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Abstract: In the investigations of the level structure of A ~ 90 nuclei, whose numbers of protons and neutrons are
close to the Z=40 semimagic number and N =50 magic number, have become a hot spot in nuclear physics. The
aim of this work is to further probe the characteristics of single-particle excitation, core breaking, high- j intruder
states and isomeric states in the A ~ 90 mass region based on the existing experimental results. Investigations show
that the low energy levels of the odd-A nuclei originate from their neighboring even-even nuclei coupled to a
valence nucleon. The systematics of the 2] excitation energies and the values of E,/E,: indicate that the N=56
subshell closure may appear at Z=40 (41) and disappear for Z > 42 nuclei. Furthermore, in this mass region, the
strong E2 transitions at low or medium spins are interpreted as the recoupling of the pure protons in (f5,,, 355 Pij2»
8y, ) orbits, and the strong M1 transitions are explicated by moving proton from the (f5,, p;,, p,,) orbits to the
8o, orbit, coupling to a neutron excitation from the g,, orbit across N=50 closed shell into the d;,, orbit. The iso-
meric states in odd- A nuclei with N=50 (51) can be interpreted as a spin-aligned configuration in which a single
neutron or proton couples with a fully aligned proton pair in the g, orbit.
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0 Introduction

Atomic nuclei near the A=90 mass region with few
protons above the Z =38 subshell and few neutrons (holes)
above the N=50 closure shell have become a great inter-
esting topics in nuclear physics[1_40]. More and more inter-
esting phenomena, e.g., single-particle excitation® 211, iso-
meric states® 10 core breaking[2_36], and seniority sym-
metry breaking[27] have been found in this mass region. In-
vestigations of the level structures in these nuclei may
provide information on the particle-hole exciting mechan-
ism. For these nuclei with several valence protons (neut-
rons) above the closed shell, the low-lying levels generate
from aligning the spins of the valence protons (neutrons)
and the high spin levels stem from promoting protons
(neutrons) across (sub)shell closure to the higher shells.

In recent studies of N > 50 nuclei[34745], some of the
nuclei were investigated by the shell model with the
truncation spaces, i.e., the hj,, neutron orbital was neg-
lected!!® 22 347351 Nevertheless, the h,, , heutron orbit
plays a major role in N > 50 nuclei, where the low and in-
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termediate spins are interpreted as proton excitation ( f5,,,
Psjys Pip)— 8o, and neutron excitation ds, — (&,
hy,,,), and the high spins involve the core excitation v g, ,
—v(ds,, 8,,)- An interesting phenomenon was observed
that the sudden deviations from the systematic characterist-
ics emerge as the numbers of protons and neutrons change.
For instance, the discontinuous separation energy of two
protons (neutrons) and the abrupt increase of energy of the
27 state at certain proton (neutron) numbers may be attrib-
uted to the appearance of magic numbers. In addition, the
evolution of shell with proton and neutron numbers can be
such evident that one observes the fragmentation and van-
ishment of the conventional magic number or the appear-
ance of new magic number in those exotic systems.

1 Evolution Characteristics of the N=50
neutron-core excited states

We studied the *"*Nb nuclei by the ¥Se+!“N reac-
tion!> 17> 34735] a5 well as 7y and *'Mo by Y +6Lj re-
actions!*®]. The level structures of these nuclei were explic-
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ated by the shell model calculations with 7 (f5,,, Ps;55 P1j2s
802)® V(DPy)2s 8opps 8125 ds),) model space. The results of
calculations manifest that the proton core-excited across the
Z =38 subshell and neutron core-excited across the N=50
closed shell are indispensable to explicate the high-spin
levels. However, neutron core-excited states of the N =50
nuclei were reported in lower-spin states. In order to under-
stand neutron core-excitation of the low spin states, the sys-
tematic surveys of the N=50 even-even isotones soR 1471,
ssgp 32733] w07, 6] 9210 [20-23] 99y [26728] ang odd- A
isotones $Br [48]’ 87Rb [48], 89y [1—3]’ 9INb [17—19]’ 93¢ [24—25]’
are displayed in Fig. 1. As indicated in Fig. 1(a), the first
23/2" levels in ¥Rb and Y nuclei with Z < 40 are inter-
preted as the N =50 neutron core breaking. The first 23/2*
states of the *’Nb and **Tc nuclei with Z > 40 are inter-
preted by moving protons across the Z=40 subshell, rather
than neutron core breaking.

