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Variation of moments of inertia with angular momentum and systematics of bandhead moments
of inertia of superdeformed bands

S. X. Liu and J. Y. Zeng
Department of Physics, Peking University, Beijing 100871, China

~Received 23 February 1998!

The variation of the kinematic and dynamic moments of inertia and the bandhead moments of inertiaJ0

systematics of superdeformed~SD! bands in theA;190 region are investigated, which turns out to be helpful
in the spin prediction of SD bands. The spins of about 70 SD bands in theA;190 region are predicted by these
approaches in combination with the usually adopted best-fit method. TheJ0 systematics seems to be very
useful to the understanding of the properties of excited SD bands and the implication of identical SD bands.
@S0556-2813~98!02711-3#

PACS number~s!: 21.10.Re, 21.60.Ev, 27.70.1q, 27.80.1w
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I. INTRODUCTION

Since the observation of the first high-spin superdeform
~SD! band in 152Dy @1#, SD bands have been intensive
studied in several mass regionsA;190, 150, 130, and 80
However, while the intraband energies are easy to de
with modern Ge arrays, it is difficult to observe the lin
between the SD band and normally deformed~ND! states
with known spins. Therefore, the exact excitation energ
spins, and parities of SD bands remain unknown. In the p
few years several approaches to predicting the spins of
bands have been suggested@2–5#. Recently the discreteg
rays connecting states of the yrast SD band194Hg~1! to ND
states with known spins were discovered@6#, and the spins
and excitation energies of all members of194Hg~1! were es-
tablished experimentally. Immediately, the spins and exc
tion energies of the yrast SD band194Pb~1! @7–9# and
194Hg~3! @10# were established. Therefore, the measu
spins of these SD bands provide a significant test of
validity of these approaches. It is noted that all the availa
approaches profit from the comparison of the calculated t
sition energies or moments of inertia with the experimen
results and usually are referred to as the best-fit met
~BFM!. It was found that the rms~root-mean-square! devia-
tion of the calculated results with experiments,x, depends on
the number of transitions involved, and in some casesx is
insensitive to the suggested spin, i.e., the rms deviations
be close to each other for two or more spin propositions
this case it is difficult to make a unique spin propositio
Particularly, if a significant bandmixing occurs in the tran
tions involved in the least squares fitting, the rms deviat
may display some irregularities and make the suggestio
the exit spin values more difficult.

In Sec. II we suggest another approach~approach II! to
the spin proposition of a rotational band. In this approach,
the one hand, one can extract the kinematic and dyna
moments of inertia by using the experimental intrabandE2
transition energies as follow:

J~1!~ I 21!/\25
2I 21

Eg~ I→I 22!
, ~1!
PRC 580556-2813/98/58~6!/3266~14!/$15.00
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J~2!~ I !/\25
4

Eg~ I 12→I !2Eg~ I→I 22!
. ~2!

It is seen that, while the extractedJ(1) depends on the spin
proposition,J(2) does not. On the other hand, according
the now available expressions for rotational bands~Bohr-
Mottelson’s I (I 11) expansion@11#, Harris’ v2 expansion
@12#, ab expression@13,14#, etc.!, some properties concern
ing the variation ofJ(1) andJ(2) with angular momentum~or
rotational frequency! can be found~for details see Sec. II!.
Thus, we may investigate whether the extractedJ(1) andJ(2)

display these properties, which may be used as a very us
guideline for the spin proposition of a rotational band. It
found that for all well-established ND rotational bands a
the fission isomeric bands~SD bands with low spins down to
I 50 in the A;240 mass region!, the spin propositions by
this approach are in agreement with the experiments~see
Figs. 1–4!. It is encouraging to note that for the high-spin S
bands,194Hg~1!, 194Hg~3! and194Pb~1!, the spin propositions
by this approach are also in agreement with experiments~see
Fig. 5!. Therefore, we believe the proposed spins by t
approach are reliable for both ND and SD bands.

By using the measured spins or suggested spins mad
the BFM and approach II, it is found that the observed int
band transition energies of both ND and SD bands can
reproduced very well by theab formula @see Eq.~10!#, or its
revisedabc formula @15# @see Eq.~13!# with rms deviations
x<1023. As illustrative examples, the comparison of th
calculated Eg’s with experiments for the SD band
194Hg~1,2,3! and 192Hg~1! are given in Table I~see Sec. III!.
Therefore, it is reasonable to expect that the variation of
kinematic and dynamic moments of inertia extracted by E
~1! and ~2! can be faithfully reproduced by the calculatio
using the abc formula @see Eqs.~14!, ~15! and Fig. 6#.
Therefore, the bandhead moment of inertia calculated by
~16! is meaningful, though an actual SD band may not e
tend to very low spins. In fact, theJ0 thus extracted may be
considered as another equivalent parameter characterizi
rotational band, and depends on the intrinsic structure o
rotational band. It is interesting to note that theJ0 values
thus extracted are usually more sensitive to the sugge
spin for a rotational band than the rms deviationx; i.e., while
for some SD bands thex values may be close to each oth
3266 ©1998 The American Physical Society
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PRC 58 3267VARIATION OF MOMENTS OF INERTIA WITH . . .
for two or more suggested spins, the extractedJ0 values are
rather different for different suggested spins. It is found t
in the A;190 region, with increasing~decreasing! the sug-
gested spin by one, theJ0 values will increase~decrease! by
about 10%~see Tables II and III!. Analysis shows that theJ0
systematics of SD bands may provide another useful gu
line for the spin propositions of SD bands in theA;190
region, which will be discussed in Sec. III.

In Sec. IV, the spin propositions of about seventy S
bands observed in theA;190 region are made by using th
above three approaches. It is found that the spins of mos
bands in theA;190 region~except a very few! can be pro-
posed consistently and reliably, which are given in Tab
IV–VII. The J0 systematics of SD bands in theA;190 re-
gion is discussed in detail, which turns out to be very use
not only for the spin proposition of a SD band, but also
the understanding of its intrinsic structure~excitation mecha-
nism etc.!. A summary is given in Sec. V.

II. VARIATION OF MOMENTS OF INERTIA
WITH ANGULAR MOMENTUM

Based on very general symmetry arguments, Bohr
Mottelson pointed out@11# that, under the adiabatic approx
mation, the rotational energy of an axially symmetric nucle
may be expanded as

E~j!5Aj21Bj41Cj61Dj81¯ , ~3!

j25I (I 11) ~for K50 band!. The expression for aKÞ0
band takes the form similar to Eq.~3!, but includes a band
head energy andj2 is replaced byI (I 11)2K2. It was well
established that extensive ND bands can be described r
well by Eq.~3! except in the bandcrossing region. Systema
analyses of a large number of ND bands showed@11,16# that
uB/Au;1023, uC/Au;1026, uD/Au;1029, etc.; i.e., the
convergence of theI (I 11) expansion is satisfactory. For S
bands, the convergence is even better@2,17#, (uB/Au
;1024, uC/Au;1028, etc.!. The kinematic and dynamic
moments of inertia are

J~1!/\25S 1

j

dE

dj D 21

5
1

2A S 11
2B

A
j21

3C

A
j41¯ D 21

,

~4!

