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The low lying levels in N=50 isotones have been well described within the shell model framework. These
calculations were performed assuming an inert neutron core and the valence protons occupying either the
(P12-89r2) O (fs2.P32-P112-89r2) Orbits. With the advent of multidetector arrays the level schemes of these
nuclei have been extended to high spin regimes (J=20—25%). The inclusion of neutron core excitation
(neutron particle-hole excitation across the N=50 shell gap) was essential to adequately describe these ob-
served higher angular momentum states. Calculations involving neutron particle-hole excitation across the
N=50 shell gap, coupled to the lower valence proton configurations, were not feasible due to computational
limitations. This paper describes a truncation scheme devised to perform large basis shell model calculations.
The level sequences observed in the N =50 isotones “Mo; **Tc, *Ru, and *’Rh are interpreted on the basis of
the shell model calculations in the configuration space fs», pspn, Pin, 8opn for the protons and piy, gop.
81> dsp, dipn, 51, for the neutrons. The excitation of a go,, neutron across the N=>50 shell, into the next
major oscillator shell describes the observed higher angular momentum states in these nuclei.

PACS number(s): 21.60.Cs, 27.60.+j

L. INTRODUCTION

The N=50 nuclei (°*Mo, >*Tc,**Ru, > Rh) have attracted
physicists since the first developments of the nuclear shell
model. The low-lying levels in these nuclei (N=50,
Z=40—50) have been well described within the shell model
framework using 88Sr as the inert core and the pys,g9p
model space [1-3]. Ji and Wildenthal [4] used "Ni as the
closed core and the valence fs;,p3/2,P 12,89, proton orbit-
als to study the N='50 isotones from '°Ni to '°°Sn. Recent
calculations by Sinatkas et al. [5] used '°°Sn as the core and
the valence proton holes in the fs,,p3,,P1/2,89 OIbits to
study the level structures in these nuclei. However, all these
calculations had assumed an inert neutron core.

All the above mentioned calculations were restricted to
the low-lying levels, due to the absence of experimental data
on the higher angular momentum states. With the advent of
modern Compton-suppressed HPGe detector arrays, it is now
possible to extend the yrast level schemes of these nuclei to
higher spin regimes (J=22%) [6—8]. There exist two mecha-
nisms for the generation of the observed higher angular mo-
mentum states: (i) promoting the protons from the
(fs2,p3p) orbits into the g/, orbit and (ii) the excitation of a
neutron across the N=>50 shell closure. Hence to adequately
describe the observed higher angular momentum states in
these nuclei the shell model calculations have to be per-
formed within a model space that encompasses both these
mechanisms. The shell model calculations have to be per-
formed in a configuration space consisting of the
(fsr2:P312-P1/2-8912) Proton orbits and the (pi,892,ds12)
neutron orbits to interpret the level sequences in these nuclei
up to a spin of about J=(20—25)A. However, such large
basis unrestricted calculations are not feasible due to compu-
tational limitations. For example the coupling of one
v(ggp) hole to the protons in the fpg subspace would result
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in dimensions of the Hamiltonian matrices of about 10 000.
Thus a truncation scheme would have to be developed to
perform such large basis calculations.

II. TRUNCATION SCHEME

Because of computational difficulties, large basis shell
model calculations have to be performed within a space trun-
cated from the desired model space. Truncation of model
space is not a trivial task. The single-particle energies and the
effective interactions are model space dependent. Hence
these would have to be renormalized to include the effect of
the truncated orbits. This renormalization process is a hugely
difficult task. It is desirable to devise a truncation scheme
wherein this complicated renormalization process did not
play a significant part, and the original effective interactions
could be used.

Other workers reported various truncation schemes em-
ployed in the A =90 mass region. Ji and Wildenthal [4] de-
vised a truncation scheme to describe the low-lying levels of
N =50 isotones from "®Ni to '°°Sn. They internally truncated
the fs;,,.pP3n.P12,.89, model space by restricting only a
maximum of four particles to be excited across the *°Zr
Fermi surface (into the gq/, orbit). The major disadvantage of
this scheme is that it is not applicable to any other model
space. Kabadiyski er al. [9] reported the study of the high
spin states in °°Mo using a model space consisting of
the proton (fsp.P3p.P1/2-89) Orbits and the neutron
(P1/2-8or2-8772+dss3+d3n »512) Orbits outside °°Ni as the core.
Truncation was made using the method designated by Brus-
sard and Glaudemans [10]. In this method all possible con-
figurations and the resultant excitation energies within the
given model space were computed. All those configurations
which result in an excitation energy above a certain cutoff
value were not included in the calculations. The advantage of
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this scheme was its simplicity. However, this scheme has the
disadvantage that all possible configurations had to be
worked out a priori, which is not an easy task within a large
model space.

It is desirable that the truncation scheme should be appli-
cable to any model space under consideration, and preferably
should not involve complicated calculations. Before we set
up our truncation scheme we define a term “partition,” such
that a partition P is a set of occupancies for the orbits under
consideration. When the calculations are carried out within a
large model space, the wave function for any state consists of
a large number of partitions (configurations) arising from the
distribution of the valence particles within the available or-
bits. However, of these several configurations, only a few
would contribute significantly to the wave function of a state
under consideration; i.e., a given angular momentum state
would have only a few dominant configurations. The model
space could then be internally truncated by considering only
these dominant configurations in the calculations. It is ex-
pected that the calculations performed in a truncated model
space would differ slightly from the results obtained from the
full (unrestricted) model space, if we have made the correct
guess as regards the choice of the dominant configurations.
Initially one would have to guess these dominant configura-
tions to begin with. Several iterations would be required to
obtain the final dominant configurations. However, if the
starting guess configurations were as good a guess to the
final solutions, several intermediate steps could be done
away with. This is possible if one were to use the results
from model spaces, which are small enough to perform un-
restricted calculations.

The main advantage of this scheme is that since we have
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FIG. 1. Comparison of the ob-
served states up to J=12A in
5 5= 5 %Ru with the spherical shell
model calculations, using different
model spaces.
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considered only the dominant configurations for a particular
state, we need not renormalize the effective interaction to
include the effect of the neglected configurations. This is due
to the fact that the contributions from these neglected con-
figurations would be extremely negligible. A point worth
mentioning is that, since we perform the calculations for the
most dominant configurations, these configurations essen-
tially correspond to energetically favorable states. Hence our
truncation scheme is very similar to the one devised by Ka-
badiyski er al. [9], except the fact that the number of parti-

TABLE 1. B(E2) values for the low-lying levels (up to
J=12%#%) in **Ru. The B(E2) values are given in units of e?
fm*. In the calculations effective charges of 1.98 and 1.78 have
been used for the protons and neutrons, respectively.

