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According to the argument of excitation energy systematics, new spin values are assigned to the lowest
observed states of theh;,,,® vh,1,, bands for doubly odd nucléf+126:130.132.1343 '130-13p 13613 4ng
3%y, and possible new spin values are discussed for doubly odd A&&FEs. Based on these new spin
assignments, two systematic features of ttrg ;,,® vhy,, bands are revealed. First, the low spin signature of
the 7hy,,,® vhyy, band is inverted for all doubly odd nuclei discussed in the present work. Second, the
observed inversion spin increases with increasing neutron number for Cs and La isotopes. These features are in
agreement with the recent systematic calculations based on the particle-triaxial-rotor model, with the inclusion
of zero-range residual interaction between unpaired proton and neutron of Semmes and Ragnarsson, performed
by Tajima.[S0556-281®36)01907-3

PACS numbegps): 21.10.Hw, 27.60t]

[. INTRODUCTION most cases of this mass region, t&s were assigned tenta-
tively and to change thi, by an odd numbefsay,Al ==*1,

In the systematic study on the signature inversion of thet3, .. .) will make the signature inverted from normal to
mhy1,® viq3, bands of deformed doubly odd nuclei in the abnormal or the reverse. The purpose of the present work is
mass region ofA~160[1], it was shown that the low-spin intended to clarify this problem through a systematic study
signature is inverted for all observesh;;,® vi 3, bands. on the spin assignments of the lowest observed states of the
However, the situation is quite different for the mass regionmh,,,® vhy,,, bands in doubly odd nuclei arourd~130. In
of A~130 where the low-spin signature of thé,,,® vh,;,,  the cases oA~160[1], we were able to pick out the ques-
bands is not inverted in most cases as reported in the refetionable spin assignments and correct them by using three
ences cited in the later part of this paper. Is this a real phearguments. However, it turned out that the argument of ex-
nomenon or was it caused by incorrect sflip assignment citation energy systematics was the decisive one, and which
of the lowest observed state of theh,,,,® vhy;,, band? In  can be described as following: The excitation energy of the

a=-1 a:()

124La 126La 128La 130]_/a 132La 134La 12,4La 126La 128La 130La 132La 134La

FIG. 1. Excitation energy systematics of thé;;,® vhy,, bands int?4-13f a. SymbolsA andO represent the level positions based on
previous and present spin assignments, respectively. Energies indicating level positions are in keV. Data solfteq le'?%La [3],
128 a12,4], ¥La[4], **ALa[5], and*®La[6].
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TABLE |. Lists of previous and preseig's for the 7rh,1,,® vh1,, bands in La, Pr, Pm, and Eu isotopes, and comparisons of observed
and calculated features of signature inversion.

Nuclei lo () liny () Low-spin signature
and inverted
references Previous Present Previous Present Tdfima  Previous Present Tajifa
[21] [21]
124 5 [7] — 7 — 18.5 12.0 — Yes Yes
128 a [3] 4 7 175 215 135 No Yes Yes
128 a [2] 5 5 =235 =235 15.0 Yes Yes Yes
139 a [4] 6 9 — — 18.0 No Yes Yes
133 a[5] 8 9 — — >21 No Yes Yes
134 a[6] 8 9 — — — No Yes —
130pr [8] 8 7 — — — No Yes —
13%pr [9] 8 9 17.5 18.5 — No Yes —
1341 110] 8 9 16.5 175 185 No Yes Yes
13¢pr [6] 8 9 — — — No Yes —
B4pm[11] 8 8 175 175 — Yes Yes —
B%pm[12] 8 9 — — 15.0 No Yes Yes
B%m[13] 8 9 — — — No Yes —
B%u[14] 8 9 — — — No Yes —
8 stimated from Figs. 10 and 11 [#1] with uncertainties+0.5.
bSeen from Figs. 10 and 11 f21].
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FIG. 2. Level schemes with present spin assignment®bf3ta. The underlined numbers in the parentheses are the previous spin
values of the lowest observed states. Data sources are the same as those of Fig. 1.
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IZSL 130P
a T . . .
57 %n 59" 71 134 a [6] were assigned tentatively while that t¥La [7]