J~2!/\25S d2E

dj2 D 21

5
1

2A S 11
6B

A
j21

15C

A
j41¯ D 21

.

~5!

Another useful expression for nuclear rotational spectr
the Harrisv2 expression@12# @v5(1/\)dE/dj#

E~v!5av21bv41gv61dv81¯ , ~6!

whose convergence is believed@11# to be superior to the
I (I 11) expansion~3!, and particularly the Harris two
parameter expansion

E~v!5av21bv4 ~7!

was shown@18# to be equivalent to the variable moment
inertia model@19#, and was widely used in the high-sp
nuclear physics. The kinematic and dynamic moments of
ertia are given by
t
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J~1!/\252a1
4

3
bv21

6

5
gv41¯ , ~8!

J~2!/\252a14bv216gv41¯ . ~9!

In @14#, theab formula

E~ I !5a@A11bI~ I 11!21# ~10!

was derived from the Bohr Hamiltonian for a well-deforme
nucleus with small axial asymmetry (sin4 3g!1). This ex-
pression had been suggested empirically by Holmberg
Lipas @13#. It was found that extensive amount of ND ban
can be described very well by this simple expression and
improvedabc expression@see Eq.~13!# @15,17#. The kine-
matic and dynamic moments of inertia are given by

J~1!/\25J0@11bI~ I 11!#1/2, ~11!

J~2!/\25J0@11bI~ I 11!#3/2, ~12!

whereJ05\2/ab is referred to as the bandhead moment
inertia.

According to the above-mentioned expressions~or similar
expressions! for rotational bands, which turned out to b
valid for ND rotational bands, the variation of kinematic an
dynamic moments of inertia of a rotational band with angu
momentum~or angular frequency! should have the following
properties~exceptK51/2 bands and the case of significa
bandmixing!:

~A! limj→0 J(1)5 limj→0 J(2)5J0 ~the bandhead momen
of inertia!.

~B! J(1) and J(2) monotonically increasewith I ~for B
,0 or b,b.0), or decrease with I~for B.0 or b,b,0),
andd ln J(2)/dj'3d ln J(1)/dj.

~C! Within the parametrizations considered in this pap
the J(1) vs j andJ(2) vs j plots never cross with each othe
at nonzero spins.

~D! Within the parametrizations considered in this pap
limj→0 dJ(1)/dj5 limj→0 dJ(2)/dj50, i.e., asj→0, J(1) vs
j andJ(2) vs j plots becomehorizontal.

~E! Within the parametrizations considered in this pap
both J(1) vs j andJ(2) vs j plots areconcave upwards~for
B,0 or b,b.0) or downwards~for B.0 or b,b,0).

Thus, for an energy band which is considered as a ro
tional band, it is expected that the energy spectra satisfy~at
least, approximately! the relations~3!, ~6!, ~10!, etc., thus the
extractedJ(1) and J(2) by using Eqs.~1! and ~2! using the
experimental intraband transition energies should have th
properties. It is found that for all ND rotational bands who
spins have been measured experimentally, the extractedJ(1)

and J(2) do exhibit these properties~exceptK51/2 bands
and significant bandmixing cases!. However, if the spins are
artificially increased or decreased by one or two, some
these properties will obviously disappear. Thus, whether
extractedJ(1) andJ(2) exhibit these properties may be use
as a very useful guideline for the spin proposition. So
illustrative examples are given below. Examples 1, 2, an
are for ND rotational bands~see Figs. 1–3!. Example 4~see
Fig. 4! is for the fission isomeric band in240Pu. Therefore, it
seems reasonable to expect that the extractedJ(1) andJ(2) of
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FIG. 1. J(1) andJ(2) plots for the ground-state band of242Pu. The open and solid circles represent theJ(1) andJ(2) extracted by Eqs.~1!
and~2! using the experimental intrabandE2 transition energies. The shape of theJ(1) plot depends on the spin proposition, but the shape
the J(2) plot does not. In~c! the experimental spin sequenceI 50,2,4, . . . is adopted. In~d! and ~e!, the spin of each level is artificially
increased by 1 and 2, respectively; i.e., the experimental spin sequence is replaced byI 51,3,5, . . . andI 52,4,6, . . . , respectively. In~b!
and ~a!, the spin of each level is artificially decreased by 1 and 2, respectively.

FIG. 2. The same as Fig. 1, but for theg-vibrational band (Kp521) of 166Er. A significant signature splitting inJ(2) is seen.

FIG. 3. The same as Fig. 1, but for the proton@404#7/2 band of169Lu. A very small signature splitting inJ(2) is seen, which can be
understood from the very weak Coriolis response of the lowj and highV orbit @404#7/2.
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FIG. 4. J(1) andJ(2) plots for the fission isomeric band in240Pu. In~b!, the experimental spin sequenceI 50,2,4,6,8,10 is adopted. In~c!
@~a!#, the spin of each level is artificially increased~decreased! by 1.
n
th

ce
SD bands by Eqs.~1! and~2! using a correct spin propositio
should exhibit these properties. It is encouraging to note
for the SD bands194Hg~1! and 194Hg~3!, the extractedJ(1)

andJ(2) by ~1! and~2! using the experimentalEg’s and spins
do exhibit these properties~see Fig. 5!.
at
1. The ground-state band of242Pu

In Fig. 1~c!, theJ(1) andJ(2) of the ground-state band in
242Pu are extracted by Eqs.~1! and~2! using the experimen-
tal transition energies and the measured spin sequenI
2,
FIG. 5. J(1) andJ(2) plots for the yrast SD band194Hg~1! and excited signature partner SD bands194Hg~2,3!. The open and solid circles
denote theJ(1) andJ(2) extracted by Eqs.~1! and~2! using the experimental intrabandE2 transition energies. For194Hg~1! and194Hg~3!, the
spin sequences have been established experimentally@6,10#, which are adopted in~c!. It is seen that the variations ofJ(1) and J(2) with
angular momentum do exhibit the five properties~a!–~e!. In ~d! and ~e!, the spin of each level is artificially increased by 1 and
respectively. It is seen thatJ(1) and J(2) plots cross with each other at nonzero spin. In~b! and ~a!, the spin of each level is artificially
decreased by 1 and 2, respectively. It is seen thatJ(1) andJ(2) do not tend to the same limit with decreasingI .
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3270 PRC 58S. X. LIU AND J. Y. ZENG
50,2,4, . . . . It is seen that all the five properties~a!–~e!
display obviously. However, if the spin of each level is ar
ficially increased by 1@Fig. 1~d!# or 2 @Fig. 1~e!#, i.e., the
measured spin sequenceI 50,2,4, . . . is replaced by I
51,3,5, . . . , orI 52,4,6, . . . , it isseen that, while the shap
of the J(2) vs j plot remains unchanged, the shape and lo
tion of the J(1) vs j plot change significantly, and some o
the five properties disappear obviously. Particularly, theJ(1)

vs j and J(2) vs j plots cross with each other and the e
tractedJ(1) increases dramatically asI→0 rather than be-
comes horizontal. On the other hand, if the spin of each le
is artificially decreased by 1@Fig. 1~b!# or 2 @Fig. 1~a!#, also
some of the five properties disappear. Particularly, asI→0,
J(1) andJ(2) do not tend to the same limit. Moreover, whi
the J(2) vs j plot is always concave upwards, theJ(1) vs j
plot becomes concave downwards.

