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Shell model calculations are carried out for the spectra of nuclei wita 298 in the model space in
which the valence protons occupy thésk, 2ps5», 2p1, and Igg, orbitals, and valence neutrons occupy
1do, 2P1j0, 2ds,, 2dsp, 3si,, and 1g,, orbitals using a partition truncation method. We first select
partitions that are big enough to describe the spectra of nuclei M4ttb0. Then we combine all possible
valence neutron partitions with the selected valence proton partitions of the corresponding nuclii with
=50 to diagonalize the Hamiltonians for the nuclei with=B4=51. The weak-coupling scheme is used to
analyze the experimental data and the calculated results. The concepts of independent nucleon-pair motion in
even-even nuclei and the homologous state structure in even-odd nuclei are held in this mass region. The
spectra of35Mos; and 53Tcs, share a special similar structure; i.e., the low-lying stategbfos; up to 2.5
MeV can be obtained by replacing the last odd protorf3ifcs, and vice versalS0556-281@9)01611-§

PACS numbsg(s): 21.60.Cs, 21.10.Jx, 21.10.Pc, 276p.

l. INTRODUCTION structure of the multipole high-excited states #Pb in-

duced in the reactioR®Bi(p, «)2°Pb[14] and of the above

The nuclear shell mo_del has_ been very successfull_y u_sed%Gd nuclei[15]. Experiments show that the high-excited
to calculate the properties of light nuclei, such as bindingstates in some nuclei with~ 90 also display the feature of
energies, energy levels, etc., in félly model space. As for weak coupling 16]. One may expect that the weak-coupling
the more massive nuclei, the shell model has been mostlycheme is quite valid for midheavy and heavy nuclei due to
applied to nuclei around the double-closed or quasi-doublet1) the short range of the nuclear force, which gives a rea-
closed core because of the very large model space. For esenable explanation why the modified surface delta interac-
ample, the properties of nuclei witN=50 in the A~100 tion is quite successfully used in tiie-208 mass region2)
mass region have been well described in terms of the shelor midheavy and heavy nuclei, there is a intruder single-
model[1-5] using 8Sr or "®Ni as a core. Shell model stud- particle state with high angular momentum and opposite par-
ies also have been extended to nuclei witk:50 [6-9]. ity and the like-particle pairs occupying such intruder state
Most of these studies were carried out irggh,2p,,) model  interact weakly and can be approximately treated as indepen-
space where the calculation was easy to perform. Sinath&i€nt motion bosons; the residual interaction between valence
et al.[10] extended the model space toggl, 2p1/2, 1fss, particles occupying the intruder state and other states is also
and 5,) to examine nuclei witiN=48-50. Ghugretal.  VerY weak[15]; (3) the valence protons and neutrons occupy

[11] investigated both the low-lying and high-spin states intWo different ”?aio_f shells. Therefore, the proton-neutron re-
some N=50 isotones in an even larger model spaces'dual interaction is weaker than proton-proton and neutron-
m(1f52,2P312,2P112,19g2) @and v (1ggs2,2pP1s2,2ds2,d3p2, nelgron |PFeractlons. fth K l h

3s4/9). The high-spin states of some nuclei with>50 have ne of important sequences of the weak-coupling scheme

. . is that the spectra of even-even nuclei show some similarity
been established and calculated by Kharetjal. [12]. The 5 those of odd-even nuclei are clustered around the corre-
large model space calculations fidr=50 nuclei and more

) - = i sponding parent states. An analysis of the experimental spec-
massiveN>50 nuclei are more difficult than those with the ra for the nuclei we are concerned with in this paper indeed
small model calculation. The truncation of configuration ghows that they display the character of the weak-coupling
space is not a trivial problem in calculations for massivegcheme similar to nuclei with~ 150[15] and A~ 208[14].
nuclei. Horoiet al.[13] ordered the unperturbed approximate  The paper is organized as follows: In Sec. Il we discuss
energies of the basis states and selected out those Whoggy the model space and residual interaction are con-
energies were in the energy window when they studied thgtrcted. The calculated results are presented in Sec. Iil. A
massivef p-shell nuclei. Ghugret al. [11] used the partition  giscussion and conclusions are given in the last section. Al

truncating method when they studied the high-spin states fogg|culations are carried out using the spherical shell model
N=50 nuclei. In this paper, we are concerned with nucleicogeoxsasH [17].

with 40<Z=<46 and 54&N=50 in the model space used by

Ghugreet al. [11]. The main interest in this paper is two Il. MODEL SPACE AND RESIDUAL INTERACTION

points: (1) to find a suitable truncation scheme for these nu-

clei and(2) to investigate the validity of the weak-coupling  The model space used in this paper is nanees in
scheme for these nuclei. As we have shown, the weakthe codeoxBasH [17]. This model space includes four pro-
coupling scheme gives a simple explanation of the nucleaton orbitals (Xs5,2p32,2P1/2,109,) and six neutron
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TABLE I. The maximum dimensions of the scheme and cor-  trophysics. It also gives a test of the effective interaction and
responding projected basis in each nucleus in the truncations ghe truncation scheme used in this paper. The results are

