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0Odd-odd nuclei are good candidates for probing possible structure changes away from the valley of stability.
By using the projected shell model in which deformed Nilsson single-particle states are taken to build the model
basis, we study band properties in odd-odd Mn (Z = 25) isotopes with neutron number N = 33, 35, and 37.
With the help of model analysis, we interpret the low-lying positive-parity states in these nuclei in terms of their
intrinsic structures. Our study on high-spin negative-parity states explores the important role of the neutron go/»

orbit in this mass region.
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I. INTRODUCTION

In recent years, fp-shell nuclei on the neutron-rich side
of the stability valley have been investigated with great
interest. The study was motivated by theoretical predictions
that changes to the known shell structures of the valley of
stability may occur in exotic nuclei. An interesting question
for this mass region is that with increasing neutron access,
how the intruder states of the neutron go,, orbit evolve and
how they interact with the pf shell.

Experimental information regarding the neutron gy, orbit
is valuable for understanding the neutron-rich mass regions.
Thanks to the recent technical advances, populating high
spin states in some neutron-rich nuclei with N < 36 now
becomes possible (see, for example, Refs. [1-3]). The data
have suggested an increasing importance of the neutron gg/»
orbit already for N < 36 as Z is reduced from 28 toward
the middle of the proton f7,, shell [4-7]. Many published
experimental papers have involved a discussion of the vgg/»
orbit in the explanation of the data. Among them, the most
direct evidence to show the importance of the vgg/, orbit is
that in odd-neutron isotopes, the first excited 9/27 state drops
down rapidly when neutrons are added (see, for example,
Refs. [5-8], and for a complete view of the nuclei around
Z =28, see Fig. 6 of Ref. [9]). This can be understood in a
deformed single-particle picture: Toward the neutron N = 40
shell with more neutrons added in the system, the neutron
Fermi level moves up and becomes closer and closer to the
down-sloping states of the vgg > intruder orbit.

Energy levels in odd-odd nuclei are most sensitive to
variations of single-particle states, and thus are the best suited
places for probing shell structures in exotic mass regions.
Extensive level schemes with spins as high as 16 1 for odd-odd
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and 27/2 h for odd-mass isotopes of >’~%Mn have recently
been reported by Steppenbeck et al. [1]. These nuclei were
populated at Gammasphere with the reaction of a 130-MeV
48Ca beam with '314C targets. In another recent work, y rays
in ¥~%3Mn have been reported by Valiente-Dobén et al. [10]
from an experiment in which mass gating by the magnetic
spectrometer PRISMA was used to associate transitions with
fragments produced in the reactions of a 460-MeV "°Zn beam
with a 238U target.

Spherical shell-model calculations were presented in
the experimental papers to interpret the data. The calculations
generally showed reasonable agreement with the observed
low-energy part of the levels for nuclei with N < 35. In
Ref. [1], the experimental states with natural parity were
compared to the predictions of large-scale shell model calcu-
lations within an fp model space using the GXPF1A effective
interaction [11]. In Ref. [12], low-energy level structure of
38Mn and %°Mn was discussed with the results of shell model
calculations using the GXPF1 interaction [13,14]. These
calculations, however, were restricted to the fp shell model
space, and therefore could not discuss the levels of negative
parity in which vgg/, excitations are involved.

Beyond the fp shell, there have been examples of shell
model calculation within the fpgo/, shell space. For example,
calculations investigating the magicity and collectivity for
Ni and “°Zr [15] and the structure change for the Ge
isotopes around N = 40[16] showed that the g9,> occupancy is
important. For the odd-odd isotopes %:°-62Mn, Srivastava and
Mehrotra have recently reported their shell model results [17].
They used a truncated fpgo,, valence space with a BCa
core, allowing up to six excitations into the upper fp shell
orbital for protons and go,» orbitals for neutrons. Their calcu-
lations predicted that the lowest negative-parity levels in both
60.62Mn have I = 6, whereas I = 4 is found experimentally.
Furthermore, the excitation energies of the negative-parity
states in Ref. [17] were generally underpredicted by several
hundred keV. As pointed out in Ref. [8], these shell model
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results perhaps provide some clue as to the adjustments to
the fpg interactions that require further exploration in future
calculations and the need for full fpg calculations without
valence-space truncations.