2. The g-vibrational band (Kp521) of 166Er

In Fig. 2 is shown the analysis for theg-vibrational band
(Kp521) of 166Er. There exists an obvious signature sp
ting for the J(2) plot. It is clearly seen that when the me
sured spins are used@Fig. 2~c!#, the extractedJ(1) and J(2)

plots do have the five properties~a!–~e!. On the contrary, if
the spins are artificially increased@Figs. 2~d! and 2~e!# or
decreased@Figs. 2~b! and 2~a!#, some of the five propertie
no longer exist.

3. The Kp57/21 (proton [404]7/2) band of169Lu

In Fig. 3 is displayed theJ(1) and J(2) plots for the ND
bandKp57/21 ~proton @404#7/2) of odd-A nucleus169Lu.
A slight signature splitting (a561/2) in theJ(2) vs j plot is
observed, which is easily understood because@404#7/2 is a
low j and highV orbit @20#. When the measured spins a
adopted@Fig. 3~c!#, the angular momentum variation ofJ(1)

andJ(2) do have the five properties. In contrast, if incorre
spins@Figs. 3~a!, 3~b!, 3~d!, and 3~e!# are assumed, some o
these properties disappear obviously.

4. The fission isomeric band in240Pu

It is interesting to note that even for the fission isome
bands ~SD bands with low spins down toI 50 in the
A;240 region! the extractedJ(1) and J(2) by Eqs.~1! and
~2! using the measured spins@Fig. 4~b!# also exhibit the five
properties~a!–~e!.

5. The yrast SD band194Hg(1) and excited SD bands194Hg(2,3)

The spins of194Hg~1! and 194Hg~3! have been measure
experimentally. It is interesting to note that for the corre
spin proposition@Fig. 5~c!# which is in agreement with ex
periment, the extractedJ(1) andJ(2) do exhibit the five prop-
erties~a!–~e! for I<40, which is in agreement with the fac
that the intraband transition energies~for I<40) can be re-
produced nicely by theab expression~10! or the abc ex-
pression~13! ~see Table I!. The observed downturn ofJ(2)

for I .40 implies that a significant change in the intrins
structure of the SD band may have happened, then theEg’s
~for I .40) no longer nicely follow the same relation as th
for the lower spins (I<40).
-

el

t

t

t

The analyses for most SD bands in theA;190 region are
similar. The proposed spins for these SD bands are sum
rized in Tables IV–VII.

III. SYSTEMATICS OF BANDHEAD MOMENTS
OF INERTIA

In @15,17# it was found that if the measured spins or co
rect spin propositions are adopted, the experimental in
band transition energies can be reproduced very well by
ab formula ~10! or its improved version, theabc formula
@15#

E~ I !5a@A11bI~ I 11!21#1cI~ I 11!, ~13!

in which the influence of the anharmonic (b4) term of po-
tential energy in the Bohr Hamiltonian has been taken i
account, thus theabc formula is especially suitable for th
description of SD bands with small axial asymmet
(sin4 3g!1). The corresponding kinematic and dynam
moments of inertia are

\2/J~1!5ab@11bI~ I 11!#21/212c, ~14!

\2/J~2!5ab@11bI~ I 11!#23/212c. ~15!

The bandhead moment of inertia is

J05\2/~ab12c!. ~16!

The examples given in Table I show that using the m
sured spins of the SD bands194Hg~1! and194Hg~3!, the large
number ofEg’s (I<40) can be reproduced very nicely b
the simpleabc expression~13! with rms deviationx'0.30
31023 and x'0.1531023, respectively, which are les
than the usual experimental errors in transition energ
Similar situations are found for the SD bands192Hg~1! and
194Hg~2! ~see Table I! and most other SD bands in theA
;190 region, provided correct spin propositions are adop
Therefore, it is reasonable to expect that the variation ofJ(1)

and J(2) with angular momentum can be faithfully repro
duced by Eqs.~14! and~15!. The comparison of theJ(1) and
J(2) calculated by Eqs.~14! and~15! with those extracted by
Eqs. ~1! and ~2! for the SD bands192Hg~1!, 194Hg~1,2,3! is
displayed in Fig. 6, and a very satisfactory agreement is
tained. Therefore, it is expected that the extracted bandh
moment of inertiaJ0 by Eq. ~16! is meaningful, though an
actual SD band may stop at low spins due to the change i
intrinsic structure~e.g., the SD barrier disappears!. In fact,J0
depends on the intrinsic structure of a rotational band
may be considered as another parametrization of obse
transition energies@J05\2/2A for Bohr-Mottelson’s I (I
11) expansion,J052a for Harris’ v2 expansion, J0
5\2/(ab12c) for theabc expression, etc.#. It is interesting
to note that while the extractedJ0 values~16! for the yrast
SD bands194Hg~1! and 194Pb~1! are close to each other
J0@194Hg~1!#588.6\2 MeV21 and J0@194Pb~1!#
587.6\2 MeV21, the extractedJ0 values of the excited SD
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TABLE I. Comparison of the calculated and experimentalEg’s for the SD bands192Hg~1! and
194Hg~1,2,3!. The spins of the SD bands194Hg~1! and194Hg~3! have been measured experimentally by Kh
et al. @6# and Hackmanet al. @10#, respectively.

I 192Hg~1!, a50 194Hg~1!, a50 194Hg~2!, a50 194Hg~3!, a51
Eg(I 12→I ) ~keV! Eg(I 12→I ) ~keV! Eg(I 12→I ) ~keV! Eg(I 13→I 11) ~keV!

Expt. @33# Calc.a Expt. @22# Calc.b Expt. @22# Calc.c Expt. @22# Calc.d

40 792.7 792.6 783.7 783.1 777.7 777.6 793.5 793.
38 762.3 762.3 753.9 754.0 746.9 747.4 762.8 762.
36 731.5 731.5 723.9 724.2 716.2 716.5 731.7 731.
34 700.1 700.0 693.4 693.6 684.6 684.8 700.1 700.
32 668.1 668.0 662.1 662.3 652.0 652.3 667.8 667.
30 634.9 635.2 629.9 630.1 619.0 619.0 634.6 634.
28 601.7 601.7 596.9 596.9 584.8 584.8 600.9 600.
26 567.4 567.4 562.9 562.9 549.9 549.9 566.3 566.
24 532.1 532.1 527.9 527.8 514.2 514.1 531.0 530.
22 496.0 496.0 491.9 491.7 477.7 477.5 494.8 494.
20 458.8 458.9 454.8 454.7 440.3 440.1 457.8 457.
18 421.1 420.8 416.6 416.5 402.0 401.9 420.1 420.
16 381.6 381.6 377.4 377.4 363.1 363.0 381.7 381.
14 341.4 341.4 337.2 337.2 323.4 323.4 342.5 342.
12 300.1 300.1 296.0 296.0 283.1 283.1 302.7 302.
10 257.8 257.6 253.9 254.0 242.2 242.3 262.3 262.
8 214.4 214.5 200.8 200.9

a a56474.55 keV b a511607.5 keV c a524126.9 keV d a516222.1 keV
b58.3153531024 b55.5448931024 b52.9189131024 b53.6454431024

c53.04890 keV c52.41591 keV c51.81208 keV c52.37013 keV
x(rms)50.2631023 x(rms)50.3031023 x(rms)50.4231023 x(rms)50.1531023

