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Abstract Seven experimentally observed bands of **Tb are analyzed in detail, using the particle-number-

conserving method for treating the cranked shell model with monopole and quadrupole pairing interactions. We

satisfactorily reproduce the experimental alignments and especially focus on the microscopic mechanism of the

second back-bending and the influence of pair interaction on ultrahigh spins. Our calculated results show that

the 7tiy3/9 orbitals are too high to give a contribution to the moment of inertia below fw ~ 0.7 MeV. Instead,
the crossing between the 7[541]1/2 and other proton orbitals is responsible for the second back-bending. We
assign a possible configuration to the decoupled band found in '**Tb and predict eleven bands which are

experimentally unobserved.
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1 Introduction

The development of techniques in high-spin spec-
troscopy utilizing heavy-ion induced reactions has es-
tablished the existence of some bands up to very
high-spin states, which have provided a wealth of in-
formation on new nuclear structure phenomena. In
the rare-earth region of the nuclear landscape nu-
clei can accommodate the highest values of angu-
lar momenta [1] and there are some central topics
about these spectroscopy, such as superdeformed nu-
clei around *?Dy, triaxial strongly deformed bands,
second proton alignment, band termination in N ~ 90
nuclei. The N =90 isotone chain is one of the most
well studied groups of nuclei in the rare-earth region.
These nuclei dwell within a highly transitional area
of deformation space and are especially susceptible to
shape driving forces by various competing processes.
Previous high-spin studies of '%*Tb established ro-

tational bands based on the [411]3/2, [532]5/2 and

75 95~ 337
[413]5/2 proton states up to I™ = 5 5 and 5
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respectively [2-5]. In the same region (40 < I <
50%), there are band terminating states in nearby nu-
clei [6, 7] and new band structures in "3 Er estab-
lished to ultrahigh spin (> 60%) bypass and extend be-
yond these band terminating states [1]. In this paper
we will analyze high-spin structures in **Tb and in-
vestigate the rotational alignment of specific pairs of
quasiparticles, using the particle-number-conserving
(PNC) method for treating the cranked shell model
(CSM) with monopole and quadrupole pairing inter-
actions. The second back-bending was discovered in
1977 [8] and since then its study has provided de-
tailed information concerning the single-particle lev-
els in the second back-bending frequency region.

In our PNC calculations, we will focus on the high-
spin behavior of all rotational alignments based on
different configurations. The PNC method is given
in Sec. 2. The parameters that we use in our calcula-
tion are given in Sec. 3. Two pairs of signature part-
ner bands based on the [411]3/2 and [413]5/2 proton
states are discussed in 3.1. The [532]5/2 band, where
the second back-bending band appears, is analyzed
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in Part 3.2. In Part 3.3, a 3 quasiparticle band is
assigned as a possible configuration and the theoret-
ically predicted results are discussed.

2 The PNC method

The cranked shell model Hamiltonian with pairing
interactions is given by

Hegy = Hgp —wJ, +Hp = Hy+ Hp, (1)
where HO = HSP _WJ;I; = Zho(w)“ I’Lg(u)) = hNilsson_

wj, is the one-body paré of Hcsn, Pnilsson 1S the
Nilsson Hamiltonian, —w.J, the Coriolis interaction
and Hp the pairing interaction including both the
monopole and quadrupole pairing interactions [9, 10].
The Nilsson (modified oscillator) potential has been
quite successful in describing the properties of su-
perdeformed bands [11-13]. In the PNC treatment,
first, ho(w) is diagonalized to obtain the cranked Nils-
son orbits. Then, Hggy is diagonalized in a suf-
ficiently large cranked many-particle configuration
(CMPC) space [14] to obtain the yrast and low-lying
eigenstates. For the details of the PNC method, see
Refs. [15-17]. Assuming that an eigenstate of Hggum
is expressed in terms of the CMPCs:

) =Zci /i), (2)

where [i) denotes an occupation of particles in
cranked orbits and C; is the corresponding probability
amplitude. The occupation probability of the cranked
orbital g (including both signatures o= +1/2) is

n.=> |CPP,.. (32)