Cal(Il) and Cal(ll). listed in Table 1l. The shell model results are those of
Cal(lll) (see next subsection for an explanajiofhe devia-
Caldl) - Cal(ll) tions of the experimeni21] and shell modelA = E,(expt)
i m Projected m Projected  —E, (sm) are regular. In general, decreases as the neutron
Nucleus J scheme  basis ~ scheme  basis and proton numbers increase. Thiscan be divided into the
%Mo 6+ 3551 795 342 45 following terms in a general form up to quadratic in the
o4 N numbers of protons and neutron:
RU 6 2333 278 294 38
%pd 6" 128 39 36 12 A=a+bnp+cn§+dnn+enﬁ+fnpnn
%Mo 67 4973847 113962 24935 4651 +gndn,+hnyni+In2n?, ()
*Ru 6" 224232 42864 28294 5374 _ _
% 6+ 28128 6081 6796 1554 with n,=Z—-38 andn,=N-50 representing the valence

o particles in the orbitals  7(9g/2,P1/2) and
Mo 11/2° 13967 77655 2883 538 (dgp,da,S12,07). The nine parameters in E¢L) were
SMo  11/2" 4359277 636795 8568 1533  determined in g? fit to 33A. Then their values for the best
“Ru 12 25051 4901 3274 622 fit are a=28.490 MeV,b=0.379 MeV, c=—0.043 MeV,

o5 - d=-0.223 MeV, e=—0.276<10 ° MeV, f

31C 11/ 483970 79053 39378 6673 =0.028 MeV, g=0.510x 1073 MeV, h=—0.259
X107 MeV, and1=0.503x 10 8 MeV. The great differ-

. ] ence betweert and e is relative to the Coulomb energy.
orbitals (19g/2,2P1/2, 2052, 2d312,351/2,1972). The single-  There is no Coulomb interaction in the combined interaction
particle energies(SPE$ for these orbitals arez,ir,,  Gwexc while the neutron-neutron interaction has been in-
=—5.322 MeV, & n2py,= —6.144 MeV, En2py = —3.941 cluded in the interaction. The parameteresents a modifi-

MeV, &,1g,,= —1.250 MeV, andsylgg/f —2.597 MeV, cation of thgz proton—ne'utr%n inteaaci‘tion betv'\:een th(; valenﬁe
__ _ protons and neutrons in the model space. As we know, the
Ev2py 0.696 MeV, Evadg), 1.8300 MeV, Ev2dy, proton-neutron interaction is more difficult to determine than

=4.261MeV,  &,55,,=1.610 MeV, and  &,gq,, the like-particle interaction.

=5.159 MeV. The residual interaction corresponding to this We used Eq(1) to calculate the binding energies for all
model space is also provided in the code nanz®eBXxc, nuclei in the range 48Z7<50 and 56sN<52. A compari-
which is a combined effective interaction. First, all the two-son of our fitted energies with the experimental data shows
body matrix elementéTBMES) for this model space are gen- that our truncation scheme is reasonable in most cases. The
erated from the bar& matrix of the H7B potentia[19].  |arge 6E for nuclei withZ=40 and 41 reflects that CHll)
Then, the TBMEs for the proton %, 2ps/2, 2P12, 1992 cannot reproduce well the results of CH). for these nuclei.
orbitals are replaced by those of Ji and Wildentf| the As we can see the contributions of the nonlinear terms
proton-neutron TBMEs which connect the(2p1210e2)  nZn,, nynj andnjn; are quite small and can be ignored.
andv(2ds,,3sy) orbitals are taken from those of Gloeckner Therefore, Eq(1) is simplified to

[20], and the proton-neutron TBMEs which connect the

m(2P12199;) and v(2pyxldg,) oOrbitals are taken from A'=a+bn,+cny+dn,eni+fngn,. )
those of Serdukeet al. [6]. Since N=50 is a good magic

number, we will not take the neutron particle-hole excita-The binding energies calculated using E2). are also pre-
tions across theN=50 shell; i.e., the orbitals’2p,, and sented in Table Il a&/(fit).

v1lge, are occupied by two and ten neutrons, respectively. Comparisons of the calculated results with the experimen-
As for the proton valences, we will use three truncationtal level data[22] for even-even and odd-even nuclei are
schemes. The shell model codegBasH [17] follows a hybid  shown in Figs. 1-12.

algorithm between then scheme and th¢j scheme. The

maximum dimensions of then scheme and the projected B. Structure of the nuclei

basis of each nucleus studied in this paper for (@aland 92Mosy, S4RUso, 39Pdsy, and %2971 ¢, 6,

