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Highly deformed rotational structures in 136Pm
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Four highly deformed structures in the odd-odd nucleus61
136Pm75 were observed via the105Pd(35Cl,2p2n)

reaction at 180 and 173 MeV using the GAMMASPHEREg-ray spectrometer and the Microball charged-
particle detector array. Quadrupole moment measurements were performed on all of the bands. In contrast to
lighter odd-Z Pm and Pr nuclei, bands based on theg9/2@404#9/2 proton orbital were not observed. Instead, the
four observed sequences are assigned as a coupling of ani 13/2 neutron with the low-V h11/2 and mixedd5/2g7/2

orbitals. Comparisons with neighboring highly deformed structures are discussed and cranked Nilsson-
Strutinsky calculations for136Pm are presented.

PACS number~s!: 21.10.Re, 23.20.Lv, 27.60.1j
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Recently, much attention has focused on highly deform
second-minimum structures in the odd-Z praseodymium (Z
559) chain of nuclei near massA5130. A number of rota-
tional sequences with characteristics consistent with supe
highly deformed (e2;0.2720.40) shapes were previous
observed@1–13#. These studies have demonstrated that
g9/2@404#9/2 proton orbital also plays a critical role in drivin
the nucleus to ‘‘enhanced’’ prolate deformation values
gardless of the involvement of thei 13/2@660#1/2 neutron or-
bital that was previously associated with large-deformat
structures in this region@14–16#. In an effort to extend the
understanding of highly deformed structures in odd-Z nuclei
in this region, a series of experiments were performed
study theN574 and 75 promethium (Z561) nuclei @17#.
These experiments continue the quest to expand thA
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5130 Ce-Nd highly deformed region towards theA5140
2150 superdeformed nuclei@18#, and build upon the studie
of the N572, 73, and 75 Pm nuclei by Galindo-Uribar
et al. @1#, Wadsworthet al. @4#, and Rileyet al. @19#, respec-
tively. This article reports on the observation and quadrup
moment measurements of four highly deformed sequence
136Pm. These structures are interpreted as involving part
lar proton orbitals coupled to the energetically favored s
nature (a511/2) of the i 13/2@660#1/2 neutron orbital. One
pair of bands shows behavior consistent with theph11/2

^ n i 13/2 configuration. It is argued that while highly de
formed sequences involving thepg9/2@404#9/2 orbital are ob-
served in133,135Pm @1,20#, the second pair of observed ban
in 136Pm is best understood as the mixedd5/2g7/2 proton
orbital coupled to thei 13/2 neutron.

High-spin states in a wide range (Z558262) of nuclei
were populated after fusion of a35Cl beam with105Pd target
nuclei. Thin and backed target experiments were perform
at the 88-Inch Cyclotron Facility at the Lawrence Berkel
National Laboratory. Beam energies of 180 MeV~thin tar-
get! and 173 MeV~backed target! were used. The thin targe
was an isotopically enriched105Pd foil with a thickness of
500 mg/cm2. The backed target was a 1 mg/cm2 thick
105Pd foil mounted on a 17 mg/cm2 Au backing. Emittedg
rays were collected using the GAMMASPHERE spectro
eter@21,22# consisting of 57~thin target experiment! and 97
~backed target experiment! Compton suppressed hyperpu
Ge detectors. The evaporated charged particles were id
fied with the Microball detector system@23# allowing a clean
separation of the different charged-particle exit channels.
the 105Pd(35Cl,2p2n)136Pm reaction, which is approximatel
13% of the total reaction cross section, 23108 suppressedg
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FIG. 1. Summedg-ray triple-coincidence
spectra for bands in136Pm. The insets contain the
low-energy ~150 keV to 350 keV! part of the
spectra. Low-spin normal deformed transitions
136Pm are also labeled. The *’s in~b! indicate
transitions in band 1. In~d! band 4 the 753 and
712 keV transitions are parallel at the bottom
the band.
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events of fold three and above were collected in the t
target experiment, while for the thick target experiment
3108 such events were collected.