Ji—J; B(E2)? B(E2)® B(E2) ¢ B(E2) ¢
2t 0% 241.2 233.8 246.0 282
4t 2% 2.7 2.9 2.0 2.0
6T —4" 5.5 5.9 5.6 6.0
8t =6t 0.9 1.0 0.9 0.9
10" —8* 179.4 179.9 183.0 209
12*—10* 95.3 95.6 91.1 104

“Wave functions from the unrestricted calculations using N50J
model space. Refer to the text for details on the N50J model space.
“Wave functions obtained from the calculations performed within
the truncated N50J model space.

‘Wave functions from the calculations performed within the trun-
cated GWB model space. Refer to the text for details on this model
space.

4Values obtained from the work of Ji and Wildenthal.
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tions considered is essentially governed by our existing com-
putational limitations. The only disadvantage of our scheme
could be that one will have to initially guess the dominant
configurations.

The shell model calculations have been performed using
the code OXBASH [11]. In this code, truncation can be made
by selecting out the partitions (configurations) to be included
in the calculations. We decided to test the truncation scheme
for a case where we would be in a position to compare the
results obtained from our truncated calculations with the re-
sults from unrestricted calculations. For this reason we
choose the model space used by Ji and Wildenthal [4], with
active (fsp,.P3n.P1/2-892) Proton orbits outside the 8Ni as
the core. The effective interaction and the single-particle en-
ergies are similar to the ones used by Ji and Wildenthal [4].
This model space and the corresponding interaction were
code named N50J in the code OXBASH [11].

We performed the test calculations for **Ru. **Ru has 16
valence protons outside the "3Ni core. The levels up to a spin
of I=12" and 13~ would be dominated by the valence pro-
tons in the fpg subspace. These states would not have any

contribution from the excitation of the neutron core. A par- -
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ticular wave function would be composed in general of
many partitions, where each partition is of the form
P=[w(p(1),p(2),p(3),p(4))] where p(i) represents the
number of protons in the fs;,p3,,.P1/2.89, Orbits, respec-
tively. This enabled us to choose the partitions P(1) and
P(2) for the positive and negative parity bands for levels
up to I=12% and 137. The list of partitions is given
below: P(1) = w(6424) = m(6,4,006) = m(6,3,1,6)
= 7(6,2, 2, 6)= w(5,4, 1,6) = 7(5,3,2,6) = 7(4,4,2,6) and
P2y = w6415 = 6325 = (63,07
= 7(6,2,1,7) = w(5,4,2,5) = w(5,2,2,7) = w(4,4,1,7).

It is expected that configurations arising from the excita-
tion of more than two particles from the p;/, orbit and more
than four particles from the f5;, orbit would result in a higher
excitation energy for a given state and hence were not con-
sidered in our calculations. The comparison of the experi-
mental [8] and calculated level energies for **Ru up to a spin
of I=12% and 13~ is shown in Fig. 1(a). The excitation
energies of all experimentally known yrast states up to
I=12"% and 13~ are well reproduced in the calculations. Un-
restricted calculations for the above mentioned states (all



1884 S. S. GHUGRE AND S. K. DATTA 52

TABLE II. Main partitions of wave functions for °>Mo. The
wave function for a particular angular momentum state would be
composed of several partitions, where each partition is of the form
P=[m(p(1),p(2),p(3),p(4)@v(n(1),n(2),n(3))], where p(i)
represents the number of protons occupying the fs, p3n, Pin, and
gopn orbits, and n(j) represents the number of neutrons in the
Pins &on, and ds, orbits, respectively. In these calculations no
neutrons were allowed to be excited to the g7,, d3;p, and sy
orbits.

J Energy Wave function Seniority  Partitions
(h) (keV) T v (%)
27 1510 7(6,4,2,2)®v(2,10,0) 0 65.37%