Cal.(lll) [the explanations for Cdll) and Cal(lll) are given . . o

in detail in the following sectichare presented in Table I, 1Ne €xperimental and theoretical low-lying states of

92Mogo, 24RUso and 5oPds, are compared in Figs. 1-3. The
low-lying states of thesbl=50 nuclei can be well explained
Ill. CALCULATED RESULTS in terms of the proton excitation in the orbitals
1f5/5,2P3/2.2P1/2, @and 1gg [2—5]. The points that we calcu-
late with these nuclei ard) how many partitions are enough
We first discuss the binding energies of all nuclei in theto describe the spectra of these nuclei 4&dto show the
range 46<=Z=<50 and 56=N=>52. These binding energies weak coupling of the proton pairs. It is impossible to diago-
are essential to determine the beta decay rate in nuclear asalize the Hamiltonian matrix without a restriction on the

A. Binding energies
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TABLE II. The shell mode[Cal/(lll)] and experimental binding energi@deV) [with respect to the core
ggNi of 33 isotopes with experimental error, A=E,(expt)—Ey(sm) andSE=E,(expt)— Ey(fit)].

Z N Nucleus  Eu(sm) Ep(expd T A Ep(fit) SoE E;(fit)

40 50 907y 178.404  207.064 0.002 28.640 206.894—0.170 206.894
51 97y 185.810  214.449  0.002 28.449 214.078-0.372  214.077
52 927y 194.671 222.894 0.002 28.223 222.716-0.178 222.716

41 50 9INb 183.751  212.023  0.003 28.252  212.237 0.213  212.237
51 9Nb 191.922  220.106 0.003 28.182  220.213 0.107  220.213
52 SNb 201.010 228.936 0.002 27.926  229.107 0.171  229.106

42 50 Mo 191.258 219.679  0.004 28.421 219.654—0.025 219.654
51 Mo 199.562  227.749  0.004 28.187 227.793 0.044  227.791
52 %Mo 209.421  237.427 0.002 28.006 237.487 0.060  237.483

43 50 STC 195.619  223.766  0.004 28.147  223.840 0.074  223.840
51 “Tc 204.393  232.389 0.004 27.996 232.480 0.091  232.475
52 %Te 214553  242.322 0.005 27.769  242.505 0.183  242.496

44 50 %Ru 202.001 230.013 0.013 28.012 229.963—-0.050 229.963
51 %Ru 211.037 238.976 0.012 27.969 238.900-0.080 238.888
52 %Ru 221.876  249.660 0.008 27.784  249.632—0.028  249.615

45 50 %Rh 205.456  233.070 0.150 27.614 233.073 0.003  233.073
51 9Rh 215.109 242.430 0.013 27.322 242.656 0.226  242.643
52 9Rh 226.022  253.470 0.040 27.448  253.498 0.028  253.472

46 50 %pd 210.865 238.200 0.150 27.335 238.053-0.147  238.053
51 9pd 220.572 247.890 0.300 27.318 247.722-0.168  247.704
52 %pq 232136  259.460 0.022 27.324  259.249-0.211  259.212

47 50 Ag 213.420 240.110 0.400 26.690 240.093-0.017  240.093
51 %Aag 223.718 250.260 0.150 26.542  250.388 0.128  250.363
52 %Ag 235373  262.180 0.150 26.807 262.041-0.139  261.991

48 50 %cd 217.887 244.060 0.210 26.173  243.961-0.099  243.961
51 9cd 228.402 254530 0.210 26.402 254.508—0.022 254.476
52 10%¢cqd 240.549  266.554 0.110 26.005 266.688 0.134  266.623

49 50 “In 219.543 244.810 0.500 25.267 244.932 0.122  244.932
51 100 230.732 255.700 0.400 24.968  256.190 0.490 256.149
52 09 242.953  268.450 0.300 25.497 268.481 0.031 268.398

50 50 1005 223.084 247.650 0.450 24.566 247.704 0.054  247.704
51 1015 233.782 258.820 0.500 25.038 258.509-0.312  258.458
52 1025 247.332  272.082 0.400 24.748 272.165 0.083  272.063

filling of the valence protons in the selected model space anthe dominate partitions of Céll). In the calculation, we find

a suitable truncation must be proposed. In order to do squt that the results of Call) can be well reproduced when
first, we used®Sr as an inert core; i.e., only the—38  we select partitions with weigh?=2% in the wave func-
valence protons are active igg,, and 2p,,, orbitals and the tions of Cal(ll) to diagonalize the Hamiltoniajreferred to
results are shown in Figs(d), 2(a), and 3a) [referred to as @S Cal(lll)]. The results are shown by the dashed line in
cal()]. As noted from the figures, the calculated results ard=i9s. 1b), 2(b), and 3b). We note that, on the one hand,
not in agreement with the corresponding experimental datd=al{!1l) can reproduce well the results of G#l) except for
Therefore, more configurations should be taken into accour,[éW states. For example, the secoridddate in Calll) in