Four rotational bands, three of them observed for the fi
time in this Rapid Communication, all with moments of i
ertia similar to known highly deformed structures in th
mass region were observed in136Pm ~Fig. 1!. The maximum
intensities of bands 1, 2, 3, and 4 compared with the to
intensity of the136Pm reaction channel are estimated as 9
3%, 3%, and 2%, respectively. Although no firm conne
tions are observed between the highly deformed bands
the normal deformed levels@17,24#, in the thick target data a
stopped 818 keV transition is prominent in the gated spe
of band 1 indicating that this transition can be firmly asso
ated with the decay process of this band. Note also that t
is evidence in Fig. 1~b! that band 2 feeds into the lowe
members of band 1, supporting the suggestion that these
bands are signature partners. The dynamic moment of in
(J(2)5dE/dI) plot for these four sequences in136Pm and
some highly deformed bands for the neighboring nuc
133Pm@1#, 132Pr @2#, and 135Nd @25,26# is presented in Fig. 2
For comparison normal-deformed structures in136Pm have
J(2) values of;30\2/MeV.
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The most intense cascade, band 1, was previously
served up to the 1168 keV transition@19#. It was suggested
that this band involved a coupling of the lowesti 13/2 neutron
orbital ~@660#1/2, a511/2) with the favored signature o
the h11/2 proton orbital~@532#5/2, a521/2). ForN575 nu-
clei it is established that this particular neutron orbital pla
a dominant role in highly deformed structures and this
havior is also expected in136Pm. For example, in135Nd the
highly deformedn i 13/2 band is observed to become yra
above spin 25\ and is more than 400 keV lower in excitatio
energy than any other sequence at spinI 540\. For this im-
portant reason, along with moment-of-inertia observatio
and lifetime measurements~discussed below!, the other three
bands observed in136Pm are also assigned ani 13/2 neutron
content. This suggestion is consistent with cranked s
model calculations, although, until firm parities and spin v
ues are experimentally determined, the involvement of
f 7/2h9/2 @541#1/2 neutron orbital cannot be completely rule
out. TheJ(2) behavior of band 2 is similar to band 1 indica
ing that it most likely involves the unfavored signature of t
@532#5/2 orbital. Note that in Ref.@19# the lower than usua
moment of inertia for band 1, compared with other neighb
4-2
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ing highly deformed sequences, was explained as a ‘‘blo
ing effect’’ for the alignment of the first pair ofh11/2 protons
which is known to occur near\v;0.45 MeV. The same
argument also holds, as indeed it should, for band 2.

Quadrupole moment values were extracted for all fo
bands from the thick target data using the centroid-s
Doppler-shift attenuation method@27#. For the more intense
bands ~bands 1 and 2!, the data were sorted into two
dimensional matrices ofg-ray energies, in which one axi
consisted of the ‘‘forward’’ (31.7° and 37.4°) or the ‘‘back
ward’’ (142.6° and 148.3°) group of detectors and the ot
axis was any coincident detector. Spectra were generate
summing gates on the cleanest, fully stopped transition
the bottom of the band of interest and projecting the eve

FIG. 2. The dynamic moment of inertia as a function of ro
tional frequency,\v, for highly deformed structures in136Pm and
~b! highly deformed bands in135Nd, 133Pm, and132Pr.
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onto the ‘‘forward’’ and ‘‘backward’’ axes. These spectr
were then used to extract the fraction of the full Dopple
shift, F(t), for transitions within the band of interest. I
order to extract information for the weaker bands~bands 3
and 4!, and to check the results for bands 1 and 2, dou
gates were also set on in-band ‘‘moving’’ transitions in a
ring of detectors and data were again incremented into s
rate spectra for events detected at ‘‘forward,’’ ‘‘90°,’’ an
‘‘backward’’ angles. Finally, for the strongest bands~bands
1 and 2! coincidence gates were set on only the highest s
transitions within the band, making it possible to elimina
the effect of side feeding for states lower in the casca
Approximately a 10% increase in the deduced deformat
was found using the latter method compared with the va
extracted by gating on the stopped transitions at the bot
of the band. Similarly, a 5% increase was observed w
using coincidence gates set on transitions throughout
band~as for bands 3 and 4!. This is consistent with the mea
surements on the highly deformed bands in133,135Nd @28#. It
is estimated that the side feeding lifetimes of the highly d
formed bands in136Pm and133,135Nd are similar and abou
1.3– 1.4 times slower than those for the in-band levels wh
agrees with recent measurements by Clarket al. @29# for
highly deformed structures in131,132Ce. Figure 3 shows the
measured fractional Doppler shift,F(t), as a function of
g-ray energy for each band, together with that of the kno
highly deformed band in135Nd measured in this experimen
@28#.

