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Following the �rst discovery of the superdeformed (SD) band in the A � 60 mass region,
we calculate several low-lying SD bands in 62Zn using the relativistic mean �eld and Skyrme-
Hartree-Fock models. Both models can reproduce the experimental moment of inertia very
well, but we �nd that the calculated band, which corresponds to the experimentally observed
band, does not become the lowest one. This trend is common among all the parameter sets
which are widely used in RMF and SHF studies, and it seems to be connected with the fact
that the position of the g9=2 level is not reproduced in 56Ni.

x1. Introduction

Recent developments in experimental techniques enable us to study nuclei with

very large angular momenta. The study of superdeformed (SD) bands is one of the

most interesting topics in such studies. The �rst experimental discovery was made

for 152Dy in 1986. 1) Since then, a large number of the SD bands have been observed

in the A � 130, 150, 190 and 80 mass regions. These SD states are generated in

the second minima in the potential energy surface which are connected with the

deformed shell gaps such as N;Z � 44, 64, 86 and 116. Based on a theoretical

calculation indicating that there exist the N;Z � 30 shell gaps, the SD bands in the

A � 60 mass region were also predicted. 2) In spite of much experimental e�orts,

however, such SD states had not been observed due to some experimental di�culties.

In 1997, a cascade of six 
 rays forming a new band was observed in 62Zn. 3) This was

the �rst experimental discovery of the SD bands in this mass region. The extracted

rotational frequency, 
 ' 1.0{1.6 MeV, is the highest among those observed to this

time. In addition, there are several interesting features in this mass region. For

example, the valence neutrons and protons occupy the same orbits, in contrast with

the situation in other mass regions, and the residual neutron-proton pairing at high

spin may be observed. Another example is the decay of these SD states via proton

emission due to a very low Coulomb barrier. Such a decay of well-deformed high

spin states has already been observed in 58Cu. 4) Because of the simpleness of the
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level structure near the Fermi surface, systematic studies can be easily done in this

mass region, where only the Nosc = 3 and 4 orbits are relevant. Several groups have

already started such work. 5) - 7)

In this paper, we apply the relativistic mean �eld (RMF) model to the SD bands

in 62Zn. The RMF model is now considered as a reliable method similar to the non-

relativistic Hartree-Fock model to describe various properties of �nite nuclei, not

only �-stable but also �-unstable nuclei. Since the work of Walecka and his collabo-

rators, 8) the RMF model has been applied to nuclear matter and the ground states

of �nite nuclei with great success, as well as to Dirac phenomenology for scattering

data. Some groups have also attempted to apply this model to the excited states

in �nite nuclei. In 1989, the Munich group made a �rst attempt to describe the

properties of rotating nuclei. 9) They applied this model mainly to SD bands in sev-

eral mass regions. 10) - 12); 7) Because the RMF model is currently under re�nement,

it is important to apply this model to as wide a variety of nuclear phenomena as

possible, and to check its applicability further. We believe that the application of

this model to the SD bands in 62Zn will serve such a purpose. For comparison, we

also calculate the same SD bands using the Skyrme-Hartree-Fock (SHF) model. The

RMF and SHF models give very similar results in the low spin region. We expect

that there may be di�erent observed results for these two models when applied to

very high spin states in neutron-de�cient unstable nuclei. Preliminary results of this

paper have been previously reported. 5)

x2. Formulation

The starting point of the RMF model is the following Lagrangian, which contains

the nucleon and several kinds of meson �elds, such as �-, !- and �-mesons, together

with the photon �elds (denoted by A) mediating the Coulomb interaction:
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are the �eld strength tensors. Lint is the interaction part between nucleons and

mesons:

Lint = g
�
  � � g

!
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In the standard applications, non-linear self-interactions among the �-mesons,

LNL� =
1

3
g2�

3
�

1

4
g3�

4;

are also included. These are crucial for realistic descriptions of deformed nuclei. We

also include the quartic term of the !-mesons,

LNL! =
1

4
c3(!

�!
�
)2:

Applying the variational principle to the Lagrangian gives the equations of motion.

Within the mean �eld approximation, these are the Dirac equation for single nucleon

�elds  
i
and the Klein-Gordon equations for the classical meson and photon �elds.

After solving these equations, we can calculate various properties of �nite nuclei.

For application to rotating nuclei within the cranking assumption, it is necessary

to write the Lagrangian in a uniformly rotating frame which rotates around the x-

axis with a constant angular velocity 
, from which the equations of motion in

this frame can be obtained. Because the rotating frame is not an inertial frame,

a fully covariant formulation is desirable, and we obtain this using the technique

of general relativity known as tetrad formalism. 13) The procedure is as follows.