In the present article, we apply the projected shell model
to study neutron-rich odd-odd Mn isotopes. Because of using
deformed bases in the shell model calculation, it is possible
for us to include a large single-particle basis, which eliminates
the basis problem in conventional shell model approaches.
Therefore, we are able to describe both low-energy positive-
parity states as well as high-lying negative-parity states which
involve in the configurations the neutron g9/, states. The
separable forces used in our calculation are well under control,
which give surprisingly good results despite of their simplicity.
With the help of band diagrams, we can further sort the low-
energy shell model states according to the intrinsic structures.
This enables us to classify the observed states and makes the
interpretation simpler and more transparent.

The paper is organized as follows. In Sec. II, an outline of
the theory is given, in which we explain how the basis states
in the projected shell model are built. Results are presented in
Sec. Il in four different discussion topics. Finally, we conclude
in Sec. IV.

II. THEORY

The projected shell model (PSM) [18] works with the
following scheme. It begins with the deformed Nilsson model
[19] whose parameters (i.e., the Nilsson parameters « and w)
are empirically fitted, which gives deformed single-particle
states. Pairing correlations are incorporated into these states
by a BCS calculation. The Nilsson-BCS calculation defines
a deformed quasiparticle (qp) basis from which the PSM
model space is constructed. Then, instead of the procedure
in the conventional shell model where the configurations
are constructed by angular-momentum coupling, in PSM
angular-momentum projection is carried out on those intrinsic
multi-gqp states to form shell model configurations in the
laboratory frame. Finally a two-body shell model Hamiltonian
is diagonalized in the projected space. The last step is the
configuration mixing as in usual shell model calculations; the
difference is that the mixing is now carried out in a much
smaller angular-momentum-projected basis rather than in a
huge spherical shell model basis.

Because of the advantage of using a deformed basis,
the PSM can afford to use a large single-particle space,
which ensures that the collective motion and cross-shell
excitations are taken into account. The valence states usually
include three (four) major harmonic-oscillator shells each for
neutrons and protons in a calculation for normally deformed
(superdeformed) nuclei. In the present study, three major
harmonic-oscillator shells with N = 2, 3, 4 are taken for both
neutrons and protons, and the Fermi levels in such a model
space lie approximately in the middle of the single-particle
levels to allow a large space for excitations.

If |®) is the gp vacuum and a] and al the qp creation
operators, with the index v () denoting the neutron (proton)
quantum numbers, the two-gp configurations in odd-odd nuclei
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are given as follows:
{a},a} |®)). (1)

Each configuration in Eq. (1) consists of one quasineutron and
one quasiproton. The indices v and & in Eq. (1) are general,;
for example, a two-qp state can be of positive parity if both
quasiparticles i and j are from the same major N shell, or
of negative parity if i and j are from N shells differing by
AN = 1. For the current odd-odd Mn nuclei, low-lying two-qp
states with positive parity are those in which both the neutron
and the proton occupy the N = 3 fp shell. Two-qp states with
negative parity are those in which the last neutron occupies the
89,2 orbit of the N = 4 shell while the proton remains in the
fp shell. The PSM wave function can be written as

(W9) =" e Pirgl®e) )
K«

with the angular momentum projection operator [20]

N 21 +1 N
Pyx = W/dQDIIVIK(Q)R(Q)a

where |®, ) denotes the gp basis given in Eq. (1). The energies
and wave functions [expressed in terms of the coefficients 7
in Eq. (2)] are obtained by solving the following eigenvalue
equation:

Z (HIIOC,K/K’ - E;’NII(K,K’K’)fIGKK, =0 3)

K’k

where H}, .. and Nk, ... are respectively the matrix
elements of the Hamiltonian and the norm.

For simplicity, particle-number projection is not included
in the present calculation. Early studies [18] showed that
most essential features of low-lying states can be described
by angular-momentum projection alone and particle number
projection adds no new physics except for some modifications
in numerical results. Therefore, particle numbers in the present
work are conserved in average at the BCS level to ensure that
the correct Fermi level is obtained. This is particularly relevant
when the differences in structure for different isotopes are
discussed.

The Hamiltonian in the present study consists of following
separable forces:

H = Hy + Hqp, 4)

in which the single-particle term Hy contains a set of single-
particle energies of the Nilsson model [19], calculated by using
the standard Nilsson parameters given in Ref. [21]. The second
term, I:IQP, is of the quadrupole+pairing type, which contains
three parts

A 1 AL A A A AL A
Hop = =3 X00 Z 0),0,,—GuP'P -Gy Z PP,
Iz "

&)

The strength of the quadrupole-quadrupole force xgo is
determined in a self-consistent manner so that it is related to the
deformation of the basis [18]. The monopole-pairing strength
is taken to be the form Gy =[G F Go(N — Z2)/Al/A,
where + (—) is for protons (neutrons), with G; = 18.72 and
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G, = 10.74 being the coupling constants. To compare with
those employed for the even-even Fe calculation [22] where
all the nucleons are paired, G| and G, are reduced by 5%
to approximately account for the weakened pairing due to
the last unpaired neutron and proton in odd-odd nuclei. The
quadrupole-pairing strength G o is taken to be 30% of Gy for
all isotopes in the present study. The same proportionality 30%
has been used in all other works of this mass region [22-24].

