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Theoretical reinvestigation of high-spin spectroscopy of164Er
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Motivated by the recent high-spin data@1#, we reinvestigate the structure of various bands in the nucleus
164Er in terms of the projected shell model, which describes all the bands by a single shell-model diagonal-
ization. In the present work, it is found that an appropriate modification of the standard Nilsson~spin-orbit!
parameters in theN55 proton shell is necessary in order to correctly describe both the yrast and the negative
parity bands. With the same Hamiltonian, there are discrepancies to the data for some sidebands. To cure them,
we would need an investigation of a larger scope than the present one.@S0556-2813~98!06006-3#

PACS number~s!: 21.60.Cs, 21.10.Re, 23.20.Lv, 27.70.1q
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I. INTRODUCTION

The study of nuclear high-spin spectroscopy began in
early 1970s when the backbending in the moment of ine
was discovered in some well-deformed nuclei@2–4#. Since
then, the high-spin study has been a very active research
in nuclear structure physics. In recent years, with rapid
velopment and deployment of high performance detec
and accelerators, there has been a proliferation of meas
ments from year to year, with greater and greater accur
and with higher and higher spins. These facilities are abl
detect extremely narrowg-ray widths, from which intricate
and delicate high-spin phenomena have been discove
Hence, one has expected that this field of research woul
soon confronted with ever expanding sets of highly accu
high-spin data.

For the interpretation of these new data, it is required
a theoretical model to be able to well describe not only
yrast band but also many sidebands. Thus, the high-spin
may be used as a crucial test for the existing models.
well-deformed nucleus164Er is one of the earliest known
examples in the rare-earth region@5#. In the past, it served a
a testing ground for theories describing the backbending p
nomenon. Also, it was one of the early examples with s
eral sidebands in addition to the yrast band@6#.

In a very recent experimental work@1#, several known
rotational bands in this nucleus have been extended con
erably to higher spins and a new four-quasiparticle band
been established. In particular, we notice that the new d
indicate a clear plateau behavior in the moment of inertia
higher spins in the yrast and the negative parity bands.

In our early systematic study of yrast bands of even-e
rare-earth nuclei by using the projected shell model~PSM!
@7#, we predicted a second backbending in the momen
inertia in 164Er at spinI 526. This prediction in the PSM wa
a consequence of the calculations which reasonably wel
produced all the high-spin data known at that time. Howev
since this prediction of the second backbending is not s
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ported by the new data, we feel it necessary to find out
source of the discrepancy. As another interest of the pre
paper, it will be tested whether or not the whole set of t
new data, including several sidebands up to very high sp
can be reproduced in the same PSM framework.

There has been a series of publications by using the P
and, since an extensive review article containing a deta
description and many applications of the model~see Ref.@8#,
and references cited therein! exists, we shall not go into any
detailed explanation of the model except for the followi
short account. The PSM closely follows the shell-model p
losophy and is, in fact, a shell model truncated in a deform
basis. It proceeds as follows: first, the basis truncation
done in the multiquasiparticle~qp! basis by selecting low-
lying states based on the Nilsson1 BCS representation
then, the rotational symmetry~and the number conservation
if necessary! is restored for these deformed multi-qp stat
by the projection method to form a spherical~many-body!
basis in the laboratory frame; finally, the Hamiltonian is d
agonalized in this projected basis. The truncation achieve
this way is very efficient. In fact, quite satisfactory resu
can be obtained by choosing only a few orbitals near
Fermi surface since the deformed quasiparticle basis alre
contains most of important~pairing and quadrupole! correla-
tions.

Deformation parameters in the Nilsson model are w
studied quantities, so that we know exactly where the o
mal basis is. In this paper, as in all other publications of
PSM, we take the deformation parameters from the lite
ture. For 164Er, we use«250.258 and«450.001 taken from
Ref. @9#. This means that, instead of zero deformation
which the spherical shell model is based, we start from
nonzero deformation to build our shell-model basis. All t
states within one nucleus will be obtained from the diagon
ization in this~projected! shell-model basis without individu
ally changing the deformation parameter for each band
spin. The relation of the input deformation parameter to
two-body interaction employed will be described belo
There is a self-consistency relation between them, see
@8#.