As shown in Fig. 1(b), in 3Ky and *¥Sr nuclei, the
N =50 neutron core breaking is also observed at the first 6*
and 7" levels, However in Zr, Mo, *Ru and *Pd nuc-
lei, the first 67 states originate from the proton configura-
tions. This phenomenon may be associated with the shifts
of the proton Fermi surface. As the number of proton in-
creases, the proton Fermi surface gradually closes to the
8y, orbit, which facilitates the proton core excitations
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Fig. 1 Partial energy levels in N=50 nuclei. (a) odd- 4 iso-

tones 85Br, 3Rb, 89y, °INb, BTc, 9%Rh, and (b) even-
even isotones 86Ky, 58Sr, 97r, 92Mo, %*Ru, %°Pd. The
neutron core-excited states from the N=50 core are de-
noted by quadrilaterals, and the proton excited across
the Z=40 subshell are denoted by circles.

((fp) — &y,)- And note that, the N=50 neutron core
breaking is easier than promoting proton across Z=40 sub-
shell in the 6] and 7] statesas the proton number de-
creases, as displayed in Fig. 1(b). Notably, the excitation
energies of the first 8" state in 7y are much higher than
those of the Mo, **Ru and *Pd nuclei. It is generally
known that 7y is a quasimagic nucleus with the N=50
neutron shell closure and Z=40 subshell closure which, in
spherical nuclei, represents the filling of the fp shell with
the g,, shell empty above. The first 8" state in the *Zr
nucleus is generated by promoting protons from the p,,
orbital across the Z=40 subshell to the g,, orbit, which
has seniority v=2. The first 8" states in Mo, *Ru and
*Pd are suggested as the 7 (g,,)" (n=2,4, 6) configura-
tions, which are not referring to proton excitation.

2 The high-j intruder orbital

Recently, we studied the #Sr[*1 and Mol nuclei
by the shell-model calculations, which were carried out
With 7 (fs5 P3jas Prjas 802)® V(&opas 8125 dspas> dias S1pas
h,,,,) model space. It is worth emphasizing that promoting
the neutron from vd;,, orbit across N =56 subshell into the
vh,,,, orbit is necessary to explicate the level structure of
¥Sr and *Mo nuclei. In addition, the A, neutron orbit
plays a vital role in shaping the level structures in N > 50
nuclei. For example, the abrupt deformation near Z=40
(N=60) was explicated as the filled with 7g,, orbit pro-
tons cooperated with the occupation of the neutron in 4, ,
orbit and diminution of neutrons in the vg,,, orbits> 17331,

To further illustrate the characteristics of the neutron
core excitations across the N =56 subshell, the low spin
structures of the N=51 nuclei from the ¥Se to *’Pd are
surveyed[24730]. The energies of the 11/27 levels are not
markedly changed, that result from the excitation of a
single neutron from the vd,, orbit across N=56 subshell
into the vh,,, orbit. The similar features is found in the
N=51 odd-odd nucleil”> 17- 3% In these nuclei, the excita-
tion energies of 107 states are known to be around 2 MeV.
These may be due to the depletion radial overlap between
the mg,, orbit and the vh,,,, orbit which diminishes the in-
terplay between the two orbits and results in a similar vari-
ation of binding energy between them. One would expect
that promoting the neutron from vd;, orbit across the
N=56 subshell into the vh,,, orbit may be validated by
the future experiments and play an important role in the
level structures of nuclei with N=51 in the A=90 mass re-
gion.