7(6,4,0,4)®v(2,10,0) 0 15.41%

7(6,2,2,4)® 1(2,10,0) 0 10.53%

‘4+ 2282 m(6,4,2,2)® 1(2,10,0) 0 69.31%

7(6,4,0,4)® v(2,10,0) 0 14.50%

7(6,2,2,4)® 1(2,10,0) 0 10.02%

6" 2611 m(6,4,2,2)® 1(2,10,0) 0 69.14%

7(6,4,0,4)® 1(2,10,0) 0 14.34%

7(6,2,2,4)® v(2,10,0) 0 9.67%

8+ 2759 m(6,4,2,2)®1(2,10,0) 0 70.44%

(6,4,0,4)® 1(2,10,0) 0 14.63%

(6,2,2,4)® 1(2,10,0) 0 9.56%

10" 5120 7(6,4,0,4)® v(2,10,0) 0 50.30%

7(5,4,1,4)® v(2,10,0) 2 19.84%

m(4,4,2,4)®v(2,10,0) 0 14.32%

12* 5859 (6,4,0,4)®v(2,10,0) 0 63.14%

7(6,3,1,4)®r(2,10,0) 2 10.15%

w(5,4,1,4)®v(2,10,0) 2 10.19%

57 2526 m(6,4,1,3)®v(2,10,0) 2 84.51%

7" 3623 7(6,4,1,3)® 1(2,10,0) 2 65.37%

7(5,4,2,3)®v(2,10,0) 2 13.42%

7(6,3,2,3)® 1(2,10,0) 2 10.31%

9~ 4249 m(6,4,1,3)®1(2,10,0) 2 78.77%

7(6,3,2,3)® 1(2,10,0) 2 11.68%

11~ 4483 7(6,4,1,3)®1(2,10,0) 2 85.40%

127 6547 7(5,4,2,3)® 1v(2,10,0) 2 85.22%
137 6657 7(5,4,2,3)®1v(2,10,0) 2

m(5,4,0,5)® v(2,10,0) 2 23.02%

14~ 7306 m(6,4,1,3)®1v(2,9,1) 4 63.90%

(6,3,2,3)®v(2,9,1) 4 21.22%

m(5,4,2,3)®v(2,9,1) 4 12.84%

15~ 8381 m(6,4,1,3)®v(2,9,1) 4 76.54%

m(5,4,2,3)®v(2,9,1) 4 13.82%

16~ 8918 m(6,4,1,3)®1(2,9,1) 4 77.83%

m(5,4,2,3)®v(2,9,1) 4 9.68%

7(6,3,2,3)® v(2,9,1) 4 9.56%

17~ 9475 7(6,4,1,3)®v(2,9,1) 4 75.32%

m(5,4,2,3)®v(2,9,1) 4 11.08%

7(6,3,2,3)®v(2,9,1) 4 10.51%

possible configurations are considered) were also performed,
within the same model space and using the same interaction.
The results are illustrated in Fig. 1(b). As seen from the
figure the energy agreement between both the restricted cal-
culations and the unrestricted calculations with the experi-
mental value is excellent. In order to evaluate the results
from the truncated calculations more thoroughly than is pos-

sible with only the energy level comparisons, the wave func-
tions were used to calculate the electromagnetic transition
probabilities. The electromagnetic decay properties such as
the transition probabilities are a very sensitive test of the
wave functions. We have calculated the BE(2) values for a
few of the low-lying levels using the wave functions ob-
tained in both the truncated and the full model space. These
are compared with the corresponding values obtained by Ji
and Wildenthal [12] in Table 1. The general agreement be-
tween the observed and calculated level energies and the
BE(2) values indicates the validity of the truncation scheme.
Hence it is possible to internally truncate a large model space
by considering only the dominant configurations.

III. SHELL MODEL CALCULATIONS

As mentioned earlier the low-lying levels in N =50 nuclei
were well described within model spaces which employed an
inert neutron core, with the valence protons being restricted
to either the (py2.8972) or the (fs12.P32,P112,8972) Orbits out-
side ®8Sr or 7®Ni [1-4] as the valence core. These model
spaces were sufficient to explain the level sequences upto a
spin of J= (10— 12)%A. However, with the availability of ex-
perimental yrast level schemes upto J~25#%, the configura-
tion space to describe the observed level sequences needed to
be enlarged. As mentioned earlier to adequately describe the
higher angular momentum states the shell model calculations
have to be performed within a model space consisting of the
T(fs2:P32:P112-892) and v(pi2.89p.dsp) orbits, since
these states are expected to be dominated either by the exci-
tations of protons within the fpg subspace coupled to a
closed N=50 neutron core or by the excitation of a neutron
across the N=50 core coupled to the protons in the fpg
subspace. A calculation of the high spin states assuming
single-neutron excitation to the ds, orbit across the N=50
shell closure was performed by Muto et al. [13]. The calcu-
lﬁtions fairly reproduced the observed yrast level structure in

Ru.

A. Model space and residual interaction

The model space utilized in the calculation includes four
proton orbits (fs;,P32.P12:892) and six neutron orbits
(P112:8912:8712-d512,d312,5112) - This model space was code
named GWB in the code OxBASH [11]. It has ©®°Ni
(Z=28, N=38) as the inert core. Since an empirical Hamil-
tonian for this configuration is not available, it was necessary
to combine different empirical Hamiltonians with results ob-
tained from schematic nuclear interactions.

The 974 two-body matrix elements for this model space
were first derived from the bare G matrix of Hosaka et al.
[14]. In the second step the various two-body matrix ele-
ments obtained from the schematic calculations were re-
placed by empirically or experimentally determined values
(if these were available). The effective interaction for the
7(fspn,P30.P12-802) Orbits was taken from the work of Ji
and Wildenthal [4]. The proton-neutron interactions connect-
ing the w(pi/.89) and the v(ds;,sy,) orbits were taken
from the work of Gloeckner [15]. The interaction elements
for the 7(py/.89) and the v(pi,5,g90) oOrbits were taken
from the work of Serduke, Lawson, and Gloeckner [16]. The
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proton-proton interaction elements within the (pi5,89p)
shell were taken from the work of Ball et al. [3]. The single-
particle energies (in MeV) used were e(7(fs;))= —5.322,
e(m(p3p))=—06.144, e(m(p1p))=—3.941, e(m(gop))
= 1250, G(V(‘Dl/z)): _0696, G(V(gg/z)): —2597,
E(V(g7/2)):5.159, G(V(ds/z)): 1830, 6(V(d3/2)):4.261,
E(V(Sl/z)): 1741

B. Configuration space

Because of the large number of active orbitals (in the
GWB model space) a truncation of the model space is nec-
essary to make the calculations feasible. As stated earlier the
model space could be internally truncated by performing the
calculations for the most dominant configurations. From the
results for %*Ru it is quite evident that states up to
J=(10—12)% could be described by the redistribution of the
valence protons in the fpg subspace, and the neutron core
may be assumed to be inert. The excitation of the neutron
core is essential for the description of only the higher angular
momentum states.

Hence we have considered for the low-lying states parti-
tions arising out of the distribution of the valence protons in

the fpg subspace, while the neutron (p;,) and (gg,) shells
were kept completely filled, ie., 7(6,4,p1,p2)® vV oo
7(6,3,p1,p2)® Veore, m(6,2,p1,p2)@ veore, m(5,4,p1,p2)
®VCOI'C’ 77(553’p1’p2)®yc0re’ 77(5:2vpl’p2)®vgore»
m(4,4,p1,p2)® Ve, T(4,3,p1,p2)B Ve, Where vige
=v((p12). (o) "% (872)°.(d52) %, (d3) . (512)°),  p1,p2
correspond to the number of protons in the p,,g9,, orbits,
and the first two numbers correspond to the number of pro-
tons in the f5, and p;/, orbits, respectively.

The influence of this truncation scheme on the excitation
energies of the low-lying levels up to J=13% in **Ru is
demonstrated in Fig 1(c). In these calculations the neutron
core is assumed to be inert. The BE(2) values using the
wave functions obtained in the GWB model space are com-
pared with the values obtained by Ji and Wildenthal in Table
I. The agreement between the excitation energies and the
BE(2) values is excellent. The comparison we have pre-
sented indicates the validity of the truncation scheme devel-
oped which has made such large basis shell model calcula-
tions possible.