III. RESULTS AND DISCUSSION

We study the neutron-rich, odd-odd isotopes >%:°0-92Mn with
neutron number N = 33, 35, and 37. Experimentally, excited
states up to high spins 7 = 16 in %°Mn were obtained by
Steppenbeck et al. with fusion-evaporation reactions induced
by “Ca beams at 130 MeV on '3!4C targets [1]. These
provide excellent examples for our theoretical calculations
to compare with. Energy levels in ®>Mn were measured by
Chiara et al. with Gammasphere in the reaction of a 430-MeV
%Ni beam and a thick 2*®U target [8]. For this very exotic
nucleus, presently there are not many data that allow a detailed
comparison with theory.

These Mn isotopes are all deformed. In a PSM calculation
for deformed nuclei, one first determines deformed bases to
start with. In the previous study for even-even and odd-neutron
nuclei of the same mass region [22-24], we considered the
quadrupole deformation for the Cr (Z = 24) and Fe (Z = 26)
isotopes based on the available experimental information
and theoretical suggestions of Moller ef al. [25]. The Mn
isotopes with Z = 25 are expected to have a similar quadrupole
deformation trend as a function of neutron number. In addition,
hexadecapole deformation is suggested in Ref. [25] for the
isotopes ¥~%2Mn. Although this higher order of deformation
multipolarity plays a secondary role in building shell model
bases, we simply take the &4 parameters from Ref. [25]. The
quadrupole and hexadecapole deformation parameters that are
used to produce the deformed bases are listed in Table I.

A. Deformed single particles

Deformed single-particle states used to build PSM quasi-
particle configurations in Eq. (1) are calculated by using the
Nilsson model, with the standard Nilsson parameters given in
Ref. [21]. These parameters were fitted with a large body of
experimental data and are thought as reliable, and therefore, the
produced single-particle states are usually taken as a starting
basis for PSM calculations. The quality of the deformed
single-particle states affects the PSM results, and especially
a correct prediction of excited qp configurations depends
closely on them. It is thus important to first identify those

TABLEI. Quadrupole and hexadecapole deformation parameters
used for generating deformed bases.

Mn 58 60 62
& 0.210 0.240 0.250
&4 0.027 0.040 0.007
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single-particle states near the Fermi levels, which take part in
the low-lying excitations.

Figure 1 shows the Nilsson single-particle states relevant
to the current discussion. For simplicity, we take only &;
as the variable, while omitting 4. These plots are similar
to those in Fig. 1 of Ref. [22], but correct some labeling
errors there. The dotted rectangles in the two plots in Fig. 1
enclose those important states. With the proton number 25 and
the deformation range £, = 0.21-0.25 (those given in Table I),
the K = 3/2 and 5/2 states from 7 f7/, are the relevant ones
near the proton Fermi level. For neutrons, with the neutron
number 33-37 and the deformation range &, = 0.21-0.25,
one sees that several fp shell and g/, states are close to
the Fermi level. These are the positive-parity K = 1/2 and
3/2 states of the vgy,, orbit, and the negative-parity K = 1/2
and 3/2 of the vfs, and K =3/2 of the vps3,, orbit. In
these odd-odd nuclei, low-lying positive-parity states are those
with both the last proton and the last neutron occupying
the fp shell. We emphasize that due to the level splitting
induced by deformation, the down-sloping low-K states of the
Vgo, orbit intrude into the domain of the fp shell, making
it easy for neutrons to jump into the go,» orbit. Low-lying
negative-parity states are expected to have a basic structure
with the last neutron occupying the vgg,, orbit while the last
proton remains in the fp shell. Therefore, the energy of the
excited negative-parity states relative to the positive-parity
ground state contains valuable information about the neutron
single-particle states.

