RAPID COMMUNICATIONS

First evidence of excited states in the near-drip-line nucleus?®Pr and signature inversion
in A=130 nuclei
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y-ray transitions have been identified for the first time in the near-drip-line nuéfégs, making it the
lightest odd-odd praseodymium nucleus in which excited states have been reported. Evidence is presented for
two rotational bands if?®Pr, one strongly coupled and the other doubly decoupled. In addition, the prelimi-
nary reports of a band if?%r are confirmed. The signature inversion phenomenon and trends in the energy
staggering of therh,,,vh,4, bands are discussed for the Cs, La, and Pr nuclei.
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The mass 130 region represents an important laboratory tgnd the yrast band it?®Pr has been confirmed. We popu-
understand the role of different intruder and extruder orbitalsated these nuclei in two separate experiments and identified
on nuclear deformation. Mechanisms for the origin of en-them with a powerful combination of-ray spectrometers,
hanced deformation in this region are being investigated byight charged-particle arrays, and, in one experiment, a recoil
searching for bands built on these orbitals in very neutronmass spectrometer. The identification#t;;,vh;1,, bands
deficient nUC|Ei[1—3]. S|gn|f|Cant advances have I’ecently in 126v12q3r allows for a systematic Study of the Signa‘[ure
been made in the low-spin spectroscopy of the lightest nuclghversion phenomenof8] in Pr nuclei. Trends observed in
in this region where the grOUnd-State deformations are eXthe energy Staggering are Compared and contrasted with
pected to increase as the neutron number decrd@sls  those seen in CsZ(=55) and La Z=57) nuclei.

Ground-state deformations for nuclei near the proton drip  Each experiment was performed using tfi€a+ %Mo
line are suggested to be prolate with deformation values reaction to populate the high-spin states of #8&'2%r nu-
near 0.3[4], which are nearly as large as some highly de-clej in the apn and 3n channels, respectively. In one ex-
formed bands observed in the heavier130 region(see  periment, a thin ¢ 450 ug/cn?), self-supporting?Mo tar-
Ref. [5], for example. Calculations by Vretenaet al. [6]  get was bombarded by #Ca beam at 170 MeV, provided
place the proton drip line at*Pr for Z=59 nuclei, while  py the Holifield Radioactive lon Beam FaciliHRIBF) at
current experimental information on neutron separation en©ak Ridge National Laboratol RNL). Excited states were
ergies ends at?®Pr [7]. Further progress towards the spec-studied using the Ge Clover detector array CLARION, the
troscopy at and beyond the proton drip line in this massCsl portion of the charged particle detector array HyBal
region presents difficult challenges. In addition to requiringand the Recoil Mass Spectromet&MS) [10]. CLARION
efficient and selective detection systems, these studies mapnsists of 11 clover Ge detectors and was complemented
well require the use of radioactive ion beams. However, wewvith ten smaller single-crystal HPGe detectors. Light
can try to approach these drip-line nuclei by using the mostharged particlesp and «) emitted by the deexciting com-
neutron-deficient stable beams and targets in conjunctiopound nuclei were identified with 95 Csl scintillators
with the most selective detection systems available today. coupled to photodiodes in a4 configuration. The focal

In the present work, we have extended the systematiplane detector of the RMS was used in coincidence with the
study of the odd-odd praseodymium nuclei to the neutrontwo arrays such that the mass, evaporated charged particles,
deficient 12%Pr and *2%r isotopes. Excited states have beenand prompty rays of the recoils could be correlated on an
observed for the first time in the near-drip-line nucléd®r  event-by-event basis. Refereridd] illustrates the use of the

RMS in this mass region with a preliminary subset of
CLARION, where excited states itt*Ce were identified. A
*Permanent address: Faculty of Physics, St. Kliment Ohridskycharge-reset foil was placeet 10 cm behind the target in

University of Sofia, BG-1164 Sofia, Bulgaria. order to improve[12] the detection of recoils with highly-
"Present address: Los Alamos National Laboratory, Los Alamosgonverted transitions near the ground state, possibly from
NM 87545. short-lived (10 ng isomeric states. Observation of the

