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Observation of signature inversion in thew(h;,) ® w(hy,) band of 2%Cs
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High-spin states have been studied#Cs using the®*Mo(3'P,20n) reaction. Two rotational bands have
been observed to spins of 28 and 21 The most intensely populated band has been reassigned to have the
v(hy1) ® w(hyyn) configuration. A low-spin signature inversion is observed in this band between 19 and
20 %, consistent with the neighboring odd-odd cesium isotopes. Spectroscopic properties are discussed, in-
cluding signature inversion of bands A=120 nuclei.[S0556-28188)03412-§

PACS numbsefs): 21.10.Re, 23.20.Lv, 27.68j, 29.30.Kv

I. INTRODUCTION an odd-odd nucleus, the favored signature is givenaby
=1[(-1)p" 2+ (-1)n"12].  Signature inversion de-
The odd-odd, neutron-deficieAit= 55 cesium isotopes are scribes the situation where, below iversion spinthe lev-
of particular interest because both the valence neutron arels with favored signature lie higher in energy than those
proton can occupy orbitals originating from the same High- With unfavored signature; that is, the signature splitting is
hyy, intruder subshell, which can have competing shapeinverted from what would be expected. The physics under-
driving tendencies. The proton Fermi level lies near the lowJYing signature inversion has been attributed to a variety of
Q hy,, orbitals, which favor prolate nuclear shapes. In the€ffects, most notably triaxiality4] and thepn interaction
A=130 cesium isotopes, the neutron Fermi level lies in thd2): at present, however, the theories cannot satisfactorily
high- to mid€) h,,, orbitals, which favor oblate nuclear explain the experimental data. A low-spin signature inver-

sion has been observed in bands based on g,
shapes: As' the neutron number (jecreases towmsel$20,. 5 r(hyy) configuration in*812012€5 (1,67, In these nu-
the cesium isotopes possess a variety of shapes dependlng&gi the »(hy1,) @ m(hyy,) band is populated with the larg-
the Fermi level, the configuration of nucleons, and on the " 1 1 Pop 9

tational f i addit N d h irest fraction of the channel intensity. ¥Cs, the most in-
rotational frequency. In addition, as ecreases, the neutr nsely populated band had previously been assigned to have
Fermi level lowers into the low} h,,,, orbitals, while the

i o _ X the v(g7)®a(hy19) configuration[8]. Furthermore, the
proton Fermi level also lies in the lof- hyy,orbitals. With  wenq in signature splitting within the previously reported

increasing spatial overlap, the possibility of a residual inter5nq suggests that a signature inversion may take place at
action between the valence proton and neutron arises. TheFﬁ—‘gher spin than has so far been observed.
is already some experimental evidence fom interaction An experiment has been performed at the Nuclear Struc-
effects in this regiori1,2]. ture Laboratory at Stony Brook, in order to test the configu-
The spectroscopy of odd-odd nuclei can be difficult be-ration assignment of Ref8] and to populate excited states
cause of the inevitably large number of low-lying excited up to and above the possible signature inversion. The reac-
states. These states are often connected by fragmented, lotion used in the present work was chosen to populate higher
energy decay paths. However, physics can often be easipin states in thé?2Cs residue compared to that of RES]
extracted from the spectroscopy of these nuclei if they ar¢semiclassical estimates suggest that,,= 404, compared
sufficiently deformed for rotational bands to develop. Thewith /,,,=24% in Ref.[8]). In this work, excited states in
A=120 odd-odd cesium isotopes have well-developed quad?sCs have been observed up to#i28The most intensely
rupole deformations with8,=0.25. Certain rotational bands populated band has been reassigned to havevtheg,,)
in these nuclei have recently been shown to exhibit a phes 7(h,,,) configuration, primarily on the basis of quasipar-
nomenon known asignature inversior(3]. The signature ticle alignments. A signature inversion is observed between
quantum number, is associated with the rotation of spins 19 and 204 (taking spin assignments from systemat-
a deformed nucleus around a principal axis by 180°, andcs) in agreement with the N dependence of the inversion
is defined asx=1 mod 2, wherd is the angular momen- spin in thev(h,,,5) ® m(h1») bands in neighboring odd-odd
tum. By definition, the levels with favored signatusg lie nuclei.
lower in energy than those with unfavored signature. In