In order to extract the intrinsic quadrupole moments fro
the experimentalF(t) values, calculations using the cod
FITFTAU @30# were performed. TheF(t) curves were gener
ated under the assumption that the band has a constanQ0
value. In the modeling of the slowing process of the recoili
nuclei, the stopping powers were calculated using the m
recent version of the codeTRIM @31#. The corrections for
multiple scattering were introduced using the prescript
given by Blaugrund@32#. Where appropriate, the side fee
ing into each state was taken into account according to
experimental in-band intensity profile using a rotational c

-
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e-
FIG. 3. The experimental and calculatedF(t)
values as a function ofg-ray energy for~a! bands
1 and 2 and~b! bands 3 and 4 in136Pm. Calcu-
lated curves that best fit the data are shown
solid lines along with the corresponding quadr
pole moment values. In addition, theF(t) curve,
extracted from the same data, for the highly d
formed band in135Nd @28# is shown as a dashed
line in ~b!.
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cade of three transitions with the sameQ0 as the in-band
states. Although the uncertainties in the stopping powers
the modeling of the side feeding may contribute an ad
tional systematic error of 15– 20 % in the absoluteQ0 val-
ues, the relative values are considered to be accurate
level of 5 – 10 %. Such precision allows a clear different
tion in the Q0 values between normal and enhanced
formed sequences, which was used in turn as evidence
the involvement of specific orbitals within a band configu
tion.

The fact that bands 1 and 2 display such similarF(t)
curves is further evidence that they are indeed signature p
ners. This is also true for bands 3 and 4. The highQ0 values
of 5.2~3! ~band 1!, 5.2~4! ~band 2!, 5.7~6! ~band 3!, and
5.7~6! e b ~band 4! also support the involvement of thei 13/2
orbital in these structures. For comparison, the normal
formed sequences were determined to haveQ0 values of
,2.7e b since they exhibited little or no Doppler shift a
high spin ~rotational frequency!. Assuming axial symmetry
(g50°) and zero hexadecapole deformation, theQ0 values
correspond to quadrupole deformation values,e2, of 0.26~2!
for bands 1 and 2 and 0.28~3! for bands 3 and 4. However, i
a small amount of triaxiality is assumed as suggested f
our calculations~see Fig. 4!, thesee2 values will increase by

FIG. 4. Calculated excitation energy minus a rigid rotor ref
ence as a function of spin for the lowest energy positive pa
configurations in136Pm. Even and odd spin states are indicated
open and filled symbols, respectively, and signature partner b
are linked by a loop at selected points. Complete theoretical c
figuration labels for the bands are given in the legend and co
spond to the labeling convention used for important band struct
in the text in the following manner:

p@~h11/2!
4~g9/2!

21~g7/2d5/2!
8#n@~h11/2!

8~h9/2!
2~ i 13/2!

1#

[pg9/2^ n i 13/2

and

p@~h11/2!
4~g7/2d5/2!

7#n@~h11/2!
8~h9/2!

2~ i 13/2!
1#[pd5/2g7/2^ n i 13/2.

Deformation values (e2 ,g) for the bands are indicated at variou
spins. Note the position of thepg9/2^ n i 13/2 configuration~desig-
nated by the inverted triangles! is approximately 1.5 MeV above th
yrast line.
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about 20%. TheseQ0 values fit consistently within the sys
tematic measurements in this region@33# where the effect of
the Z558,60 andN572 deformed shell gaps become pr
gressively weaker with increasingZ and N. These experi-
mental observations are also consistent with theoretical
dictions, see for example, Refs.@14,15,33# and the
calculations presented below.

The above discussion has mentioned several argum
which suggest that thei 13/2 neutron orbital is involved in all
four band configurations. This suggestion is supported
theoretical calculations also,~see below!. In addition, the be-
havior of bands 1 and 2 is consistent with them being ba
on excitations involving the favored and unfavoredh11/2 pro-
ton orbital ~i.e., ph11/2^ n i 13/2). However, the structure o
bands 3 and 4 is less clear. In order to explore the pro
orbital candidates that may be involved with bands 3 and
the observed structures in133Pm @1# and 135Pm @20#, for
which extensive data is now available, is considered. In th
odd-Z nuclei, bands involving the p h11/2@532#5/2,
d5/2@411#3/2, g7/2@413#5/2, andg9/2@404#9/2 orbitals are now
established with theh11/2 orbital being yrast and theg9/2
orbital lying highest in excitation energy. The observed b
havior of these orbitals as a function of rotational frequen
and spin are very different. For example, theh11/2 orbital
experimentally displays large signature splittin
(.500 keV), while the twog9/2 signatures are degenerate
less than 10 keV. The two signatures of the@411#3/2 and
@413#5/2 sequences display intermediate energy splitting
have moments of inertia that closely track each other.