*Present address: Department of Nuclear and Atomic Physicst2®Pr recoils improved by a factor of 2—3 with the reset foil.
Tata Institute of Fundamental Research, Mumbai 400 005, India. vy rays associated with masses 126 and 128 were sorted into
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FIG. 1. (a) Spectrum of transitions in coinci-
dence withA= 126 recoils after a fraction of the
v rays coincident with thex2p channel {?°Ce)
were subtracted. The three strongest transitions in
126Ce are observed in the spectrum and are la-
beled with a “c.” Peaks marked with an asterisk
could not be identified with a band structutb)
Spectrum of the strongly-coupled band 1#Pr
from the GAMMASPHERE experiment pro-
duced by summing over all the double-gated co-
incidence spectra between the 143-keV transition
and they rays denoted with a filled circle. The
inset is the high-energy portion of the=1 sig-
nature of band 2(c) Spectrum of the doubly-
decoupled band int?%r from the GAMMAS-
PHERE experiment. A sum over all the possible
double gates of the transitions marked with a
filled circle was used to produce the spectrum.
The high-energy inset is a result of summing the
spectra from many double gates on higher lying
transitions in the bandd) Spectrum of the yrast
band of 1?%Pr as observed in the mass 128 gated
matrix from the ORNL experiment. The spectrum
is the sum of coincidence spectra gated on the
transitions denoted with a filled circle.

separateE, X E, coincidence matrices and were subse-transitions for*?%Pr emerge as shown in Fig(al. Setting
quently analyzed with theADWARE software packaggl3].  coincidence gates on many of these candidates in the cube
A total of ~0.9 and 4.5 milliony-y events were observed in coincident with an« particle and a proton from the
the 126 and 128 mass-gated matrices, respectively. MatricédSAMMASPHERE data revealed the strongly-coupled se-
of E, vs p and @ multiplicities, with the same mass-gated quence displayed in Fig. (). Cubes coincident with
conditions, were also sorted such thatharged particle co- 2p, 3p, 4p, a2p, 2ap, and 2¢ were also investigated,
incidence relationships could be investigated. but this band was not present. Thus, the band appearing in
In a second experiment, emphasizing the populatiothe ap data i_s not due to the missing or mi_sidentification of
of the highest spin states possible, theCa beam was charged particles by the MICROBALL, but instead the result
accelerated to an energy of 184 MeV by the ATLAS Of it occurring with the emission of an and ap leading to
facility at Argonne National Laboratory(ANL). The praseodymium nuclei. Combining the facts that this structure

GAMMASPHERE spectrometdi 4], with 99 suppressed Ge is (i) correlated with mass 126 from the ORNL experiment

detectors, was operated in conjunction with the
MICROBALL Csl array[15] for y-ray and charged-particle
detection, respectively. The transitions found to be in coin-
cidence withapXn and JpXn exit channels were sorted into
separatée, X E, X E, cubes and were also analyzed with the

and(ii) is associated with the emission of arparticle and a
proton from the ANL experiment, one can conclude the se-
quence must be identified with?®Pr. This is the first con-
clusive evidence of any transitions in this proton-rich
nucleus, which becomes the lightest odd-odd Pr nucleus in
which excited states have been observed. Tentative spin as-

RADWARE package. Over 580 m'”'C_’”VS or higher fold  gignments for this band were based on energy level system-
events were recorded in the experiment wittV.5% and  gafics as described by Liet al.[18]. The firsth, 4, proton and
13% of the data associated with thg and 3 gating re- . neutron alignments, which are found in the neighboring
quirements, respectively. nuclei **°Ce [11] and ?'Pr [1], respectively, are not ob-
Transitions found in coincidence with=126 recoils served in this band. Therefore, the blocking of these cross-
from the ORNL experiment were predominately identifiedings strongly suggests a configurationeti,,vh,,, for the
with 1?6Ce[16,17] from the a2p channel. However, by sub- strongly-coupled band in*2%Pr, as labeled in the level
tracting thea2p vy rays from theA= 126 projection, several scheme of Fig. 2.
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(L - atics have led to tentative spin assignments and a tentative
configuration assignment ofrhy;,,vhg,, although the
(esy mhyv(dgn/Sy,) configuration cannot be ruled out since
@om | both would likely form a doubly-decoupled sequence. Fur-

ther discussion of this band will be presented in a forthcom-

4 126 Pr 128 Pr ing publication[20].

