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Two strongly coupled bands with large dynamic moment of inertia values have been observed for the first
time in the neutron-deficient odd-odd nuclet®Pr using Gammasphere and the Microball charged-particle
detector array. These bands involve the importaf404]9/2 proton orbital. This new information of#%r
coupled with Projected Shell Model calculations provide valuable insight on rotational alignment processes
taking place in this mass region, the size of Mve 72 deformed shell gap, and the position of thg]660]1/2
neutron intruder orbital at the boundary of tAe=135 superdeformed regiof50556-28137)50409-2

PACS numbdis): 21.10.Re, 23.20.Lv, 27.60j

For nuclei with A=135, the stabilization of hlghly de- (3(2)~60h2/MeV) in the odd-odd nuc|eu%gopr7l_ These
formed shapes has been generally associated with the occiew bands int3%Pr complete a series of bandsit*Pr[6,7],
pation of one or mor& =6 i 5., neutron intruder orbitalgl]. Blpy [2], 3%r [5], and 3%Pr [8] which involve the
Recently, it has been shown for certain strongly coupledr;q, 1404]9/2 orbital. The present results for the coupled
bands in the odd-proton nucleg'Pro, and g Pmy, that  hands in 33%r are unusual as they represent trdy case
bands involving thege{404]9/2 proton orbital with a stabi- observed at both low and high rotational frequencies
lized core arising from th&=>58,60,N=72 deformed shell (0.17<%w=<0.56 MeV), thus offering special insight regard-
gaps can also have large deformatj@s-4]. Furthermore, it  ing the interpretation of existing superdeformed bands in this
has been suggested that the two proton holes igghesub-  region. In addition, extensive Projected Shell Mol cal-
shell for Z=58 help produce the well-developed super-culations were performed to investigate in detail the rota-
deformed shapes in the Ce nudléi. Two strongly coupled tional alignment processes taking place in these highly de-
superdeformed bands found recentlyz§iPr,; involve both  formed oddZ nuclei.
these strong deformation driving protogf,{404]9/2) and The %PdE°Clxnypz) reaction at 180 MeV populated
neutron {,34660]1/2) orbitals[5]. The nucleus*®Pr,, lies  high-spin states in many nuclei withA=135 andZ=60.
just below the proposedN=72 deformed shell gap LBNL’s 88-in. Cyclotron facility provided the beam incident
(B,=0.30—0.45) at the boundary where thg, neutron is  on a 500.g/cm? enriched°Pd foil. Emittedy rays were
thought to play a significant role. It is therefore an ideal case&ollected using 58 HPGe detectors of the Gammasphere ar-
in which to test whether or not the lowest energy super+ay [10] and evaporated charged particles were identified
deformed bands include thigs, neutron as in'*2Pr. The  with the Microball charged particle detector arrpil]. A
identification of highly deformed structures based on themultitude of nuclei were produced, and only the ability to
g9/ 4404]9/2 proton orbital, with or without the lowests,  select specific charged particle channels allowed a detailed
neutron orbital, will help clarify the relative importance of study of t3Pr,,. The particle channel gated om 22.6% of
the go,[404]9/2 proton orbital and,3, neutrons in driving the total datacontained a total of 4810° events of a fold
the nucleus towards large deformation and give informatior=3. The nucleus'*®r accounted for=33% of the cross
on the size of th& =72 deformed gap as well as the position section in the & data set.
of the i3, neutron intruder orbital. A total of 7 rotational bands with a dynamic moment of

In this article we report the first observation of strongly inertia consistent with large deformation in this region
coupled bands with a large dynamic moment of inertia[12,13 have been observed in the 2lata set. These include

the known bands in*?%Pr (23n)(2 band$ [6,7], 3%Pr
(2an)(2 band$ [2], and **°Ce (2ap2n)(1 band [14]. The
*Present address: Lawrence Livermore National Laboratory, Liviwo remaining bands had not been previously observed and
ermore, CA 94550. are assigned t0=%Pr (2a2n) from their observed coinci-
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FIG. 1. Summedy-ray triple coincidence spectra f¢a) band 1 oft30Pr;, and(b) band 2 of£3%Pr,,. [* in (@) and (b) indicates peaks
from signature partnér(c) partial level scheme for the coupled bands-fPr.