was not assigned previously. Based on the previolglthe
positions of levels with =11 and 13 relative to those of
I =9, and the positions of levels with=12 and 14 relative to
those ofl =10 are indicated in Fig. 1 with triangles. These
triangles are not situated on slow varying smooth curves.
) ) ) According to the argument of excitation energy systematics,
levels, with the same spin, of theh,,,® vhyy, bands in a it the | s of La isotopes were correctly assigned, the posi-
chain of deformed doubly odd isotop@sotoneg varies with  tions of levels with the same spin should fall on a slow
neutron numbei(proton numbey in a smooth way, and a yarying smooth curve. In order to bring the level positions,
deviation from the smooth variation trend may imply a ques-gesignated by triangles, back to smooth curves, and thereby
tionable spin assignment and the spin assignment which ¢ag gptain the correcty’s, previousl,'s, of some of the La
remove the deviation from the smooth curve is considered t%otopes have to be adjusted. Under the assumption that the
be the correct spin assignment. It is natural to assume tha,, assignmerity=>5 for 28 a [2] is correct, thd , of 128 .a
this argument can also be applied to the spin assignments kept unchanged while adjustimgs of other isotopes. This
the hy,,® vhyy,, bands of the deformed doubly odd nuclei means that the smooth curves are required to pass through
in the mass region oA~130. the level positions of?®La with |,=5. To simplify the later
descriptions, we will say that the level scheme'®t.a with
I,=5 is taken as the reference in the systematic study. After
adjustments, the previouig's were changed by-3, +3, +1,
Among the La isotopes discussed in the present workand +1, and the new's of 7, 9, 9, and 9 are assigned to
128 a is the only case where the spihy) of the lowest ob-  126130.1321% 3 instead of the previouky's of 4 [3], 6 [4], 8
served state of therh,,,®vh.y, band was determined [5], and 8[6], respectively, and the level positions based on
through experimental spectroscopy and was given withouthe newly's are indicated in Fig. 1 with open circles which
bracket[2]. The s of 1%%a [3], 2*%a [4], 1*1La[5], and fall on smooth curves passing through the triangle$?@fa

FIG. 3. Level schemes foN=71. Data sources**®.a [2,4],
13°Pr[8].

Il. SPIN ASSIGNMENTS OF La ISOTOPES
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FIG. 5. Level schemes fdd=75. Data sources?%.a [5], 1*4Pr[10], 13%m[12], *%Eu[14].

with 1,=5. By assumingl,=7 for the previously not as- that thel ,=5 for **®.a[2] is correct and its level scheme was
signed?®a[7], the level positions ot?/La fit to the smooth  taken as reference in the systematic study. If the future ex-
curves very well. Thereforé,=7 is assigned td?La. The  periments show that the spin assignmegt5 for 124 a is
previous and preseihg's are listed in Table I. incorrect and it has to be changed frég¥5 to 1 ;=5+Al,

The level schemes of therh;,,®vh;y, bands of then in order to obtain the corresponding correct spins for the
124.126.130.132.1443  hased on the newy's obtained from the other La isotopes, what we need to do is to addo thel ;s
present systematic study, are presented in Fig. 2 togethef other La isotopes obtained in the present systematic study.
with that of ?8.a [2]. The similarity of the level schemes of This is because that to add the sarieto all Iy's of all La
the La isotopes and the slow varying tendency of Ale=2  isotopes is equivalent to changing the zero-energy reference
level spacings revealed in Fig. 2 are consistent with the slovlevel in Fig. 1 from 9 to -Al for a=1 (from 10 to 10+ Al
varying smooth curves of Fig. 1, and these systematic feador «=0) and this will not effect the shape of the smooth
tures of the level schemes of La isotopes would not be reeurves.
vealed on the basis of the previolgs which are indicated
at the bottom of the corresponding level scheme by the un-
derlined digit within the bracket. The revelation of the sys-
tematic features of the level schemes based onlgsamay
be taken as a support to thgs obtained from the excitation Once the spins of La isotopes were assigned,| greeof
energy systematics. 130-13¢pp 134-13pm and'*¥Eu can be assigned according to