P

i

1, if |p) is occupied in the CMPC [4)
B 0, otherwise

(3b)
The angular momentum alignment for the state [¢)
is (J,) = (¢| J.|¥), and its kinematic MOI (moment
of inertia) is J® = (J,)/w. Because J, is a one-
body operator, the angular momentum alignment of
the state |¢) is

<Jz>:ij(U)+Z]z(u’v) ) (4)

Ja (1) = (K[ da [1) Py,
Ja(wv) = 2(p| . IV>Z(—)MW+M”C£CJ» (5)
(L#v),

where j, (1) is the direct contribution to (J,) from a
particle occupying the cranked orbital p and j, (pv) is

the contribution to (.J,,) from the interference between
two particles occupying the cranked orbitals 1 and v,
which has no counterpart in the mean-field (BCS)
treatment. Calculations show that j,(wv) plays an
important role for the odd-even difference and non-
additivity in the moments of inertia [18].

3 Rotational bands in **Tb

In the calculation of the bands [411]3/2 and
[413]5/2, we use the deformation parameters e, =
0.225, e, = —0.04, which are a little higher than the
other bands for which the parameters (¢, = 0.216,
€4 = —0.033) are taken from the Lund systemat-
ics [19]. This change of deformation parameters is due
to the only up-bending observed in the band [411]3/2
and [413]5/2, while a slight backbend was observed
in the [532]5/2 band [19]. The Nilsson parameters
(k, p) are taken from the Lund systematics too. They
are slightly adjusted to make sure that the cranked
proton Nilsson orbitals are consistent with the exper-
imental data near the Fermi surface of ***Tb. The
corresponding effective pairing interaction strengths,
Gy (momnopole) and G, (quadrupole) (in units of
MeV) are determined by the experimental odd—even
differences in the nuclear binding energies and band-
head moments of inertia: G, =0.4, Go, = 0.015 for
protons; Go, = 0.628, G5, = 0.018 for neutrons re-
spectively. For a larger truncated CMPC space, the
effective pairing interaction strength will correspond-
ingly decrease, but the calculated results for the yrast
and low-lying eigenstates keep almost unchanged [20].

In order to simplify the following discussion, the
quasiparticle orbitals have been labeled in the usual
alphabetic manner [19, 21, 22]. The quasineutron or-
bitals are labeled with respect to parity and signature
(1, 0), as

A= (+,4+1/2)1, C=(+,+1/2)5, E=(—,+1/2)s,
B:(+,—1/2)1, D:(+,—1/2)2, F:(_7_1/2)1-

The subscript n numbers the quasiparticles’ excita-
tions of a specific signature and parity, starting with
the lowest energy. The quasiproton orbitals are la-
beled as

Ap=(==1/2)1, Cpy=(=,=1/2),
E,=(+,+1/2)1, G,=(+,+1/2),
By =(=41/2)1, Dp=(=+1/2)s,
Fy=(+-1/2)1, Hp,=(+,-1/2)
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Using this quasiparticle labeling scheme of the stan-

dard CSM, the sevenr
following: the yrast p

otational bands in '°°Tb are the
ositive-parity [411]3/2[E,(F, )],

[413]5/2|G,(H,)], negative-parity [532]5/2 [A,(B,)]
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The cranked neutron and proton Nilsson orbits
near the Fermi surface of the '®*Tb are shown in
Fig. 1. From Fig. 1 we see that v[660]1/2 is below
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Fig. 1. The cranked proton and neutron Nilsson orbitals near the Fermi surface of *Tb. The signature
a = £1/2 orbitals are denoted by solid and dashed lines, respectively. The high j orbitals are denoted by

bold lines. In the calculation we used the deformation parameters e2 = 0.216, ¢4 = —0.033 from the Lund
systematics.
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Fig. 2. Comparison between the experimental and calculated kinematic MOI J (M of the seven rotational
bands in **Tb. The experimental data are denoted by solid and open circles respectively. The calculated
results for these bands are denoted by solid and dashed lines respectively.
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the neutron Fermi surface, thus the interaction be-
tween v[660]1/2 and other orbitals occurs easily. Al-
though 7[541]1/2 is far from the proton Fermi sur-
face at low spins, it can cross with other orbitals at
high cranking frequencies. The 7t[660]1/2 orbital is
so far from the Fermi surface that it doesn’t have
any contribution in this region. In fact, our calcula-
tion shows that, if 7t[660]1/2 has any contribution in
this frequency region, the alignment of the [532]5/2
a = +1/2 band would be larger than that of the
a = —1/2 one, but this will contradict the experi-
mental result.