J0587.1\2 MeV21 J0588.6\2 MeV21 J0593.8\2 MeV21 J0593.9\2 MeV21
-
ta
u-

ta
f t

in

SD
mo-

er-
band 194Hg~3! is much larger, J0@194Hg~3!#
593.9\2 MeV21. This is quite like the situation in ND nu
clei, i.e., the bandhead moments of inertia of ground-s
~quasiparticle vacuum! bands of neighboring even-even n
clei are usually close to each other, but theJ0 values are
systematically larger for excited bands than for ground-s
bands. For example, the bandhead moments of inertia o
ground-state band of168Er is very close to that of166Er,
J0(166Er)'37.0\2 MeV21, J0(168Er)'37.5\2 MeV21, but
for the g-vibrational (Kp521) band of 168Er, J0
te

te
he

540.0\2 MeV21. It is important to note that if the spin
proposition is increased~decreased! by 1, the extractedJ0
value will increase~decrease! by about 10% for SD bands in
the A;190 region. Some illustrative examples are given
Table II ~yrast SD bands in eight even-even nuclei! and
Table III ~three pairs of signature partner SD bands!. In col-
umn 3 of Tables II and III, three suggested spins for each
band are presented and the corresponding bandhead
ments of inertia are given in column 6. Thex in column 4 is
the relative rms deviation of the calculated transition en
sing the
FIG. 6. Comparison between the experimentalJ(1) andJ(2) extracted by Eqs.~1! and~2! and the calculatedJ(1) andJ(2) by Eqs.~14! and
~15!. The experimentalJ(1) andJ(2) of 192Hg~1! are denoted by open circle and down triangle, respectively. The experimentalJ(1) andJ(2)

of 194Hg~1,2,3! are denoted by solid circle and down triangle, respectively. The solid lines represent the calculated results u
parametersa, b, andc determined by the least squares fitting~see Table I!.
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TABLE II. Comparison of the spin propositions by the BFM, approach II, and theJ0 systematics for the
yrast SD bands in even-even nuclei.

Yrast SD band Eg(I 012→I 0) I 0 x Approach II J0

~keV! (1023) (\2 MeV21)

5 3.42 no 68.9
198Po~1! 175.91 6 0.88 yes 84.2

7 9.06 no 94.5
11 1.09 no 77.5

198Pb~1! 305.1 12 0.39 yes 86.8
13 2.84 no 93.8
5 7.71 no 74.6

196Pb~1! 171.5 6 1.20 yes 87.2
7 13.75 no 95.4
3 2.09 no 75.2

194Pb~1! 124.9 4 0.68 yes 87.6
5 6.11 no 96.6
9 2.48 no 80.0

194Hg~1! 253.93 10 0.67 yes 88.6
11 4.36 no 96.2
7 3.56 no 76.8

192Hg~1! 214.4 8 0.26 yes 87.1
9 5.98 no 95.4
9 1.31 no 73.2

192Pb~1! 262.5 10 0.65 yes 84.5
11 1.64 no 93.8
11 0.56 no 75.3

190Hg~1! 316.9 12 0.23 yes 82.5
13 0.33 no 89.1
is
s

ie

o
nd
are
the
gies by Eq.~13! with the experimental results. In column 5
presented the analysis using approach II, where ‘‘ye
means the variations of the extractedJ(1) andJ(2) by Eqs.~1!
and ~2! with angular momentum do have the five propert
’’

s

~a!–~e!, and ‘‘no’’ means some of the five properties n
longer exist. It is seen, for these SD bands in Tables II a
III, that the spin propositions by the three approaches
consistent with each other, and also in agreement with
TABLE III. The same as Table II, but for three pairs of signature partner SD bands.

Signature partner Eg(I 012→I 0) I 0 x Approach II J0

SD bands ~keV! (1023) (\2 MeV21)
7 4.50 no 83.3

194Hg~2! 200.79 8 0.42 yes 93.8
9 9.70 no 101.2

10 2.21 no 84.9
194Hg~3! 262.27 11 0.15 yes 93.9

12 4.84 no 100.8
8.5 1.92 no 85.2

193Tl~1! 227.3 9.5 0.81 yes 95.8
10.5 7.39 no 103.2
7.5 3.15 no 85.3

193Tl~2! 206.6 8.5 1.13 yes 95.8
9.5 9.42 no 103.3
9 1.45 no 86.6

192Tl~c! 233.4 10 0.86 yes 97.5
11 6.62 no 105.1
8 2.06 no 86.0

192Tl~d! 213.4 9 0.61 yes 97.5
10 8.03 no 105.4
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FIG. 7. The systematics of bandhead moments of inertia of SD bands in theA;190 region.~a! yrast SD bands of even-even nuclei.~b!
excited SD bands of even-even nuclei.~c! SD bands of odd-N nuclei. ~d! SD bands of odd-Z nuclei. ~e! SD bands of odd-odd nuclei.
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experimentally measured spins for the SD bands194Hg~1!,
194Hg~3!, and194Pb~1!. The situations for most SD bands
the A;190 region are similar. However, it is found th
while it is hard to make a unique spin proposition by a
proach I~BFM! for some SD bands, one still may use theJ0
systematics in combination with approach II to make reas
able spin propositions~see discussions in Sec. IV!. The J0
systematics for SD bands in theA;190 region is displayed
in Fig. 7.

IV. RESULTS AND DISCUSSIONS

A. Proposed spins for SD bands in theA;190 region

So far three approaches to predicting the spin of a ro
tional band by using the observed intrabandg transition en-
ergies are developed:~a! Approach I—the BFM~best-fit
method!, e.g., by Beckeret al. @2#, Zeng et al. @3#, etc. ~b!
Approach II—investigating the variation ofJ(1) andJ(2) ex-
tracted by Eqs.~1! and~2! with angular momentum.~c! Ap-
proach III—theJ0 ~bandhead moments of inertia! systemat-
ics. All of them are based on the assumption that the ene
spectra follow the usual available expressions for a rotatio
band @Bohr-Mottelson’s I (I 11) expansion~3!, Harris v2

expansion~5!, ab and abc expressions~10! and ~13!, the
variable moment of inertia model@19#, etc.# which had
turned out to be suitable for describing ND bands.