B. Energy levels

Diagonalization is performed for each angular momentum,
from which many states of both positive and negative parity are
obtained. In Fig. 2, we show calculated results of low-energy
levels with positive parity for **Mn and *°Mn. For both
isotopes, the calculation suggests that the ground state has
a spin-parity 17 and the state 4" is an excited state, which is
consistent with experimental data [1]. The obtained number
of PSM states is more than the experiment. For example, the
PSM suggests 11 states below 0.8 MeV in *Mn while the
experiment found a total of 9 states. The large-scale spherical
shell model calculation presented in Ref. [1] suggested
10 states in >3Mn below 0.8 MeV. Furthermore, in contrast
to the spherical shell model results presented in Ref. [1], the
PSM has an algorithm to sort the shell model states in terms
of their intrinsic structures; namely, the states can be classified
by the intrinsic K quantum number. Thus in the following, we
discuss the states according to their intrinsic structures.

1. ¥Mn

We discuss the states with the help of PSM band dia-
grams [18], which are obtained by projection of intrinsic
configurations onto different angular momenta. Band diagrams
of various two-qp states are shown in Fig. 3 for 3¥Mn. Curves
in the figures represent energies of projected states from
different configurations, and dots are those of the lowest
states for each angular momentum (Yrast states) obtained
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FIG. 1. (Color online) The Nilsson diagram for protons (a) and neutrons (b).

after diagonalization (i.e., configuration mixing). The intrinsic
structures of two-qp configurations in ¥Mn are given in
Table II. The band diagrams suggest that levels with positive
parity lie lower in energy in the low-spin region. However,
curves of positive [plot (a)] and negative parity [plot (b)] are
seen to have very different slopes in these energy-spin plots due
to different responses to rotation. The curves in Fig. 3(a) climb
up more quickly. Therefore, in the high-spin region (I > 8h),
the negative-parity states in Fig. 3(b) become low in energy.
In Fig. 3(a), four positive-parity bands are found with
very low bandhead energy. Their configurations are given
in Table II. It can be seen that the two quasiparticles in the
configurations are those with one from the proton orbital K =
5/2 of f7/; and the other one either from the neutron orbital
K =1/2 of fs5,, or from K =3/2 of p3s. They can couple

to four different two-qp states with K =1, 4, 3, 2, which,
in the PSM classification, define four low-lying bands with
the bandhead spin I = 1, 4, 3, 2, respectively [see Fig. 2(a)].
These are the lowest four energy levels found in experiment
and also suggested by the spherical shell model calculation [1].
We notice, however, that there are differences in the precise
level energies and their orders between experiment and the two
theoretical calculations (the spherical shell model calculation
in Ref. [1] and the present PSM one).

The isomeric nature of the first excited 4% state was
discussed in Ref. [1]. It has a long half-life of 77/, = 65 s.
A y-ray transition from the isomer to the ground state has not
been observed [1]. This can be understood as the difference
in structure between the 4 isomer and the 11 ground state
recognized by the present calculation. It can be seen from
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FIG. 2. Calculated energy levels of positive-parity for (a) **Mn and (b) *Mn. Available data taken from Ref. [1] are shown for comparison.
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TABLE II. Two-qp configurations in **Mn, referring to the bands
presented in Fig. 3.

Parity K Configurations

+ K=1(1),K =4 v3/2[312] Q@ 75/2[312]
+ K =2(),K =3(1) v1/2[310] Q 75/2[312]
+ K =32 v3/2[312] Q 73/2[321]
+ K =2(2) v1/2[310] Q 73/2[321]
+ K =102 v3/2[301]1 Q) 75/2[312]
— K=21),K=3 v1/2[440] Q 75/2[312]
- K=1(1),K=4 v3/2[431]1 Q 75/2[312]
— K =1(2),K =2(2) v1/2[440] Q 73/2[321]

Table II that, while the 4% isomeric state has a two-qp
structure from a parallel coupling of a K = 3/2 neutron and
a K =5/2 proton (forming a total K = 4), the 1+ ground
state is composed by the two nucleons but with a antiparallel
coupling (forming a total K = 1). It is generally difficult for a
transition to flip the spin direction and change the K quantum
number by three.

Above the four lowest two-qp bands shown in Fig. 3(a),
therearea K = 2 anda K = 3 band. They have configurations
that the lower-K proton orbital, K = 3/2 of f7/, coupled to
one of the neutron orbital K =1/2 of f5, or K =3/2 of
p3j2. Although they lie higher in energy at low spins, they
are found to be low in energy in the high-spin region (with
I > 8h), and thus to be an important part in the high-spin
wave function. It is interesting that the K = 2 band with the
configuration v1/2[310] ) 73/2[321] shows a strong zigzag
in energy between even and odd spin members. The splitting
in energy pushes the even spin states lower, and thus more
favored in energy. The zigzag behavior of this particular band
influences the Yrast states through band mixing. We thus
predict that the extension of the 4™ band to high spins exhibits
an energy splitting between even and odd spin members, with
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the even spin states being pushed down from a regular band
sequence.