II. EXPERIMENTAL DETAILS

*Present address: Schuster Laboratory, The University of High-spin states in‘*Cs have been populated using the
Manchester, Manchester, M13 9PL, United Kingdom. 9Mo(3P,2pn) reaction, with a beam energy of 127 MeV.

"Present address: Department of Nuclear Physics, Researdfhe beam was provided by the Stony Brook FN-tandem/
School of Physical Science and Engineering, Australian Nationasuperconducting linac facility. The beam energy was chosen

University, Canberra, ACT 0200, Australia. on the basis of an excitation study in which singlgsay
*Present address: UGM Laboratory, Inc, 3611 Market Streetdata were collected for-1 h for several energies between
Philadelphia, PA 19104. 120 and 140 MeV, in order to maximize the cross section
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FIG. 1. Representative-ray spectra, generated by single gates on yhg matrix: (a) shows a gate on the 306-keV (13-12")
transition in Band 1 andb) shows a gate on the 203-keV (8-77) transition in Band 2. The insets show the high-energy parts of the
respective spectra shown on expanded scales. The numbers marking the peaks are transition energies given to the nearest keV. Transition
labeled with the lettec indicate known contaminants.

for '?2Cs. The target consisted of a self-supportingconfiguration. In this band, twal =2 sequences have been
900 ug/cr? %Mo foil enriched to 93.9¢-0.1)%. observed, ranging from spins 11 and %2to 27 and 287,

Data were collected using the Stony Brook array of sixrespectively. Below about 1%, the two sequences are con-
high-purity germanium detectors, each with an efficiency ofnected byAl=1 transitions. The signature splitting within
approximately 25% of that of a>83 in Nal(Tl) detector. the band is not constant, but varies with spin. Indeed, the
After approximately 3 days, 2010° y-vy coincidences were  signature splitting changes sign at a spin of about/2ahis
recorded onto magnetic tape. In the off-line analysis, the dataignature inversion is of particular interest and is discussed
were sorted into a two-dimensiongty matrix with y-ray  |ater in more detail. Band 2 has been assigned to have the
energy on each axis. One-dimensional spectra were projectggh, , ) ® 7(g;,,) configuration. This band also consists of
from the matrix using theRADWARE code ESCL8R[9]. BY  two Al =2 sequences, ranging from spins 5 andi@o 21
gating on known transitions, over 10 evaporation residuegnd 207, respectively. Below spin 16i, the two se-
were observed in the data. The most intensely populategences are connected By =1 transitions. The signature
%/aporatlon residues weréZZBa (p2n evaporatioh and  gpjitting is nearly zero over the observed range of spins.

'Cs (2p2n), which constituted~33% and~26% of the The bands are not connected to any states of known spin
data, respectively. Thé?Cs residue was the third most and parity. The spins of the bands have therefore been ten-
strongly populated, and constitutedl3% of the data. Rep- tatively assigned, primarily on the basis of systematics. In
resentative spectra gated on known transitions#iCs are  Ref. [3], Liu et al. have systematically studied th&h,,,)

shown in Fig. 1. @(hyy,) bands of 123Cs. They have used excitation-
energy systematics to assign spins to the bands; in the
ll. RESULTS present work the spins of band 1 have been made consistent