The spin-orbit force parameters~or Nilsson parameters!,
k and m, appearing in the Nilsson model are essential
3079 © 1998 The American Physical Society
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3080 57YANG SUN AND KENJI HARA
reproducing correct shell filling. They are important not on
for odd mass and odd-odd nuclei but also for the exci
configurations in even-even nuclei as we shall see in
present paper. In the calculations for rare-earth nuclei,
usually use the compilation made by Nilssonet al. @10#
which was adjusted to the rare-earth region (A dependent!.
This is what we adopt in the present calculations allowin
slight modification if necessary. We mention that there
other compilations. Bengtsson and Ragnarsson@11# refitted
these parameters to the experimental data which were a
able about 10 years ago. Theirk and m are different for
different major shells (N dependent! without explicit mass
dependence, whosem values for the protonN55 and 6 were
later revised by Zhang, Larabee, and Riedinger@12#. Seo
@13# introducedN- and l -dependentk and m for a broad
range of mass region with smaller number of paramet
However, for the PSM, we found that these compilations
not quite satisfactory at least for the present problem
might depend on the models one uses.

The set of multi-qp states$uFk&%, which we want to take
into account in the shell-model configuration space by p
jecting onto a good angular momentumI , is selected as

u0&, an1

† an2

† u0&, ap1

† ap2

† u0&, an1

† an2

† ap1

† ap2

† u0&, ~1!

wherea†’s are the qp creation operators andn ’s (p ’s! de-
note the neutron~proton! Nilsson quantum numbers whic
run over properly selected~low-lying! orbitals. We have dis-
carded configurations that contain three or more like-nucl
quasiparticles because they have higher excitation ene
due to mutual blocking of levels and thus affect the resu
little in the energy~and the spin! range that interests us. Th
restriction can be released if necessary. Note that the ind
and 2 in Eq.~1! are general. For example, a 2-qp state can
of positive parity if both quasiparticles 1 and 2 are from t
same major shell; it can also be of negative parity if tw
quasiparticles are from two neighboring major shells. Po
tive and negative parity states span the whole configura
space with the corresponding matrix in a block-diago
form classified by the parity.

In the present work, as in the usual PSM calculations,
use the Hamiltonian@8#

Ĥ5Ĥ02
1

2
x(

m
Q̂m

† Q̂m2GMP̂†P̂2GQ(
m

P̂m
† P̂m , ~2!

whereĤ0 is the spherical single-particle Hamiltonian whic
in particular, contains a proper spin-orbit force. The seco
term in the Hamiltonian is the quadrupole-quadrupole int
action and the last two terms the monopole and quadru
pairing interactions, respectively. The interaction streng
are determined as follows: the quadrupole interact
strengthx is adjusted such that the known~input! quadrupole
deformation«2 is obtained as a result of the self-consiste
mean-field calculations@8#. The monopole pairing strengt
GM is of a standard form and is taken to beGM5@21.24
713.86(N2Z)/A#/A, with ‘‘ 2 ’’ for neutrons and ‘‘1 ’’ for
protons, which more or less reproduces the observed o
even mass differences in this mass region. This choice ofGM
is appropriate for the single-particle space employed in
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PSM, where three major shells are used for each type
nucleons, i.e.,N54,5,6 for neutrons andN53,4,5 for pro-
tons. The quadrupole pairing strengthGQ is assumed to be
proportional toGM , the proportionality constant being fixe
to be 0.16 in the present work. These interaction streng
are consistent with those used in the previous works for
same mass region@8#.

II. THE YRAST BAND

In Fig. 1, we show the backbending plot for the yrast ba
of 164Er. Two theoretical results are presented together w
the new experimental data@1#. The experimental yrast ban
is plotted by taking the lower state at each spin after co
paring the ground band (g band! and thes band~labeled as
AB in Ref. @1#!. Under the same condition@the same input
deformation parameter, interaction strengths in Eq.~2! and
truncation in the configuration space#, we compare the two
theoretical results. In both of them, the experimental data
very nicely reproduced untilv2'0.15. However, in one of
these results~dashed line in Fig. 1!, which we first presented
in one of our earlier papers@7#, the theoretical curve exhibits
a second backbending atv2'0.16 ~corresponding to spinI
526). Obviously, this prediction is not supported by the n
data @1# which shows a plateau after the first backbendin
On the other hand, the second theoretical result~filled circles
in Fig. 1 obtained by modifying the standard Nilsson para
eters! reproduces nicely the new data for the entire region
the rotational frequency.