The last mentioned two-qp configuration with positive
parity in *Mn s the K = 1 two-gp band starting from ~1 MeV
in excitation. It has K = 5/2 of f7/, as the proton state, but
coupled to the neutron K = 3/2 of f5/,. In Fig. 2(a), we draw
the I =1 and 2 levels [labeled as K = 1(2)] mainly from
this configuration. This /™ = 17 state may correspond to the
predicted 17 level at 831 keV by the spherical shell model
calculation with the GXPFI1A force (see Fig. 11 of Ref. [1]).

Figure 3(b) contains bands of projected two-qp configura-
tions with negative parity. Six bands are presented, and their
configurations are given in Table II. They are, from lower to
higher energy, the K = 2 and 3 bands with K = 5/2 proton
of f7/, and K = 1/2 neutron of gyg», the K = 1 and 4 bands
with K = 5/2 proton of f7,, and K = 3/2 neutron of gy2,
and the K =1 and 2 bands with K = 3/2 proton of f7,, and
K = 1/2 neutron of gg>.

The band diagram suggests that the experimentally ob-
served negative-parity states in Ref. [1] are mainly of the
configuration with v1/2[440] Q) 75/2[312] since it is the
lowest in energy. Moreover, two interesting aspects enter into
the discussion. First, this configuration is strongly influenced at
high spins by the zigzag bands, and, through band mixing, the
Yrast band of negative parity shows a clear energy splitting.
The splitting pushes the even spin levels down. Second, in
contrast to those in Fig. 3(a), the bands in Fig. 3(b) show such
a rotational behavior that they begin from a higher energy, de-
crease as spin increases, but bend and move up at higher spins.
This behavior originates from the decoupling effect of highj,
low-K states, which is quantum-mechanically understood as a
requirement of angular-momentum conservation for a rotating
body that receives contributed spins from quasiparticles [26].
In the current mass region, bands with the appearance of this
kind of behavior is a signal that excitation to the high-j,
low-K go/> neutron states is involved. This can be seen in the
discussion for even-even Fe [22] and Cr nuclei [24] and for

Energy (MeV)
AN

./ positive parity |

(a)

negative parity

I (b) 1°

0 2 4 6 8 10 12

0 2 4 6 8 10 12 14

Spin(h)

FIG. 3. (Color online) Theoretical band diagrams for **Mn. Dots are the lowest states after band mixing for each angular momentum. For

the configuration of each band (see Table II).
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odd-neutron nuclei [23]. Because of this, the bending point
(i.e., the state with I = 4) becomes the lowest level among all
negative-parity states.

That the I™ = 4~ level is the lowest negative-parity state
in ®Mn is consistent with experimental information [1]. The
current PSM calculation thus predicts that the low-spin levels
with 7 = 3,2, and 1 lie higher in energy [see Fig. 3(b)].
Similarly, it has been shown that the lowest energy in the
favored branch of the decoupled g9, K =1/2 band in
odd-neutron nuclei is at /¥ = 9/2%, while the lower spin 1/2
and 5/2 members of the band lie higher than the 9/2 state [23].

2. Mn

The structure of positive-parity levels in 'Mn is predicted
to be different from that of 3*Mn. In this isotope, low-lying
bands seem to appear pair-wisely, with nearly degenerate
energy but different configurations. In Fig. 4(a), there are
a pair of K = 4 bands, a pair of K = 1 bands, apairof K =3
bands, and a pair of K = 0 bands. It is seen that in each
pair, the two bands lie closely together, with nearly identical
rotational behavior as functions of spin. The occurrence
of pairwise two-qp configurations can be understood from
the deformed Nilsson diagrams. With neutron number 35,
the neutron Fermi level lies approximately in the middle
of the K = 3/2 orbital of f5,, and the K = 3/2 orbital of
p3,2- The former is a particle state and the latter a hole state.
However, when correlated by pairing, both are quasiparticle
states with nearly identical quasiparticle energy. Each of these
quasineutron state can couple with eithera K = 3/2ora K =
5/2 quasiproton of f7,,, forming the above-mentioned four
low-lying pairs of bands having positive parity. For example,
the coupling of v3/2[312] ) 75/2[312] gives one K = 1 and
one K = 4 two-qp state, and the one v3/2[301] Q) 75/2[312]
gives another K = 1 and another K = 4 two-qp state. The
detailed intrinsic structure of the two-qp configurations are

PHYSICAL REVIEW C 85, 054307 (2012)

TABLEIIL. Two-qp configurations in ®“Mn, referring to the bands

presented in Fig. 4.

