeV are well located at the positions of theobtained as in16469Dy83, i.e., the stretch states are good ho-

homologous state®;(0,2,27thqq9) with J=7/27, 9/27,

mologous states and the other states have strong configura-

11/27, and 15/2. The other negative parity states below 2.0tion mixings. Therefore, the intruder proton single-particle
MeV have a similar structure. The states ranging from 1.38&tatewh,,/, plays an essential role for the homologous struc-
to about 1.58MeV and from about 1.65 to 1.85 MeV couldture of the negative parity states #Dys; and LEThg, as
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well as in the nucleiHog,, etc., discussed below. This is the second 27/2to 39/2" are very similar to each other and
one of the reasons why the simple shell model calculatio@’®@ homologous to their parent statd, (2,2) with J.
can reproduce the negative parity states, especially the high=0", 2%, 4", 67, 10", 12*, 14", 16". The weights of the
spin states quite well. dominant configurationrh?, w2, for 15/2°, 19/27, 21/2",
3405, (Fig. 8). The high-spin states of this nucleus were and 23/2 are 76.81, 78.62, 78.38, and 78.21 %, very close
studied first by Gizoret al.[20], and then by Zhangt al.[7]  to the weights %1.192,) 82.69, and 81.62 % for the dominant
both using in beam method. They found that the energy leveonfigurationmhy, .17, in the parent states’2 4, and 6"
els of the yrast high-spin states could be reproduced withn & Dyss. Much purer homologous wave functions for the
very high accuracy using the configurations?,vf5, and  States 27/2, 31/2", 35/2", and 39/2 to the DafePSt states
73, ,whepf 7. We have carried out a calculation in a full ¥3,(2,2) with J;=10", 12", 14", and 16 in the 66 DYsa
N=82-126 major shell. Just like the results in Hé&f], the  are obtained. Thus these states can be well interpreted as an
high-spin states are reproduced quite well in our full shellodd proton weakly coupled to the excited states of the inde-
model calculation. The homologous structure is obvious irpendent nucleon pair in th&Dys,. Our calculation also
these states, which is clearly displayed in Fig. 8. The levekuccessfully reproduces the high-spin states arose from the
structures from the ground state 11/80 23/2°, and from  configurationh®vf,hg,. These states can be understood
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by a bit stronger coupling of the odeth;4, proton to the ing almost independently because of the weak interactions
states with the characteristic configurationrhé,,)o+  among them. The states which are given rise from the weak
® (vf7Ne1)6+ orgt IN the EDYgy. coupling of an odd nucleon to the excitation states of inde-
16.)5931'm84 (Fig. 9). It is interesting to note again that the pendent nucleon pairs share homologous structures to their
spectrum 0f16593'|'m84 is almost identical to that of6571|-|084_ parent states. These are the reasons that the simple shell
This is not surprising because the spectruniymg, is an ~ Model calculations are surprisingly successful for these nu-
excellent homologous state family of its parent spectrum oflei. One should expect that the concept of homologous
S rg,. states, which is an outcome of the weak coupling of an odd
8lF a3 (Fig. 10. The negative parity levels dfiErg; are nucleon to the corresponding parept state, is a useful tool to
expected to be classified by using the above homologoudnalyze the spectra of heavy nuclei where a few nucleons or
state concept. The predicted levels are presented in Fig. 1micleon pairs are at the beginning of a major shell or sub-
and show a clear homologous structure to the parent states shell if the residual interactions are much smaller than the
the 2JErs,, which can be explained by the weak coupling of single-particle energiegi.e., the mean field This can be
the odd valence neutron inf, orbital to two independent confirmed by one of our recent investigations of the high
proton pairs. The wave functions given in Table VI alsoexcited states of ?*Pb induced by the reaction
clearly show the homologous structure, especially for the’*Bi(p,a)?°®Pb [12]. These states can be described in the
high-spin states. This homologous structure is also confirmeterms of one proton inhg, single-particle state weakly
by the calculated one-neutron shell model spectroscopic ancoupled to the low lying states iR°°TI so that the level
plitudes which are similar to the results ifsDys; and  structure and wave functions of these high excited states in
MTbs,. However, the available experimental data of these?®Pb are very similar to those of the low-lying states in
levels are not sufficient to show such a structure. More ex?%5TI|. This similarity is called homology.
periments should be done to test the predicted results. There are three factors which give rise to the independent
sDygs (Fig. 11). The concept of homologous states is nopair approximation and the homologous structure in nuclei in
longer valid for the levels 0116561Dy85. The large possibility A~ 150 mass region. First, the high angular momentum in-
of exciting neutrons from thé;, orbital to thehg, as wellas  truder proton single-particle stateh,;,, plays an essential
other orbitals in the low-lying states breaks the validity of role. Its pair energy is much larger than thosenaf,,, and
the independent neutron pair motion and destroys the correzs, ,. The excited states, especially the high-spin states, of
sponding homologous structure. It is impossible to reproducgne proton configurationrh?,,, are isolated from the other
the experimental data using simple configurations. states due to the parity and angular momentum conserva-
tions. This makes the independent pair approximation very
effective for the nuclei wittz=64+z andN=82. Secondly,
the weak proton-neutron interaction farh,,— vf;, also
The calculated results for the nuclei A&~ 150 mass re- keeps this approximation valid to the nuclei having both va-
gion clearly show the independent nucleon pair motionlence protons and neutrons. The last factor is the large en-
which implies that the proton pairs imlh,y,,, 72d5,, and  ergy gaps between the neutron orbitafs;, and the others in

w35y, orbitals and the neutron pair inf;/, orbital are mov-  %}'Gdg;. This makes other single-particle states have little

IV. DISCUSSIONS AND CONCLUSIONS
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TABLE VI. The excitation energies, the main configurations of the predicted homologous state families
in the 16581Er83, which are given rise from the coupling of thé-,, neutron to the parent states 24", 6™,
8%, 10", 12%, 14", and 16 in Erg,. The other notations have the same meanings as those in Table III.