First, according to tetrad formalism, we can write the Lagrangian in the non-inertial

frame represented by the metric tensor g
��
(x). Then the variational principle gives

the equations of motion in this non-inertial frame. Finally, substituting the metric

tensor of the uniformly rotating frame,

g
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where the �-meson and photon �elds are omitted for simplicity, although they are in-

cluded in the numerical calculation. These equations are the same as those obtained

by the Munich group. (For details, see Ref. 14).)

x3. Numerical results

The equations appearing at the end of the previous section can be solved by

the standard iterative diagonalization method using the three-dimensional harmonic

oscillator eigenfunctions. Because our method of numerical calculation is essentially

the same as that of the Munich group 15) and its details are given in Ref. 16), we

here give only the model parameters used. The cuto� parameters for the nucleon and

meson �elds are taken to be NF = 10 and NB = 10, respectively. When we adopt

larger cuto�s, NF = NB = 12, it is found that the results change by 0.01% for the

total energies, 1.0{1.5% for dynamical moments of inertia, and 3{4% for quadrupole

moments. These small errors do not a�ect our conclusion. The parameter sets

NL1, 17) NL3, 18) NL-SH 19) and TM1 20) are adopted. The �rst three sets contain

only the non-linear � terms, while the !4 term is also included in TM1.

Figure 1 displays the single neutron Routhians of the lowest SD con�guration

in 60Zn, which are calculated using the parameter set TM1. There appears a well-
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Fig. 1. The single neutron Routhians in the lowest SD band in 60Zn calculated using the set TM1.

Dashed, solid, dot-dashed and dotted lines represent (� = +; r = +i), (� = +; r = �i),

(� = �; r = +i) and (� = �; r = �i) orbits, respectively.
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developed N = 30 gap as the [440 1/2] (r = +i) orbit is strongly down-sloping with

respect to the rotational frequency in the high spin part. All the SD states in this

mass region can be represented as particle-hole excited states on top of this 60Zn

con�guration. The SD con�gurations of 62Zn are symbolically denoted as �4Np and

�4Nn , which mean that Np protons and Nn neutrons occupy the N = 4 (g9=2) orbits.

According to Ref. 3), the proton con�gurations are �xed to Np = 2. Di�erent SD

bands are then formed, depending on the number of neutrons lifted into the Nosc = 4

orbits, which is taken as Nn = 2{4 in this work. We consider the SD con�gurations

A: �42�42, D: �42�43 and C: �42�44. Here, di�erent con�gurations are possible

for D according to the parity-signature quantum numbers (� = �; r = �i) of the

last two nucleons. The occupation numbers in each parity-signature block for these

con�gurations are explicitly written as

A :�[8 + +; 8 +�; 7�+; 7��]�[8 + +; 8 +�; 8�+; 8��](�tot = +; rtot = +1),

D1:�[8 + +; 8 +�; 7�+; 7��]�[8 + +; 9 +�; 8�+; 7��](�tot = �; rtot = +1),

D2:�[8 + +; 8 +�; 7�+; 7��]�[8 + +; 9 +�; 7�+; 8��](�tot = �; rtot = �1),

D3:�[8 + +; 8 +�; 7�+; 7��]�[9 + +; 8 +�; 8�+; 7��](�tot = �; rtot = �1),

D4:�[8 + +; 8 +�; 7�+; 7��]�[9 + +; 8 +�; 7�+; 8��](�tot = �; rtot = +1),

C :�[8 + +; 8 +�; 7�+; 7��]�[9 + +; 9 +�; 7�+; 7��](�tot = +; rtot = +1),
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Fig. 2. The calculated and experimental dynamical moments of inertia. The calculations were done

using the RMF parameter sets NL1, NL3, NL-SH and TM1.
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where the total parities and signatures are also shown. Figure 2 gives the calcu-

lated dynamical moments of inertia,

J (2) =

 
d2E

dJ2
x

!
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=
dJ

x

d

;

J
x
(
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X
i

hj
x
i
i
=
q
I(I + 1);

of several SD bands in 62Zn. The experimental data are also given in the same �gure.