5 with the level schemes of Reff3]. It is possible that these

A. The level scheme of *Cs spin assignments are 2 too high, dependent upon the spin

By gating on they-y matrix, two bands, Band 1 and Band of the band-head if*®Cs (see Ref[3] and also Ref[10]). It
2 shown in Fig. 2, were deduced. No transitions were obshould be remembered that the use of systematics can be
served connecting the bands to each other. Only two transisnreliable because dynamic effects, such as band crossings,
tions (103 and 130 keYwere observed to decay from Band can cause perturbations. However, in this case the smoothly
1 and no transitions were observed from Band 2. The lack o¥arying excitation energies as a function of spin, shown in
observation of transitions below either of the bands is preRef.[3], would seemingly rule out such effects. The spin of
sumably because the bands exist at excitation energies abotlee band head of band 2 has been made consistent with
many lower spin states, as is often the case for odd-oddnalogous bands in the neighboring isotop&s?Cs [1,6].
nuclei, such that the decay proceeds via fragmented parall@he spins of the states above the band head have been as-
paths with low-energy, low-intensity transitions. Band 1 wassighed on the basis of the directional-correlation analysis of
populated with approximately five times the intensity of Ref.[8]. The low intensity of the'?"Cs evaporation channel
Band 2. Configuration assignments have been made primdn the present experiment, and the larger number of contami-
rily on the basis of the observed aligned angular momentagants in the spectra due to the high fragmentation of the
and the reasons for the assignments are discussed in Sec. B&aporation-residue cross section, meant that it was not pos-
Band 1 has been assigned to have i@y, ® 7(hyq,) sible to improve the accuracy of the previously measured
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(289 TABLE I. Calculated deformations, predicted by TRS calcula-
tions, and quasiparticle alignment frequencies @rthe v(h;q/)
®(hyq») configuration andb) the v(hy.) ® 7(g7,) configura-
tion. The labelef, fg, andab refer to the first and second pairs of

e
N
O ————
QO
(g

i @™ h,4/, orbitals, and the first pair of;, orbitals, respectively. The
| ! 122 letter B in parentheses indicates that the alignment will be blocked,
269 § ! S for the given configuration.
(1140)
i @ v(hpp)®@m(hiy): B2=0.248 y=5° £,=0.008
141 : " w (MeV/h)
—1 259 e ef fg ab
1
|
(24Y) ¢y ! Protons 0.36 B) 0.70 ~0.7
1090 (1047) (20 Neutrons 0.37 B) 0.50 ~0.65
| |
| |
105 (23+) (19—) (96:5)
! (b) v(h119) ® T(g72): B2=0.230 y=—1° $,=0.001
22+ ! _ o (MeV/h)
( _)__ 1027 949 _i ) ef fg ab
(7)) Protons 0.41 0.73 >0.7
21* — 897
I Neutrons 0.34 B) 0.45 >0.7
(00§ s70 487
o 428 rotational alignment of a pair oh;;,, neutrons was sug-
g 5Dy . F ex gested, causing an increase in signature splitting and the sub-
940 (19 (352) sequent loss of observation of the unfavored signature se-
456 787 ‘.  (147) quence. Several transitions were observed above the
(18%) _,__f 833 393 alignment in the favored signature sequence. Primarily on
377) (13:)__\..} 738 this basis, band 1 was assigned to be based on(bg,)
i 17%) 345 (12 ® m(hyy) configuration. Band 2 was assigned to be based
{ 438 o1 T on thev(h;19) ® w(g7,,) configuration. In the present work,
(16* $ 708 M4 T el the two signature partners of Band 1 are observed to spins 28
257 15+) A | 10 and 27 #, and the alignment reported in R¢8] is not ob-
860 <& Sr4 ‘;3/5— served. For reasons discussed below, Band 1 has been reas-
(14 ¥ 5 Qv 7 s0s signed to have the(hy,,) ® w(hy15) configuration. Band 2
1@6..'_*413") 493 2%y (®) most likely has the/(h,4,) ® 7(g7/,) configuration, in agree-
. 203 335 (g t with Ref[8]. It should also be pointed out that in Ref.
(12 3° 388 L 130 721> (67) men S 1ec
Sl B (i) B?ii ----- 95 [8] a 488-keV transition was observed linking the bands that
130 established their relative excitation energies. However, the
Band 1 Band 2 existence of the 488-keV transition could not be confirmed in
the present work.
vhy ,.®7hy, vhy .879; /,