Parity K Configurations

+ K =1(1),K =4(1) v3/2[312] Q 75/2[312]
+ K =1(2),K =4(2) v3/2[301] Q 75/2[312]
+ K =0,K=3(1) v3/2[312]1 Q 73/2[321]
+ K =0,K =3(2) v3/2[301] Q 73/2[321]
+ K=2 v1/2[310] Q 73/2[321]
— K=21),K=3 v1/2[440] Q 75/2[312]
— K=1(1),K =4 v3/2[431]1 Q) 75/2[312]
- K =1(2),K =2(2) v1/2[440] Q 73/2[321]

given in Table III. We thus expect that the low-lying structure
in Mn is dominated by such pairwise configurations.

Calculated low-lying levels of positive parity in ®*Mn are
shown in Fig. 2(b). Bands with a dominant intrinsic structure of
K = 1,4, and 0 are plotted. At present, it is difficult to carry out
a detailed comparison with data due to limited experimental
information. However, it is interesting to see that the spherical
shell model calculation with GXPF1A interaction presented
in Ref. [1] also suggested a pairwise existence of levels with
spin 2%, 3%, ..., 7T, In addition, their predicted two O states
have very similar energies with our predicted pair of K =0
bandheads. It is remarkable that the two kinds of shell models
with completely different truncation schemes, one truncating
the shell model space with deformed bases and the other with
spherical bases, achieve a consistent description. The PSM
classifies the levels according to their intrinsic structure.

The low-lying 4% state in ®Mn is known as a -unstable
isomer at 271 keV with 71, = 1.8 s [1]. As in the 58Mn case,
the isomeric nature of this state could also be explained by a
AK = 3 difference with respect to the ground state. Moreover,
a comparison of level energies in Fig. 2(b) tends to suggest that
the experimentally identified isomer is the second excited 4™
state. The spherical shell model calculation with GXPFI1A
interaction [1] seems to give the same suggestion. It follows

Energy (MeV)

positive parity |

(é) i

T T T T T T T T
L —k=1(2) ls
------ K=2 (2)
— = K=1(1)
- — - =4
- |--—- k=3 16
L= K=2 (1)
® Yrast states .
L 14
o /// 2
----- PRI *Mn
e ':'-T:'.-—,.‘_'Ti.'-:*':/ ®  negative parity |
® o o d 40
(b)
1 I 1 I 1 I 1 I 1 I 1 I

0 2 4 6 8 10 12

0 2 4 6 8 10 12 14

Spin(h)

FIG. 4. (Color online) Theoretical band diagrams for ®“Mn. Dots are the lowest states after band mixing for each angular momentum. For

the configuration of each band (see Table III).
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that the predicted first excited 4% and 17 state between the
second excited 4" state and the ground state could also be
isomeric due to the unfavored selection rule in y -ray transitions
with AK = 3. Experimental searches for these states would
be interesting.

As in the ®Mn case, the high spin states of positive parity
in ®*Mn are mixed with configurations that show a staggering
behavior. In Fig. 4(a), we show such aband with K = 2 starting
from ~2 MeV. The staggering occurs in the band because in
this configuration, the neutron occupies a low K state (K =
1/2 of f5/2). The band mixing brings the staggering effect to
the Yrast states, and therefore one sees that dots in Fig. 4(a)
exhibit irregularity at high spins.

On the other hand, band diagram for negative-parity states
in ®Mn [Fig. 4(b)] shows a similar pattern as that of >*Mn.
The band diagram suggests that the experimentally observed
negative-parity states (Band A in Fig. 12 of Ref. [1]) are mainly
of the configuration of v1/2[440]1 &) 75/2[312] coupled to
K =2 and 3 (see Table III). The discussion about the two
observations of the negative-parity states in **Mn apply also
to %°Mn, namely, this configuration is strongly influenced by
the zigzag bands at high spins, and the I™ = 4~ energy level
is the lowest negative-parity state due to the decoupling effect.

We comment on the experimentally observed Band B in
®Mn (see Fig. 12 of Ref. [1]). The feeding of the states
in Band A from those of Band B was observed, suggesting
some similarities in the structure of the two bands. In fact, the
authors in Ref. [1] speculated that, while Band A involves
one g9, neutron excitation, which has been supported by
the present calculation, Band B may involve excitations of
two gg9,» neutrons. A PSM description of such a structure
requires configurations of four-quasiparticle, which is beyond
the current model space of Eq. (1).

