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Four highly deformed structures in the odd-odd nuclE®mys were observed via th&®PdCl,2p2n)
reaction at 180 and 173 MeV using the GAMMASPHERFEay spectrometer and the Microball charged-
particle detector array. Quadrupole moment measurements were performed on all of the bands. In contrast to
lighter oddZ Pm and Pr nuclei, bands based on ggg[404]9/2 proton orbital were not observed. Instead, the
four observed sequences are assigned as a couplingi gfameutron with the low€) h,4,, and mixedds;,g7/,
orbitals. Comparisons with neighboring highly deformed structures are discussed and cranked Nilsson-
Strutinsky calculations fof*Pm are presented.

PACS numbgps): 21.10.Re, 23.20.Lv, 27.60]j

Recently, much attention has focused on highly deformed=130 Ce-Nd highly deformed region towards thAe-140
second-minimum structures in the oddpraseodymium Z — 150 superdeformed nuclgl8], and build upon the studies
=59) chain of nuclei near mags=130. A number of rota- of the N=72, 73, and 75 Pm nuclei by Galindo-Uribarri
tional sequences with characteristics consistent with super @t al.[1], Wadsworthet al.[4], and Rileyet al.[19], respec-
highly deformed €,~0.27-0.40) shapes were previously tively. This article reports on the observation and quadrupole
observed1-13|. These studies have demonstrated that thenoment measurements of four highly deformed sequences in
902 404]9/2 proton orbital also plays a critical role in driving 136pm_These structures are interpreted as involving particu-
the nucleus to “enhanced” prolate deformation values reqar proton orbitals coupled to the energetically favored sig-
g?tmljltGhsst of the mvplve{nent of f[ht@?’g{wﬂlllz nelétr?n or-t' nature @=+1/2) of thei,5{660]1/2 neutron orbital. One

ital that was previously associated with large-deformation, ... ; : ;
structures in th?s regioﬁ)ll4—1(j. In an effort tg extend the rbalr of bands shgws behawor consistent \-Nlth .thblllz
® viq3p configuration. It is argued that while highly de-

ynde_rstamjmg of h'ghly deformed_ structures in dtiduclei formed sequences involving theyy,{404]9/2 orbital are ob-
in this region, a series of experiments were performed to

in133,13 i
study theN=74 and 75 promethiumZ=61) nuclei[17] served in Pm[1,20], the second pair of observed bands

. 13 . .
These experiments continue the quest to expand Ahe M ° "Pm is best understood as the mixdg,gy;, proton
orbital coupled to the,, neutron.

High-spin states in a wide rang& £ 58— 62) of nuclei
- . lo
*Present address: Sandia National Laboratories, AlbuquerquiVe€ré populated after fusion of &Cl beam with***Pd target

NM 87185. nuclei. Thin and backed target experiments were performed
"Present address: Physics Division, Argonne National Laboraton@t the 88-Inch Cyclotron Facility at the Lawrence Berkeley
Argonne, IL 60439. National Laboratory. Beam energies of 180 Métiin tar-
*Present address: Lawrence Livermore National Laboratory, Livge) and 173 MeV(backed targgtwere used. The thin target
ermore, CA 94550. was an isotopically enriched®Pd foil with a thickness of
SPresent address: Department of Physics and Astronomy, UniveB00 ug/cn?. The backed target was a 1 mg/erthick
sity of Kentucky, Lexington, KY 40506. 10%( foil mounted on a 17 mg/cmAu backing. Emittedy
IPresent address: Los Alamos National Laboratory, Los Alamostays were collected using the GAMMASPHERE spectrom-
NM 87545, eter[21,22 consisting of 57(thin target experimentand 97
TPresent address: Oliver Lodge Laboratory, University of Liver-(backed target experimen€ompton suppressed hyperpure
pool, Liverpool L69 3BX, U.K. Ge detectors. The evaporated charged particles were identi-
** Present address: School of Sciences, Staffordshire Universitfied with the Microball detector systef3] allowing a clean
Stoke on Trent ST4 2DE, U.K. separation of the different charged-particle exit channels. For
MPresent address: Department of Physics, SUNY Stony Brookthe 1°Pd(®°Cl,2p2n)**%Pm reaction, which is approximately
Stony Brook, NY 11794, 13% of the total reaction cross sectionx 20° suppresseq
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events of fold three and above were collected in the thin The most intense cascade, band 1, was previously ob-
target experiment, while for the thick target experiment 3served up to the 1168 keV transitiph9]. It was suggested

X 10° such events were collected. that this band involved a coupling of the lowés,, neutron

