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Systematic features of signature inversion in doubly odd nuclei
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The signature inversion phenomenon in odd-odd nuclei is reviewed for the regions of mass nAmbers
=80, 130, and 160. The angular momentum, frequency, and moment of inertia estimated at the signature
inversion point are analyzed. The correlations found of these quantities with other nuclear parameters are
discussed.
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[. INTRODUCTION interacting boson model such as the work of Yoshédal.
[9].

Among the features exhibited by the rotational spectra of Concluding, there are several proposed mechanisms, but
doubly odd nuclei the signature inversion deserves speciditill there is not a single model, indicating that the signature
attention. inversion is still an open question.

The signature quantum number is associated with the ro- The purpose of this work is twofold. The first is to collect
tation of a deformed nucleus around a principal axis by 180°all the experimental information available in the literature for
A rotational band splits into two sequences withj,—j,  certain bands in doubly odd nuclei in which the signature
=even and|—j,—j,=odd according to the signature, inversion is observed. The selected bands are described
wherel is the total angular momentum ang(j,) is the spin by the m9qp,® vQgpn, 7hi1®vhi1n, and mhyQ viigpm
of the odd neutror{proton quasiparticle. The action of the nuclear structures for th&=80, 130, and 160 mass regions,
Coriolis force in the rotating system in general is to decreasgespectively. The second is to analyze this information with
the energy of thé —j,—j,=even states with respect to the the purpose of finding some global features, along different
others, and for this reason it receives the name of favorethass regions, that might help to develop a model to explain
band and the other one the unfavored partner. The enerdfis phenomenon.
shift between both bands at a given rotational frequehey
is called the IS|gnature splitting, and it is characterized by a Il ANALYSIS
level staggering.

By following the evolution of this couple of bands as a  With the purpose of analyzing the experimental informa-
function of spin or angular frequency one may observe thation let us first define the physical variables at the point in
sometimes the favored and unfavored bands cross each othghich the signature inversion takes place as indicated by the
producing the so-called signature inversion phenomenon. word “critical” before the name of the parameter. For in-

The nuclear structure of®Br [1,2] revealed, for the first stance the angular momentum at the point in which both
time, an anomaly in the level staggering that now is inter-bands of different signature cross each other is simply de-
preted as a band crossing of different signature. From thigoted as the “critical angular momentum” or “critical spin.”
early work until now numerous studies of the nuclear struc- The determination of the critical spin is sometime difficult
ture of doubly odd nuclei found this effect in different massto perform. The complex nuclear structure of doubly odd
regions such uA\=80, 130, and 160. As a result of this nuclei near the ground state complicates the experimental
experimental effort several mechanisms have been proposguocedure of assigning the angular momentum to the low

to describe it. energy levels, some of them, the head of collective bands. As
In the following paragraph a summary of these theoreticah consequence, the lack of a reliable bandhead spin measure-

studies is reported. ment makes the critical spin not well determined.
Bengtssonet al. [3] explained it by the effect of the There are studies that try to overcome this problem by

deformation in a cranked shell model calculation. Hamamot@nalyzing a mass region and, according to the argument of
[4] using the particle-plus-rotor model suggested thatythe excitation energy systematics, assign the spin of the lowest
deformation may not be so important. The work of Jain andstate such as for therhy;,,® vhyy, bands around masa
Goel [5] within the framework of the axially symmetric =130[10] and the bandsrh;,,,® vi (3, in the mass region
rotor—plus—two-particle model suggests the mechanism of=160 [11]. Most of the experimental data used in the
Coriolis mixing between a large number of bands and Hargresent work were obtained from these review works and
and Sun[6] proposed the crossing of decoupled bands tacompleted with recent results. For they,® vgq, bands in
describe it. In addition, other studies analyze the effect othe massA=80 region a similar study was performgt].
including the proton-neutron interaction between the odd In the following we describe how the different critical
nucleons such as the works of MatsuzgKji and Tajima[ 8] parameters used in the present study were obtained from the
and the effect of the different dynamical symmetries of thenuclear band structure.
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In general, the normal procedure to represent the signa- TABLE I. The calculated critical spins and frequencies of the
ture inversion is to plot the energy difference between twomde,® ¥ge, andmhyy,® vhyy, bands for theA=80 and 130 mass

consecutive energy states in a band such[Bd)—E(l regions, respectively. Thié =4 quantum number was adopted.
—1)]/2I versusl. Then the points corresponding to odd val- : :

ues ofl fall on one curve and the points corresponding toNuclei  Ic () fiw. (MeV)  Nuclei I (%) ho. (MeV)
even values of on another curve. The critical angular mo- 74g, 171 9 0378  1fCs[29] 145 0.340

mentum () is easily determined measuring the angular mo-7eg, [18] 105 0.463 12Cs[29] 16.5 0.401
mentum in which both curves cross each other. SometimesgBr 9 113 05690 12Cs[29] 17.5 0.458
as a result of a complicated level structure below the critical76Rb [20] 10 0379 1%%Cs[29] 185 0507
point, the crossing is determined from the information Of78Rb[21] 97 0.365 12605 [20] 21'5 0-561
states that lie at higher spins. Following this procedure theg, X ' ' '