to improve the calculation. Second, at most up to two pro-a4Rtso agrees with the experimental excitation energy and
tons are allowed to excite from the orbitaislfs, and/or ~the weights of the partitionsrpy; gy, and 7gg, are 24%
m2pa, across the®sSr core into the orbitalsr2p,, and ~and 46%. The rest of the partitions are dominated by
71ge, and the calculated levels are shown in Fige)l 7fsaPi06, With 20%, while in Callll), the wave function
2(b), and 3b) by solid lines[referred to as Calll)]. As can  is dominated by the partitionrgs,, (80%). The rest of the
be seen, the agreement with the experimental spectra is quigéates shown in Figs.(i), 2(b), and 3b) of the two calcula-
good. But as we will show later, such a configuration spacdions all have a small difference in the binding energies,
is too large when combined with the neutron configurationsxcited energies, and wave function structure. In Table IlI,
in (2ds/,,2d3/2,351/2,197,,) model space to calculate nuclei the binding energieéwith respect to the corggNi), the ex-
with N>50. We should pick up configurations that can re-cited energies, and the wave functions of the lowest8"
produce the results of Cdl.). This can be done by selecting states for
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FIG. 2. (a) Comparision of the experimental and theoretical en-
ergy levels ofinuso. The evaluated data are the result of Cal.
(b) Comparison of the experimental and theoretical energy levels of

FIG. 1. (a) Comparison of the experimental and theoretical en-?,ﬁRLgo. The solid lines are the results of G#l) and the dashed

ergy levels of?éMoso. The calculated result také$Sr as an inert
core[referred to as Cdl.)]. (b) Comparison of the experimental and

lines the results of Cdlll).

theoretical energy levels dEMos,. The solid lines are the results @nd manageable. Because of the above two reasons, in the
of Cal(ll) in which, at most, up to two protons can be excited fronfollowing calculations for nuclei witiN>50, if not men-
15, and/or 2, orbitals up to the®Sr core. The dashed lines are tioned, the corresponding proton partitions of QHl) with

the results of selecting configurations wi#t=2% of Cal(ll) and
referred to as Cdlll).

9Mo, 24Ru, and °°Pd are listed. The evaluated' 8:6"

—47 270" E2 transition rates fopsMo in the cases of
Cal(Il) and Cal(lll) also have a small differendsee Table

N =50 nuclei are used, combining all possible neutron parti-
tions indsj,,ds,S12, andgyy, orbitals. For example, when
we calculate the spectrum giMo, we utilize the proton
partitions of Callll) of the nucleus;2Mo and combine all
possible  two-neutron partitions in  model space
(dsyp,d30,S12, @andgyyy). If possible, we also carry out cal-
culations utilizing the proton partitions of Cdl) for com-

IV). Therefore, it may be reasonable to use the proton partiparison.

tions of Cal(lll) to calculate nuclei withN>50. On the

The spectra of the nuclefsMosy, 34RUse, and 3aPds,

other hand, the dimension of the Hamiltonian matrix is(Figs. 1-3 indicate the weak coupling between the proton

greatly reduced in Cdlll). For instance, the dimension of
the matrix for 6" in 33Mo in Cal(Il) is 725, while it is 45 in

pairs in Cal(l), (II), and (lll), even though the results of
Cal(l) are not in good agreement with the experimental data.

Ca(lll) (see Table ). We should also point out it is very This is because the shell model Hamiltonians, as we men-
difficult, even impossible, to perform the calculation for nu- tioned in Sec. | and displayed in Refd4-16¢, have the

clei with N>50 using the partitions of Call) with the code

weak-coupling feature for midheavy and heavy nuclei. The

OXBASH due to the huge dimension of the Hamiltonian ma-spectrum onSPdSO can be explained in terms of the weak
trix. For example, the maximum projected dimension incoupling between two proton-hole pairs and, therefore, is

9aMo is 113962 using the proton partitions of GHI. of
9Mo, which is very difficult to handle, while it is 4651
when using the partitions of Cédll ), which is much smaller

almost the same as that 3fRusy.

The three low-lying states of5%Zrs 54 Shown in Fig. 4

can be well explained as the excitations of one neutron pair
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FIG. 3. (a) The same as in Fig.(8 but for the nucleusePd,.

(b) The same as in Fig.(B) but for the nucleusgPds,.

and one neutron-hole pair in alg, orbital, respectivelysee

also the wave functions listed in Table)lll

The neutron pair in the nucIeLﬁ%ZrSZ and proton pair in
the nucleusjsMos, provide the basic building blocks to es-
tablish the low-lying spectra of other nuclei discussed in the
following. This is quite similar to the cases in tiAe~150
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FIG. 5. The experimental and theoretical energy levels of
9Mos, for the positive parity states.

mass region[15]. The spectra of the even-even nuclei
202754, MOs2, 94%?%0,52, and 96fgpf%o,52 can be well
described by the weak coupling of proton pairs, and neutron
pairs, and the spectra of the odd-even nucfEi;Mos; ss,
93Tcs,, and 53Rus; are clustered around the corresponding
parent states by weakly coupling the odd nucleon to parent
states of the even-even nuclei.