The newly's of La isotopes were assigned by assumingthe similarity between the level schemes of La and those of

Il. SPIN ASSIGNMENTS OF 130-136py 134-138py,
AND 38y
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the isotonic chains wittN=71, 73, 75, and 77 are shown in
Figs. 3—6, respectively where thgs of Pr, Pm, and Eu have
been assigned on the basis of level scheme similarity. Th

previously's are indicated at the bottom of the correspond-them' thelys of 124c 126cs  and¥9Cs were assigned

N9 level scheme by an underlm_ed_d|g|t within the brac_ket.t rough experimental spectroscopy. Similar to the case of La
Figures 7 and 8 present the excitation energy systematics

. > otopes as discussed in Sec. I, the excitation energy system-
Pr and Pm isotopes based on the rigis. The positions of P gy Sy

. o atics of Cs isotopes is shown in Fig. 9 where the level
levels with the same spin fit to the smooth curves very wellgchome of24Cs with 1,=7 [7] was taken as reference, i.e.,

This can be considered as a support to the new spin assigfle slow varying smooth curves were required to pass
ments obtained from the level scheme similarity. . through the level positions o“Cs with 1,=7. The level

In summary, thd 's oféhe 7Th11/123® vhig ba1r13ds in*Pr  positions based on the previolgs, designated by triangles,
[8], **%Pr [9], ***r [10], **%Pr [6], _APm [11], st [12],  do not fall on smooth curves. To bring the level positions
1¥¥pm[13], and'**u[14] were previously all assigned as 8, back to smooth curves, thereby to obtain the correct new
and as the results of the comparison of the level schemag’s, the previoud ;s are changed by-2, +1, +2, —1, and
between La and other members of the isotonic chains with-2, and newly's of 6, 7, 7, 8, and 7 are assigned to
N=71, 73, 75, and 77, the previougs were changed by 120122126.12818q instead of the previoug's of 8, 6, 5, 9,
-1, +1, +1, +1, +1, +1, and+1, and newlys of 7,9,9, and 9 as listed in Table Il, respectively. Similarly, if we
9, 9,9, and 9 are assignedt¥Pr, 3%r, 1¥%pr, 13%pr 13pm assume that the previous spin assignmerit,ef9 for 130Cs
138pm, and™%u, respectively, while thi, of 13Pm was not  [19], as shown in Fig. 1@), is correct, then from the exci-
changed. The previous and preségis of these nuclei are tation energy systematics witi’Cs (1,=9) as reference, as
listed in Table I. shown in Fig. 11, the newys of 8, 9, 9, 9, and 10 are

The Iys of the whys,®vhyy, bands  of
120,122,124,126,128,18% \vere previously assigned as[ 5], 6
F16], 7 [7], 5171, 9[18], and 9[19], respectively. Among
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assigned tg20122124.126.18 regpectively, as listed in Table FIG. 8. Excitation energy systematic fd7**3¥m based on
Il. presently’s. Data sources->Pm[11], 1*Pm[12], 1*¥Pm[13].
These two sets dfy's are different and we are not able, at
present, to judge which of them is really correct. We have
failed to find reasonable slow varying smooth curves whichtopes were also deduced by taking the level schenté%s
can pass through the level positions BfCs (Io=7) and  (Iy=11), as shown in Fig. 1®), as reference and the corre-
those of**®Cs (1,=9) at the same time. This implies that the sponding new s are listed in Table II.
spin assignment df,=7 for 1%Cs andl ,=9 for 1*Cs cannot On the other hand, we can also discuss the spin assign-
both be correct. ments of Cs isotopes by means of the excitation energy sys-
To meet the need of later discussions, tjs of Cs iso-  tematics of isotonic chains. Figure 12 shows the excitation

TABLE Il. Lists of previouslys and possible choices of presdpts for the hyy,,® vhyyy, bands in?2°-13€s, and comparisons of
observed and calculated features of signature inversion.