Several jumps are caused by the crossing between the [303 7/2] neutron orbits and

the [312 3/2] orbits (or the [310 1/2] ones). Apart from these crossings, the bands

D3, D4 and C seem to reproduce the experimental values well for all the parameter

sets. Figures 3 and 4 display the e�ective alignment of each band with respect to

the lowest SD band in 60Zn. The e�ective alignment of band 1 with respect to band

2 is de�ned as

ie�(
) = I1(
)� I2(
);

which thus represents the contributions to the total spin coming from additional

particles. This quantity is widely used to assign con�gurations of SD bands whose

spins are not determined experimentally. 21); 12) We choose the lowest SD band in
60Zn as a reference which has recently been reported and whose spin and parity
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Fig. 3. The e�ective alignments of the bands which have positive signatures (I = 0; 2; 4; � � �).
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Fig. 4. The e�ective alignments of the bands which have negative signatures (I = 1; 3; 5; � � �).

are already known. 22); 7) In contrast to 60Zn, no spin and parity assignment has

been made for any SD bands in 62Zn, and thus we assume that the lowest transition

observed corresponds to that from I0 to I0 � 2. The values of I0 are shown in the

�gures. We can see small but clear di�erences depending on the parameter set used.

In the case of NL1, the band C gives a good result with the assumption I0 = 20,

while the band D3 is also good if I0 is assumed to be 19, although in both cases there

are deviations from the experimental values. If NL3 or NL-SH is adopted, the band

D4 becomes the best one, with I0 = 18 (the band C is also not so bad). Finally,

the bands D4 and C reproduce the experimental values very well when TM1 is used,

assuming that I0 is 20. As a whole, the bands D4 and C give good results; at least

the behavior of the experimental values as functions of the rotational frequency is

well reproduced.

Figure 5 displays the quadrupole deformations. The experimentally extracted

value is shown with an error bar. Although this appears at 
 = 1:25 MeV, we

should keep in mind that this is a value averaged over some range of spins. The

bands D reproduce the experimental value very well, although the band C is also

within the error bar. The band A gives values that are somewhat too small in all

the parameter sets. From these results, we can conclude that the experimentally

observed one will correspond to the band D4 or C in our calculation, although the

former implies a di�culty that it contains one neutron that exists not in the favored

(r = +i) but in the unfavored (r = �i) [431 3/2] orbit (see Fig. 1). Because
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Fig. 5. The calculated and experimental quadrupole deformations.
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these two have the same signature but di�erent parities (I� = 0�; 2�; 4�; � � � for the

band D4, I� = 0+; 2+; 4+; � � � for the band C), we can determine which con�guration

corresponds to the observed one after its spin and parity are assigned. The excitation

energies of the bands mentioned above are shown in Fig. 6 relative to a rigid rotor

reference. The bands D4 and C which give the best result are located more than 1

MeV higher than the lowest band in all the parameter sets. This result is consistent

with that of the con�guration-dependent shell correction approach given in Refs. 3)

and 23).

For comparison, we also performed the SHF calculation for the same bands in
62Zn, using the code HFODD (ver. 1.75), which was developed by Dobaczewski and

Dudek. 24) The parameter sets SIII, 25) SkM*, 26) SkP 27) and SLy4 28) were adopted.

In some cases when using the sets SIII, SkM* and SkP, well-converged solutions

for given SD con�gurations are not obtained, especially for the bands A, D2 and

D4. This may arise from the energetic competition between the [303 7/2] orbits

and the [312 3/2] (or [310 1/2]) orbits. In these cases, we derive only the well-

converged solutions. Figure 7 displays the single neutron Routhians of the lowest

SD con�guration in 60Zn using the parameter set SLy4. We can see a well-developed

N = 30 gap, similar to the case depicted in Fig. 1. Figures 8{12 display the calculated

moments of inertia, the e�ective alignments, the quadrupole deformations and the

excitation energies of the same SD bands as the RMF calculation. In Fig. 8, we can
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Fig. 7. The single neutron Routhians in the lowest SD band in 60Zn calculated using the set SLy4.

The meaning of each line is the same as in Fig. 1.
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Fig. 8. The calculated and experimental dynamical moments of inertia. The calculations were done

using the SHF parameter sets SIII, SkM*, SkP and SLy4. For the band C, the same result using

the set SLy4 is given in Fig. 3 of Ref. 30).

see that the band D3 gives the best result for all the sets. The band C is also good

in the case of SkM* and SLy4, while the calculated values of the band C are slightly

large compared with the experimental value for SIII and SkP. In the case of SLy4,

the band D1 is also good.