IV. DISCUSSION
FIG. 2. The level structure of the bands™#fCs observed in this

work. The spin and parity assignments are discussed in the text. The
widths of the arrows are proportional to the measuyedy inten- The configurations of the bands can be investigated by
sities. If they-ray energy is given in parentheses, the transition iscomparing their quasiparticle alignments to the predictions
tentative. The errors on the energies range from 0.1 to 0.5 keV, angf the cranked shell model. Total-Routhian surfa@RS)
the errors on the intensities range from 10 to 30 %, with the dougg|culations[11,12 have been used to predict the deforma-
blets and weak transitions having the largest associated errors. tjon parameters for various configurations of the valence
neutron and proton. These deformation parameters have sub-

transitions which are all extensions of thé =2 sequences sequently been used as input into cranked Woods-Saxon cal-

observed in each band. and which were not observed in Reﬁ;ulations in order to extract quasiparticle alignment frequen-
' Ees for the lowest two pairs df,;,, neutrons and protons,

E:Eﬁlérhai\grbeen assumed to have stretched electrlc-quadrupognd also ofg;, neutrons and protons. The results of the
' calculations are summarized in Table .
The experimental aligned angular momenta of the bands
are shown as a function of rotational frequency in Fig. 3. For
There are some discrepancies between this work and thatl of the data points, a reference configuration, with Harris
of Xu et al.[8], which will be briefly addressed here. In Ref. parameters [13] of [J,=17.0 MeV'! #2 and 7,
[8], band 1 was observed up to a spin of about20quoting  =25.8 MeV 3 %4, has been subtracted. The large initial

spin assignments from the present woak which point the alignment of 9 # in band 1 is indicative of a configuration

A. Quasiparticle alignments

directional-correlation ratios. The newly observedray

B. Comparison with previous work
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FIG. 3. Aligned angular momentg, plotted as a function of

rotational frequency for the bands #¥°Cs. For all data points a . hei | ide additional evid ¢
reference  configuration  with Harris  parameters  affy ratios, their values can provide additional evidence for, or

=17.0 MeV'! 42 and J;=25.8 MeV® #* has been sub- against, a prolposed configuration.. .In this Wprk
tracted. TheAl=2 sequences with opposite signature quantumB(M1)/B(E2) ratios have served to eliminate a possible
numbera are shown by closeda(=0) and open ¢=1) symbols. ~ configuration for Band 2 involving gy, proton hole. The

experimentaB(M 1)/B(E2) ratios have been extracted from
involving highj quasiparticles, and is consistent with the the data using the relation
band being based on the(h,y)® 7(hyy) configuration. .
Table | reveals that, at the deformation calculated for the B(M1;Al=1) 0697 1 (M1) EY(E2)
v(hyq9) ® (hqq9) configuration, the rotational alignment of B(E2:Al=2) (1+ &%) 1 (E2) E3(M1)’
the first pairs oth;4, neutrons and proton&nown as thee f y
alignment$ are predicted to occur at very nearly the sameypere| , representsy-ray intensity anck., is the y-ray en-
frequencies of 0.36 and 0.37 Me#// respectively. In Band  grgy in units of MeV. The mixing rati@ has been assumed
1, the first alignment is observed &0.5 MeV/#. This ob- {5 be zero, meaning that the experimental values plotted in
servation is consistent with Band 1 having th€hi1)  Fig. 4 are upper limits. Also shown in the figure are the
®m(hyy7) configuration for which the alignments of the first yalues calculated using the Bau and Frauendorf formalism
pairs (ef) of both neutrons and protons would be blocked,for various configurations. The parameters used in the calcu-
but where the alignment of the second paithgf,, neutrons  |ations are summarized in Table II. In the calculations, the
(fg) would be expected at 0.50 MeW/ The initial align-  quadrupole moments used were deduced from TRS calcula-
ment of Band 2 is lower than that of Band 1, suggesting tha{ions’ and the standard approximationgﬁ:()_? Z/A was
the underlying configuration involves lowgmucleons. Fur- ysed. The signature splitting, which was included in the cal-
thermore, Band 2 does not have a sharp upbend like Band gylations, was estimated from the level scheme. The large
but has a gradual upbend. This is consistent with the alignerror bars on some of the data points are a consequence of
ment ofhy,,, protons at~0.4 MeV/A, which would be ex-  the reaction that was chosen to populate high-spin states; the
pected if the band is based on théh1/) ® m(d7,2) configu-  |Jarge number of nuclei produced>(L0) meant that there
ration. The alignments of pairs of neutrons or protons fromyere many degenerate transitions in the matrix, and often it
the g;,», subshell &b alignmenj occur at rotational frequen-
cies above those observed in this experiment. TABLE Il. Summary of parameters used to calculate the&o