The states above J= (12— 13)#% are expected to be domi-
nated by the excitation of a single (go,,) neutron across the
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TABLE III. Main partitions of wave functions for **Tc. Each
partition is of the form P=[w(p(1),p(2),p(3),p(4))
®v(n(1),n(2),n(3))], where p(i) represents the number of pro-
tons occupying the fs,, p3n, Pin, and gop orbits, and n(j) repre-
sents the number of neutrons in the py,, gop, and ds, orbits,
respectively. In these calculations no neutrons were allowed to be
excited to the g7, dzp, and sy, orbits.

J Energy Wave function Seniority  Partitions
(h) (keV) T v (%)
13/2* 1434 m(6,4,2,3)®v(2,10,0) 1 81.25%

7(6,4,0,5)®v(2,10,0) 1 10.00%
112* 1516 m(6,4,2,3)®v(2,10,0) 1 81.25%
17/2* 2184 7(6,4,2,3)®v(2,10,0) 1 81.08%
21/2* 2534 7(6,4,2,3)®1v(2,10,0) 1 81.33%
19/2* 3927 7(5,4,1,5)®v(2,10,0) 3 85.08%
7(5,3,2,5)® v(2,10,0) 3 10.58%
21/2* 4275 7(6,4,0,5)® v(2,10,0) 3 43.56%
m(5,4,1,5)®v(2,10,0) 3 23.75%
m(4,4,2,5)® 1(2,10,0) 1 10.00%
25/2* 4973 7(5,4,1,5)®v(2,10,0) 3 42.32%
7(6,4,0,5)®v(2,10,0) 3 30.66%
23/2% 5076 m(6,4,2,3)®v(2,9,1) 3 86.34%
25/2°* 5564 m(5,4,1,5)®v(2,10,0) 3 78.88%
m(5,3,2,5)®r(2,10,0) 3 15.09%
27/2* 6016 m(6,4,2,3)®1v(2,9,1) 3 39.74%
29/27 6087 m(6,4,2,3)®v(2,9,1) 3 93.90%
31/2* 6669 7(6,4,2,3)®v(2,9,1) 3 88.05%
3327 7281 m(6,4,2,3)®v(2,9,1) 3 84.91%
35127 7811 7(6,4,2,3)®v(2,9,1) 3 83.64%
39/2% 10271 m(5,4,1,5)®v(2,9,1) 5 97.71%
13/2~ 2145 m(6,4,1,4)®v(2,10,0) 1 75.99%
m(5,4,2,4)®v(2,10,0) 1 15.36%
17/2~ 2184 m(6,4,1,4)®1v(2,10,0) 1 85.94%
2172~ 3280 m(6,4,1,4)®v(2,10,0) 1 70.67%
m(5,4,2,4)®v(2,10,0) 1 14.84%
2572~ 3887 m(6,4,1,4)®v(2,10,0) 1 86.28%
25/2° 6052 m(5,4,2,4)®v(2,9,1) 3 47.92%
m(6,4,1,4)®v(2,9,1) 3 46.82%
27127 6372 m(5,4,2,4)®v(2,9,1) 3 50.03%
m(6,4,1,4)®v(2,9,1) 3 44.93%
29/27 6453 m(5,4,2,4)®v(2,9,1) 3 79.00%
m(6,4,1,4)®v(2,9,1) 3 16.19%
297127 6856 m(6,4,1,4)®v(2,9,1) 3 71.24%
m(5,4.24)®v(2,9,1) 3 19.59%
31727 7372 m(5,42,4)®v(2,9,1) 3 74.97%
7(6,4,1,4)®v(2,9,1) 3 20.86%
33/2° 7879 m(5,4,2,4)®v(2,9,1) 3 53.96%
m(6,4,1,4)®v(2,9,1) 3 38.03%
35/2° 8486 m(5,4,2,4)®v(2,9,1) 3 72.41%
7(6,4,1,4)®1v(2,9,1) 3 24.39%
35/2~ 8496 m(5,4,2,4)®v(2,9,1) 3 64.84%
m(6,4,1,4)®v(2,9,1) 3 29.47%
37127 8851 m(6,4,1,4)®v(2,9,1) 3 47.65%
m(5,4,2,4)®v(2,9,1) 3 42.15%
37727 9138 m(6,4,1,4)®v(2,9,1) 3 55.83%
m(5,4,2,4)@v(2,9,1) 3 34.65%
37127 9371 7(5,4,2,4)®v(2,9,1) 3 50.67%
7(6,4,1,4)®v(2,9,1) 3 43.46%
39/2° 9419 m(6,4,1,4)®v(2,9,1) 3 65.81%
m(5,4,2,4)®v(2,9,1) 3 27.62%

N =50 shell closure into the next major oscillator shell into
the (dsj,) orbit]. The coupling of the v((go) ~',(ds) ") con-
figuration to the protons in the fpg subspace would
lead to dimensions of the Hamiltonian matrices which
could not be handled within the present computational

resources. The model space is internally truncated
by including only the following partitions:
w(6,4,p1,p2)® (Vegre)', (5,4,p1,p2)®(Veore)', Where

(Veore) = v((p12)%.(8012) "1 (272)°.(d5) ' (d3)° . (512)°).
p1,p2 correspond to the number of protons in the p, .89
orbits, and the first two numbers correspond to the number of
protons in the f5;, and ps;, orbits, respectively. The results
using these partitions will be discussed in the subsequent
sections. However, in our present calculations no particles
would be allowed to occupy the (g7, ,d3,,5,) orbits.

IV. RESULTS AND DISCUSSIONS
A. Mo

Singh et al. [6] studied the level structure of Mo up to
spins of /=12" and 17~. They performed shell model cal-
culations for “>Mo using ®Sr as the core and the
(P12-89p2) valence proton orbits. Spherical shell model cal-
culations using ®Sr as the core and the (p,5,g9,) model
space could reproduce the experimental spectra reasonably
well up to spins of 7=12%,117. States above /=11 could
not be generated within the small configuration space used.
On the basis of a stretched coupling scheme, where a ds,
neutron was coupled to the ®'Mo core, Singh et al. were able
to attribute the states above /=12~ to be dominated by the
excitation of the neutron across the N =50 shell gap. A point
worth mentioning is that this scheme was able to explain the
I1=157,16",17" group of states only. When this scheme
was extended to the group of states from /=127 to 147, it
showed considerable deviation from the observed values.