_ Four rotational bands, three of them observed for the firsprpjtal ((660]1/2, o=+ 1/2) with the favored signature of
time in this Rapid Communication, all with moments of in- the hy4/, proton orbital((532]5/2, a= — 1/2). ForN=75 nu-

ertia simi_Iar to knogvn hig(;'%ﬁgemrmw strrl]Jctures_ in this |6 it is established that this particular neutron orbital plays
Mass region were observe m(Fig. 1). The maximum dominant role in highly deformed structures and this be-

intensities of b%nds 1,2, 3, and 4 compared with the totaf \ .o is also expected it?%Pm. For example, in3Nd the
intensity of the'3®Pm reaction channel are estimated as 9%, . . .
highly deformedwi,3, band is observed to become yrast

3%, 3%, and 2%, respectively. Although no firm connec- . . ; e
tions are observed between the highly deformed bands arﬁ]bove spin 25 and is more than 400 key lower in e)§C|Fat|on
the normal deformed leve[d7,24, in the thick target data a €N€rgy than any other sequence at Spi0h. For this im-
stopped 818 keV transition is prominent in the gated spectrortant reason, along with moment-of-inertia observations
of band 1 indicating that this transition can be firmly associ-2nd lifetime mea;ugemerﬁdlscussed beloyythe other three
ated with the decay process of this band. Note also that thef@ands observed i*Pm are also assigned &g, neutron

is evidence in Fig. (b) that band 2 feeds into the lower content. This suggestion is consistent with cranked shell
members of band 1, supporting the suggestion that these twoodel calculations, although, until firm parities and spin val-
bands are signature partners. The dynamic moment of inertiaes are experimentally determined, the involvement of the
(J@=dE/dl) plot for these four sequences i®m and  f;hg;, [541]1/2 neutron orbital cannot be completely ruled
some highly deformed bands for the neighboring nucleiout. TheJ(®) behavior of band 2 is similar to band 1 indicat-
B3pm[1], ¥¥%Pr[2], and *Nd [25,26 is presented in Fig. 2. ing that it most likely involves the unfavored signature of the
For comparison normal-deformed structures'fm have [532]5/2 orbital. Note that in Ref19] the lower than usual
J®? values of~30i%/MeV. moment of inertia for band 1, compared with other neighbor-
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tional frequencyfiw, for highly deformed structures it*%m and
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ing effect” for the alignment of the first pair df;,,, protons
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onto the “forward” and “backward” axes. These spectra
were then used to extract the fraction of the full Doppler-
shift, F(7), for transitions within the band of interest. In
order to extract information for the weaker bantfands 3
and 4, and to check the results for bands 1 and 2, double
gates were also set on in-band “moving” transitions in any
ring of detectors and data were again incremented into sepa-
rate spectra for events detected at “forward,” *“90°,” and
“backward” angles. Finally, for the strongest bandsmnds

1 and 2 coincidence gates were set on only the highest spin
transitions within the band, making it possible to eliminate
the effect of side feeding for states lower in the cascade.
Approximately a 10% increase in the deduced deformation
was found using the latter method compared with the value
extracted by gating on the stopped transitions at the bottom
of the band. Similarly, a 5% increase was observed when
using coincidence gates set on transitions throughout the
band(as for bands 3 and)4This is consistent with the mea-
surements on the highly deformed bands-#A*3Nd [28]. It

is estimated that the side feeding lifetimes of the highly de-
formed bands int*%m and333Nd are similar and about

FIG. 2. The dynamic moment of inertia as a function of rota- 1.3-1.4 times slower than those for the in-band levels which
agrees with recent measurements by Clatlal. [29] for

highly deformed structures ih*%*3€e. Figure 3 shows the
measured fractional Doppler shifg(7), as a function of
ing highly deformed sequences, was explained as a “blocky-ray energy for each band, together with that of the known

which is known to occur neat w~0.45 MeV. The same [28].

argument also holds, as indeed it should, for band 2.