One of the motivations of the present work is to find o
why the second backbending has occurred in our earlier
culation. For this purpose, the band diagram@8# is the most
appropriate tool as it shows the detailed behavior of vari
bands as a function of spin.

The band diagrams corresponding to the above-mentio
two theoretical results are shown in Fig. 2. In these plo
filled circles represent the results for the yrast states obta
after the band-mixing, i.e., after the shell-model diagonali

FIG. 1. Backbending plot for the yrast band~labeled as theg
band and AB in Ref.@1#! in 164Er. The new experimental data@1#
are compared with two theoretical calculations which differ in t
Nilsson parameters for theN55 proton shell. Moment of inertia is
defined asQ5(2I 21)/2v ~MeV21), while rotational frequency as
v5@E(I )2E(I 22)#/2 ~MeV!. The same definitions will be use
in Figs. 3 and 4.
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FIG. 2. Band diagram for the positive parit
states in164Er. Only even spin states are plotte
The left figure~a! uses the original Nilsson pa
rameters while the right figure~b! uses the modi-
fied ones for the protonN55 shell.
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ma-
tion. It can be seen from both Figs. 2~a! and 2~b! that the
yrast band first smoothly follows theg band until spinI
514. This behavior is suddenly interrupted at this spin b
sharp band crossing with a neutron 2-qp band~showing the
first backbending in the moment of inertia atv2'0.09 in
Fig. 1!. Among many others, three neutron 2-qp bands
selected and shown in the band diagrams Figs. 2~a! and 2~b!.
These bands are built upon neutron 2-qp states from thei 13/2
subshell and are important for the yrast band evolution. Th
configurations are~from the lowest to the highest at spinI

52): @ 5
2

1,2 7
2

1#Kp5211, @2 3
2

1, 5
2

1#Kp5111 and

@ 1
2

1, 5
2

1#Kp521. There are also two proton 2-qp bands bu
upon proton 2-qp states from the subshellh11/2 with the con-

figurations: @2 7
2

2, 9
2

2#Kp5111 @lying slightly lower in

Fig. 2~a!# and @ 5
2

2,2 7
2

2#Kp5211.
In Fig. 2~a!, the next sharp band crossing is seen at

spin I 526, where a 4-qp state (n i 13/2@2 3
2

1, 5
2

1#

% ph11/2@
5
2

2,2 7
2

2#Kp501, starting fromI 50) crosses the
neutron 2-qp bands. This sharp crossing is the source of
~wrongly! predicted second backbending of the yra

band. Another lower-lying 4-qp state (n i 13/2@2 3
2

1, 5
2

1#

% ph11/2@2 7
2

2, 9
2

2#Kp521, starting fromI 52) approaches
and crosses the neutron 2-qp states in a very gentle w
However, this 4-qp band lies higher and thus does not e
into the yrast region.

It is clear that the wrong prediction of the second ba
bending can be avoided if the position of the 4-qp band w
K50 is shifted higher so that it will not sharply dive into th
yrast line. The relative positions of various excited bands
a nucleus are sensitive to the deformed single-particle e
gies as determined by the Nilsson diagram. Since a 4-qp s
consists of a neutron 2-qp and a proton 2-qp state, the p
tion of a 4-qp band can be raised if either the neutron 2-qp
the proton 2-qp state is higher, or both. Because of the
that the first backbending is reproduced rather well, wh
requires the right position of the neutron 2-qp states, i
reasonable to adjust the position of the proton quasiparti
in order to bring the 4-qp band to a right place.

Based on this consideration, we have modified the N
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son parametersk and m for the N55 proton shell~which
contains theh11/2 subshell! by simply multiplying a factor of
1.1, namely we have increased these parameters by 10
order to shift the 4-qp state in question to a desired posit
The resulting backbending plot is denoted as ‘‘modifi
Nilsson’’ in Fig. 1. The effect of this modification can b
clearly seen in Fig. 2~b!. The proton Fermi energy now lie
between the Nilsson levelsK5 7

2 and 9
2 and thus the proton

2-qp band@2 7
2

2, 9
2

2#Kp5111 is shifted lower and the

band @ 5
2

2,2 7
2

2#Kp5211 much higher. Due to this
modification, the first 4-qp band which crosses the n

tron 2-qp band is the one withn i 13/2@2 3
2

1, 5
2

1#

% ph11/2@2 7
2

2, 9
2

2#Kp521. The crossing angle is rathe
small and thus nothing drastic can happen around the cr
ing spin. In fact, the perfect agreement with data in Fig
~filled circles vs open circles! is achieved after this modifi-
cation in the Nilsson parameters.