C. Structure of the nuclei 53Mos,, 39RUs,, and 3ePds,

Comparisons of the experimental and calculated levels are
shown in Figs. 5—7. In these figures, the experimental states
with determined spins and parities are presented. We believe
that our calculation can help experiments to determine the
spins and parities of those undetermined states. The calcu-
lated results are in good agreement with the experimental
data. This shows the validity of our truncation scheme. A
similar structure is clearly displayed among the spectra of
these nuclei in both experimental and theoretical data. The
three low-lying state§0",2",4" states of seta)] of these
nuclei have similar excitation energies and wave function
structures; i.e., they are approximately equal to those of
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FIG. 6. The experimental and theoretical energy Ievelgf)sz
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92 0715, sswhich mainly arise from the excitation of the neu-

3 : e e N——L" tron pair. The main configurations of ttlese +state§ are Iis_ted in
: ' VX e Table V. The calculated@®(E2)’s for 4™—2"—0" transi-
i . 1%215,@2%2%‘: tions are presented in Table VI. Both strengths contributed
% 2 F W i by the neutrons and the total B{E2)’s in these nuclei are
= - - ¥ similar. These similaB(E2) strengths support the above
3 = —Sjgz oz similar wave function structure. Measuring theBeE2)’s
g _ 772 will directly test the weak-coupling picture in these excited
g 1F states. The lowest states 24", 6%, and 8" of set(b) in
5 [ Figs. 5—7 can be explained as the proton pair excited states,
B r and their excited energies are approximately equal to those
E’ ok , - o of the low-lying states ofg3Mosg. The other states result
- from the coupling between proton pairs and neutron pairs.
@parontsietes  ()Exp. (- Cal The similarity of the spectra of the nucl@Mos,, SoRus,,
@ -1 : an_d ZgPd52 clearly indic_ates thg we_ak coupling of_ th_e proton
- pairs and neutron pairs and is similar to the similarity be-
3¢ — — : tween the spectra otziDy and ‘23Er shown in Ref[15].
g p :é;;fg — Therefore, the concepts proposed and conclusions drawn in
.o ?:%;fv’EEZ% Ref..[15] about the indgpgndent nucleon-pair motion are all
% o b o —éé‘;ﬂa,z._w;. applicable to the nuclei discussed here. The goodness of the
= ‘ o
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states[Cal/(Ill)] of 5:Mos;, for the positive parity stategh) The 05 Exp. Cal

parent states and experimental and calculated statég‘\/tm‘51 for

the positive parity states using the valence proton partitions of FiG 10. The experimental and calculated statelbés, for the

cal(ll).

positive parity states.
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F TABLE lll. (a) Comparisons of the binding energies, the exci-
4 , N " tation energies, the main configuratio@onf) (wg?) of the 0"
: -] /e —8" states in93Mog, calculated using the proton partitions of
_ i —— Rl ———p Cal(Il) and Cal(lll). (b) Comparisons of the binding energy, the
% 3 F — 1%233 excitation energies, the main configuratiai@onf) (wg*) of the
s g o P g lowest 0" —8" states inJ3Rus, calculated using the proton parti-
'g' F " . 212t 21/2¢ tions of Cal(ll) and Cal(lll). (¢) Comparisons of the binding en-
D : o e g W ergy, the excitation energies, the main configurati@snf) (7g®)
o 2| s 7 of the lowest 0 —8" states injoPdy, calculated using the proton
i » g;gg;g} : L2 partitions of Calll) and Cal(lll).
c 9/f2 3/2 g/2*
Ke] F ajersz 2,
g 1t — " @
O E Jr O+ 2+ 4+ 6+ 8+
g |
0F o 5/2* 5/2" E (MeV) (1) 191.621 1470 2291 2490 2.653
(a)parent states (b) Exp. (c) Cal. Conf. 56.25 65.16 69.22 69.04 70.38
b E (MeV) (lll) 191.258 1507 2.249 2475 2.582
-1t Conf. 70.48 80.70 80.82 8147 80.91
FIG. 11. The parent states and experimental and calculateg (MeV) (Expt) 219.679 1.509 2.282 2.612 2.760
states of?jRu51 for the positive parity states. (b)
E (MeV) (I1) 202.233 1.441 2136 2.447 2535
similarity among the spectra ghMos,, 53RUs;, and 5oPds,  Conf. 67.25 77.00 76.90 79.60 7857
is, however, a little poorer than that between the spectra of (mev) (1Il) 202.001 1.413 2.116 2.384 2.466
12Dy and 22Er. This is due to the following factg1) the  conf. 76.75 85.04 8531 8542 85.37
residual interaction here is stronger than that for the nuclei ife (Mev) (Expt) 230.013 1.431 2.186 2.498 2.644
the A~150 mass region if one considers the expirical rela- (©
tion V=A% between the TBMEV/ and the mas#; (2) the E (MeV) (Il 210.984 1345 2.034 2328 2.414
configuration mixings are more complicated because of thegnt. 8126 8891 8892 8954 89.42
stronger residual interaction and the easy break ofZhe g (viev) () 210.685 1.356 2.057 2.321 2.405
=40, even the&Z=238 subshell(3) the spectra of 3Dy and  conf. 8368 9156 9196 9199 91.99