dences with known transitions i*Pr [15] as well as the 40 #2/MeV. The 3@ values for bands 1 and 2 show a
observed relative populations of bands among the differentaqual climb with increasing rotational frequency. The
reaction channels. Bands 1 and 2 each car8.2% of the coupled bands in the odd-12%:131.1321%¢[7 2 5 g shown in
intensity of the 13%r reaction channel. The in-band transi- ot
tions for these new structures span energies from approx|
mately 450 keV to 1250 keV and are shown in Figs) And
1(b). The energies of the peaks from ban@)ifall at the

Figs. 2b) and Zc) are believed to be based on excitations
|hvo|ving the gg,{404]9/2 proton orbital. The similarity of
these bands, in terms of small signature splitting, consistent

midpoints between transitions from ban@2 Cross-linking B(Ml)/B(EZ_) ratios of reduped 'Fransition prpbabiliti@e
transitions between the two bands, assuiMedin character, be,IO\fg' and high moment of inertia values, with bands 1 and
are also observed, leading to the conclusion that bands 1 arfd" Pr suggest that these new banzds are also based on the
2 are coupled signature partners as shown in the leveF9ed404]9/2 orbital. Comparing tha( _)’s in Fig. 2(a) with
scheme in Fig. @). These two bands exhibit essentially zerothe odd-proton neighbors?***Pr [Fig. 2(c)], the odd-
(<3 keV) signature splitting over their entire energy range. neutron neighbor*®Ce and odd-odd*#r [Fig. 2b)], it is

The assignment of spins and parities for these new bandgear that the behavior df%r at low frequencies is like that
faces two difficulties and thus they are placed in parenthese¥ the one-quasiparticle bands in its neighboring isotopes
in Fig. 1(c). First, the spins and parities of the normal de- 2%%%r.
formed bands are not known fdf%r [15]. A recent paper The question is which neutron orbital is coupled to
by Liu et al. [16] has reassigned the spins in thé;;,®  the gof40419/2 proton in *%Pr? The available neutron
vhyy,» normal deformed band if®®r, which bands 1 and 2 orbitals near the Fermi surface at these large deformations
decay to, from those suggested[it5] using energy level are the hy1,J523]7/2, ho541]1/2, f,,530]1/2 and the
systematics. These new assignmeitspin change of-1#4 i13 [660]1/2 [1,2,4. In order to investigate this question,
compared tq15]) are the spin values adopted in the presentbranching ratio measurements were performed for
work, although it is stressed that these normal deformetbands 1 and 2 of 3%Pr. The experimental
spins are still tentative. Second, the exact decay sequence d&fM1;l—1—1)/B(E2;l—1—2) ratios are shown in Fig. 3
of bands 1 and 2 into the normal deformed states is noalong with calculated ratios for the above mentioned neutron
determined. One strong 178 keV transition and one weakeorbitals coupled with thgg, [404]9/2 proton. The theoreti-
371 keV transition are seen in coincidence with both bands tal values were calculated using the prescription oh&@o
and 2 and low lying normal deformed transitidisee Fig. L [17] and Frauendorf18]. The value ofQy=5.9 eb was
The 178 keV transition is either the strongest of the decayaken from averaging the measured values of the highly de-
out transitions or it may be a continuation of the dipole seformed bands in the odd proton neighbdtPr (5.5+0.8 e b)
quence towards a band head. The 184.5 k&/,)—(8")  [2] and the odd neutron neighbdf°Ce (6.3+0.4 eb) [14].
[15,16 normal deformed transition is seen in coincidence The calculations predict a clear difference in the
with the transitions in bands 1 and 2 placing them in theB(M1)/B(E2) ratios for the different neutron candidates.
8%y nucleus. The most satisfactory reproduction of the experimental val-

The dynamic moment of inertia for bands 1 and 2ifPr  ues comes from therge,® vh;,/, configuration. This is in
is shown in Fig. 2a). Note that all the other high spin bands contrast to the results recently published téfPr [5] where
observed in*%Pr have much lower values df®~30—  theB(M1)/B(E2) values for bands involving thegg, or-



RAPID COMMUNICATIONS

R1212 T. B. BROWN et al. 56
¥ 1 v T T T T il T T T T
65 (@) =+ (b)
5 .‘E‘Q\ o 1 i
o~ T |
E .—IE{/D ) X .0/00-00\
- 7 —+ -’ ~g0-, -
S ‘ \.fﬁ e
s oo \ / H’\V)?’_.v
. 1 e -
Q) /
o]
> ogsh © -+ .