The comparison between the calculated and ex-
perimental MOI of seven bands is shown in Fig. 2.
The overall agreement between the calculated and ex-
perimental results is satisfactory. In this paper we
mainly focus on the microscopic mechanism of the
second back-bending of the [532]5/2 band, indicating
that the 7t[660]1/2 orbital doesn’t have any influence
in the frequency range hw ~ 0.4-0.6 MeV, instead,
7t[541]1/2 will take the role of 7[660]1/2.

3.1 The [411]3/2 and [413]5/2 band

In the calculation of the bands [411]3/2 and
[413]5/2, the contributions of neutrons and protons to
the MOI of these four bands are shown in Fig. 3. We

see that the sharp increase of the MOIs of these four
bands at fuww =~ 0.3 MeV mainly comes from the con-
tributions of the neutron N =6 shell (see Fig. 3(a)).
At higher frequencies (fw > 0.5 MeV), the alignment
changes come from the proton N =5 shell, the con-
tributions of the proton N = 4 shell are small and
constant (see Fig. 3(b), (c), (d) and (e)).

A high-j intruder orbital is characterized by its
large Coriolis response and large contributions to the
Thus the change of
alignment at the region of backbending is mainly due
to the excitations of high-j orbitals. According to
the PNC calculations, the total increase of the first
back-bending at hAw ~ 0.3 MeV is about 8.0h, while
the increase of alignment coming from v[660]1/2 is
about 2.47, the interaction between v[651]1/2 and
v[660]1/2, v[642]5/2 and v[651])3/2 contributes 4.2A.
The neutron N=5 shell contributes about —0.3A.
The contribution from protons is only 0.98%. There-
fore, the contributions to the first back-bending come
mainly from the alignment of the vi;3,5 orbitals. We
can also conclude that the slight increase of alignment
at iw ~ 0.6 MeV comes from the proton N =5 shell,
similar to the [413]5/2 band at w =~ 0.525 MeV, both
are mainly due to the crossing between 7[541]1/2 and
71[532]5/2.

alignment at low frequencies.

60
50 (a) neutron g.s. I (b) proton £ (c) proton F, (d) proton G, (e) proton H,
1
% 40
=
. 30
g
i 20 — i .
10 T
0 02 04 06 02 04 06 02 04 0.6 02 04 06 02 04 06
ho/MeV
Fig. 3. The contributions to the kinematic MOI J™) from: (a) neutron configuration (+,0)1; (b) proton

configuration Ep; (c) proton configuration Fp; (d) proton configuration G, (e) proton configuration Hp

respectively in '°*Tb. The dash dotted lines represent N = 6 for neutrons, N =5 for protons, and the dashed

lines represent N =5 for neutrons, N =4 for protons.

3.2 The [532]5/2 band

Figure 2(c) shows the comparison between the ex-
perimental and calculated MOI of the [532]5/2 band.
Both signatures experience a slight backbending in
the AB crossing at hw = 0.28 MeV and an alignment
gain of 9.3h was observed in each signature. The
contributions of neutrons and protons to the MOI
of these two bands, based on 7[532]5/2, are shown in
Fig. 4. The sharp increase of the MOI of the [532]5/2
band at hw ~ 0.28 MeV mainly comes from the con-

‘ tributions of the neutron N = 6 shell similar to the

bands [411])3/2 and [413]5/2 (see Fig. 4(a)). From
Fig. 2(c) we also see that at w < 0.4 MeV the sig-
nature splitting and inverse between A,B, can’t be
reproduced by our PNC calculation, however at hw >
0.4 MeV the overall agreement is good. The orbital
occupation probabilities of the proton N = 5 shell
show that the signature splitting at fiw > 0.4 MeV
is mainly caused by the crossing between the proton
orbital [541]1/2 and other orbitals which are near the
Fermi surface.
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Fig. 4. The contributions to the kinematic MOI J® from: (a) quasineutron vacuum configuration (+,0)1;
(b) proton configuration A; (c) proton configuration By, in '**Tb. The dash dotted lines represent N =6
for neutrons, N =5 for protons, and the dashed lines represent N =5 for neutrons, N =4 for protons.