3 Isomers in N=50 (51) isotones

The lifetimes are considerably longer for isomers than
for common excited states. The characteristics of isomers
play a significant role in comprehending the nuclear struc-
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ture because they provide rigorous tests for nuclear models.
To our knowledge, high-spin isomers in the nuclei around
the shell closure appear when the neutron number and/or
the proton number outside the closed shell is an odd num-
berl>4],

In N=51 isotones, the neutron number is around the
magic number 50 and proton number is near semimagic
number 40. In Ref. [15], the characteristics of the isomeric
states in (;OY[13], 9121.[14]’ 92Nb[15], 93M0[15], 94TC[17],
55RulI8] 96Rp 191 and 7pd19], originated from the same
excitation mechanism, were investigated. As an example,
the 21/2" isomer in ®*Mo has the predominant configura-
tion 7g;,® vdy, , and the neutron—proton interaction may
be the physical origin of its long lifetime. On the other
hand, the isomers in “Pm, '“Sm, “*Eu and 'YGd nuc-
lei with N=83 were investigated systematically[SS]. Their
lifetimes range from 10 ns to ps, such as the halflife of
49/2" isomer (8.6 MeV level) in '“’Gd is 510 ns. These iso-
mers are dominated by the configuration of 7/],®
Ve ntian (151" According to analogous analysis of config-
urations of isomers between N=83 and N =51 isotones,
specifically high-spin isomers in N =51 isotones are pre-
dicted to be dominated by [7g;, ®vds),87,,1/,]5,- for
odd-4 nuclei, and [7p;),85, ®Vvd; 18,k 515 for odd-odd
nuclei.

As shown in Fig. 2, the experimental lifetimes of the
isomers in N =50 nuclei with odd number of protons (no
valence neutron), ¥Y, *'Nb, *Tc, %Rh and “Ag are in-
vestigated. The °'Nb, *Tc, %Rh and “Ag nuclei also
show a 21/2" isomer. For example, the 21/2" isomer in
#Tc is associated with the configuration 7g; ,. In addition,
the isomeric states 17/2" in *'Nb, **Tc and %Rh nuclei are
interpreted by configuration 7p, , ® g;,,. The results may
indicate that the isomeric states in odd-mass nuclei are in-
terpreted as a spin-aligned configuration in which a single
neutron or proton couples with a fully aligned proton pair
in the g, , orbit.

21/2° 0.92 ns
3l
+1.44ns
. 21/2 21/2+2.54 n§1/2+1.8 ns
o 17/2710.2 us; /9= e
= 172376 s, ==E17/2
> 2F 132 == / -6 ns
%‘) 10 ns
5
£ 13/2 208
g4l 157
g lrop =——
s3] ~1.96 m 1 »-
60.86d 1/2- 433 ml/2—— 12—
ol stable ;g: 80y 9/2+2.75 h 9/7+5.02 m g5+ 25.5s
89y 9INb 93¢ 9SRh 97Ag

Fig.2  Experimental systematics of isomers in N=50 iso-
tones.

4 The weak coupling model in 4 = 90

Figure 3(a) exhibits the systematics of the 07, 27, 47,
67 and 8 in *7r, Mo, *Ru and **Pd even-even
nucleil® 21> 26: 35, 371 a5 well as the 9/27, 13/27, 17/2F,
21/2; and 25/2; states in *'Nb, #*Tc, %Rh and ’Ag odd-
A nucleil!”> 2% 36 571 The Jevel structures between the
N =50 even-even nuclei and the neighboring odd- A nuclei,
shown for comparison in Fig. 3(a), are similar up to the 4}
state. For example, the level energies of 13/2] and 17/2}
levels in **Tc are close to the energies of 2+ and 47 levels
in the **Mo(**Ru) core. The systematic of the energy
levels in the N=48 odd-A and the even-even isotones is
presented in Fig. 3(b). The 13/2¢ and 17/2; states in ®Nb [4],
91Tl 93Rp 58] and % Ag P are close in energies with the
27 and 47 states in ss7p 3] 90Mol[00] %2Ry and *pd [0l
respectively. The above features could be explicated by the
weak coupling model. Based on the weak coupling simpli-
fication of expressions, the low spins of an odd- A nucleus
can be interpreted as a nucleon in a single- j orbit coupled
to an even-even core. The z//',"IO) denotes the wave function

of the low level I (E,) of the even-even core. The ¢|0)

:
j
states with spin J for the odd-mass nucleus:

(wixa)) 10), (1)

coupled to the single nucleon a) can generate the multiplet

where J =|I—j|,|[[-jl+1,---,I+ jI+ j, represents the an-
gular momentum, We employ E,(/,j) to represent the ex-
citation energies of the multiplet states. The relation
between E, and E (I, j) is expressed by