15 . i .
esEr can be well described by one configurationg (vev) (Expt) 238.200 1.415 2.099 2.424 2530
m(S120300110) “vE],, because of the large gap betweshy,,

and other neutron single-particle energigs, while such a-gaﬁgurations and, therefore, are more complicated and less
here betweends/, and other neutron orbitals does not exist. regular here. This is especially true for the odd-even nuclei

The actual SPEs forsy;,, vg7,, and vds, are about 0.6, : :
0.9, and 1.5 MeV above that ofds;,. The structures of the discussed in the following.
spectra are a result of the weak coupling between many con-

D. Structure of the nuclei
93,9 9 95 97
42EMO51,53r 43TC521 22RUsp, and 24Pds;

5¢
g 120 29/2°) 27/ g Comparisons of experimental data and the calculated re-
; sults for these odd-even nuclei are shown in Figs. 8—-12. As
4t " 572 oz seen from these figures, the agreement of the theoretical and
Y I 121/2",23/2") 25/2" experimental data is very good. The cluster structure of the
g i spectra of these nuclei around the corresponding even-even
% 30 parent nuclei is clearly displayed and shows a homologous
5 : 8 e ——ae structure. To further verify, we calculate the one-particle
o . " R — shell model spectroscopic fact&/3(J;J.,j) which is de-
g — e fined as
[ o
K} ? /2 ) TABLE IV. Comparisons of theB(E2's)(e?fm*) of the
S 1F o Cal(ll) and Cal(lll), and experimental results for the nucleus
u% i /2 S 9Mo. efy=1.% is used in the calculation. The experimental data
F ” were taken from Ref(23].
0Fr o 5/2°) 5/2¢
(B)parent states ®) Exp. @ Cal Transition B(E2)(Cal(ll)) B(E2)(Cal(lll)) B(E2)(Expt)
-1 - 27 0% 150.40 122.80 214.31
Fig.12 47 2% 78.50 106.90 -
6t —4* 63.40 72.23 82.23
FIG. 12. The parent states and experimental and calculatedg* —6* 25.47 28.56 32.64

states ofjsPdk, for the positive parity states.
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TABLE V. The excitation energies, the main configurations of
the lowest-lying states 0 2*, and 4" (P%) in the nucleisZrs,,
95Zrs4, 2aMOs,, S9RUs,, and 38Pds,. The configurations listed for
95Zrs, and SZrs, arevdZ, andvds,, respectively, and fopaMos,,
aRUsz, and 3gPds, are wgg,vds,, mgg,rds,, and mgg,vds,,

TABLE VII. Comparisons of the excitation energies, the main
configurationsConf) of the states irgMos, whose parent state is
2" calculated using the proton partitions of ). and Cal(lll).
The main configuration of states 3/29/2" is (mwg3,),® vds, and
of state 1/2" is (7g3,)o® vS,-

respectively.
J7 9/2" 712" 5/2" 3/2" 1/2*
J7 0" 2+ 4+
E (MeV) (Il 1.458 1118 1580 1.623  1.355
95715, Conf. 67.20 73.30 77.15 Conf. 78.14 76.86 73.63 60.33  42.00
Ecac. (MeV) 0.000 0.969 1562  E (MeV) (Ill) 1532 1199 1.653 1.716  1.357
Eexpt, (MeV) 0.000 0.934 1.495  Conf. 83.32 8214 7928 66.62  49.19
95254 Conf. 72.19 75.71 80.24
Ecac. (MeV) 0.000 0.913 1.558
o Eexpt. (MeV) 0.000 0.919 1470 =0.819, SY4(13/2";4,vd5,)=0.717, SY3(17/27:6,vd5),)
42MOs, Conf. 72.28 78.28 75.94 =0.935, andS'3(21/2";8,vds;,) =0.994, which show that
Ecac. (MeV) 0.000 0.867 1722 these states can be well described by weak couplindsa
o Eexpt. (MeV) 0.000 0.871 1574 to the parent states gEMo. Similar results are obtained for
44RUsp Conf. 68.68 74.02 71.95 other states and other nuclei. Therefore, the explanation pro-
Ecaic. (MeV) 0.000 0.895 1605  posed in Refsl14-14 is also applicable to the structures of
Eexpt. (MeV) 0.000 0.833 1.518 the spectra of these odd-even nuclei; i.e., the levels of
%P, Conf. 68.52 7406  77.22  23M0s;, 5M0ss, 23TCs2, 23RUsy, and 3Pk, arise from
Ecac. (MeV) 0.000 0.919 1.570 weak coupling the odd proton or neutron to the correspond-
Eexpt. (MeV) 0.000 0.863 1.541  ing parent states ifaMosy, 2aM0s,, and 53RUso, respec-
tively. This is especially true for high-spin states. For ex-
ample, the high-spin states 23/229/2" and 21/2
SY2(3;3¢.0)=(Illaf 13y /23 + 1, (3)  —25/2" in J%Pd; can be well explained as ads, weak