The advantage of approach II to approach I is as follo
~1! The extractedJ(1)(I 61) andJ(2)(I ) depend only on the
experimental values ofEg(I 12→I ) and Eg(I→I 22), but
are irrelevant to other transition energies and the numbe
transitions involved in the BFM.~2! Approach II can be
managed very simply and no tedious least-squares calc
tion is needed.~3! While the magnitude of the rms deviatio
x depends on which expression for the energy spectra
moments of inertia are used, the above-mentioned prope
of the variation ofJ(1) and J(2) are common for all now
available expressions for rotational spectra.

The advantage of approach III to approach I is as follow
On the one hand, for some SD bands, the rms deviatio
not sensible to the spin proposition, i.e., thex values are
close to each other for two or more proposed spins, thus
hard to make a unique spin proposition. On the other ha
the extractedJ0 values for SD bands in theA;190 region
are, in general, more sensitive thanx to the proposed spin
-
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and from theJ0 systematics, unique spin propositions can
made for most SD bands in theA;190 region.

The spins of most SD bands which are proposed con
tently by the above mentioned three approaches are sum
rized in Tables IV~even-even nuclei!, V ~odd-N nuclei!, VI
~odd-Z nuclei! and VII ~odd-odd nuclei!. Some discussions
are given below.

TABLE IV. Spin propositions for the SD bands in even-eve
nuclei and systematics of the bandhead moments of inertia. ThI 0

values inside a bracket means the spin proposition has not
made very reliably. The spins of the SD bands194Hg~1! @6#,
194Hg~3! @10# and194Pb~1! @7# have been measured experimental
The experimental data of transition energies are taken fr
@40,22,23,29–33,24,21#.

Yrast SD band Eg(I 012→I 0) I 0 J0 References

~keV! (\2 MeV21)
198Po~1! 175.91 6 84.2 @29#
198Pb~1! 305.1 12 86.8 @30#
196Pb~1! 171.4 6 87.2 @31#
194Pb~1! 124.9 4 87.6 @32#
194Hg~1! 253.93 10 88.6 @22#
192Hg~1! 214.4 8 87.1 @33#
192Pb~1! 262.5 10 84.5 @24#
190Hg~1! 316.9 12 82.5 @21#

Excited SD band
196Pb~2! 204.5 8 91.6 @31#
196Pb~3! 226.7 9 91.6 @31#
194Pb~2a! 241.2 10 94.4 @23#
194Pb~2b! 260.9 11 94.1 @23#
194Hg~2! 200.79 8 93.8 @40,22#
194Hg~3! 262.27 11 93.9 @40,22#
192Hg~2! 282.4 12 93.8 @33#
192Hg~3! 333.1 14 89.9 @33#
190Hg~2! 481.1 ~23! 88.6 @21#
190Hg~3! 318.0 13 87.7 @21#
190Hg~4! 446.3 ~20! 92.6 @21#
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~1! 190Hg„2…
According to the linking transitions between the SD ban

190Hg~2! and 190Hg~1!, the spin of the lowest level observe
in 190Hg~2! was assigned to beI 0523 @Eg(I 012→I 0)
5481.1 keV# by Wilsonet al. @21#. Analysis shows that it is
hard to make a unique spin proposition by approaches I
II. From approach III,I 0523 is the most reasonable choic
because forI 0523, J0588.6\2 MeV21, which is consistent
with the J0 systematics~see Table II!, but for I 0522, J0
562.4\2 MeV21 which is much smaller than that in neigh
boring nuclei, and forI 0524, J0599.8\2 MeV21, which is
much larger than that in neighboring nuclei.

~2! 190Hg„3…
For the SD band 190Hg~3!, I 0514 @Eg(I 012→I 0)

5318.0 keV# was suggested in@21# using the BFM by
Beckeret al. Analysis shows that, though it is hard to ma
a unique spin proposition by approach I, according to
proach II and theJ0 systematics,I 0513 is the most plausible
choice:

I 0 x(1023) approach II J0(\2 MeV21)
12 1.03 no 78.3

13 0.65 yes 87.7

14 0.74 no 95.8

TABLE V. The same as Table IV, but for the SD bands in od
N nuclei. The experimental data of transition energies are ta
from @30,36,28,38,27,26,41#.

SD band Eg(I 012→I 0) I 0 J0 References
~keV! (\2 MeV21)

197Pb~1! 184.4 7.5 97.5 @30#
197Pb~2! 205.5 8.5 97.2 @30#
195Pb~1! 182.13 7.5 98.8 @36#
195Pb~2! 162.58 6.5 98.2 @36#
195Pb~3! 236.19 9.5 91.5 @36#
195Pb~4! 213.58 8.5 91.7 @36#
193Pb~3! 250.6 10.5 94.8 @28#
193Pb~4! 273.0 11.5 93.4 @28#
193Pb~5! 212.9 8.5 92.8 @28#
193Pb~6! 234.1 9.5 92.4 @28#
195Hg~a! 333.9 14.5 92.8 @38#
195Hg~b! 273.9 11.5 92.9 @38#
195Hg~c! 284.5 12.5 97.6 @38#
195Hg~d! 341.9 15.5 97.9 @38#
193Hg~1! 233.2 9.5 92.7 @27#
193Hg~2a! 254.0 10.5 93.0 @27#
193Hg~2b! 254.0 10.5 93.0 @27#
193Hg~3! 233.5 9.5 92.8 @27#
191Hg~2! 252.4 10.5 94.1 @26#
191Hg~3! 272.0 11.5 93.7 @26#
193Pb~1! 277.2 11.5 92.0 @28#
193Pb~2! 190.5 ~7.5! 94.1 @28#
193Hg~4! 291.0 ~12.5! 92.3 @27#
193Hg~5! 240.5 9.5 91.2 @27#
191Hg~1! 310.9 13.5 95.0 @26#
189Hg~1! 366.4 15.5 90.9 @41#
s

nd

-

~3! 190Hg„4…
For the SD band190Hg~4!, a bandcrossing was observe

in the lower spin states and no spin was proposed in@21#. We
find that though it is hard to make a unique spin proposit
by approaches I and II, from theJ0 systematics,I 0520
@Eg(I 012→I 0)5446.3 keV# is the most reasonable choic

I 0 x(1023) J0(\2 MeV21)
19 16.2 79.0

20 16.2 92.6

21 16.2 124.4

~4! 192Pb„1…
Using the BFM by Beckeret al., in @24# the spin of the

lowest level of 192Pb~1! was suggested to beI 0510 or 11
@Eg(I 012→I 0)5262.5 keV#. According to our analysis us
ing the three approaches, the most reliable choice isI 0510
rather thanI 0511, i.e., the signature isa50. Recently, the
spin I 0510 was assigned by McNabbet al. @25# according to
the observed 2058 keV linking transition (E1) between the

TABLE VI. The same as Table IV, but for the SD bands in od
Z nuclei. The experimental data of transition energies are ta
from @39,44#.