C. Rotational features of the negative-parity states

As discussed above, the current PSM calculations suggest
that the structure of the negative-parity states in odd-odd
Mn isotopes involves neutron excitations to the vgg, orbit.
The negative-parity states may become very low in energy
when neutron number approaches N = 40. This is a clear
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manifestation of the vgg, physics in this mass region.
Obviously, shell model calculations that do not include the gg»
orbit can not discuss negative-parity states in these odd-odd
nuclei.

In Ref. [1], Steppenbeck et al. observed rotationlike bands
up to / = 16 in **Mn and ®*Mn, and discussed the onset of
collectivity in these bands with the participation of the vgo/»
orbit. A similar band with several transitions was suggested for
92Mn by Chiara et al. [8]. Unfortunately, no firm assignment
for spin parity could be given for all these bands. The present
PSM calculations suggest that the experimentally observed
band starting from 1338 keV in 3*Mn and that from 733 keV
in %°Mn [1] are of negative parity and the bandhead states have
spin 47. Such spin-parity assignments were indeed speculated
in Refs. [1,8].

Rotational spectra in deformed nuclei can be better dis-
cussed in terms of moment of inertia (Mol). In Fig. 5, we
present Mol for the negative-parity states in >%°-°2Mn, defined
by

21 -1

E(I)— E(I-2) ©

J) =

In this quantity, derivative of energy is involved, and therefore,
it reflects changes in band energies as spin varies. We discuss
Mol by separating the bands into two groups of two Al = 2
level sequences. From Fig. 5, we see that the predicted
rotational feature of the negative-parity states in all the three
odd-odd Mn isotopes is rather similar. A nearly constant Mol
is seen for high-spin states beginning from / = 8. A stable
Mol corresponds to a classical rotor system with a fixed
shape. The large Mol for the states near the bandhead can
be understood from band diagrams shown in Figs. 3(b) and
4(b), where the quantities E(I) — E(I — 2) are much smaller
because the curve has a smaller slope in the energy-spin plot.
It has been discussed that neutron-rich nuclei in this mass
region are soft against deformation [22,27]. However, rotation
can stabilize the deformation. Indeed, soon after the nuclei
begin to rotate, a pronounced, stable prolate shape can be
developed [22,23]. The present PSM calculation assumes a
fixed prolate deformation for the starting basis. Therefore,
we do not expect a precise description for states near the
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FIG. 5. (Color online) Comparison of calculated moments of inertia with available data for negative-parity bands in **%-°2Mn. Data are

taken from [1] (*®%°Mn) and [8] (¢*Mn).
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bandheads, which are soft in nature. This could be reason
that the low-spin part of Mol in Fig. 5 is not reproduced well.

D. Deformed single-particle states

While in PSM, rotation is described by angular-momentum
projection on multiquasiparticle configurations and dynamic
interactions among the projected states by configuration
mixing, relative positions of the states in calculated spectra are
largely determined by quasiparticle energies in the deformed
single-particle basis. This is because the band energy of any
multiquasiparticle state has its leading term given as a sum
of energies of participating single-particle states. Therefore, a
good deformed single-particle basis is important for the quality
of PSM predictions. Comparisons of the PSM predictions with
experimental data test the reliability of the deformed basis.

This question is very relevant because many exotic features
in nuclei away from the stability would emerge just because of
unusual shell structure reflected in single-particle states. One
would ask if the traditional Nilsson or Woods-Saxon single-
particle states with the model parameters carefully fitted to a
large body of stable nuclei are applicable to neutron-rich mass
regions like the one discussed in the current paper. As presently
experimental data in neutron-rich nuclei are still limited, it is
useful to carry out a theoretical discussion.

For the odd-odd nuclei in the neutron-rich region discussed
in the present article, it is important to know the energy
separation of the neutron intruder orbit gg/, with those of the
fp shell. As discussed above, the structure of the low-lying
states in odd-odd Mn isotopes is mainly determined by the
two-gp states, with the proton in the f7,, orbit and the neutron
either in the fp orbits or in the gg/» orbit. With the proton
occupying f7/2, configurations having the neutron in the fp
shell are of positive parity and those with a g9, neutron
have negative parity. It is thus clear that the position of the
excited negative-parity states relative to the positive-parity
ground state carries information on the energy separation of the
neutron intruder orbit g9/, with regard to those of the fp shell.