6 (@) N=504 oom 2/e 4/e 6/@® 8aA
S 921 013/21 017/2 ©21/2; 02521 A
2 . A
5} : .
s ® 1c) ° O @i
2
HofF = o [ ] [u} [ ] o [ ] o
07y 9Nb %Mo BTe  %“Ru %SRh 9Pd 97Ag
(b) N=48 O'm 2je 4/ 6/@ 84
4| 9/2; 0 13/2; 017/2] ©21/2f 025/2; A
5 A
S A
:>5 3 [ ‘ ‘ ‘ ....... A ......... :,8
2 9ot O O S, _.O ..... )
g O ®
Bl @0 @ O @ O gy O
‘S
%
H o = o ] u] ] o n o
8871 8Nb Mo ITe  %2Ru SRh %“Pd 95Ag
Fig.3  (a) The low-energy levels in the N=50 isotones;

(b) the same as (a) but for N=48 isotones.
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_2,2J+DE, )
oy 20+1

2)

The configuration 7 g,, ® (2], ’Ru) could generate
multiplet states with 5/27 (621-keV), 7/27 (240-keV),
9/25 (1630-keV), 11/27 (894-keV) and 13/27 (852-keV)
in *Rh. Using Eq. (2), the calculated energy of 27 level in
2Ru is 892-keV, which is consistent with the experimental
one (865-keV). It is noteworthy that high spins are not in
compliance with the results of the weak coupling frame-
work, for example the energy of the 8] state in #7Zr is
much higher than the 25 state in ®¥Nb. This might be due
to the fact that the core excitations in high-spins of the even-
even core may not be negligible, and configuration admix-
tures become increasingly significant.

5 Systematics of nuclear structure char-
acteristics near A =90

Figure 4(a) displays the evolutions of the 2] levels in
Zr[60758], Mo[61768], Ru[61769], pdl6z-70] isotopes from
N=44 to N=60. As shown in Fig. 4(a), the Zr, Mo, and Sr
isotopes with neutron N < 58 show near-spherical features,
whereas, nuclei with N > 58 nuclei show deformation
characteristics. This may be attributed to the fact that the
Z =40 subshell weakens abruptly in the Sr, Zr, and Mo at

2.5

(@)
20 |

1.5 F

1.0

05

Excitation energy/MeV

0 1 1 1 1 1 1 1 1 1
42 44 46 48 50 52 54 56 58 60 62

24
..... B 41

..... '...... 43
..... O...... 45

20

1.6

12

Excitation energy/MeV

0.8

0.4
42 44 46 48 50 52 54 56 58 60 62

Neutron number

Fig. 4 The evolution of the first 2" states in the N=44 to
N=60. Zr (circles), Mo (squares), Mo (solid circles)
and Ru (pentagons) isotopes; (b) The evolution of the
first 13/2" states in the N=44 to N=60, Nb (squares),
Tc (solid circles), Rh (circles).

N=60. Figure 4(b) displays the evolutions of the 13/2}
states in Nb[7l_77], Tc[72_78], and Rh!73780] isotopes from
N=50 to N=60. We also note that, the level energies of
first 2* (13/27) states in %7y (°’'Nb) and %7y (’Nb) nuc-
lei are significantly higher than that in other Zr (Nb) iso-
topes, which reveals that N =56 is a good subshell closure,
whereas the 27 energy peaks are only found at N=50 in
Mo, Ru and Cd isotopes chains. It is observed that the en-
ergy of 27 in the *°Zr nucleus is 1 750-keV, whereas the 2"
energies in Mo, '“Ru, and '?Pd nuclei are only 787-,
540-, 556-keV, respectively. The low energies in 2} levels
for the N=56 isotones are incompatible with that in the
spherical nuclei. Such disparate behavior with proton num-
ber of Z>42 may be attributed to the vanishing of the
N =56 subshell.