_ coupling to the parent state 12and 10 in 2%Pds,, respec-
where |J), |J.), andj are the homologus state, the Parentiively. The %Mos;, %Rus,, and /Pd,; can also be calcu-

state, and the last odd nucleon single-particle state. Thig.q usina the proton partitions of O&l). In Fig. &b). we
SY%(J3;J.,j) can provide a sensitive test of the weak cou- g e p P o). 9. 8b),

. show the calculated results for the spectru 05 USing
pllng bgtween the parent and the last odd nucleon. If th?he proton partitions of Cdll). As can be sneiegl‘: this calcu-
!nteractlon of the' parent st'ate and the last odlc/i2 nucleon vanzoq spectrum is quite similar to that of GHL) [Fig. 8a)].
ishes and there is only orjewe should haves™=1. We The corresponding wave functions whose parent stat€ is 2
present here the results, as e+xamf Ies,+of th+ose staiéwlpn are listed in Table VII. We can see that the two calculated
.S J:‘]CJFJSW X"'th J=0", 27, 4 ’1?2 ' a+nd 8 in \wave functions have small differencémbout6%). Similar
Moz STH(5/27;0,vd52) =0.906,  ST(9/27:2.vds)  pegyits are obtained fdERus, and $ZPds; but one should add
some restrictions on the occupation of the valence neutrons
in these cases. Therefore, the truncation method we used is
Jeasonable for most of the low-lying states we discuss in this
paper. Again, the goodness of the cluster structure, especially
for the high-lying states, is poorer than that in the- 150

TABLE VI. The calculated and experimenta{E2)’s (e? fm*)
for the nuclei2zr, 3ZriaMo, 35Ru, andjePd. Theely=1.5¢ and
egr=0.5e are used in the calculation. The experimental data wer
taken from Refs[24,25.

%27, B(E2) (neutron  B(E2) (tota)  B(E2) (Expt) mass region for the same reasons discussed in the above
2,0+ 11.59 100.6 ) subsection. For neutron odd-even nuclei, the coupling be-
4* 0" 15.77 154.4 ) tweaergn thenodd ngutron i81/5, dap and the parent s_tates
s B(E2) (neutron  B(E2) (tota)  B(E2) (Expt) (52 ®¢51/2vd3/2) is also very weak, but these configura-
2+t 0" 10.20 94.9 - tions will make the cluster structure less regular when they
4t 0" 18.37 171.4 } mix with the configurationp52*" ¢35/2. As for the configu-

Mo B(E2) (neutron  B(E2) (tota)  B(E2) (Expt) ration ¢52°"® vg,, its coupling is much stronger, espe-
2"—0" 9.91 158.5 395.4024] cially when the valence protons or neutrons increase. There
4*—0* 10.38 166.1 666.7§24] are many other states that can be explained as a weak cou-
2Ru B(E2) (neutron B(E2) (tota) B(EZ2) (Expt) pling of the last odd nucleon to the parent states which are
2t—0" 13.00 239.0 476.325] dominated configurations by exciting more protons up the
470" 13.45 213.1 553.8525] Z=38 subshell, even by breaking tih¢=50 major shell.

%pd B(E2) (neutron  B(E2) (tota) B(E2) (Expt) The calculation for these states is more difficult and unstable
2+ 0" 13.72 248.8 - because the main parts of the interact@nexc are deter-
470t 15.17 219.0 - mined withZ=238 as a subshell.