12
degree of uncertainty in the determination of the critical spinSZEE [52] 12? g'ggg 12;':3 [2(1)] ig-g 8-‘5125
is estimated of around 0.25 (23] 11. : a[31] 19. :

8 12
Another parameter related to the crossing point of the twogzsb[g?] 18156 8'22? 13?3 gg 12'2 8'22‘5"
. . r . .

bands of different signature is the frequency. Unlike the criti- 1525
cal spin, which is obtained through a graphical procedure,,” [26] 95 0.377 b r(s3 185  0.463
the frequency §w.) needed a more elaborate one. Y[27] 115 0533 ‘Pr(10] 175 0511

The frequency is defined through the canonical relation Nb [28] 10.7 0475  Pm[34] 175 0.425
(dE/dl)=%hw. Because we deal with discrete energies and

spins, the experimental frequency is defined as shows a tendency to increase with increasing neutron num-
E(+1)—E(I-1) ber. On the other hand, the mass 160 region presents the

ho(l)= , (1)  reverse direction, the critical spin decreases with increasing
A(l+1)—-A(1-1) neutron number, and the mass 130 region shows a sort of

intermediate behavior between both mass regions. In particu-
lar, for the mass 130 region we find that some of the nuclei,
namely, the Cs and the La isotopic chains, increase the criti-

whereA(l) is the total angular momentum projection along
the rotational axis, the so-call alignment,

A= (1 +1/22—K2 7 cal spin and the Pr isotopic chain shows an almost constant
' value or slightly decreases with neutron number, respec-
andK is the spin projection on the symmetry axis. tively.

Then the critical frequency is determined using the fol- Furthermore, if we now analyze the critical frequency,
lowing procedure. From the energy of two consecutive stateiistead of the critical spin, as a function of the neutron num-
of a single signature, one higher and the other lower than thger outlined in Fig. 2, it shows a tendency to increase the
critical spin, it is possible to calculate one frequency. Doingvalue for the mass 80 and 130 regions and decrease for the
the same thing for the other signature band we obtain twénass 160 region with an increment of neutron number.
frequencies in the vicinity of the crossing point. According to Similar results are obtained in the analysis of the critical
that, by fitting a straight line between both frequencies it isSPin and frequency as a function of the atortdg and mass
possible to obtain the value of the frequency at the criticalA) parameters, instead of the neutron number.
spin by linear interpolation. Following the last procedure ~Some of these previous results were already pointed out
along the many nuclei in the mass 80, 130, and 160 regiondY other authors which analyzed the critical spin parameter
it was possible to obtain the critical frequency for a total ofin the the mass 130 regi¢f0] and mass 160 regidi 1] and
48 nuclei. in particular the evolution of the critical frequency with neu-

Another procedure is to determine the critical frequencytron number for nuclei in the mass 160 regidr8].
at which the experimental Routhians of the two signatures The error bars shown in Fig. 2 represent the degree of

cross each other. The two methods give the same results. Uncertainty inw. because its value depends on the deter-
The critical frequencied w,, critical spinsl., and the ~Mination of both th&k quantum number and the critical spin.

data sources are reported in Tables | and II. The K values are determined from a systematic study of the
different rotational bands found in the neighboring nuclei. In
IIl. DISCUSSION this review we adopted thi€ quantum number suggested by

the literature and assigned a dispersiom&f=0.5. In turn

In the present work we shall focus our attention on athe value of the critical spin was obtained by the graphical
search of some correlations between these critical angulgrocedure described before and the dispersion was estimated
momenta and frequencies with other nuclear parameters. asAl.=0.25:. Then the sum of both effects, the uncertainty

As an example of this attempt we report in Fig. 1 thein the K and |, parameters, produces an uncertainty in the
critical spinl, as a function of the neutron number. As can becritical frequency.
observed the critical spin is divided into three groups of One of the purposes of this work is to find some global
points, one for each mass zone, and spans an angular meoarrelation between the critical frequency and some other
mentum region from 8@ up to 21.%. parameters preserved along the different mass regions. To

The analysis of the individual trend of versusN shown  this end, instead of using the parameti;sZ, or A to ana-
in Fig. 1 reveals that for the mass 80 region the critical spirlyze the experimental information, we used a parameter that
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TABLE II. The critical spins K quantum numbers, and critical frequencies of tthg 1,,® vi 13, bands for
the A=160 mass region.