As compared to Zr and Mo, the Nb (Z=41) nucleus
may be in the intermediate regime where the N=56 shell
effect is prominent (Z=40) and evanescent (Z>42).
Figure 5 indicates that the values of R, ,. in *-%7Zr are
less than 2, showing the steadiness of the Z=40 subshell.
The E,./E, value increases dramatically in '%Zr, and the
low lying level structure shows the deformation onset in Zr
isotopes with N > 60. The **Mo, **Ru, *Pd, and *Cd as
well as 07y, 227r, %7r, %7Zr, and %7Zr nuclei have R4r 2
ratios around 1.5, which indicates the representative fea-
tures of spherical nuclei. As shown in Fig. 5, the R, ,. in
the Mo and Ru isotopic chains show a similar tendency, but
notable differences from the Zr isotopic chain. The de-
crease of R,. ,. from N=60 to N=50, followed by a drop
toward N =50, is observed. In general, nuclear deforma-
tion can be reflected by 2} energies (R4‘+ /2;) towards the ro-
tational limits. Figure 6(a) shows the excitation energies of
27 to 107 states in N=56 isotones, Zr[67], M0[68], Ru[69],
Pd7%, and Cd[®). As displayed in Fig. 6(a), the excited en-
ergies of the 2} to 107 states in *Zr nucleus are notice-
ably higher than that in other N =56 isotones. This may be

3.0 |--&-Z=36
—o0—Z=38

28 _m7-40
L. 26 F—O0—Z=42 A
N —o—7=44 /
=24 F e
<t
B 22t “a
g
g 2.0 r
2 18t
ja=

16

14 |

44 46 48 50 52 54 56 58 60 62
Neutron number
Fig.5 The evolutionary trends of the ratios of 4] to 2}
with neutron number.
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(a) N = 56 even-even nuclei

Excitation energy/MeV

Excitation energy/MeV

41 43 45 47 49
Neutron number

Fig. 6 The evolution of positive parity states in even-even
N=56 isotones %7;, %Mo, '“Ru, 92pd, and '%*Cd;
The evolution of positive parity states in odd-4 N=50
isotones 9’Nb, ®Tc, 101y, 1B Ag, and 1051y,

because the %°Zr nucleus is near spherical character, origin-
ating from the double-subshell closure at Z=40 and N =56.
The double subshell closure is testified by the high excita-
tion energy and low collectivity of the first 2 state. The
level energies of the 2} to 10} states in **Mo, 'Ru, '®Pd
and 'Cd nuclei are very close. The 2%, 47, 6 and 8%
levels originate from the seniority v =2 states in the senior-
ity schemel®!). The angular momenta stem from the coup-
ling of the two unpaired protons in the g, , orbit.

Figure 6(b) shows the 9/2} to 25/27 states in the
N=56 isotones Nbl73) Tcl76] Rh[77], Ag[78], and Inl7,
The low-energy spectra for %7 %) and *Mo[%], shown in
Fig. 6(a), are similar to the ones for *’Nb 7! and *Tc 7],
respectively. These similarities can also be explicated us-
ing the weak coupling theory. When moving to the '°'Rh
and '®Ag nucleil”’"78], the ground states display a sudden
transition from 9/2" to 1/2° and 7/2", respectively, which
may indicate the onset of deformation in 1°'Rh and '“Ag
nuclei because of the sudden weakening (vanishing) of the
Z =40 subshell in N =56 nuclei.

Additionally, it has been reported that the nuclei with
N =48 and 49, specifically #Br, **Rb, and ¥Y nuclei
with N =48, exhibit the strong E2 and M1 transitions32].
These nuclei show the electric quadrupole transitions
strengths of B(E2) are about 15 Weisskopf units (W.u.) up

to 17/2*, while the higher-spin states display the A7 =1 se-
quences, in which the B(M1) values are up to ~ 1 W.u.
Similar characteristics are reported in N =49 isotones 3Kr
and *Rb. In these nuclei, the strong E2 transitions are
ascribed to the proton excitations coupled to the unpaired
g, neutron, and the MI ftransitions are construed as
the neutron core excitations across the N=50 closed
shelll®2],