A comparison of the experimental and calculated levels of
92Mo is shown in Fig. 2. The calculations were carried out in
the large configuration space GWB described in the earlier
section. The excitation energies of all the experimentally
known yrast states (except /=14") are reproduced in the
calculations. The main components of the wave functions of
the states are shown in Table II. The states with
I<12%,11" are dominated by the excitations of protons
within the 7(py/,,89,,) orbits. The /=10" and 127 states
did have a significant contribution from the excitations of
protons from the (fs,,ps3,) orbits into the go,, orbit. These
configurations were neglected by Singh et al. in their calcu-
lations. The exclusion of these important configurations re-
sulted in the energy agreement (between the experimental
and predicted values) for the 7=10" and 12* states, being
less perfect as compared to the other low-lying levels. This is
attributed to the well-known property of the shell model that
the truncation (omission of certain configurations) of a
model space renders the ground state less bound [17]. Con-
sequently the predicted excitation energies are higher than
the experimental value. The degree of discrepancy between
the two is dependent on the contribution of the neglected
configurations to the wave function of the state. Omission of
a dominant configuration would result in the predicted exci-
tation energies being considerably higher than the experi-
mental value. As seen from Table II the configurations in-
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volving the excitation of the protons from the (fs»,p3p)
orbits contribute significantly (=~ 20-30 %) to the wave
function of the I=10",12" states. Hence the omission of
these configurations resulted in the predicted excitation en-
ergies being larger than the experimental value.

The 71=127,13" states did not have any contribution
from the excitation of a gg, neutron across the N=50 shell
gap, as stated by Singh et al. [6]. These states are dominated
by the m((fs2) ™ ").(p32)*(P112)*.(g912)°) configurations as
indicated in Table II. Our calculations could not reproduce
the /= 14" state. States with /=157,16",17 are dominated
by the excitation of a single neutron across the N=50 core,
ie., v((gon) .(dsp))®m((p11)'.(go)?) configurations.
A point worth mentioning is that these states did have a
significant contribution from the configurations involving the
coupling of the neutron particle-hole excitation across the
N=150 shell gap to the protons in the fpg subspace.

The agreement between the experimental excitation ener-
gies and the shell model predictions for °*Mo indicate

single-particle nature of the observed yrast level structure at
high spin (J=~17# and E,~10 MeV). The excitation of a
single neutron across the N=50 core adequately describes
the observed higher angular momentum states.

B. *Tc

A high spin structure of *Tc was reported by Ghugre
et al. [7,18] and Roth et al. [8] up to I=43/2 in both the
positive and negative parity bands. Ghugre et al. described
the observed structure of °*Tc within the shell model frame-
work [7,18]. The calculations [18] were performed assuming
the excitation of a single neutron across the N=150 shell
closure. The observed level structures above /=25/2 could
be adequately described by the excitation of a single neutron
across the N=50 gap. In view of the additional information
available from the work of Roth et al. [8], we compare the
results of our calculations (using the model space and effec-
tive interactions described in the earlier section) with the
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TABLE IV. Main partitions of wave functions for °*Ru. Each partition is of the form P=[m(p(1),p(2),p(3),p(4))
®v(n(1),n(2),n(3))], where p(i) represents the number of protons occupying the fs, pan, Pipn» and gop, orbits, and n(j) represents the
number of neutrons in the py,, g9, and ds, orbits, respectively. In these calculations no neutrons were allowed to be excited to the

&7, d3p, and s, orbits.

J Energy Wave function Seniority  Partitions J Energy Wave function Seniority Partitions
(h) (keV) T v (%) #) (keV) T v (%)
27 1431 7(6,4,2,4)® 1(2,10,0) 0 77.03% 14~ 7970 7(5,4,2,5)®v(2,9,1) 2 68.83%
7(6,4,0,6)® 1(2,10,0) 0 11.63% m(5,4,2,5)®v(2,9,1) 2 22.22%
4+ 2187 7(6,4,2,4)® 1(2,10,0) 0 76.92% 15~ 8133 7(5,4,2,5)®v(2,9,1) 4 89.63%
(6,4,0,6)® (2,10,0) 0 11.56% 14~ 8152 m(6,4,1,5)®v(2,9,1) 2 88.01%
6% 2498 7(6,4,2,4)® v(2,10,0) 0 79.6 7(6,3,2,5)®v(2,9,1) 4 11.01% 0%
7(6,4,0,6)® 1(2,10,0) 0 11.06% 14~ 8272 7(6,4,1,5)®1v(2,9,1) 4 88.48%
8+ 2644 7(6,4,2,4)®v(2,10,0) 0 78.58% 7(6,3,2,5)®v(2,9,1) 4 10.36%
7(6,4,0,6)® 1(2,10,0) 0 11.56 15~ 8501 7(5,4,2,5)®v(2,9,1) 4 53.11% %
8+ 3930 (6,4,2,4)®v(2,10,0) 0 89.68% (6,4,1,5)®1(2,9,1) 4 58.34%
10* 3991 7(6,4,2,4)®v(2,10,0) 0 88.83% 15~ 8736 m(6,4,1,5)®1v(2,9,1) 4 58.34%
12* 4716 7(6,4,2,4)®v(2,10,0) 0 91.40% 7(5,4,2,5)®v(2,9,1) 4 34.13%
12* 6275 7(6,4,0,6)® v(2,10,0) 0 41.99% 15~ 8853 7(6,4,1,5)®v(2,9,1) 4 60.66%
7(5,4,1,6)®1(2,10,0) 2 30.24% (5,4,2,5)®v(2,9,1) 4 29.26%
12+ 6358 (5,4,1,6)®r(2,10,0) 2 78.30% 16~ 8996 m(6,4,1,5)®v(2,9,1) 4 85.38%
(5,3,2,6)®v(2,10,0) 2 10.50% 7(6,3,2,5)®v(2,9,1) 4 13.20%
14* 7175 7(6,4,2,4)®v(2,9,1) 2 90.44% 16~ 9134 m(6,4,1,5)®v(2,9,1) 4 88.91%
15* 7773 7(6,4,2,4)®1(2,9,1) 2 89.72% 17~ 9254 7(6,4,1,5)®1v(2,9,1) 4 86.73%
15* 7910 7(6,4,2,4)®1v(2,9,1) 2 96.20% (6,3,2,5)®v(2,9,1) 4 11.76%
14* 8038 7(6,4,2,4)®1v(2,9,1) 2 89.29% 16~ 9464 7(6,4,1,5)®v(2,9,1) 4 88.55%
16* 8411 7(6,4,2,4)®1v(2,9,1) 2 95.64% 17° 9787 m(6,4,1,5)®1(2,9,1) 4 92.97%
17+ 9041 m(6,4,2,4)®v(2,9,1) 2 95.84% 7(6,3,2,5)®v(2,9,1) 4 11.76%
18* 9526 m(6,4,2,4)®v(2,9,1) 2 96.06% 187 9928 m(6,4,1,5)®v(2,9,1) 4 91.16%
19* 9920 7(6,4,2,4)®v(2,9,1) 2 95.86% 17~ 10129 m(6,4,1,5)®v(2,9,1) 4 86.33%
5° 2624 7(6,4,1,5)®v(2,10,0) 2 88.50% (6,3,2,5)®v(2,9,1) 4 11.83%
7" 3658 7(6,4,1,5)®1(2,10,0) 2 64.39% 19~ 10444 m(6,4,1,5)®v(2,9,1) 4 83.85%
(5,4,2,5)®v(2,10,0) 2 23.02% 7(6,3,2,5)®1(2,9,1) 4 1591%
9~ 4149 m(6,4,1,5)®v(2,10,0) 2 79.27% 18~ 10544  m(6,4,1,5)®v(2,9,1) 4 79.85%
7(5,4,2,5)®v(2,10,0) 2 11.81% 7(6,3,2,5)®v(2,9,1) 4 19.86%
9~ 4338 7(6,4,1,5)® 1(2,10,0) 2 89.57% 20~ 11042 7(6,4,1,5)®v(2,9,1) 4 92.16%
11~ 4489 7(6,4,1,5)®v(2,10,0) 2 86.01%
137 5568 m(6,4,1,5)®v(2,10,0) 2 68.83%
7(5,4,2,5)®v(2,10,0) 2 22.22%