This might pose an interesting question about the ‘‘c
rectness’’ of the~proton! Nilsson diagram which serves a
the standard basis for the structure calculations. The par
eters used to generate the Nilsson diagram in the pre
paper were fitted nearly 30 years ago@10# when not many
accurate and systematic high-spin data were available.
Nilsson parameters for the higher proton shells seem to
rather problematic and we feel that more intensive studie
the proton spin-orbit force have to be done. In this conn
tion, we recall that, in our review article@8#, where a sys-
tematic calculation is done for many different kinds of rar
earth nuclei, the theory agreed quite satisfactorily with d
for even-even and odd-neutron systems but less satisfact
for odd-proton and odd-odd systems where correct pro
Nilsson orbitals are essential.

III. THE SIDEBANDS

Measurement of several sidebands is also reported in
@1#. It is a crucial test for a microscopic theory of wheth
these bands are simultaneously reproduced as well. T
can be two types of negative parity bands at lower excitati
neutron 2-qp bands based on one quasineutron from the
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3082 57YANG SUN AND KENJI HARA
jor shellN55 and another fromN56 as well as proton 2-qp
bands based on one quasiproton fromN54 and another from
N55. At higher spins, the neutron 2-qp bands will
crossed by 4-qp bands built upon these neutron 2-qp s
plus a quasiproton~positive parity! pair, while the proton
2-qp bands will be crossed by 4-qp bands built upon th
proton 2-qp states plus a quasineutron~positive parity! pair.
From the above discussions of the yrast band, the qp pai
question are from the neutroni 13/2 and protonh11/2 subshells.

In Fig. 3, the experimental data of the negative par
bands~labeled as AE and AF in Ref.@1#! are plotted as open
triangles. The data are compared with the theoretical ca
lation presented as filled triangles. The calculation is done
using the Nilsson parameters with the same modifications
theN55 proton shell. Namely, these results are obtained
using the same deformed single-particle basis and the s
Hamiltonian as used for the filled circles in Fig. 1. The fille
triangles shown here are the results after the band mix
with the major contribution from the neutron 2-qp sta

i 13/2@
5
2

1# % h9/2@
5
2

2# (Kp552). It is seen that the calculatio
agrees well with the first several points for both of the ev
and odd spin members, but a departure begins atv2'0.05.
A nearly constant deviation of about 20 MeV21 ~or 15% too
small in theory! in the ~two times of! moment of inertia plot
is seen over the higher spin states. To improve the ag
ment, one needs a reduction factor of 0.92 in the~neutron
and proton! pairing if one does not change anything else

FIG. 3. Backbending plot for the neutron negative parity ba
~labeled as AE and AF in Ref.@1#! in 164Er. The experimental data
@1# are compared with two theoretical calculations. In both calcu
tions, the Nilsson parameters inN55 proton shell are multiplied by
a factor 1.1. The filled triangles represent the results with the s
pairing force strength used in the calculations for the positive pa
bands. The dashed lines are the results with a reduced pa
strength~for the purpose of comparison only!.
tes

e
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the calculation. These results are shown in Fig. 3 as das
lines. This is unfortunate for the theory since we expect t
all the states should come out correctly by a single diago
ization.

However, we emphasize here the necessity of the s
modification in the Nilsson parameters for theN55 proton
shell. Without this modification, a backbending in the m
ment of inertia for both even- and odd-spin sequences wo
occur atv2'0.20, which is not supported by the data. Th
unexpected backbending is independent of whether the p
ing strength is reduced or not. It is understandable beca
the backbending is caused by a sharp band crossing o

2-quasineutron bandi 13/2@
5
2

1# % h9/2@
5
2

2# with a 4-qp band
built by this 2-quasineutron state plus anh11/2 proton pair

@ 5
2 ,2 7

2 # and this is the same mechanism why the unexpec
second backbending appeared in the yrast band as discu
in Fig. 1. With the modification of the Nilsson parameters f
the N55 proton shell, this 4-qp band is pushed higher
energy and thus the undesired backbending is avoided.