In 136Pm, bands 3 and 4 are of similar intensity and d
play very similar moments of inertia as a function of rot
tional frequency@Fig. 2~a!#. From the moment of inertia be
havior shown in Fig. 2, and the prominent observation
pg9/2@404#9/2 bands in nearby odd-Z lower mass nuclei, it
seems tempting to assign bands 3 and 4 in136Pm to the
pg9/2^ n i 13/2 configuration because of their similarity to th
signature paired bands in132Pr @Fig. 2~b!#. However, there
are several experimental observations that indicate that b
3 and 4 in 136Pm do not involve thepg9/2 configuration.

Although no cross linkingDI 51 transitions are observe
between bands 3 and 4, it seems most likely that they
signature partners. If the excitation energies of these
bands are chosen to minimize any energy splitting at l
rotational frequency, analyses of their signature-splitting
havior shows them to have nearly an order of magnitu
higher energy splitting at\v;0.6 MeV than examples for
highly deformed sequences in129,131,133Pr, and 133,135Pm
based on the@404#9/2 orbital, and also in130,132Pr where this
special proton orbital is coupled with anh11/2 and i 13/2 neu-
tron, respectively. The lack of observed cross transitions
tween bands 3 and 4 provides additional experimental
dence that the@404#9/2 proton orbital is not involved. For the
@404#9/2 orbital in 132Pr, B(M1)/B(E2) transition-strength
ratios of;1.6 (mN /e b)2 were extracted andDI 51 transi-
tions in the energy range of 300–350 keV are observed@2#.
It is expected that the same configurations in136Pm would
have slightly lower quadrupole deformation@33# and thus
cross transitions should be more easily observable. This
gument can be extended further by following the method
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ogy of Donau and Frauendorf@34# to calculate the expecte
B(M1)/B(E2) values for the two most likely candidates f
bands 3 and 4, namely thep@413#5/2^ n@660#1/2 or
p@411#3/2^ n@660#1/2 configurations. Values of;0.1 and
;0.5 (mN /e b)2 were obtained. Since both of these valu
are much lower than those for thepg9/2^ n i 13/2 configura-
tion, it seems much more sensible to assign bands 3 and
a mixing of thepd5/2 and pg7/2 orbitals coupled with the
i 13/2 neutron. It may also be noted that the lowest positi
parity sequence in even-N Pm nuclei is based on th
p@413#5/2 orbital.

In order to support the arguments presented above
shed further light on the high spin structure of136Pm, pro-
jected shell model and cranked Nilsson-Strutinsky calcu
tions were performed. In both cases, thepg9/2^ n i 13/2 se-
quences are calculated to lie much higher (>1 MeV) in
energy than thepd5/2^ n i 13/2 and pg7/2^ n i 13/2 configura-
tions. The latter two configurations are also very close
energy (DE<50 keV). In the Strutinsky calculations show
in Fig. 4 the deformation of the latter structures was cal
lated to bee2'0.28–0.30,g;15° in the I 530– 50\ spin
range, which is consistent with the experimental lifetim
measurements in the present experiment. This closene
energy and the sizeableg deformation suggests that there
significant mixing of the @411#3/2^ n i 13/2 and @413#5/2
^ n i 13/2 sequences in136Pm at large deformation and spin.

In summary, four sequences with large dynamic mome
of inertia are observed in the odd-odd nucleus136Pm. Quad-
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rupole moment measurements confirm the highly deform
nature of these bands. Configuration assignments to
bands are based on their moment of inertia behavior, la
quadrupole moments, estimates of their signature splitt
and consideration of cross-linking dipole transitions. The
quantities, together with comparisons with neighboring n
clei and detailed theoretical calculations lead to assignm
of ph11/2^ n i 13/2 for bands 1 and 2, andpd5/2g7/2^ n i 13/2 for
bands 3 and 4. These observations are in sharp contra
other recent measurements on neighboring light odd-Z Pr
and Pm nuclei where highly deformed second-minimu
structures involving theg9/2@404#9/2 orbital were found.
While future measurements should aim to firmly fix the sp
and parities of these bands, the present data represent a
ping stone in expanding the realm of the highly deform
A5130 Ce-Nd region towards the superdeformedA
5140– 150 Sm-Gd-Dy region.
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