and Frauendorf estimates B{M 1)/B(E2) ratios.

@

B. Transition strength ratios

To further investigate the underlying structure of the Nilsson orbital K ! 9«
bands, the ratios of the reduced transition probabilitiesr(h;y,) [550]1/2~ 1/2 5.0 1.214
B(M1)/B(E2) have been studied. The experimentally ex-w(g,,) [422]3/2* 3/2 3.0 0.739
tracted values have been compared to semiclassical estimatggy,,,) [420]11/2* 1/2 35 0.739
made using the Dwau and Frauendorf formalisii4,15.  7(gg,) ! [404)9/2* 9/2 0.5 1.261
Though inherent ambiguities, such as the alignmewof the  y(h,,,, [523]7/2~ 7/2 45 —0.209
quasiparticles and the size of the rotational gyromagnetig,(g..) [413]5/2+ 5/2 3.0 0.255

ratio gg, prevent the deduction of preci®&M1)/B(E2)
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was not possible to produce uncontaminated spectra from 40 e ey
gates directly above the state of interest. The values mea-

sured for Band 1 are reasonably consistent with the calcula- ;E O 0 a=1 (favored) ]
tions for thew(hy19) ® m(hy10) configuration. Furthermore, > 30t W—1 =0 (unfavored)

the ratios for the states thgiresumably have odd spin are §2

larger than those with even spin, in agreement with the cal- = - 1
culations and with the values measured in R&f. For Band =

2, the ratios are in moderate agreement with the calculations ™' 20 f A
for the v(h1) ® w(g7,) configuration. Iff §|>0 for Band 2, -’ X

this would bring the experimental data points closer to those Uﬂ

calculated. The lack of signature splitting in this band sug- =) 10 } 1
gests that an alternative possible configuration for this band [ |

would bev(hy1,) ® 7(gg) ~ 1. Bands with this configuration

have been observed iH®*?€s[1,16]. However, the values 0 A S S S —
calculated for this configuration are clearly not in agreement 12 16 20 24 28
with the experimental data points for Band 2. Spin (h)

Another possible configuration for Band 2 iggv,)
® w(hyi19). This may be expected priori because this is the
configuration of the second most strongly populated band in
both 12Cs[1] and '*éCs[16]. The aligned-angular momen-
tum and blocking arguments cannot definitively distinguish
between the two configurations, because the Fst, neu-
tron andh,4,, proton alignments, given in Table I, occur at
very nearly the same rotational frequency. The extracted
B(M1)/B(E2) ratios, however, support the proposed
v(hyy) ® (97,2 assignment, since the calculations for the

241 (b) ]