experimental level scheme reported by Roth et al. [8]. Figure
3 displays a comparison of the experimental [8] and theoreti-
cal excitation scheme of **Tc up to J=39/2%. The main
components of the wave functions are shown in Table III.
The states up to J=25/2A (E,~ 5 MeV) are dominated
by the protons within the (fsn,p3n,P12,892) orbits. The
excitation energies predicted by the present calculation are in
better agreement with the experimental values as compared
with the calculations of Sinatkas et al. [5]. Sinatkas et al. [5]
predicted that the /=13/27, 17/27, 21/27, 25/27, and the
25/2* states would be dominated by the 7((1,)',(gop)*)
and 7((ge)°>) configurations coupled to an inert neutron
core, respectively, and hence excluded the contributions from
the 7(fsn,p30) orbits. As seen from Table III these states
were dominated by the m((pin)'.(g9)*) and 7((go)°)
configurations but also had a significant contribution from
the excitation of protons from the fs,,p3, orbits into the
8oy orbit. The omission of these configurations could explain
the disagreement between the predictions of Sinatkas er al.

[5] and the experimental excitation energies. Roth et al. [8]
erroneously attributed this discrepancy between the predicted
and the experimental excitation energies to the large spacing
between the p,, and go), single-particle orbits. However, this
large energy spacing between the p,, and go, orbits is a
well-established experimental observation and is responsible
for the Z=N=40 being a semimagic number.

Roth eral. [8] associated the positive parity states
I=19/2 at 3.9 MeV, [=21/2 at 4.2 MeV, and I=25/2 at 5.5
MeV to be dominated by the v((gop) ',(dsp)!) configura-
tions coupled to the protons in the fpg subspace. Our calcu-
lations indicate that these states do not have any contribution
from the excitation of a single neutron across the N=50 gap.
They are dominated by the excitations of protons from the
fsi2.P3, orbits into the ggy, orbit, with the neutrons restricted
to the (p,89p) orbits. The levels in the positive parity
band above /=27/2 are dominated by the excitation of a
single neutron across the N=50 core. The levels from
I1=35/2" at 7.8 MeV down to I=27/2% at 6.0 MeV are
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dominated by the 7((pi)%.(802)")® ¥((g9n) ', (dsp)")
configuration. The I=39/2% state at 10.2 MeV is

associated ~ with the  7((f52) . (P3n)*.(P12)?.(891)°)
®v((gopn)~'.(dsp) ') configuration.

In the negative parity cascade, states from /=25/2" at 6.0
MeV to I=39/2" at 9.4 MeV are dominated by the neutron
particle-hole excitation across the N =50 closed core coupled
to the protons in the fpg space. As seen from the table these
states are dominated by the v((gop) ~',(ds;) ') configuration
coupled to the excitation of protons from the fs, orbit into
the go»n orbit. This feature is not well understood
as one would have expected the w((pin)',(gon)?)
®@v((gopn) " 1.(dsp)!) to be the dominant configuration at
higher angular momentum. However, the states at higher ex-
citation energy (E,~8.8.MeV) are dominated by this con-
figuration. ‘

Our calculations were not able to assign any configura-
tions to the states J=39/2 in both parity bands, due to the
nonavailability of detailed experimental data on these states.
Thus the higher angular momentum states in *Tc
(J=25/2#) correspond to the configurations with a neutron
particle-hole excitation coupled to the protons in the fpg
subspace.

C. Ru

The level scheme for **Ru has been established up to
I=21" and 27~ by Roth et al. [8]. Levels up to I=14" and

157 were interpreted to be dominated by the protons within
the fpg subspace [8] . The levels 12</< 20 were assumed
to be dominated by the excitation of a single neutron across
the N=50 shell closure, coupled to the protons in the fpg
subspace [8]. Levels with spins greater than J=22 could be
dominated by the excitation of more than one neutron across
the N=50 shell gap [8].