Another crossing of the a = —1/2 signature occurs
at w ~ 0.47 MeV and is regarded as the alignment
of the B, and C, protons. Our calculated results
show that the alignment of the proton N = 5 shell
decreases with the rotational frequencies at low spins
and increases beyond hw == 0.40 MeV earlier than the
experimental result (see Fig. 4(b)).

The a = +1/2 signature of the [532]5/2 band be-
gins to gain alignment at very high rotational en-
ergy, hw =~ 0.57 MeV. The a = —1/2 signature
does not experience any kind of crossing in this fre-
quency region, which implies that this is most likely
the A,D, crossing [2]. Our calculated results show
that 7t[541]1/2 is responsible for this crossing. Al-
though 7t[541]1/2 is far from the proton Fermi sur-
face at low spins, it declines with cranked frequen-
cies and interacts with 7[523]7/2 and 7[532]5/2, one
after the other, (see Fig. 1). The B,’s alignment
has a gain coming from the contribution of the pro-
ton N =5 shell at hw ~ 0.57 MeV (see Fig. 4(c)).
In the Aiw = 0.57 MeV frequency region, the occu-
pation probabilities of 7[523]7/2 and 7[532]5/2 in-
crease while those of 7[411]3/2 decreases rapidly. It

is worthwhile to note that according to the Lund sys-
tematics, m[660]1/2 has a crossing at fiw = 0.57 MeV,
instead of 7[541]1/2, but this contradicts the experi-
mental result. This case suggests that the Lund sys-
tematics needs to be modified.

3.3 Band 1 and predicted bands

With the lowest observed state at 2745.2 keV and
spin I =27/2, Band 1 is tentatively regarded as a can-
didate for a three-quasiparticle band which likely in-
volves an hy;,» proton since it decays into the [532]5/2
band and has been assigned as the A, ® AF' configu-
ration [2]. The lowest excited state meeting this as-
signment is the v[651]3/2v[505]11/2®7[532]5/2 con-
figuration (see Fig. 1). According to our PNC calcu-
lations, the occupation probability of v[651]3/2 and
v[505]11/2 in the two-quasiparticle state (—,0); is
about 1 for all the cranked frequencies, the overall
agreement between the experiment and calculations
being very good (see Fig. 2(d)). The larger band-
head MOI of Band 1 comes from the neutron N =6
shell and it may also experience an A,D,, crossing at
hw =~ 0.57 MeV.

100

(a) () (©
80 \
o 0222
60
T> 40
2 v[651] 3/2v[505] 11/2@r[532]5/2 v[651] 3/2v[505]11/2@r[523] 7/2]  v[651] 3/2v[505]11/2@n{541] 3/2
> 20
3 (d) (e) ()
= 80
=,
60
40
n[523] 7/2 v[651] 3/2v[505]11/2@n[411]3/2 v[651] 3/2v[505]11/2@n[413]5/2
20
0 0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6
hw/MeV

Fig. 5.

The predicted variations of the kinematic MOI J®) of other bands with w in **Tb. o ==1/2 of each

band is denoted by the solid and dashed lines respectively.
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Besides the analysis of the experimentally ob-
served rotational bands, we further predict the un-
observed eleven bands shown in Fig. 5. The only
band not including the high-j intruder orbital is the
n[523]7/2 band, see Fig. 5(d). Our calculated re-
sult shows that the [541]3/2 proton and the interfer-
ence between [523]7/2 and [532]5/2 are responsible
for the smaller bandhead MOI of these two bands.
For the first backbending of the this band, according
to the PNC calculations, the contributions to the first
backbending comes mainly from the alignment of the
Viy3/2 orbitals.

4 Summary

We analyze the seven experimentally observed
bands of **Tb in detail using the PNC method. We
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