The other type of negative parity bands is based on
proton 2-qp states. These 2-qp bands will be crossed by 4
bands which consist of the same 2-quasiproton states pl
pair of i 13/2 neutrons. In Fig. 4, we present results obtain
by mixing these configurations. It is found that the lowe
states at each spin show a similar backbending pattern a
the yrast band shown in Fig. 1. The major contribution to t

band is from the 2-quasiproton state ofh11/2@
7
2

2#

% g9/2@
7
2

1# (Kp572) before the band crossing and this
quasiproton state plus a neutron pair from thei 13/2 subshell
~which can be a mixture of the three neutron pairs shown

d

-

e
y
ng

FIG. 4. Backbending plot for the proton negative parity ba
~labeled as@72# in Ref. @1#! and the 4-qp band in164Er. The ex-
perimental data@1# are compared with the present theoretical c
culations.
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FIG. 5. Comparison of the PSM calculatio
~left! with all measured bands of Ref.@1# ~right!
for 164Er in the excitation energy vs spin plo
Symbols used for each band are identical w
those in the previous figures so that one can
the position of each excited band. Note that
bands shown in this figure are obtained from t
same Hamiltonian with the modified protonN
55 shell spin-orbit parameters~but no modifica-
tion of the pairing strength!.
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Fig. 2! after the crossing. For this band, the present exp
mental data~labeled as@72# in Ref. @1#! extend only over a
few transitions. However, they agree rather well with o
theory ~see Fig. 4!. Our prediction for the higher spin state
may be eventually tested by possible extensions of this b
by a future measurement.

As to the positive parity 4-qp band, we have construc
the 4-qp states from the two types of negative parity 2
states, one from neutron 2-qp and another from proton 2
states. The present calculation shows that, among this kin

configurations, a band based onn i 13/2@
5
2

1# % h9/2@
5
2

2# and

ph11/2@
7
2

2# % g9/2@
7
2

1# coupled totally toKp5121 is really
the lowest in energy and this supports the assignment
gested by Ref.@1#. In fact, the agreement of our calculatio
with the data is good at the beginning of the band as one
see in Fig. 4, although deviation becomes larger and large
higher spins. Changing the pairing strength~as we did for
Fig. 3! can hardly improve this result.

IV. SUMMARY

To summarize, we present all results of the PSM calcu
tion and compare them with the experimental ones@1# in Fig.
5. It should be remarked that the theory uses the sa
Hamiltonian~with the modified protonN55 Nilsson param-
eters as mentioned above! for all bands so that the whole se
of states~at each spin! are obtained by a single diagonaliz
tion. The agreement is not perfect but satisfactory in
sense that one can understand the experimental data
unified way from the PSM point of view. In fact, the theo
describes theg-, s- ~AB! and the proton 2-qp~@72#! bands
very well for the entire spin region. The prediction for th
states near the bandhead of the negative parity neutron
i-
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p
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an
at
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e

e
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qp

band ~AE and AF! is also fine but deviation develops fo
higher spin states. The result climbs up too fast and thi
the reason why we get too small moment of inertia so far
the pairing is not modified~cf. Fig. 3!. The theoretical result
for the 4-qp band also deviates from the data roughly b
constant amount of 600 keV for the entire band. To cu
these discrepancies, we would need an investigation o
larger scope than the present one.

Finally, we should like to call the readers attention to t
crucial role of the Nilsson~spin-orbit! parameters whose
quality is important, sometimes essential, for a correct th
retical description of the high-spin structure. For the nucle
164Er, the standardk and m lead to the occurrence of
second backbending in the yrast band and of a backben
in the negative parity neutron 2-qp band, both of which a
not supported by the latest data. The effect of our simp
minded modification in the Nilsson parameters can be cle
seen in the present calculation. With the same modifica
for the N55 proton shell, we have systematically tested
even-even nuclei calculated in our earlier paper Ref.@7# and
found that the present modification does not destroy
achieved agreement with the data for Yb and Hf isotopes.
the other hand, the predicted weak second upbending
166Er and 168Er @7# is gone in this new calculation, which i
awaiting a future experimental verification. We have n
confirmed whether or not this modification is compatib
with other ~i.e., odd-proton and odd-odd! types of nuclei.
This will be done eventually. However, in light of today
quality and richness of high-spin data, the present re
surely suggests the necessity of a systematic restudy o
Nilsson single-particle scheme, which is the starting point
many theoretical models, particularly of the projected sh
model on which the present calculation is based.
ev.
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