The calculated and experimental level scheme for **Ru up
to /=19%,20" is shown in Fig. 4. The dominant configura-
tions for each angular momentum state are given in Table IV.
As seen from the table, the positive parity states up to
I=13% (E,=6.6 MeV) are dominated by the proton excita-
tions within the (fs;,p32,P12,892) Orbits. These states did
not have any contribution from the excitation of a neutron
across the N=50 core. The I=12" state at 6.3 MeV
was assumed to belong to the (P22 (gon)*)
@ v((gopn) ~'.(dsp)!) configuration by Roth et al. [8]. Our
calculations indicate that this state is due to the excitation of
a fs;, proton into the go/,, orbit, coupled to an inert neutron
N =50 core. The levels with E,= 7 MeV are dominated by
the excitation of a single neutron across the N =50 core. The
levels in the cascade from J=19" at an excitation energy of
99 MeV to J=14%" at 7.1 MeV are dominated by
the 7((p12)%.(89))® ¥((g02) "' (ds5p)') configurations.
However, the wave functions of these states had a contribu-
tion of about 6% from the proton excitations from the
(fsn,.p3p) orbits into the gg, orbits coupled to the
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v((go) "', (dsp) ') configurations. Muto et al. [13] had per-
formed the calculations of high spin states in **Ru assuming
the excitation of a single go,, neutron across the N =50 shell
into the ds, orbit. The energy spectra for **Ru as calculated
by Muto et al. [13] is compared with the present calculations
in Fig. 5. The present calculations are in better agreement
with the experimental excitation energies. The calculations
of Muto et al. [13] reproduced the spacing between the lev-
els, but failed to reproduce the excitation energies. The exci-
tation energies as predicted by Muto et al. were higher than
the experimental value. This could be attributed to the fact
that Muto et al. [13] performed the calculations assuming the
T(P12)°.(8912)°) © v((8op) ', (dsp)") configurations for
the high spin states. As stated above these states had a sig-
nificant contribution (~6%) from the v((gon) ' (dsp)!)
configuration coupled to excitations of the protons from the
(fsp.p3p) orbits into the go, orbit. The omission of these
important configurations resulted in the predicted excitation
energies for **Ru to be higher than the experimental value. A
similar feature was seen by us in the calculations of Singh
et al. [6] and Sinatkas et al. [5] for the low-lying levels in
Mo, %*Tc, and **Ru. This is attributed to the ground state
being rendered less bound, due to the truncation of the model
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space (omission of important configurations) and conse-
quently the calculated levels are pushed up in excitation en-
ergy.

The negative parity states up to /=13 (E£,=6.9 MeV)
are dominated by the 7((pp)',(gon)’) configurations.
These states also had a contribution of about 6—8 % from the
T(f51)°,(P32)*(P112)%.(8912)”) configurations coupled to
an inert N=50 neutron core. The levels with E,= 7.7 MeV
are dominated by the single-neutron excitation into the ds,
shell across the N=150 core. These levels are dominated by
the  7((f52)°.(P3)*.(P112)%(892)° )@ v((8or) ™ "o (dsp2)")
configuration. This feature was also observed by us in the
negative parity states for **Tc. We are unable to comprehend
this phenomenon at present, since one would have
expected these states to be dominated by the
7(P12,890® v(gop) 1. (dssp)!) configurations. The calcula-
tions of Muto et al. [13] were again successful in reproduc-
ing the level spacings between the levels, but the predicted
levels were higher in excitation energy as compared to the
experimental value. This again is attributed to the omission
of the configurations involving the 7(fs; ,p3,) orbits which
did contribute to the wave functions of these states (about
6%).

The states above J=19" and 20~ could not be described
by our calculations. We agree with Roth ez al. [8] that the
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TABLE V. Main partitions of wave functions for “Rh. Each npartition is of the form
P=[m(p(1),p(2),p(3),p(4))®v(n(1),n(2),n(3))], where p(i) represents the number of protons occupy-
ing the fs;, pan»> Pin, and gop orbits, and n(j) represents the number of neutrons in the p,, gon, and
dsj, orbits, respectively. In these calculations no neutrons were allowed to be excited to the g,, d3, and

51/, orbits.

J Energy Wave function Seniority Partitions
(h) (keV) T v (%)
13/2% 1351 7(6,4,2,5)® v(2,10,0) 1 88.92%
172" 1516 7(6,4,2,5)®1v(2,10,0) 1 88.5%
17/2% 2184 7(6,4,2,5)®v(2,10,0) 1 97.56%
21/2% 2448 7(6,4,2,5)®v(2,10,0) 1 90.05%
2512% 3723 7(6,4,2,5)®v(2,10,0) 1 98.91%
2127 4241 7(6,4,0,7)® v(2,10,0) 1 68.75%
25/2* 5874 m(6,4,2,5)®v(2,9,1) 3 98.50%
27/2* 6199 m(6,4,2,5)®v(2,9,1) 3 99.20%
29/2% 6211 m(6,4,2,5)®v(2,9,1) 3 97.60%
31/2% 6794 m(6,4,2,5)®1(2,9,1) 3 96.92%
3327 7138 m(6,4,2,5)®v(2,9,1) 3 93.75%
35/2* 7624 w(6,4,2,5)®v(2,9,1) 3 93.87%
39/2* 8874 m(5,4,1,7)®v(2,9,1) 5 85.98%
1712~ 2236 7(6,4,1,6)® v(2,10,0) 1 88.20%
2172~ 3241 m(6,4,1,6)® 1(2,10,0) 1 62.36%

m(5,4,2,6)®v(2,10,0) 1 28.35%
2512~ 3908 m(6,4,1,6)® v(2,10,0) 1 84.37%
25127 6404 m(5,4,2,6)®@v(2,9,1) 3 88.00%
7(6,4,1,6)®v(2,9,1) 3 10.08%
2712~ 6585 (5,4,2,6)®v(2,9,1) 3 95.02%
29712~ 6698 m(5,4,2,6)®v(2,9,1) 3 93.31%
29/27 7064 m(5,4,2,6)®v(2,9,1) 3 54.29%
7(6,4,1,6)®v(2,9,1) 3 39.96%
3172~ 7511 7(5,4,2,6)®v(2,9,1) 3 95.67%
33727 7845 m(5,4,2,6)®v(2,9,1) 3 81.25%
7(6,4,1,6)®@ v(2,9,1) 3 14.38%
3512~ 8394 7(5,4,2,6)®v(2,9,1) 3 62.54%
7(6,4,1,6)®v(2,9,1) 3 32.15%
37727 8655 m(5.4,2,6)®v(2,9,1) 3 78.77%
7(6,4,1,6)®v(2,9,1) 3 19.08%
3972~ 9346 m(5,4,2,6)®v(2,9,1) 3 91.54%

states with excitation energy of more than 10 MeV could
involve the excitation of more than one neutron across the
N=150 shell gap. Our calculations were able to describe the
observed level structure in **Ru up to an excitation energy of
about 10 MeV (J=20%) within the shell model framework.