highly deformed band it*>Nd measured in this experiment

In order to extract the intrinsic quadrupole moments from
Quadrupole moment values were extracted for all fourthe experimentaF(7) values, calculations using the code

bands from the thick target data using the centroid-shiffiTFTAU [30] were performed. Th&(7) curves were gener-
Doppler-shift attenuation methd@7]. For the more intense ated under the assumption that the band has a con®tant
bands (bands 1 and 2 the data were sorted into two- value. In the modeling of the slowing process of the recoiling
dimensional matrices of-ray energies, in which one axis nuclei, the stopping powers were calculated using the most
consisted of the “forward” (31.7° and 37.4°) or the “back- recent version of the coderim [31]. The corrections for
ward” (142.6° and 148.3°) group of detectors and the othemultiple scattering were introduced using the prescription
axis was any coincident detector. Spectra were generated lgjven by Blaugrund32]. Where appropriate, the side feed-
summing gates on the cleanest, fully stopped transitions ahg into each state was taken into account according to the
the bottom of the band of interest and projecting the eventexperimental in-band intensity profile using a rotational cas-
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FIG. 3. The experimental and calculatégr)
values as a function of-ray energy fora) bands
1 and 2 andb) bands 3 and 4 if*%m. Calcu-
lated curves that best fit the data are shown as
solid lines along with the corresponding quadru-
pole moment values. In addition, tif€7) curve,
extracted from the same data, for the highly de-
formed band in'**Nd [28] is shown as a dashed

line in (b).
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about 20%. Thes®, values fit consistently within the sys-
al tematic measurements in this regi@8] where the effect of
136pm 4 1t the Z=58,60 andN=72 deformed shell gaps become pro-

gressively weaker with increasing and N. These experi-
mental observations are also consistent with theoretical pre-
dictions, see for example, Refg.14,15,33 and the
calculations presented below.

The above discussion has mentioned several arguments
which suggest that thie 5/, neutron orbital is involved in all
four band configurations. This suggestion is supported by
theoretical calculations als¢see below. In addition, the be-
havior of bands 1 and 2 is consistent with them being based
on excitations involving the favored and unfavoted,, pro-
ton orbital (i.e., wh11,® vii3,). However, the structure of
bands 3 and 4 is less clear. In order to explore the proton
orbital candidates that may be involved V\1/i3th bands 3 and 4,
FIG. 4. Calculated excitation energy minus a rigid rotor refer-the. observed_ structu_res |}?3pm_[1] an_d 5Pm [20], for
ence as a function of spin for the lowest energy positive parityWhICh extenswe data is now avqﬂable, Is considered. In these
configurations in’3%m. Even and odd spin states are indicated byOdd'Z nuclei, bands involving the 7 hy;]532]5/2,
open and filled symbols, respectively, and signature partner bancg5/i4]jl]3/2’ 97,/2[413]5/2' and_g9/2[40,4]9/2 orbitals are now
are linked by a loop at selected points. Complete theoretical con€Stablished with thén,, orbital being yrast and theg,
figuration labels for the bands are given in the legend and corre@rbital lying highest in excitation energy. The observed be-
spond to the labeling convention used for important band structuregavior of these orbitals as a function of rotational frequency
in the text in the following manner: and Spin are very different. For example, thﬁ/z orbital

ﬂ{(h11/2)4(99/2)71(97/2d5/2)8] V[(h11/2)8(h9/2)2(i 13/2) 4 experimentally displays large signature splitting
. (>500 keV), while the twag,, Signatures are degenerate to
=1g92® Vi3 less than 10 keV. The two signatures of {#1]3/2 and
[413]5/2 sequences display intermediate energy splitting and
have moments of inertia that closely track each other.

In *%m, bands 3 and 4 are of similar intensity and dis-
play very similar moments of inertia as a function of rota-
tional frequencyfFig. 2(a)]. From the moment of inertia be-
havior shown in Fig. 2, and the prominent observation of
7gg;[404]9/2 bands in nearby odd-lower mass nuclei, it
seems tempting to assign bands 3 and 4%fPm to the
cade of three transitions with the sar@g as the in-band 7gg,® vii3, configuration because of their similarity to the
states. Although the uncertainties in the stopping powers ansignature paired bands it*?Pr [Fig. 2(b)]. However, there
the modeling of the side feeding may contribute an addiare several experimental observations that indicate that bands
tional systematic error of 15—20% in the absol@g val- 3 and 4 in**%Pm do not involve thergg, configuration.
ues, the relative values are considered to be accurate to a Although no cross linkingA1 =1 transitions are observed
level of 5-10%. Such precision allows a clear differentia-between bands 3 and 4, it seems most likely that they are
tion in the Qq values between normal and enhanced designature partners. If the excitation energies of these two
formed sequences, which was used in turn as evidence fdxands are chosen to minimize any energy splitting at low
the involvement of specific orbitals within a band configura-rotational frequency, analyses of their signature-splitting be-
tion. havior shows them to have nearly an order of magnitude
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Deformation values €5,y) for the bands are indicated at various
spins. Note the position of thegg,® vii3, configuration(desig-
nated by the inverted triangleis approximately 1.5 MeV above the
yrast line.