Nk 2+ 12 92 72 52 32

Eca (MeV) 1707 1710 1705 1709 1.888  1.845

mhi v, 8935 7346 8337 7807 41.34  73.19

Nk 4% 1527 13/2 112 92 727 52

Eca (MeV) 2.388 2407 2392 2385 2353 2451 2431

ahiyvf, 9239 8686 86.81 8427 7531 5873  77.59

Nk 6+ 1972 17727 15/27 132 112 92

Eca (MeV) 2.690 2.675 2679 2705 2.693 2666  2.712

ahiyvf, 9245 8641  86.69 87.65 86.10 84.32 7547

Nk 8+ 232 212 19/2 172 15/2 132 112 92
Eca (MeV) 2.780  2.741 2760 2.858 2.850 2793  2.835 2947  2.823
ahd vt 9247 8659  86.60 89.23 8812 86.85 80.47 83.47 8145
Nk 100 27/ 25/2 232 212 19/ 17/ 15/  13/2
Eca (MeV) 2.879 2.804 2896 2963 2930 2983 2947 2923 2909
mhivfz, 9242 8636 87.60 8955 87.00 87.12 87.04 8455  80.26
Nk 120 312 29/2 27/2 2512 23/2

Eca (MeV) 4371 4299 4391 4347 4324  4.246

mhi vy, 97371 8553 9545 89.87 8431  83.93

Nk 14t 352 332 3U2 202 272

Eca (MeV) 5133 5072 5119 5188 5048  5.070

ah? vt 100 9886 99.80 9644 98.00  95.12

Nk 16  39/2 37/2 35/2 332 312

Eca (MeV) 5490 5412 5482 5616 5794 5763

ahiy vtz 100 9938 9885 9791 9578 9522

influence on the configuratiomh?, ,vf7,. However, this en-  fully taken into account by extending the proton model space
ergy gap effect will reduce as neutron number increases bdrom the 64—82 subshell to the 50—82 full major shell. The
yond N=84 as has been shown in the spectra ofdifficulty for this extension comes from two asped9:the

151 5Dygs g6 Strong configuration mixings due to the exci- calculation is very complicated arii) there is an ambiguity
tation of valence neutrons into other orbitals make the indein residual interactions. Here we just discuss the effect from
pendent pair approximation invalid and destroys the correone-particle one-hole (#1h) excitations in a qualitative

sponding homologous structure, as has been shown in nucléiay. The Jp-1h excitations may have important effects on
LD Yes g6 the negative parity states of the even-even nuclei and the

The independent pair approximation provides a naturaPOsitive parity states of the even-odd nuclei, especially on
explanation to the identification of the spectraifiiDyg,and  the low-spin states because of the parity and angular momen-
16582Er84 as well &131657 0g, and 16593Tm84- Further experiments tum r.estrlctlons:l.gTFor the negative parlty states of even-odd
are expected to test the prediction of the new mode, i.e., thBUClei, such asis They, etc., a proton excited from the below
phenomenon of independent pair motion in these nuclei. Z= 64 subshell can only fill in thers,, or 7wdg, orbital due

It must be pointed out that the effect of the broken sub-{0 the parity restriction. However, the influence is reduced
shell Z=64 is totally ignored in this paper. The energy gapd_ue to the fac_tlthatlthe avlerage proton _[:)flrtlclle-holellnterac-
of this subshell is about 2.5 MeV, and the protons below thdions of V;(g7;;—dsj, or s3) and V(ds; —dsp, or sy
Z=64 shell can be scattered into the shell abdve64. This ~ across th&Z=64 subshell are smaller than the average pro-

leads to particle-holep-h) excitations. This effect can be ton hole-hole interactions_/p(dg,g) and Vp(g;,g). For the
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high-spin states, theptlh excitations can only provide at Pplained using the concept of homologous states which are
most five units of angular momentthe wg;s— 7d3, exci-  given rise from the weak coupling of an odd nucleon to the
tation) and have a small impact on the levels discussed iparent states of independent nucleon pair excitations. The
this paper because of the angular momentum restrictiorpredicted levels oft;Erg; show a clear homologous struc-
Moreover, the most important thing is that the effect ofture to its parent states ofsErs,. Experiments on this
particle-hole excitations will not change the weak couplingnucleus are desired to test our predictions. The independent
Sfri]he_mel fqrtthe nlﬂ?i _stgdied ciin tthe pia\per. Theref?re, th@ucleon-pair motion and the corresponding homologous state
sical pictures of the independent nucleon-pair motion an 151,15 : -
B Rombigmes s Svobure e i v 20 e Sl e broken doun Dy esce o condt

model space Is extended. . _ space is too small to describe them.
As a whole, our full shell model calculations give a good

overall description of the nuclei studied. The positive parity
states up to 10 in L¥Dyg, and up to 6 in %&Gds, can be
understood as proton pair excitationstn,,, and neutron
pair excitations invf,, respectively. The spectra ¢§Dysg, This work was supported in part by the National Natural
and "°:>%rg, 54 can be interpreted as independent pair ex-Science Foundation and the Doctoral Education Fund of the
citations and share a similar level structure. The level strucState Education Commission of China, and by the Nuclear
tures of ¥kDygs, ¥oTbgs, 'Hog,, and k3 Tmg, can be ex-  Industrial Research Fund of China.
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