D. **Rh

Roth er al. [8] established the level structure of *>Rh up to
J=43/2", and 47/2". They [8] attributed levels with an ex-
citation energy up to 4 MeV to be dominated by the valence
protons within the fpg subspace. The levels having excita-
tion energy between 4 and 10 MeV were supposed to be
dominated by the excitation of a single neutron across the
N=50 core. Roth et al. [8] were unable to assign unique
configuration assignments to levels above 10 MeV.

Figure 6 displays a comparison of the experimental and
theoretical excitation schemes for *>Rh up to J=39/2% . The
main components of the wave functions are shown in Table
V. As seen from the table, states up to an excitation energy of

about 5 MeV are dominated by the valence protons within
the (fsn.P32-P1/2,80p) Orbits as stated by Roth er al. [8].
The positive parity states up to an excitation energy of 4.2
MeV, ie., the I=13/27,17/2%,17/2%,21/2%,25/2%,25/2™,
are dominated by the 7((p,,2)2,(gop)°) configurations. Our
calculations indicate that the I=21/2" state at 4.2 MeV ex-
citation energy does not have any contribution from the neu-
tron core excitation as predicted by Roth et al. [8]. The posi-
tive parity cascade from 7=39/2" at 8.8 MeV to I=27/2" at
6.1 MeV is dominated by the excitation of a single neutron
across the N=50 core. The (P12 (gon)>)
@ v((gon) " '.(dsp)') configuration dominates the group of
states with 272" <J<352" (6.1 MeV<E,< 7.6 MeV).
The I=39/2" state at 8.8 MeV is dominated by the
7((f52)° (P32 (P12) ' (8o) @ V((go) ™' (d5p)")  con-
figuration.

The negative parity states up to /=25/2" (E,=3.9 MeV)
are dominated by the 7((py5)'.(go)®) configurations.
These states do not have any contribution from the excitation
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of a single neutron across the N=50 core. The states above
I1=25/2" (E,=6.4 MeV) to I=39/2" (E,=9.3 MeV) are
dominated by the neutron particle-hole configuration across
the N=50 shell gap. These states have the
T(f52) >, (P3) . (P112) 2. (89) )@ v((gop) "', (dsp) ") as the
dominant configuration, a feature which we observed in the
negative parity band of **Tc. We do not understand why the
T(P12) " (89) )@ v((g9n) ~'.(dsp)") configurations do
not dominate the higher angular momentum states in *>Tc
and %°Rh, respectively, since one would have expected the
higher angular momentum states to be dominated by the
v((gon) ™" (dsp) @ T(p 1) . (89)"?) configurations,
where p1,p2 denote the number of valence protons outside
83r core.

Thus the level structure in *>Rh up to J=39/2% could be
understood in terms of the neutron particle-hole excitation
across the N=50 shell closure coupled to the lower valence
proton configurations. Our calculations could not describe
the states above J=39/2, due to the nonavailability of de-
tailed experimental data on these states. We agree with the
conjecture of Roth et al. [8] that these states could be due to
the excitation of two neutrons across the N=>50 shell gap.

V. CONCLUSIONS

Within a large model space comprising several valence
orbits, the wave function of state would comprise of a large
number of configurations due to the distributions of the
nucleons in these valence orbits. Of these several configura-
tions the wave function for a particular state would be domi-
nated only by a few configurations. It is possible to internally
truncate the large model space by performing the calcula-
tions by considering these dominant configurations only.

The level sequences observed in the N=50 nuclei
Mo, *Tc, **Ru, and *°Rh are interpreted on the basis
of the shell model calculations in the configura-
tion space  (fsp.P3p.P12.892) for  protons  and
(P1/2:8912+8712+d512,d312,812) for neutrons outside %Ni as
the core. The levels up to an excitation energy of about 4
MeV (J~12#) are dominated by the excitation of the pro-
tons within the (fs»,p32,P1/2,8972) orbits. These states did
not have any contribution from the excitation of a single
neutron across the N=>50 shell. However, the configurations
arising from the excitation of protons from the (fs;,p3)
orbits into the go, orbit had to be included to adequately
describe even the low-lying states [J~ (10— 12)#] in these
N=50 nuclei.

The levels with excitation energy between 4 and 10 MeV

were dominated by the excitation of a single neutron across
the N=50 shell gap. These states were dominated by the
(12" (892)")® ¥((892) ~'.(dsp)")  configurations,
where p1,p2 denote the number of valence protons in the
P12 -8op orbits. These states also had a significant contribu-
tion from the v((gqp) ~'.(dsp)!') configuration coupled to
the excitations of the protons from the (f5/,,p3,) orbits into
the go, orbit. An exception to this was the negative parity
states in *>Tc, ““Ru, and °°Rh which are dominated by the
m(fsp) ™ (3. (p12)"(go)"?) © v((go) ' (dsp)")
configurations. We have not been able to comprehend this
feature. The levels above 10 MeV in excitation energy could
not be described by the present calculations. The experimen-
tal information is in general not detailed enough to assign
any particular configurations to these states. These states
could be dominated by the excitation of more than a single
neutron across the N=150 core.

The present calculations are in better agreement with the
experimental excitation energies than the calculations of Si-
natkas et al. [5] and Muto et al. [13]. The reason for the
disagreement between the results of Sinatkas et al. [5] and
Muto et al. [13] with the experimental values could be attrib-
uted to the omission of the configurations involving protons
in the (fs;,p3p) in the calculations.

Hence to adequately describe the observed level structure
of the N=50 nuclei, within the spherical shell model frame-
work, the model space should encompass a large proton
space [ 7(fs;-Pan-P i -89p) orbits] and should allow for the
excitation of neutrons across the N=50 shell closure
[v(P12:892.d512) orbits].

To summarize, the higher angular momentum states in the
N =50 nuclei are dominated by the neutron particle-hole ex-
citation across the N=50 shell gap coupled to the lower
valence proton configurations. The presence of a gamma ray
with E,~ 2 MeV is a signature of the excitation of a single
neutron across the N= 350 core.
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