To survey systematically the N=50 nuclei and probe
the mechanisms for generating the strong E2 and M1
transitions, the shell-model calculations for the %7y, °'Nb,
Mo, **Tc, **Ru and **Pd nuclei are performed with pro-
ton and neutron core excitations across the 3¥Sr core. The
shell-model calculations were carried out with the
NUSHELLX codel®3]. we employed the 7 (p;,,, f55> Pijas
892)® V(DPijns 8> &1p> dspps dyy, y) configuration
space and GWBXG effective interaction. The calculated
results are generally coincident with experimental ones.
The N=50 nuclei Y, *Zr, *Tc, and **Ru display the
large B(E2) values at low and moderate spins, which are
believed to be a result of proton recoupling in the pfg or-
bits (1ps,, 0f5,, 1p,,> 08y,)- The high spin states dis-
play strong M1 transitions, which are explicated as proton
excitation from the pf shells (1p;,, 0f;,, 1p,,) to the
0gy/, orbit, coupling to a neutron excitation from the g,
orbit to the d, orbit. For example, in the *'Nb nucleus,
the E2 transitions 21/2} —17/2f, 17/27 —»13/2}, and
13/27 — 9/27 are is ascribed to the excitation of protons
from f;,,p orbits to g,, orbit. The calculations B (E2) val-
ues are 100.7, 287.8 and 152.9 e’fm*, respectively.
However, for the transitions 23/2; —19/2; and 25/27 —
21/2;, the calculations predict B (E2) values decrease ab-
ruptly. The difference could be related to the forbidden
23/2y —»19/2; and 25/27 — 21/2} transitions from neut-
ron core-excited to pure proton states. Whereas rather
strong M1 transitions 31/2} —29/27, 33/27 —31/27,
whose B (M1) values are in the range of 1.1 - 2.6 (2, are
ascribed to the recouplings of the two unpaired neutrons,
i.e, the g,, neutron hole and the d;, neutron. Figure. 7
displays the comparisons between the calculated B(E2)
values and experimental ones in ©Zr, Mo, **Ru and **Pd
as well as °'Nb and *Tc. As shown in Fig. 7, the B(E2)
values of calculation are generally consistent with that of
the experiments (except B(E2; 2" —0") of ®*Ru and *Pd,
and B(E2; 13/2" — 9/2")). The overestimation of the B(E2 ;
27 50™) for *Ru (°°Pd) and B(E2; 13/2" = 9/27) for Tc
with the GWBXG effective interaction is conspicuous. It is
worth mentioning that some pure-proton space models fail
to reproduce the B(E2) values well because they cannot

provide the amount of seniority mixing[g“*gs].
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Fig. 7 Experimental B(E2) strengths(circle) and the shell model predictions(solid circle) in the proton( f;,, p, g, ) model space.

6 Summary

We survey the systematics of the lower energy levels
in the A~90 mass region. The results indicate that the
lower energy levels of the odd-4 nucleus can be inter-
preted by its neighboring even-even core coupled to a
valence nucleon, whereas the weak-coupling model is not
applicable for the description of the high spin states. The
excitation energies of the 2] levels in even-even isotopes
are investigated systematically, which shows the competi-
tion between particle and collective excitation at high-spin
states in the nuclei with N=46 (47). For N=48 (49) nuc-
lei, there are still some evidences of collective motion, even
at low-spin states. For N=50 nuclei, level structures show
the property of single particle excitations at high-spin
states. To better understand the level structures of N > 50
nuclei, it is necessary to consider the neutron core excita-
tions from d;,, neutron orbit across the N =56 subshell in-
to h,,,, orbit. In addition, the evolution of the first 2" states
and the energy ratios of 4} to 2] in the N=50 to N=60
nuclei indicate that the N=56 subshell closure appears at
Z =40 (41) and disappears for the Z > 42 nuclei.
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(1. FMRRFE I B, KFF 130012;
2. ZERITTE KRBT TS ReHNGE 0, 28 LK 246133)

WE: ERTERERANBRENFART, ATAORERWEFZ—ERBREMHARANAL, ERFHAP
FH o AlEEE 2=38 %5 N=5041%. RIGETHEERA=OBRRERLER, AR AR EXRFRHEL
FHER, BRBHR, G ERENSFE R R ASNFE, BLEAFALIN, F-ALEARK B EERT UMK KA
SEERE —IMMEFHBETR. BERK 2F 5EA5E, /B, WENEMBMELRA, N=56F A FEZ=40 A1) &
FMERAEMPALE MERTHNE R Z>42 HEMRBEEHEA, WA RERRFEERERENFRE
RIEZET R (fis P> Prjps 8op) EFREE, TN THERSEZEMBEMIKIEZESE (f,,, Py, i) HER
FHAEE g, WEF THERN=50A TKEEd,, hEBE~ £, F-ABRFHN=50 SHEFTEFH—LE R
REARETEF FRERTH g, BT A IHAE A
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