liny () Low-spin signature
I () inversion spin inverted

. Previous Present Previous Present Tdfim#®revious Present Tajifia
Nuclei [21] [21]
and l24cs Bs s 24cs Bs s
references (Io=7) (10=9 (=12 Io=7) (10=9 (o=11)
120cs[15] 8 6 8 10 16.5 14.5 16.5 18.5 14.5 Yes Yes Yes
22cs[16] 6 7 9 11 145 15.5 175 195 — No Yes —
24cs[7] 7 7 9 11 16.5 16.5 185 20.5 16.0 Yes Yes Yes
26cs[7] 5 7 9 11 175 195 215 235 19.0 Yes Yes Yes
128cs[18] 9 8 10 12 20.5 No Yes Yes
130%cs[19] 9 7 9 11 — Yes Yes —

3 stimated from Fig. 9 of21] with uncertainties+0.5.
bSeen from Fig. 9 of21].
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energy systematics of the isotonic chain with=-73 where  are based ohy's assigned in Secs. Il and Ill, and, f6Cs,
the level positions of*%a, *%Pr, and**Pm are based on the upper circles are based on level schemé®gs with
Ig’s assigned in Secs. Il and Il as listed in Table I, and, for|,=11 as shown in Fig. 1®), and because only a small
1°%Cs, the level positions designated &yb, andc are based number of levels were observed #Cs, the level positions
on the level schemes 6f*Cs with1,=8, 10, and 12 deduced of 3%Cs with | ,=7 [deduced by taking2‘Cs (1,=7) as ref-
from the SyStematiCS by tak”‘lﬁ%s (|0:7), 13OCS (|0:9), erencé do not show up in F|g 13.
and**Cs (1,=11) as reference respectively as seen in Table Because there are not enough points on the smooth curves
II. The level positions of*Cs with1,=6, which would be  of Figs. 12 and 13, we are not able to judge definitely which
deduced by taking®Cs (1,=5) as reference in the system- yariation trend(from La to C$ of the smooth curves is the
atic study of Cs isotopes, will be even higher than the levekorrect one, that is to say the systematics of isotonic chains
positions designated by in Fig. 12. Judged by the variation ¢gnnot help us to decide which referend@’Cs (1,=7),
trend of the curves of Fig. 12, this possibility is unlikely. 13°CS(I0=9), or 13OCS(|0=11)] should be taken in the sys-
This is why thel's of Cs isotopes deduced by takiffCs  tematic study of Cs isotopes, or which spin assignment is
(I,=5) as reference, are not listed in Table II. Curves similarreally correct. However, to facilitate the following discus-
tO that Of F|g 12 exist for |SOt0n|C.Cha|nS.W|Nh:'75 and. 77. ] SionS, we tentative|y assume th%t::]_l is the correct Spin
Figure 13 shows the systematics of isotonic chain withassignment fot*%Cs and based on this tentative assumption
N=75 where the level positions df?La, **Pr, and**Pm  the level schemes df%12Cs are shown in Fig. 14 and that
of ¥%Cs (1,=11) is shown in Fig. 1(b). If the future experi-
ments confirm that the spin assignment g£9 for *Cs is

R — T ——(16%) correct, what we need to do is to change all the spin values in
4265 ! 265 ! Fig. 14 froml to | —2. If 1,=7 for '?"Cs is confirmed to be
13)* I I (15%) :; correct, then all spin values in Fig. 14 have to be changed
4169:§ 7 4169: from | to | —4.
S —(12)* S —— (14"
RETEN ) 2903 |«
)y’ — 4 g (13*)—F g V. COMMENTS AND REMARKS ON SPIN ASSIGNMENTS
§: ,353'4,, 10* 3, 3534 (1ot A. Comment on the spin assignments of?+ %4 a,
g+ HISLT, 11%) ysi ) 130-136py 134-138pm and 3%y
9 As can be seen from Table I, thg's of 13 nuclei have
130CS 130CS previously been assigned. For 11 of them, their previgiss
55 75 55 75 are changed and the values of changéAl=1I,
(previous—I, (presenk] all are odd numbers. These changes
(a) (b) lead to the changes of signature dependence from normal to