- - The identification of structures if?%r was established
T from the y-y-recoil data measured in the ORNL experiment.
1479 1572 Figure Xd) shows a summed coincidence spectrum of a band
@ | from the mass 128 gateg-y matrix. By examining the

3 359 ! ) .
s y-charged particle matrix, we were also able to determine

158 1485 that the strongest and cleanest transitions in this band were

@0 33%) (15b2) | o associated with a 8 evaporation. This additional informa-
e s @ | tion allows for the structure to be unequivocally associated
o . 1392 with 128Pr as it is the onlyA= 128 nucleus which is in co-
—E 1418 @9 incidence with the emission of three protons from this reac-
1239 1320 @t | tion. These observations confirm preliminary results reported
@ | | o) e by Watsonet al.[21] and Galindo-Uribarret al.[22], where
S | b —e this same band was observed up to a spin of {19 Ref.
@ | [21] mass-gating techniques similar to those described above
were used, but without a charged-particle detector, and in
(25*2’3 Ref. [22] a charged-particle detector was employed, but
— without mass gating. Once again, the fimst,, proton and
(mf’s neutron alignments are blocked in this band, which leads to a

configuration assignment afh,,,,vh;,,. The band was ex-
tended to high spins using the GAMMASPHERE data as
shown in the partial level scheme of Fig. 2. Six additional
bands were identified in?®Pr and will be discussed in detail

923
(21

844

(19%) l

708 in a future publicatiorf20].

a7 Strongly-coupled bands are composed of tio=2 se-

159 % quences which have different signatdrés=0 or 1 for odd-

1305 odd systems One signature is often energetically favored

e over th@T other due to the decoupling parameter and the fa-

() %8 274 T a1 %y P vorgd signature can normally be predicted by Im th.e

A R o e 151 aon 2 gt o orbitals involved[23]. However, there are configurations

= A swEs () ) 2 s () (normally involving intruder orbitalswhere the expected fa-

(7thyohgm)  TThy by mh, ,vh,, vored signature lies higher in energy than the unfavored sig-

nature. This is known as signature inversi@} and it has
FIG. 2. Level scheme fof?®Pr and a partial level scheme for been reported in odd-odd nuclei of the mass[88], 130
128py The width of the arrows is proportional to the transition’s [18], and 160[25] regions at lower spins. In the mass 130
relative intensity. Configuration assignments for the bands argegion, the inversion phenomenon is found in the
given. Tentative transitions are denoted with dashed lines. mhy1ovhq1» bands where the expected favored signature is
a=1. Figure 3 displays the energy staggering, defined
A doubly-decoupled sequence, shown in Fig)lcould as  AE=[E(N—E(I-1)]-[E(I+1)-E()+E(I—1)
also be associated with therp condition from the —E(I=2)]/2, of the whyyvhyy, structures in several Cs,
GAMMASPHERE data in a similar manner as that described-& and Pr isotopes. The signature inversion can be observed
above. It was found to be more strongly populated in the2t lower spins where the=0 signature(filled squareslies
ANL experiment than either of the yrast bands frdf¥r lower in energy, but at higher spins the Coriolis force re-

[19] (ap2n channel and *2Pr[1] (ap channel. Thus, it is stores “normal” ordering _of the sequences. _
likely a result of theapn exit channel leading td2%pr, al- An adequate explanation for inversion has been elusive,

though, an irrefutable assignment cannot be made witholthough several attempts have been made suggesting triaxi-
mass identification. This decay sequence could not be estaBltY [8], @ pn interaction[26], triaxiality with a pn interac-
lished in the ORNL experiment, as shown in Figa)l The  tion [35], andQQ pairing [36] as possible reasons for this
population intensity was likely below the experimental sen-Pehavior. The validity of the theories is often tested by how
sitivity level as this band was observed to be less intense in