We have carried out a series of calculations with different
input deformation parameters ¢,. In this way, single-particle
state distribution near the Fermi levels is changing, so is

1.6 T T T T T T T
° —e— PSM
I NG —Exp|
i ° ]
14t \. ]
\Sr/ |
w3 b

58\ 1n \. ]

Y T U EN S BT ST |
018 0.19 020 021 022 023 024

&

FIG. 6. (Color online) Dependence of calculated excitation en-
ergy of the 4~ state on the basis deformation &,. The horizontal line
indicates the experimental energy of the 4~ state.
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the energy separation of the neutron go/, from those of the
fp shell. Figure 6 illustrates the variation in energy of the
calculated lowest negative-parity 4~ state relative to the 17
ground state in *Mn. It is seen that with increasing &, from
0.18 to 0.24, the calculated excitation energy of the 4~ state
drops down from ~1.52 MeV to 1.12. The experimental value
of excitation for the 4~ state is 1.338 MeV, which is shown
by the horizontal line in Fig. 6. It is seen that the theoretical
value with &, = 0.21 is the closest one to the experimental
value, which, in our calculation, is the employed deformation
parameter to build the PSM basis for **Mn (see Table I). For
this nucleus, deformed single-particle states obtained with the
standard Nilsson parameters and deformation &, = 0.21 seem
to provide an appropriate framework for the **Mn description.

The Nilsson parameters used for the present discussions
were fitted to the stable nuclei a long time ago [21]. It has
been shown that the standard Nilsson parameters may need
adjustments when they are applied to proton- or neutron-rich
regions and the heaviest nuclei [28-30]. For neutron-rich
nuclei with a considerable neutron excess, use of the standard
parameter set needs to be validated. It would not be surprising
if the Nilsson parameters used here require a modification.
Nevertheless, for the current problem without a too large
neutron access, we may conclude that the standard Nilsson
scheme is still a valid theoretical basis.

IV. CONCLUSION

An important question for understanding the neutron-rich
mass region is the shell evolution as one leaves the stability
valley. Knowledge about single-particle structure is much
desired. The low-lying states in odd-odd nuclei have a
dominant type of configuration with two quasiparticles (one
neutron and one proton), and therefore these are ideal places to
learn about the single-particle structure in exotic nuclei. The
discussion is particularly interesting because it has recently
become experimentally possible to access high-spin states
of these nuclei. In the present article, we have applied the
projected shell model to study structures of odd-odd Mn
isotopes with neutron number N = 33, 35, and 37.

As we have discussed in detail, the low-energy states with
positive parity can be understood from couplings of one
neutron and one proton from the fp shell. The PSM has
suggested that the low-lying two-qp configurations originate
from parallel and antiparallel couplings of the same pair
of proton and neutron. On the other hand, negative-parity
states are those two-qp configurations in which one fp-shell
proton couples with one go/, neutron. It is thus clear that a
restricted fp shell model space is insufficient for a description
of negative-parity states in these nuclei. We emphasize that
although the low-energy states are usually termed as shell
model states in the literature, it is possible to sort them by the
intrinsic configurations. This has been achieved by projecting
the intrinsic configurations onto states with good angular
momenta, implemented by the present model.

The present calculation has predicted some low-lying levels
that do not have experimental data to compare with. In
particular, the anticipated isomeric states near the ground state
of %°Mn have not yet been seen. Their confirmation will be

054307-8



PROJECTED SHELL MODEL STUDY FOR NEUTRON-RICH, ...

a direct proof for the validity of the deformed single-particle
picture in neutron-rich regions. It is hoped that more complete
and accurate data toward the neutron N = 40 subshell will be
available in the near future.

All these discussions have been based on the assumption
that these nuclei have a prolate shape, and with this shape,
deformed single-particle states are described by the Nilsson
model with the standard parametrization. The present results
suggest that the assumption is valid and the known Nilsson
single-particle states are still useful for the neutron-rich nuclei,
at least those studied in the present article. However, one
should bear in mind that the ground state of neutron-rich nuclei
in this mass region could be soft against deformation. It has
been discussed that rotation can stabilize the deformation, and
as soon as the nuclei begin to rotate, a pronounced prolate
shape can be developed [22]. The present results show that

PHYSICAL REVIEW C 85, 054307 (2012)

the assumption may be a good approximation although the
weakness of the model to treat soft potential is recognized. The
removal of this assumption by performing large-scale spherical
shell model calculations with inclusion of the neutron g, orbit
for Mn isotopes [31], and comparison of the results with the
present ones is a subject for future research. Structure of the
observed Band B in ®®Mn [1] remains to be studied.
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