As for the quadrupole deformations, the bands D as well as the band A can

reproduce the experimental value, although the band C is also within the error bar

(see Fig. 11). From the analysis of the e�ective alignments, the band C reproduces

the experimental value quite well in all the sets (see Figs. 9 and 10). Thus the

SHF calculations strongly suggest that the band C is the best candidate for the

experimentally observed one. As in the RMF calculation, this band is again located

more than 1 MeV higher than the lowest band, as can be seen in Fig. 12. Our group

�rst pointed out that the calculated moment of inertia of the lowest SD con�guration

in 62Zn does not reproduce the experimental value. 5) The possible reason for this

is that the position of the g9=2 orbit may be unexpectedly high, as stated in Ref. 7).

To see this, we calculated the single neutron levels in the ground state of the doubly

magic 56Ni nucleus. The results are shown in Fig. 13. The experimental levels are

taken from the data of the low-lying states in 55Ni and 57Ni. Although these data

do not precisely represent the `bare' single particle levels, in which the e�ects of the

coupling between the outside particle and the low-lying collective mode of the core
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Fig. 9. The e�ective alignments of the bands which have positive signatures (I = 0; 2; 4; � � �).

-2

-1

0

1

2

3

4

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

i e
ff

Ω(MeV)

effective alignment

62
Zn-

60
Zn

SIII

SD-band D2
SD-band D3

exp(I0=19)
exp(I0=21)

-2

-1

0

1

2

3

4

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

i e
ff

Ω(MeV)

effective alignment

62
Zn-

60
Zn

SkM*

SD-band D2
SD-band D3

exp(I0=19)
exp(I0=21)

-2

-1

0

1

2

3

4

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

i e
ff

Ω(MeV)

effective alignment

62
Zn-

60
Zn

SkP

SD-band D2
SD-band D3

exp(I0=19)
exp(I0=21)

-2

-1

0

1

2

3

4

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

i e
ff

Ω(MeV)

effective alignment

62
Zn-

60
Zn

SLy4

SD-band D2
SD-band D3

exp(I0=19)
exp(I0=21)

Fig. 10. The e�ective alignments of the bands which have negative signatures (I = 1; 3; 5; � � �).
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Fig. 11. The calculated and experimental quadrupole deformations.
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mental values are extracted from those of the low-lying excited states in 55Ni and 57Ni.

are carefully subtracted, 29) we believe the deviations from these `bare' single particle

energies are not large. This can be con�rmed at least for the pf orbits, where the

di�erences are only 0.2{0.3 MeV. 29) At a glance we can see that the experimental

position of the g9=2 orbit is signi�cantly lower than those of theoretical calculations.

This trend is common among all the parameter sets which are investigated in this

work. If the position of the g9=2 orbit is too high, the bands which contain 3 or

4 neutrons in the Nosc = 4 orbits (for example, the bands D4 and C) will attain

very high positions compared with the bands which contain only 2 neutrons in the

Nosc = 4 orbits (for example, the band A). To this time, no one has given a de�nite

explanation for this puzzle.

x4. Summary

We have studied the SD bands in 62Zn using the RMFmodel, including a recently

discovered band. For comparison, we also performed SHF calculations for the same

SD bands in this nucleus. The two models give similar results as a whole. Looking

at them closely, however, for the RMF calculations, the bands D4 and C give the

best results in all the examined parameter sets. The SHF calculations, on the other

hand, strongly suggest that the band C corresponds to the experimental data. When

looking at the excitation energies, we confront a puzzling problem: the bands D4
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and C, which seem to correspond to the experimentally observed band, are located

more than 1 MeV higher than the lowest one. This result is common in both the

RMF and SHF investigations. This may indicate the incorrect position of the single

neutron g9=2 orbit. To determine whether this is true or not, we calculated the

single neutron levels in 56Ni. The result implies that the calculated positions of

the g9=2 orbit are signi�cantly higher than that of the experimentally derived one.

In addition, our preliminary calculation 31) of the SD bands in 61Zn shows a trend

quite similar to that in 62Zn; that is, the band which is considered to be a candidate

for the experimental data does not become the lowest one. These facts support

the discussion above. Clearly it is necessary to examine other isotopes in this mass

region in order to see whether the position of the g9=2 orbit is correctly reproduced

or not in these neutron-de�cient nuclei. Recently, a number of new SD and largely

deformed (LD) bands in the 28Ni, 29Cu and 30Zn isotopes have been observed and

reported. 32); 33) This makes it possible to perform systematic comparisons between

calculated and experimental values. Such a work is now under progress and will

appear in a forthcoming paper.
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