the GAMMASPHERE experiment than the strongly-coupled

band(note that the relative intensities of the transitions are Signature is the quantum number associated with the rotation of
depicted by the arrow widths in Fig).ZEnergy level system- a deformed nucleus around a principal axis by 180°.
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;2(0) Y "1 1 T ] as a function of spin for therh,;,,vh;,,, bands in
bbbt bl odd-odd Cs Z=55), La Z=57), and Pr ¢
5 10 15 20 25 n .
S o [ La s I a1 La 1 La h =59) nuclei. Thea=0 (a=1) signature is de-
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s 0 [ '._.'jD T '.__/.'\u T '-.__./' T abddll o1 spin at which the signature inversion ends. Spin
< -150 | LT T T ] assignments for all nuclei shown were adopted
B TSROVt OO i FPPPTIUIT PPPPLISYIT i PP FPTLNRYFTVTIM MO TSPRT O from Liu et al. [18]. Data from nuclei not de-
fzg  126py T 128py Teer T 132py o ] scribed in the present work were taken from
ol Pt A R, L 12Cs[26], *Cs[27), **1*Ts[28], 1**Cs[29),
o[ R D/ I D-D‘-’D\-’D‘-”'d'\.j/\/\_"_ VRN \/_\-’J'\ ] 124 5 [28], 1?8.a [30], 28130 a [31], 1¥%r [32],
as0 [ o}1 =i SO I 132py [33,34].
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well the model reproduces systematic trends; therefore, esnodel in Ref[36], or any model, to account for the differing
tablishing these experimental trends is crucial for underirends in this mass region.
standing the mechanigs) behind signature inversion. With In summary, progress towards discreferay spectros-
the observance of theh;q,vhy;, bands in12612%y, it is  copy near the proton drip line has been made in odd-odd
now possible to examine the systematics in the praseody2raseodymium nuclei as excited states 'fifPr were ob-
mium nuclei. The Spin at which the inversion er(dmrked served for the first time. The Select|V|ty Of.the. RMS .and the
by arrows in Fig. 3increases with neutron numbiirfor all ~ charged-particle array HyBall in combination with the
three isotopic chainsee Fig. 3. For an isotonic chain, the CLARION Ge array at ORNL, as well as the power of
amount of initial staggering reduces ass increased, which GAMMASPHERE in conjunction with the MICROBALL,
may be a result of increasing deformation wZhA trend ~ Was used to positively identify the structures. Signature in-
observed by Smittet al. [37] is that the amount of initial vers(;on_ IS c;]bserved In t?ehlm"hlm bands and cor]ltrast_mg ¢
staggering decreases with increasiNgfor the Cs nuclei, rends in t ebamou_ntg energyhstaggenr(\jg as a Iunctlonho
Recently, Xuet al. [36] suggested thaDQ pairing causes neutror_l number e_X|s_t etwe_en t_e Cs and Pr nuclei. Furt er
. : . theoretical analysis is required in order to understand this
the inversion and that the force decreasedas increased unusual phenomenon
from 65 to 71; therefore, they were able to reproduce this '
latter trend. However, anppositeresult is found for the Pr Discussions with F.G. Kondev and M.A. Riley are grate-
nuclei in Fig. 3 as the initial staggering increases with  fully appreciated. The authors wish to thank the HRIBF and
This indicates that the for¢® responsible for the inversion ATLAS operations staffs for their assistance with the experi-
in the Pr nuclei increases as the neutron Fermi surface imnents. Special thanks also to John Greene for target prepa-
creases and/or as the quadrupole deformation decreases.rdions. This work is funded by the U.S. Department of En-
remarkably consistent amount of initial staggering is ob-ergy through Contracts No. DE-FG02-96ER40983
served in the La chain, with perhaps a small increase iriUniversity of TennesseeW-31-109-ENG-38Argonne Na-
staggering withN. The opposing systematics of the Cs andtional Laboratory, DE-FG05-88ER40406Washington Uni-
Pr nuclei are rather surprising as consistent trends in theersity), and DE-AC05-000R22750ORISE. ORNL is
amount of staggering witlN are observed in the mass 160 managed by UT-Battelle, LLC, for the U.S. DOE under Con-
[25] region. A substantial challenge is therefore posed for theract No. DE-AC05-000R22725.
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