00 la

Inversion spin (h)
N
o

v(hy19) ® (g7 configuration are in better agreement with 16 } 0 j
the experimental data than those for th@g;,) ® m(hy1/) HSSCS
configuration. Furthermore, cranked shell model calculations e e e  ————
suggest that the(g;,,) ® m(h11») band will possess a degree 63 65 67 69 71

of signature splitting 8], whereas Band 2 has no signature

splitting. Despite these arguments it must be stated that the Neutron number N

configuration of Band 2 is not as well defined by this work as  FIG. 5. (a) shows the quantit{E(1)—E(I—1)]/1 plotted

that of Band 1. against spin, for ther(h,;) ® v(hy1) band(Band 1. (b) shows

the inversion spin plotted as a function of neutron number for the

odd-odd iodine Z=53), cesium Z=55), and lanthanum Z

=57) isotopes with 68 N=<71. The data are taken from the fol-
Inspection of Fig. 2 reveals that below about spit9 #  lowing references:*q [17], % [18], ‘**Cs [6], **®Cs [1], and

the levels with unfavored signature lie lower in energy than™>***Cs?***?Ra [7].

those with favored signature. This is illustrated in Figa)5

where the quantityE(1) —E(I —1)]/1 is plotted againstfor  may be due to a band crossif@l,27. At present the only
band 1, wheré&(l) is the energy of the level with spinThe  cajcylations for theA=120 region have used the particle-
signature inversion in this band occurs between spins 19 angor model but have found it necessary to invoke large tri-
20 . Figure 3b) shows the approximate inversion spins in ayia| deformations ofy=25° [23]. The TRS calculations
the v(h11) ® m(hyy2) bands in iodine £=53), cesium £ (Taple |) would suggest that such large triaxiality does not
=55) and lanthanumZ=57) isotopes. The inversion spin apply to 22Cs or to the lighter'812Cs isotope$1,6]. The
in 12Cs is clearly in systematic agreement with the bands ineassignment of the configuration of Band 1 in this work
the neighboring nuclei. o _ __reinforces the point that signature inversion in #e: 120

At present, the physws underlylr!g signature inversion ISegion is only observed in(hy4) ® m(hyy,) bands. The rea-
not understood. A variety of calculations have been made fogon why signature inversion is only observed in these bands
the signature inversions in thei,s;) ® m(hyy) bands in - ang not in bands based on other configurations is also not
A=160 nuclei. The first calculations suggested that a triaxia||ngerstood. Calculations that can reproduce the systematic
nuclear shape was solely responsible for the inversiéhs  trends across isotopic and isotonic chains are needed in order

but later the inversions were reproduced usingrainterac- o establish the relative importance of Coriolis effects, triaxi-
tion in particle-rotor model calculations assuming an axiallyjity, and a residuapn interaction.

symmetric shapd5]. Recent results fow(iz,) ® 7(hg)
bands in somé&\=160- 170 nuclei have shown that triaxi-
ality and Coriolis effect§19] alone are not sufficient to ex-
plain the data and a residuah interaction must be included In summary, high-spin states have been studied’i@s

in calculationd 20]. In a completely different approach, pro- using the Stony Brook array. Two rotational bands have been
jected shell model calculations suggest that the inversionsbserved up to spins of 28 and 21 #, respectively. The

C. Signature inversion in band 1

V. SUMMARY
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most intensely populated band has been reassigned to hatree inversion. This work highlights the absence of any satis-
the v(hi19) ® w(hyy») configuration, primarily on the basis factory calculations for thé\=120 nuclei and reiterates the
of the observed quasiparticle alignments. This band undemeed for calculations to be performed to explain the low-spin
goes a signature inversion at ¥9 in systematic agreement signature inversions in nuclei of this mass region.

with the neighboring odd-odd nuclei. An important conclu-
sion from the present work is the confirmation that a low-
spin signature inversion in th&=120 region has only been
observed to occur in bands based on tiiB4,5) ® 7m(hy1/0) This work was supported by the National Science Foun-
configuration. TRS calculations suggest that thg,,,) dation. The authors would like to thank Andrzej Lipski for
@ m(hyy,) band in*?’Cs has only modest triaxial deforma- target preparation. The TRS codes were provided by R.
tion, suggesting that triaxiality is not the underlying cause ofWyss and W. Nazarewicz.
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