SD band Eg(I 012→I 0) I 0 J0 References

~keV! (\2 MeV21)
197Bi~1! 166.2 6.5 95.8 @37,39#
197Bi~2! 186.7 7.5 95.7 @37,39#
195Tl~1! 146.2 5.5 95.3 @44#
195Tl~2! 167.5 6.5 95.1 @44#
193Tl~1! 227.3 9.5 95.8 @45#
193Tl~2! 206.6 8.5 95.8 @45#
191Tl~1! 358.9 13.5 92.6 @46#
191Tl~2! 417.2 16.5 92.5 @46#
191Au~2! 397.8 17.5 92.4 @47#
191Au~3! 382.7 16.5 90.4 @47#
191Au~1! 186.8 7.5 94.9 @47#

TABLE VII. The same as Table IV, but for the SD bands
odd-odd nuclei. The experimental data of transition energies
taken from@48,35#.

SD band Eg(I 012→I 0) I 0 J0 References

~keV! (\2 MeV21)
194Tl~1a! 268.0 12 99.7 @48#
194Tl~1b! 209.3 9 99.7 @48#
194Tl~2a! 240.5 10 94.6 @48#
194Tl~2b! 220.3 9 94.4 @48#
194Tl~3a! 187.9 8 100.2 @48#
194Tl~3b! 207.0 9 101.1 @48#
192Tl~a! 283.0 13 102.8 @35#
192Tl~b! 337.5 16 103.6 @35#
192Tl~c! 233.4 10 97.3 @35#
192Tl~d! 213.4 9 97.5 @35#
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SD band192Pb~1! and the yrast 92 state. It was pointed ou
@25# there is every expectation that the yrast SD ba
192Pb~1! should have positive parity and even spin, beca
the yrast SD band in neighboring even-even nucleus194Pb~1!
have been measured experimentally@7# to have positive par-
ity and even spin. Moreover, no signature partner of192Pb~1!
is observed, which argues that the band is built on aK50
bandhead:

I 0 x(1023) approach II J0(\2 MeV21)
9 1.31 no 73.2

10 0.65 yes 84.5
11 1.60 no 93.8

~5! 191Hg„4…
The SD band191Hg~4! was considered as the signatu

partner of the yrast SD band191Hg~1! in @26#, and the spin of
its lowest level observed was proposed to beI 0512.5
@Eg(I 012→I 0)5280.9 keV#. However, our analysis show
that the most plausible choice isI 0510.5 rather thanI 0
512.5. In fact, according to approach II, allI 0>11.5 are not
reasonable becauseJ(1) vs j plot andJ(2) vs j plot cross with
each other. However, forI 0510.5, the bandhead moment
inertia is J0585.0\2 MeV21, which is quite different from
that of 191Hg~1!, J0595.0. Thus, the spin of191Hg~4! needs
further investigation:

I x(1023) approach II J0(\2 MeV21)
9.5 1.73 no 76.7

10.5 0.75 yes 85.0
11.5 3.44 no 91.1
12.5 7.18 no 97.2

~6! 193Hg„4…
In @27# the SD band193Hg~4! was considered as the sig

nature partner of193Hg~5!, and I 0513.5 @Eg(I 012→I 0)
d
e

5291.0 keV# was suggested. No reliable spin propositi
can be made by approach II, because an obvious bandc
ing is seen at the lower spin states of193Hg~4! in the J(2) vs
j plot. Using approach I, also no unique spin proposition c
be made. However, from theJ0 systematics,I 0512.5 seems
most reasonable and the corresponding bandhead mome
inertia J0592.3\2 MeV21 is close to that of193Hg~5!, J0

591.2:

193Hg~4! 193Hg~5!
I 0 x J0 I 0 x J0

(1023) (\2 MeV21) (1023) (\2 MeV21)
11.5 0.58 87.4 8.5 4.39 81.0

12.5 0.63 92.3 9.5 1.68 91.2
13.5 0.70 97.0 10.5 6.91 98.0

~7! 193Pb„1,2…
In @28# 193Pb~1,2! were considered as a pair of signatu

partner SD bands, and I 0513.5 @Eg(I 012→I 0)
5277.2 keV# for 193Pb~1! and I 058.5 @Eg(I 012→I 0)
5190.5 keV# for 193Pb~2! were suggested. Our analys
shows thatI 0513.5 is in contradiction to approach II and th
J0 systematics. Recently, according to the linking transitio
between193Pb~1! and several yrast ND states with know
spins, the spin and parity assignmentI 0

p511.52 was made
by Perriset al. @34#. This assignment is consistent with th
J0 systematics. If193Pb~2! is considered as the signatu
partner of193Pb~1!, I 0 should be 8.5 or 6.5 for193Pb~2!, and
the correspondingJ05102.5 or 79.6\2 MeV21, which are
quite different from that of193Pb~1! (J0592.0\2 MeV21).
Thus, it is hard to consider them as a pair of signature p
ners. On the other hand, from theJ0 systematics,I 057.5 for
193Pb~2! is reasonable. If so,193Pb~2! is no longer a signature
partner of193Pb~1!:
an
193Pb~1! 193Pb~2!

I 0 x(1023) J0(\2 MeV21) I 0 x(1023) J0(\2 MeV21)

10.5 1.54 79.0 6.5 3.22 79.6

11.5 1.21 92.0 7.5 3.03 94.1

12.5 2.38 100.5 8.5 13.2 102.5

~8! 192Tl „a,b…
In @35# I 0515 @Eg(I 012→I 0)5283.0 keV# for 192Tl~a! and I 0518 @Eg(I 012→I 0)5337.5 keV# for 192Tl~b! were sug-

gested by Fischeret al. However, from theJ0 systematics and approach I,I 0513 for 192Tl~a! and I 0516 for 192Tl~b! are
reasonable. It is noted that for such spin propositions, bothJ(1) andJ(2) keep almost constant with increasing spin, which c
be understood from the double-blocking effect of the unpaired proton and neutron:

192Tl~a! 192Tl~b!

I 0 x(1023) J0(\2 MeV21) I 0 x(1023) J0(\2 MeV21)

12 3.37 94.0 15 1.35 94.9

13 1.45 102.8 16 0.70 103.6

14 3.23 109.9 17 6.20 108.4

15 6.56 117.2 18 4.44 116.5

~9! SD bands in Bi isotopes
In @37# by Clarket al., two SD bands were established in Bi, but their isotopic assignment to197Bi is tentative. In@39# the
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SD band 1@Eg(I 012→I 0)5166.2 keV# was tentatively suggested to belong to196Bi and the SD band 2@Eg(I 012→I 0)
5186.7 keV# was suggested to belong to197Bi. According to approach II and III,I 0<5.5 andI 0>7.0 for SD band 1 are
definitely unreasonable. Similarly, for SD band 2,I 0<6.5 andI 0>8.0 are also unreasonable. For SD band 1,I 056.5 seems
more reasonable thanI 056.0 both from approach II and theJ0 systematics of odd-Z nuclei ~Table VI! and odd-odd nuclei
~Table VII!. Similarly, for SD band 2,I 057.5 seems more reasonable thanI 057.0. Therefore, our analysis supports t
isotopic assignment given in@37# and both SD bands may be reasonably considered as a pair of signature partner, of wh
extracted bandhead moments of inertia are nearly the same,J0595.8\2 MeV21:

SD band 1 SD band 2

Eg(I 012→I 0)5166.2keV Eg(I 012→I 0)5186.7keV

I 0 x(1023) approach II J0(\2 MeV21) I 0 x(1023) approach II J0(\2 MeV21)

5.0 2.20 no 67.3 6.0 1.69 no 71.2

5.5 1.20 no 78.6 6.5 1.59 no 80.6

6.0 1.52 no 88.8 7.0 1.42 yes 89.2

6.5 1.36 yes 95.8 7.5 1.75 yes 95.7

7.0 8.01 no 100.4 8.0 5.93 no 100.3

7.5 14.1 no 105.1 8.5 14.7 no 103.5
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Another SD band@Eg(I 012→I 0)5261.5 keV# reported
in @39# was suggested to belong to195Bi. According to ap-
proach II and theJ0 systematics,I 0511 seems the mos
reasonable proposition. Thus, this band seems to belon
196Bi. However, its spin proposition and isotope assignm
need further investigation:

SD band@Eg(I 012→I 0)5261.5keV#
I 0 x(1023) approach II J0(\2 MeV21)
10.0 1.37 no 82.2
10.5 1.24 yes 88.8
11.0 1.01 yes 94.5
11.5 1.83 no 98.6
12.0 3.31 no 102.8
12.5 7.67 no 105.4

B. Discussions about theJ0 systematics

From Tables IV–VII and Fig. 7, some useful informatio
about theJ0 systematics for SD bands in theA;190 region
can be obtained as follows.

1. J0 systematics of yrast SD bands in even-even nuclei

For the yrast SD bands of even-even nuclei in theA
;190 mass region, the extracted bandhead moments o
ertia are close to each other,J0;(8563)\2 MeV21. If the
suggested spinI 0 of each band is artificially increased by
J0 will increase by about 10% (J0;95\2 MeV21), which is
much larger than theJ0 values of the yrast SD band
194Hg~1! and 194Pb~1! (J0;88\2 MeV21, see Table II!, but
is close to theJ0 values of excited SD bands@see Table IV
and Fig. 7~b!#. On the contrary, if the suggested spinI 0 of
each band is artificially decreased by 1,J0 will decrease by
about 10% (J0;74\2 MeV21), which seems very unreason
able from theJ0 systematics. Therefore, we believe the sp
propositions for the yrast SD bands of even-even nu
given in Table II are reliable. It is interesting to note th
like ground-state bands observed in all ND even-even nuc
to
t

in-

i
,
i,

the signature of all yrast SD bands of even-even nuclei in
A;190 region, according to the present analysis,is a50
rather thana51 ~see Table II!.

2. J0 systematics of SD bands in odd-A nuclei

The bandhead moments of inertia of one-quasiparticle
bands in odd-A nuclei, J0;(9464)\2 MeV21, aresystem-
atically larger thanthat of the yrast~quasiparticle vacuum!
SD bands in neighboring even-even nuclei. The odd-e
differences in bandhead moments of inertia in ND nuc
have been investigated in detail@20#. The odd-even differ-
ences in bandhead moments of inertiadJ0 are mainly attrib-
uted to the blocking effect, which can be properly treated
the particle-number-conserving~PNC! treatment@20# of the
cranked shell model Hamiltonian. Experimental results
ND nuclei show@11# that there exists very large fluctuatio
in dJ0 . According to the PNC calculation, the odd-even d
ferencedJ0 depends on the following.~a! The energy posi-
tion of the single-particle level occupied by the odd partic
~b! The Coriolis response of the blocked single particle lev
In particular, for an intruder highj (N) and low V orbit,
dJ0 /J0 may be very large. On the contrary, for a lowj and
high V orbit ~e.g., proton@402#5/2, @404#7/2), dJ0 /J0 is
very small, which may result in almost identical bands o
served in ND neighboring odd-A and even-even nuclei. It is
seen from Figs. 7~c! and 7~d! that in SD nuclei there also
exists significant fluctuation in the differences in bandhe
moments of inertia. From the observeddJ0 /J0 , valuable in-
formation about the properties of the single-particle orbit o
cupied by an odd nucleon can be obtained.

3. J0 systematics of excited SD bands in even-even nuclei

The J0 values of excited SD bands in even-even nuc
~Hg, Pb!, J0;93\2 MeV21, are systematically larger than
that of the corresponding yrast SD band by about 7
and dJ05J0 ~excited SD band!2J0(yrast SD band!
;6\2 MeV21. From Fig. 7 it is seen that while there exi
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large fluctuations in the bandhead moments of inertia of
SD bands in odd-N nuclei @Fig. 7~c!# and odd-odd nucle
@Fig. 7~e!#, the J0 systematics of the excited SD bands
even-even Hg and Pb nuclei displayrather regular behavior
@see Fig. 7~b! and Table IV#, which seems to support th
assumption@10# that some of the excited SD bands in eve
even Hg and Pb nuclei may be vibrational excited bands

If the excited SD bands in even-even nuclei are cons
ered as two-quasiparticle SD bands†e.g., 194Hg~2,3! were
considered as192Hg~core!^ @(n624)9/2# ^ @(n512)5/2# in
@40#‡, the differencedJ0 may attribute to the blocking effect
of two unpaired particles. For ND even-even nuclei in t
rare-earth and actinide regions, it has been well establis
that the bandhead moments of inertia of excited tw
quasiparticle bands are in general larger than that of
ground~quasiparticle vacuum! bands due to the blocking ef
fects of two unpaired particles, and the difference inJ0 de-
pends mainly on the Coriolis response of the single part
states occupied by two unpaired particles. Calculation@42#
showed that, to account for the difference in the bandh
moments of inertia, dJ05J0„

194Hg~3!…2J0„
192Hg~1!…

.6.8\2 MeV21, the pairing interaction strength is muc
weaker in SD nuclei than in ND nuclei. According to Hac
manet al. @10#, the excited SD band194Hg~3! is an octupole
vibrational band with Kp522, rather than a two-
quasiparticle band. Because a vibrational state may be
croscopically considered as a coherent superposition of a
of two-quasiparticle states with the same spin and parity,
rather regular behavior ofdJ0 may be understandable from
the average of blocking effects over a lot of single-parti
orbits. It was well established@11# that the bandhead mo
ments of inertia ofg-vibrational bands in even-even ND nu
clei in the rare-earth and actinide regions are systematic
larger than those of the ground bands and display ra
regular behavior. For example, for the 821.1 keVKp521

g-vibrational band in168Er, J0540.0\2 MeV21, but for the
ground band, J0537.5\2 MeV21, which is about 7%
smaller than for theg-vibrational band. The situation is sim
lar for ND octupole vibrational bands.