Nuclei . (h) K ho:. (MeV) Nuclei . (h) K ho. (MeV)
152Eu [35] 14 5 0.210 184y [44] 18.1 6 0.306
154Th [36] 16.8 5 0.272 168 y [11,45 16.6 8 0.249
156Th [11,36 14.2 5 0.239 189 y [46] 15.7 8 0.222
15€H0 [37] 18.6 5 0.330 0y [47] 12.6 8 0.165
1580 [38] 16.3 5 0.259 166T4 [48] 18 7 0.312
1600 [39] 14.3 6 0.201 168Ta[11,49 19.4 7 0.310
158Tm [40] 15 5 0.257 17013 [50] 16.6 7 0.260
180T m [41] 17.8 5 0.313 72T [51] 14.3 8 0.212
162Tm [41] 16.4 6 0.256 174Ta [52] 12.7 8 0.174
184Tm [42] 14.3 6 0.205 176Ta [53] 11.9 8 0.159
186Tm [43] 12.1 6 0.158 1"%Re [54] 15.4 8 0.252
183 u [44] 20.3 5 0.366 1%Re [54,55 12.5 8 0.180

was introduced by Castest al. [14] who successfully stud- This new paramete® . is simply the moment of inertia es-
ied the evolution of the nuclear deformation through thetimated at the angular momentum in which the signature
nuclear chart. inversion occurs and for this reason it is called a critical
They suggested that it is possible to parametrize thenoment of inertia.
nuclear transition of different mass regions by the number Figure 4 shows that the critical moments of inertia as a
NpN,, . This number is defined as the product of the numbersunction of NN, cluster their values around several curves.
of valence protonN,, and neutronN,, particles(or holes  These curves are approximately straight lines and differ in
past midshell the relative positions depending on the mass region. A quan-
Figure 3 shows the critical frequencies as a function oftitative measure of the degree of correlation results in 0.93,
NpN,, for the three mass regions. As can be seen, the criticd.55, and 0.84 for thé\=80, 130, and 160 mass regions,
frequencies are grouped along a single curve with negativeespectively.
slope. The data are more disperse around the middle of the The difference in the relative position for the three curves
curve (66<NyN,<110) and rather concentrated in the vi- suggests that the ordinate might depend on the average mo-

cinity of a curve outside the central zone. ment of inertia at high spin for each mass region. To explore
Another parameter, derived from the critical spin and fre-further this assumption we estimate the average moment of
guency that is possible to define, is the following ratio: inertia at high spin from the review article of Winchel al.
[15]. They found that the moment of inertia at high spin,
greater than 18, is approximately proportional t&>° for
_ Vie(le+1) various mass regions. The comparison between the approxi-
¢ ho, mately average of the moment of inertia and in parentheses
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FIG. 2. The evolution of the critical frequency versus the neu-

FIG. 1. The critical angular momentunh.§ versus the neutron tron number for the different mass regions. Only the error bars, due
number for the mass 80, 130, and 160 regions. The uncertainty i® uncertainty in theK quantum number and the critical spin,
estimated equal tal .=#/4. greater than the size of the symbol are drawn.
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FIG. 3. The critical frequency versus thgN, parameter. Only FIG. 4. The critical moment of inertia as a function’fN, for
the error bars greater than the size of the symbol are drawn. Thge three mass regions. The curves have been drawn to guide the
parameters show some correlation except in the regicnNgN,  eye through the different groups. The data points accumulate
<110. around several curves with different degrees of correlation.

the average of the critical values obtain from Tables | and Il,overlaping orbits, is the dominant factor that induces the

results 23(24), 40 (41), and 60(68) #2 MeV ™! for the mass nuclear deformatiofil4] measured by the parametgr

80, 130, and 160 regions, respectively. As can be seen, both

average moments of inertia, one at high spin, and the other at IV. SUMMARY

the critical spin are similar and suggest that the previous |, conclusion, from a systematic study of the critical spin

assumption is reasonable. _of the doubly odd nuclei a clear feature emerges. The critical
Let us analyze in the following another parameter whichy,gment of inertia®., as a function of thé\,N,, parameter

is the rigid moment of inertia of an axial symmetric nucleus.shows a rather regular behavior through very different mass

Their value can be expressed in the for@y<A>3(1  regions and can be interpreted as a possible global parameter

+0.318) +0O(B%) wherep is the deformatioi16]. Then if  to describe the signature inversion phenomena.

the rigid moments of inertia divided by>° results in an The remarkable correlation found between the pair of pa-

expression independent of the mass region and proportioneameters® . andN,N,, suggests that the change of the criti-

to the deformation in a first order approximation. The lastcal moment of inertia in which the signature inversion takes

result for the rigid moment of inertia shows similarities whenplace is influenced by the average strength ofghe inter-

it is compared with the critical moment of inertia shown in action.

Fig. 4. Finally, from the present systematic study it is possible to
The ratio of the critical divided by the average moment ofpredict, with a certain error, for each doubly odd nuclei the

inertia at high spin is almost independent of the mass regionsange in moment of inertia for which the crossing of bands

and also the relationship betweén and NN, is approxi-  with different signatures is more likely to occur. We expect

mately linear. that this work might promote theoretical studies directed to
This relation is extended even further if we consider thatanalyze global features rather than specific calculations for

the NN, is a reasonable estimate of the average strength gfarticular nuclei and contribute to increase our knowledge

the p-n interaction. And this interaction, especially in highly about this interesting phenomenon.
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