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Systematics of low-lying state transition probabilities and excitation energies
in the region 30 � Z � 38 and 30 � N � 50
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Background: Single-particle and collective modes of nuclear excitation compete in the isotopes of the elements

30Zn, 32Ge, 34Se, 36Kr, and 38Sr.
Purpose: To study the factors which determine the onset of collectivity in this region.
Methods: Data obtained from National Nuclear Data Center compilations supplemented by recent measurements
of excitation energies and B(E2) reduced transition probabilities between the low-lying states in these elements
were examined. The data were analyzed as a function of the neutron number N as well as the parameter P =
NpNn/(Np + Nn) related to the number of valence protons and neutrons, Np and Nn, in the 28 � Z, N � 50 shell.
Results: The systematics of the data show variations ranging from mostly single-particle to collective excitations.
Conclusions: Collectivity sets in when the number of both protons and neutrons lie near the middle of the
shell 30 � Z, N � 50. Backbends appear in the data showing that particles and holes in the major shell behave
differently. The 2+

2 states exhibit single particle behavior. The transition probabilities of the 2+
2 states in the Kr

isotopes differ significantly from the systematics.
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I. INTRODUCTION

The even-even nuclei with 30 � Z � 38 are of interest for
several reasons. For each element—30Zn, 32Ge, 34Se, 36Kr,
and 38Sr—there exists a long isotopic chain of nuclei, stable
and radioactive. Thus, the variation of the nuclear properties
for nuclei along each isotopic chain sheds light on how the
structure evolves with the increase in N . On the other hand,
comparing isotones from different chains provides information
on how the nuclear properties change with Z.

From the shell model perspective, the nuclei examined in
this paper have atomic numbers Z that lie in the first half of
the 28 � Z � 50 shell, while their number of neutrons, N ,
spans most of the 28 < N � 50 shell. Hence it is rare for the
nuclei in the region of interest to have both proton and neutron
numbers lying simultaneously in the middle of the shell. This
observation is expected to have implications for the possible
onset of collectivity in this region.

The nuclear properties which are examined in this paper
are the level excitation energies and the electric quadrupole
reduced transition probabilities B(E2)’s. The magnetic mo-
ments have been considered in earlier papers [1–7] and
references therein. The data that are presented in this paper
were collected almost entirely from the National Nuclear Data
Center (NNDC) [8] compilations, with a number of additions
and corrections from published but unevaluated data [9–19].

II. DATA PRESENTATION

The conditions for the onset of collectivity in the region of
interest are best displayed by the reduced electric quadrupole
transition probabilities B(E2; 2+

1 → 0+
1 ).

The relevant data for each nucleus are plotted in Fig. 1
against N . The data for each element are connected by a solid
line highlighting isotopic systematics in the B(E2; 2+

1 → 0+
1 )

values.

All the isotopic curves have their maxima around N = 38
to 42. Furthermore, the largest B(E2; 2+

1 → 0+
1 ) values occur

in the Sr and Kr isotopes. Clearly, the data for Sr and Kr at
N ∼ 38 to 42 do not exhibit single-particle behavior which
would predict minima instead of maxima in the B(E2) values.

Figure 1 suggests that the collectivity increases when the
numbers of both protons and neutrons are near the middle of
the shell. Therefore the B(E2; 2+

1 → 0+
1 ) data were plotted in

Fig. 2 against the factor P = NpNn/(Np + Nn), described
in Refs. [20,21]. Here Np and Nn are, respectively, the number
of valence protons or proton holes and valence neutrons or
neutron holes counted from the magic numbers 28 and 50.
The P factor represents the average number of proton-neutron
pairs per valence nucleon. It thus provides an indication of
the strength of the isospin T = 0 proton-neutron interaction
which is responsible for observed increases in collectivity.

When the B(E2; 2+
1 → 0+

1 ) data are plotted against P the
picture simplifies greatly. The isotopic curves coalesce. The
overall magnitude of the B(E2)’s increases with P . However,
the B(E2)’s and as shown below, the excitation energies as
well, of isotopes with the same P bifurcate into two distinct
curves exhibiting a pronounced “backbend.” The degeneracy
in P comes about from the procedure whereby the number
of valence neutrons are counted in the first half of the shell
while the number of neutron holes are counted in the second
half of the shell. These backbends could be related to subshell
details within the 28 � N � 50 major shell, to the possible
orbit-dependence of the T = 0 p-n interaction, or to shifts in
the single-particle energies as N increases [22]. In the same
reference, it is suggested that collective effects set in when
P ∼ 4 to 5 and deformation sets in when P � 5.

Similar analyses were carried out for the B(E2; 4+
1 → 2+

1 )
data in Figs. 3 and 4. While there are fewer data, the same
general picture emerges. When the data are plotted against
N , distinct isotopic curves with maxima at N = 38 to 42 are
obtained. The isotopic curves again coalesce when plotted
against P .
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FIG. 1. (Color online) B(E2; 2+
1 → 0+

1 )’s plotted against the
neutron number N . This figure is an update of Fig. 1 in Ref. [3].
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FIG. 2. (Color online) B(E2; 2+
1 → 0+

1 )’s plotted against the P

factor. The lightest element in a chain is identified for each isotopic
sequence.
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FIG. 3. (Color online) B(E2; 4+
1 → 2+

1 )’s plotted against N .
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FIG. 4. (Color online) B(E2; 4+
1 → 2+

1 )’s plotted against P .