The fact that bands 1 and 2 display such simigrr)

higher energy splitting ak w~0.6 MeV than examples for

curves is further evidence that they are indeed signature parighly deformed sequences it?%*%%3pr, and 13313pm

ners. This is also true for bands 3 and 4. The Highvalues
of 5.23) (band 2, 5.24) (band 3, 5.76) (band 3, and
5.7(6) e b (band 4 also support the involvement of thes,

based on thg404]9/2 orbital, and also it3%13%r where this
special proton orbital is coupled with dn,,, andiqg, neu-
tron, respectively. The lack of observed cross transitions be-

orbital in these structures. For comparison, the normal detween bands 3 and 4 provides additional experimental evi-

formed sequences were determined to h&evalues of
<2.7e b since they exhibited little or no Doppler shift at
high spin (rotational frequency Assuming axial symmetry
(v=0°) and zero hexadecapole deformation, @evalues
correspond to quadrupole deformation values,of 0.262)
for bands 1 and 2 and 0.@8 for bands 3 and 4. However, if

dence that th§404]9/2 proton orbital is not involved. For the
[404]9/2 orbital in **%Pr, B(M1)/B(E2) transition-strength
ratios of ~1.6 (uy/eb)? were extracted and|=1 transi-
tions in the energy range of 300—350 keV are obsef2¢d
It is expected that the same configurations'#Pm would
have slightly lower quadrupole deformati¢B83] and thus

a small amount of triaxiality is assumed as suggested froneross transitions should be more easily observable. This ar-

our calculationgsee Fig. 4, thesee, values will increase by

gument can be extended further by following the methodol-
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ogy of Donau and Frauenddr84] to calculate the expected rupole moment measurements confirm the highly deformed
B(M1)/B(E2) values for the two most likely candidates for nature of these bands. Configuration assignments to the
bands 3 and 4, namely ther[413]5/2%1[660]1/2 or bands are based on their moment of inertia behavior, large
w[411]3/2® v[660]1/2 configurations. Values of 0.1 and ~quadrupole moments, estimates of their signature splitting,
~0.5 (uyn/eb)? were obtained. Since both of these valuesand consideration of cross-linking dipole transitions. These

are much lower than those for thege,® viys, configura- duantities, together with comparisons with neighboring nu-

tion, it seems much more sensible to assign bands 3 and 4 5 and detailed theoretical calculations lead to assignments

i ; : hy1/5® viq1g5 for bands 1 and 2, anetdg;,g7,,® vi g3, for
a mixing of thewds;, and wg,, orbitals coupled with the OF mN11/5® V1137 = 5/297/2 ©113/2
i 151, NEutron. It may also be noted that the lowest positive-bands 3 and 4. These observations are in sharp contrast to

- . ) . other recent measurements on neighboring light BHdér
:?2?/3];3;2?&?:' in-eveN- Pm nuclei is based on the and Pm nuclei where highly deformed second-minimum

structures involving thegg,[404]9/2 orbital were found.
In order to. support the_arguments preserggg above a hile future measurements should aim to firmly fix the spins
§h?ddfurrt]h(|alrrlrl19fét ?n rfze ?I%T( Sdp'aiftruitusrfr tin T prcl)— | and parities of these bands, the present data represent a step-
![ieocnz wserg per?orem:d. Ig ?)otr? casjss,othgg,;@ visls,lzcsae?u aping stone in expanding the realm of the highly deformed

guences are calculated to lie much higherl( MeV) in i1:35)15((:)esl\r|:_G:je_%§nre$%vx?rds the  superdeforméd
energy than themrds,,® vi3, and 7g,,® viq3, configura-

tions. The latter two configurations are also very close in  As always, special thanks are due to D.C. Radford and
energy AE<50 keV). In the Strutinsky calculations shown H.Q. Jin for software support and to R. Darlington for help
in Fig. 4 the deformation of the latter structures was calcuwith the targets. Long discussions with D. Ward and A.
lated to bee,~0.28—-0.30,y~15° in thel =30-50t spin  Galindo-Uribarri are acknowledged and greatly appreciated.
range, which is consistent with the experimental lifetimeThe authors wish to extend their thanks to the staff of the
measurements in the present experiment. This closeness iBNL GAMMASPHERE facility for their assistance during
energy and the sizeable deformation suggests that there is the experiments. Support for this work was provided by the

significant mixing of the[411]3/2® vi 3, and [413]5/2
® vi 13, Sequences it*%®m at large deformation and spin.

U.S. Department of Energy, the National Science Founda-
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