4. J0 systematics of SD bands in odd-odd nuclei

The bandhead moments of inertia of SD bands obser
in odd-odd nuclei aremuch larger than(.10%) that of the
yrast SD bands in neighboring even-even nuclei. Howe
like the situation observed in ND odd-odd nuclei, there ex
large fluctuations inJ0 values of these SD bands. Thus,
seems reasonable to consider these SD bands as
quasiparticle bands, whose bandhead moments of inertia
pend sensitively on the Coriolis response of the sing
particle orbits occupied by the odd neutron and odd prot

5. J0 systematics of signature partner SD bands

It is seen that overwhelming majority of SD
bands observed in odd-A nuclei ~see Tables V and VI!
and odd-odd nuclei~Table VII! and excited SD band
in even-even nuclei~Table IV! are signature partner SD
bands. It is interesting to note thatthe bandhead mom
ents of inertia of each signature partner SD bands a
almost identical. In fact, in most cases,dJ0 /J0'1023.
For examples,J0„

194Hg~2!…5J0„
194Hg~3!…593.9\2 MeV21,
e
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J0„
195Hg~a!…5J0„

195Hg~b!…592.9\2 MeV21, J0„
196Pb~2!…

5J0„
196Pb~3!…591.6\2 MeV21, J0„

195Pb~3!…5J0„
195Pb~4!…

591.6\2 MeV21, J0„
193Tl~1!…5J0„

193Tl~2!…595.8\2

MeV21, J0„
194Tl~1a!…5J0„

194Tl~1b!…599.7\2 MeV21, etc.
Therefore, if there exists a significant difference inJ0 values
of two SD bands, it is very hard to consider them as a pai
signature partner.

6. J0 systematics of ‘‘identical’’ SD bands

The above analysis is conducive to understanding the
plication for identical bands. The yrast SD band192Hg~1!
was considered by Stephenset al. @43# as identical to the
excited SD band194Hg~3!, because the observed sequence
E2 transition energies are almost identical (dEg /Eg
;1023) for the two SD bands~see columns 2 and 8 of Tabl
I! within the frequency range\v;0.220.4 MeV ~or I;20
240), which implies their dynamical moments of inert
J(2) are almost identical in this frequency range@see Fig.
7~c!#. However, it is seen that at lower frequencies (\v
<0.2 MeV, orI<20), there exists obvious difference inJ(2)

of 194Hg~3! and192Hg~1!. Moreover, according to the exper
mental spin of194Hg~3! and the reliable spin proposition o
192Hg~1!, there exists significant difference inJ(1) of
194Hg~3! and192Hg~1! in the whole frequency range@see Fig.
7~c!#. Particularly, the bandhead moments of inertia~which
depend intimately on the intrinsic structures of rotation
bands! of the SD bands194Hg~3! and 192Hg~1! are quite dif-
ferent, J0„

194Hg~3!…593.9\2 MeV21@J0„
192Hg~1!…

587.1\2 MeV21. For two truly identical bands, it seem
necessary that both bands have the same bandhead mo
of inertia. Thus, it seems difficult to understand the implic
tion of ‘‘identity’’ for the SD bands192Hg~1! and 194Hg~3!.
The largerJ(2) for 194Hg~3! than for 192Hg~1! at lower fre-
quency (\v<0.2 MeV) and the largerJ(1) for 194Hg~3! than
for 192Hg~1! within the whole frequency range were ex
plained microscopically@40,42,49–51# by pairing reduction
due to blocking. Phenomenologically, thev variation of the
difference in angular momentum alignments

i 5DI x5I x„
194Hg~3!…2I x„

192Hg~1!…

5v@J~1!
„

194Hg~3!…2J~1!
„

192Hg~1!…# ~17!

is shown in Fig. 8, which is taken from@49#. It is noted that
a similar plot was given in Fig. 4~b! of @10#. It is seen that
i'0 atv50, but i increasesgraduallywith v, andi'1 for
\v'0.2– 0.4 MeV.

V. SUMMARY

In addition to the usually adopted approach~BFM! to the
spin proposition of SD bands by using the experimental
traband transition energies, other two approaches to the
prediction of a rotational band are developed. All three a
proaches are based on the assumption that the consid
energy band can be described by the available express
for rotational spectrum@e.g., Bohr-Mottelson’sI (I 11) ex-
pansion, Harris’v2 expansion, variable moment of inerti
model,ab andabc expression, etc.#. The advantages of the



th

s

e-
e

nd
in
in
ite

are
ex-

in

D

ice

not

re-

es
en
-

si-

da-
tu-

m

-

3278 PRC 58S. X. LIU AND J. Y. ZENG
two approaches to the BFM are discussed. It is found that
spin propositions of most SD bands in theA;190 region can
be made consistently by the three approaches and the re
are given in Tables IV–VII. For the SD bands,194Hg~1!,
194Hg~3!, and 194Pb~1!, the spin propositions are in agre
ment with experimental results. The variation of the kin
matic and dynamic moments of inertia, particularly the ba
head moments of inertiaJ0 systematics, are investigated
detail, which turn out to be very useful for the understand
of the properties of SD bands, e.g. the properties of exc
SD bands, the implication of identical bands, etc.

FIG. 8. Thev variation of the difference in angular momentu
alignments of 194Hg~3! and 192Hg~1!, i 5DI x5v@J(1)

„

194Hg~3!…
2J(1)

„

192Hg~1!…#, v(I 21)5Eg(I 12→I )/2. The solid square rep
resents the experimental result extracted by Eq.~1!. The solid line is
the result calculated by Eq.~14! using thea, b, andc values given
in Table I.
e

ults

-
-

g
d

Some remarks should be pointed out.
~1! For a few SD bands, the present spin propositions

different from that made in some previous papers. For
ample, the spin of the lowest level observed in193Pb~1! was
proposed@28# by Ducrouxet al. to be I 0513.5 @Eg(I 012
→I 0)5277.2 keV#. The present analysis showsI 0 should be
11.5. It is encouraging to note that this spin proposition is
agreement with the recent experimental result by Perriset al.
@34#. Another example is the pair of signature partner S
bands192Tl~a,b!. I 0515 for 192Tl~a! and I 0518 for 192Tl~b!
were suggested by Fischeret al. @35#. However, according to
the J0 systematics and BFM, the most reasonable cho
should beI 0513 for 192Tl~a! and I 0516 for 192Tl~b!.

~2! For a few SD bands, the spin assignment was
made uniquely using the BFM by Beckeret al. For example,
I 0510 or 11 for 192Pb~1! was made in@24# using the BFM
by Becker. However, our analysis shows thatI 0510 is the
most reasonable choice, which is in agreement with the
cent spin assignment by McNabbet al. @25#.

~3! For the three SD bands observed in Bi isotop
@37,39#, our analysis supports the isotopic assignment giv
in @37# by Clark et al., i.e., two of them are a pair of signa
ture partner SD bands in197Bi, I 056.5 @Eg(I 012→I 0)
5166.2 keV# for 197Bi~1!, and I 057.5 @Eg(I 012→I 0)
5186.7 keV# for 197Bi~2!.

~4! There are still a few SD bands whose spin propo
tions cannot be made uniquely, e.g.,191Hg~4!, 193Hg~4!,
192Pb~2!, etc., which need further investigation.
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