inverted. One would not be surprised by these results if the
FIG. 10. Level scheme df%Cs with1,=9 (a). Level scheme of ~ following facts are noticed: First, the signature inversion
130Cs with 1 ;=11 (b). Data sourcef19]. point has been observed in several cases which implies that
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FIG. 15. [E(1)—E(l —1)]/2I vs| plots of why1,,® vhy1,» bands of doubly odd nuclei arourd~130. Solid and open circles correspond
to favored(a=1) and unfavoreda=0) signatures, respectively. Inversion points are indicated by arrows and inversion spin values with
uncertainties+0.5:. Data of '3 u are taken froni14,23.

signature inversion occurred in these nuclei. Second, for altures of the level schemes of Cs isotopes, as shown in Fig.
most all of the 11 case@xcept'?®La [3]) the previousys 14, support the configuration assignmentzef;y,® vhy;/
were assigned under the assumption that the signature depeFhis configuration assignment is also consistent with the
dence is normal, i.e., the signature-1 (corresponds to odd facts that in the experiment ¢16] this band was populated

sping lies lower in energy. with larger population and theh,,,, and vh,,,, bands were
populated as yrast band in neighboring atiditnd oddN
B. Comment on spin assignments of Cs isotopes nuclei, respectively.

ly's of 24Cs [7], 1%Cs [7], and *%Cs [19] were deter-
mined through experimental spectroscapys of 12ACs were ~ D. Lowest observed state of therh ;@ vhy), band in **Cs
given in bracketg If the excitation energy systematics for Cs

isotopes described in the present work is acceptable, then t%The level I7=9" in Fig. 102 was excluded from the
’ h rast band of *%Cs and the level with
spin assignments df‘Cs (1,=7) [7], **Cs (1,=5 [7], and 11729 Yz Y ver W

b a I"™=10" was adopted as band head of the yrast bar{d 9
Cs (1,=9) [19] cannot all be correct, and, at the UtmOSt’for the reason that the level with"9ds higher in energy than
only one of them is correct.

the level withl"™=9~ belonging to other band in the level
scheme of*%Cs[19], and the inclusion of the 9level in the
yrast band would not be consistent with the characteristic
The configuration of the rotational band8fCs shown in  feature of the yrast band. However, the systematic features of
Fig. 14 was previously assigned ash;,,® vg;, with  the 7hy,,® vhyy;, bands of Cs isotopes as revealed in the
I§=6" [16]. This band was treated as theh,,,® vhy;,  Smooth curves of Figs. 9 and 11, and in the level schemes of
band in[7] but no argument was given. The systematic feaFigs. 14 and 10 suggest that the level withi@ Fig. 10a) is

C. Configuration of the rotational band of 12Cs
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a member of yrast band. Therefore the level withd Fig. Routhian(E’) for all previous studied casd$or example,
10(a) was adopted as the lowest observed state of thf9,13]) has always been normal, i.e., the total Routhi&n
h11,® vhy,, band of*%Cs in the present work. (a=—1) lies lower in energy thanE’ (a=0) for the
7hq1,® vy band, and the signature dependence of ob-
servedE’ deduced from therh,,,,® vh;,, bands based on

VI. DISCUSSIONS AND CONCLUSIONS the previoud y's are normal too. The previous discussions of
v deformation were conducted on this basis. If the ngw
proposed in the present work are correct, then the observed
sign of signature splitting will be opposite to that of calcu-
lated[9,13]. Therefore, the conjectures on thaleformation
of equilibrium shape made previously have to be reconsid-

The plots E(I—1)—E(l1)]/2I versus | for the ered.

hy12® vhy1, bands of all nuclei discussed in the present
study are shown in Fig. 15. For Cs isotopes, the plots are C. Comparison with particle-triaxial-rotor model
based on thé,'s which were obtained by taking the level
scheme of'*Cs (1,=11) as reference in the systematic
study. Solid dots correspond to favored signat(we—1,
odd spin while the open circles correspond to unfavore
signature(a=0, even spiin Two systematic features can be
seen from Fig. 15. First, the low-spin signature of the
hy12® vhy1, band is inverted for all nuclei. This is what