5032 34 36 38 40 42 44 46 48
N

0

1

2

3

4

5
B

(E
2;

 2
2+
   

  0
1+
) 

(W
.u

.)
Zn
Ge
Se
Kr
Sr

FIG. 5. (Color online) B(E2; 2+
2 → 0+

1 )’s plotted against N .
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FIG. 6. (Color online) B(E2; 2+
2 → 0+

1 )’s plotted against P .
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FIG. 7. (Color online) B(E2; 2+
2 → 2+

1 )’s plotted against N .
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FIG. 8. (Color online) B(E2; 2+
2 → 2+

1 )’s plotted against P .
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FIG. 9. (Color online) E(2+
1 )’s plotted against N .
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FIG. 10. (Color online) E(2+
1 )’s plotted against P .
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FIG. 11. (Color online) E(4+
1 )’s plotted against N .

0 1 2 3 4 5
P

0

500

1000

1500

2000

2500

3000

3500

4000

4500

E
(4

1+
) 

(k
eV

)

Zn
Ge
Se
Kr
Sr

76
Sr

72
Kr

68
Se

64
Ge60

Zn

FIG. 12. (Color online) E(4+
1 )’s plotted against P .
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To complete the presentation, the B(E2) values correspond-
ing to the decay of the 2+

2 state to the 0+
1 and 2+

1 are presented
in Figs. 5–8.

A key point is that the range of the values of the
B(E2; 2+

2 → 0+
1 )’s is under 5 W.u. Thus, overall, these values

are much smaller than the B(E2; 2+
1 → 0+

1 ) values. In the
vibrational model these small values can be explained by the
fact that the 2+

2 → 0+
1 transition is a forbidden two-phonon

transition. In the rotational model it would be an interband,
rather than an intraband, transition. A point of concern is the
large divergence of the Kr isotopes in Figs. 5 and 6 from the
rest of the data which could be a result of either erroneous
data or a structure effect. The B(E2; 2+

2 → 2+
1 ) is generally

larger than the B(E2; 2+
1 → 0+

1 ), as expected in the vibrational
model.

The same presentation was extended to the excitation
energies E(2+

1 )and E(4+
1 ) in Figs. 9–12. The isotopic curves

for Zn and Ge in Fig. 9 almost coincide. The curve for Se is
similar to them, though somewhat lower for N � 42. In these
cases the excitation energy drops from N = 38 to N = 42 and
then more or less stays flat as N increases further. However, at
the magic number N = 50, for all the elements in Fig. 9, the
E(2+

1 ) values are much higher. On the other hand, for Kr and Sr
the excitation energies are lowest for N = 38 to 42, indicating
more collectivity when both N and Z are near the middle of
the shell, and then increase markedly with increasing N . In
Fig. 10, where the same data are plotted against P , the overall
trend shows a decrease of E(2+

1 ) as P increases. The isotopic
curves coalesce less than was the case for the B(E2)’s, but the
“backbending” behavior is more prominent than was the case
for the B(E2)’s. The backbend effect is at its onset in the Kr
isotopes; the Sr isotopes do not yet show the effect.

In order to obtain a further perspective on the collectivity
of these nuclei the excitation-energy ratio E(4+

1 )/E(2+
1 ) is

presented in Figs. 13 and 14. In a pure vibrational picture this
ratio would be expected to be 2 while in a pure rotational
picture it would be 3.33. When the data are plotted against
N in Fig. 13, most of the ratios lie between about 2 and 2.5.
The point for 86Kr is low, at 1.5, an anomaly that could be
associated with the 50 neutrons forming a closed shell. The Sr
isotopes do not seem to follow the general pattern.
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FIG. 13. (Color online) Ratio
E(4+

1 )

E(2+
1 )

plotted against N .
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FIG. 14. (Color online) Ratio
E(4+

1 )

E(2+
1 )

plotted against P .

None of the nuclei under consideration are close to being
rotational. This result can be understood when the excitation-
energy ratio is plotted against P in Fig. 14. The largest value
of P is 5 for 76Sr and 78Sr. However, as is noted in Ref. [22],
it is typically only for P > 5 that the deformation-driving
T = 0 p-n interaction begins to dominate the spherical-driving
like-nucleon pairing interaction.

III. CONCLUSIONS

The results of the present investigations confirmed that in
the region of interest, for collectivity to set in, the numbers of
both protons and neutrons need to be near the middle of both
the Z,N = 28 to 50 shells.

In the study of the transition to collectivity, the use of the P
factor provides a useful indicator. In the data analysis in terms
of P , backbends occur in the systematics because of differ-
ences in the values of the nuclear properties for isotopes with
equal numbers of neutrons or neutron holes (hence same P )
in the 28 � N � 50 shell.

The data analysis indicates that throughout the entire region
the B(E2) values corresponding to the 2+

2 → 0+
1 transitions

are almost always considerably smaller than the B(E2) values
corresponding to the 2+

1 → 0+
1 and the 4+

1 → 2+
1 transitions.

Some data, in particular the transition probabilities from
the 2+

2 states in the Kr isotopes, deviate significantly from
the general trends. These anomalies could be due to different
structures for these isotopes or to erroneous measurements.

There are now considerable new data in the region of 30 �
Z � 38 and 30 � N � 50 to support a critical theoretical
examination of the competition between single-particle and
collective modes of excitations.
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