It is interesting to note that the low-lying statesigm%g
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(Fig. 9 and 53Tcs, (Fig. 10 show a similar structure. These Means that because of the weak coupling betweerand
two nuclei have the same parent nuclei, iZMos,. The Hz, the combined configurationg;, are also energetically
low-lying states up to 2.5 MeV of3Mos; can be obtained by  favored for the whole if the correspondings; , and 3,
simply replacing the last odd proton BﬁTcsz with a neutron  are energetically favored fét; andH,, respectively. In this
and vice versa, particularly to the states which arise fronway, we can reduce the dimension of the total Hamiltonian
coupling the last odd nucleon to the low-lying 02*, and  matrix without losing much accuracy. Since the valence neu-
4% parent states. We label all the spins and parities stategon number is small in our calculatiofive takeN=50 as
whose parent states are those of &tin Fig. 5. If the  the neutron core for all nuclgiwe include all neutron parti-
single-particle angular momentum of the last odd nucleon igions. We should mention that our way selecting the configu-
the same, the states of the two nuclei, which share the samgtions shares some similarity to that of Hoegial. [13].
parent state, can correspond each to other one to one. SuctBath ways pick up the energetically favored configurations
structure also appears in the high-lying states in nUg8b  to reduce the dimension of the Hamiltonian matrix. But there
and ngTI, which can be well described by weakly coupling a are some differences between them. Our truncation scheme
mhy, and avgg, to the low-lying states of3;Tl. In this is effective in the case of weak-coupling systems. In the
case, the parities of thehy, andvgg, are opposite. We will ~ strong-coupling systems, the partitions combined by the se-
present the results of this special structure betwiggPb and  lected energetically favored partitions idfy andH, may be
20671 elsewherd 26]. not energetically favored ones, while the discarded partitions
In all, as far as the nuclei we are concerned with here, th€an be energetically favored because of the strong interaction
weak-coupling scheme works quite well. This weak-coupling¥12 Petween the combined two partitions. We can say that
scheme, as mentioned above, is rooted in the shell mod&pe scheme of Horat al.is more general, while our scheme
Hamiltonian and should not be changed if one extends of® clearer in its phys!cal picture. As we pointed out in Ref.
restricts the configuration space. As we have shown, both tHé5): the weak-coupling scheme would be destroyed as the
results of Calll) and Cal(lll) show the weak coupling be- Neutron number increases because the proton-neutron inter-
tween proton pairs irﬁﬁRu and igPd and between the odd aqtlon between the partner orbitalgy,- vg, is strong. In
neutron and the even-even parent state§§Mo, etc. The this case, one should adopt the scher_ne Of. Hetal. or
results of Call) also show the same weak-coupling structureOther effective way to truncate the configuration.
between proton pairs iffjRu andjePd, but the configuration
space of Call) is too small to give a reasonable description
of the spectra for nuclei wittN=50 and, therefore, is not

used to calculate those nuclei with>50. Shell model calculations are carried out for nuclei with
We should point out that the weak-coupling scheme prothe 54=N=50 and 48<Z<44 using the partition truncation
vides a reasonable explanation why our truncation Ofnethod; i.e., we first diagonalize the=50 nuclei in a large
Cal(lll) is effective for nuclei withN>50. The reason is model configuration space, then select out the dominate pro-
given as follows. In the weak-coupling modgl8], the  ton partitions to combine the neutron partitions to diagonal-
Hamiltonian can be separated into three parts: ize the whole Hamiltonian. The calculated results are good in
HeH. 4t Hot V @) agreement with the gxperi_mental data. The concepts of inde-
102t iz pendent nucleon-pair motion and homologous state structure
The H, and H, parts of the Hamiltonian are diagonalized ProPosed in analyzing the results &~150 [15] and A
separately: ~208[14] are vqlld to explain the expenmental and calcu—.
lated results, which shows that the weak-coupling scheme is
H1¢§ a:Eﬁ a(ﬁ - a very good approximation in shell model calculation for the
! ot midheavy and heavy nuclei where a full shell model calcu-
5 lation is difficult or even impossible. The success of this
weak-coupling approximation combined with the above con-
cepts applied to three different mass regions indicates that it
'sldesirable and promising to apply this scheme to even mid-
avier and heavier nuclei. Furthermore, the weak-coupling
scheme also provides us interesting pictures of the structure
_r 1 2 of midheavy and heavy nuclei, such as independent nucleon-
V3r=165,a® 3,100 © pair motion and homologous structure.

IV. SUMMARY AND CONCLUSIONS

2 _ 2 2
H2¢Jzﬁ_ EJ25¢32,3 !

whereJ,a andJ,B are two complete sets of quantum num-
bers needed to label the corresponding eigenstates. The to
H of Eqg. (4) can be diagonalized in the bases

In general, in order to get an equal result to that obtained by
directly diagonalizing the wholéd, one should include all
possible base¥ ;, to diagonalize the whole Hamiltonian. If
V1, is small, it will not change the wave function structures  Thjs work was supported in part by the National Natural
of H, andH, when diagonalizing the tot. Therefore, we  science Foundation, by the Doctoral Education Fund of the
can select the dominate wave functiodg , and ¢,,5,  State Education Commission of China, and by the Research
which can well reproduce the spectraldf andH,. That  Fund of Nuclear Theory Center of HIRFL of China.
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