A. Systematic features of signature inversion ofrh 1,,® vhqy),
bands around A~130

A systematic calculation of signature splittings of the
why1,® vhyq, bands was performed by Tajinj21] for Cs
dand La isotopes, andl=75 isotones by using the particle-
triaxial-rotor model with the inclusion gb-n interaction of
Semmes and RagnarssfpZ]. The calculation of Tajima
[21] predicts that the low-spin signature of the

happened in therh;,,,® vi; 3, bands of doubly odd nuclei Th1128 PRy bands are inv_erted for aII_ ca[culateq cases and
around A~160 [1]. Second, inversion spifi ,,) increases I Of La apd .Cs isotopes increase with increasing neutron
with increasing neutron number for Cs and La isotopes in théwmber as |nd|qated in Tables | and Il. These prepllctlons are
cases where the inversion point has been observed. Thi8 agreement with the results deduced_ from rotational bands
variation trend is opposite to that of theh,,,® vis, bands ~ Pased on the presety's, as compared in Tables | and II.
aroundA~160, wherd ;,, decreases with increasing neutron ~ The major discrepancy between experiment based on pre-
number and increases with increasing proton number. Theious Iy's and theory{21] is the opposite sign of signature
opposite variation trend df,,, for the two cases oA~160  splittings for the calculated case&Cs, *%a, *%a, ¥4,
and 130 is expected if one considers that the roles played bynd **®m as indicated in Tables | and (IThe inverted and
neutron and proton in the shell-filling process are exchangedot inverted signatures in Tables | and Il correspond to nega-
in the cases oA~160 and 130. In the case #&~130, the tive and positive signs of signature splittings, respectiyely.
proton starts to fill thé,,,, subshell from its bottom and the This major discrepancy is completely removed by adopting
neutron starts to fill thé,,,, subshell from its middle. In the the newl,'s proposed in the present work. Taking this fact
case ofA~160, the proton starts to fill thé,,;, subshell into account, the overall agreement between experiment
from its middle and the neutron starts to fill thﬁ/z subshell (based on presemgs) and theory[z_‘]_] is very encouraging_
from its bottom. However, the variation trend b, with The puzzling opposite sign of signature splittings between
increasin_g proton number is not clear for the casé&6f130 experiment and theory has led Tajirf2d] to conclude that
as seen in Fig. 15. this systematic discrepancy in the sign might signify that the
experimental spin assignment were incorrect by odd values
B. Comment on the previous discussions of deformation of Al, or it would indicate the necessity of a more elaborate
of equilibrium shape model. This question is clearly answered by the results of the
present work although further experimental check are desir-
One of the motivations for studying the rotational bandsable.
built on the high; configuration, for example the Additionally, for Cs isotopes, the calculated valued gf
why1,® vhyy,, configuration, has been to discuss thele-  agree very well with those obtained by takiff§Cs (1,=7)
formation of equilibrium shape resulted from the competitionas a reference as seen in Table Il. This agreement cannot
of the driving force induced by proton quasiparticle situateddoubtlessly be taken as a support to the spin assignment of
in the low —Q h,,,, subshell and the driving force induced |,=7 for 12405 pecause the main parameters used in Taji-
by neutron quasiparticle situated in the higtf) hy;, sub-  ma's calculation were obtained by fitting the experimental

shell. The discussions of deformation[9,13] were con-  data of**“Cs rotational band based on the spin assignment of
ducted by comparing the magnitude of signature splltt|ngoz7_

deduced from the observed rotational band and the magni-
tude of signature splitting at equilibrium shape calculated by
using the formalism of Frauendorf and M§30] based on

the cranked shell model. The basis for such a comparison is
that the observed and calculated total Routhians have the The authors are grateful to Professor Shisu Wu of Jilin
same sign of signature splitting, i.e., the observed and calcuJdniversity and Professor C.-X. Yang of CIAE in Beijing for
lated signature dependence both are normal or both are itheir interest and helpful discussions. This work was sup-
verted. The signature dependence of the calculated totglorted by the National Natural Science Foundation of China.
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