o= vhy,,e =031
4 o vhyp.e=035 (D
— Vipp,e =031
T ___.Vi13/2,82=0.35 u0 1

S T // (o ] B
0 0%
g ="
= A M i
AN oY
N g PSM
1 \e© )/ 130Pr i
o
35 ' 1 1 1 1 ) -(Ux./l I 1 1 1
0.1 03 0.5 07 0.1 03 0.5 0.7
ho (MeV) ho (MeV)

FIG. 2. The dynamic moment of inertia as a function of rotational frequéneyor bands involving theyy,{404]9/2 orbital (except for
12%Ce): (a) bands 1 and 2 if*%r, (b) the decoupled SD band in the odd neutron neighBaEe[14] and 32Pr [5], (c) 2%Pr[7], B%Pr[2],
and™%r [5,8], and the PSM calculations fdf'Pr (dashed ling with £,=0.35, (d) PSM calculations for theyg,[404]9/2 proton orbital
coupled to arh;;,/523]7/2 or ani3J660]1/2 neutron at deformation values ©=0.31 and 0.35.

bital have much larger values around 16,(eb)? for spins 40 I @; l\’ 12%Pr0
=16-28% indicating that a different neutron orbital, most 3 ko)

. . ) : : = NS I
likely viqs,, is occupied. These observations lead us to sug 350 a oo |
gest a configuration ofrgg{4049/2® vh,,,{523]7/2 for i & Ayl ?137./1
bands 1 and 2 int*%Pr. Additionally, theB(M1)/B(E2) a0k g I o]
ratios were extracted from the same data set for the couple L A | | !
one-quasiparticlergy, band in 2%r [7] and are shown in 8 Spin & 16

the inset of Fig. 3. These values are similar to those found ir
Blpr[2] and, as in*323Pr, are considerably larger than
those measured in*®Pr. Such a high degree of consistency

20+ 7 g9 ®V iy3[660]1/2

M1)/B(E2) [(un/eb)?]

between experimentaB(M1)/B(E2) measurements and 15} 229’2233’2[[5534(;]]11//22

theoretical expectations for this wide region of Pr isotopes < L " ”

gives us confidence in not only assigning configurations tc ® o}

these bands, but also that thesgg,, bands all have large L T

deformations. Indeed, TRS calculatioffy predict a mini- 05+ (f o] 1 8o ®V hyyp[S231712

mum at a deformation 08,=0.35 for thiswgg,[404]9/2® L | o

vhy1,4523]7/2 configuration int3%r. ool
To exhaust fully any other possible configurations that $ 10 12 116 18 200 2 240 26 28

might possess the properties described above for bands 1 al Spin (h)

2 in 13%r, note that the couplings of thyg,,[413]5/2 proton

orbital with either thehg,[541]1/2 or thei 34 660]1/2 neu- FIG. 3. B(M1;l—1—1)/B(E2;l—1—2) ratios both calculated

tron orbitals are the only other local candidates that coulthnd experimental fot*%®r and *?%Pr (inse). Calculated values as-
produce a pair of bands with small signature splitting and aume a quadrupole moment of %® for both *3%Pr and *2%r.
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high moment of inertia. However, the experimental branch- 14 T T T T T T

ing ratio measurements rule these possibilities out since cal L .
culations predicB(M1)/B(E2) values in the 0.14y/eb)? 2k = T OV (i)’ . i
range for spins 8—12. | — - Ty ®m () / |

A unique feature of these bands involving thegg,, or-
bital in **%r is that they are observed over the rotational
frequency range ofiw=0.17-0.56 MeV. This is in sharp ~
contrast especially with the evé-Pr nuclei which are ob- 3
served at either low frequency?**Pr or high frequency 2

100F ——— T 8&op Qv (h9/2)h11/2)2 /; —

(*3%Pr) with anomalous behavior occurring in each néar uft O ]
=0.30-0.40 MeV, see Fig.(®, presumably signaling the - ]
onset of a band crossing. If#3Pr this behavior has been 4r E
associated with the rotational alignment of a pairigf, - ]
neutrons andh,,,, protons[8]. Support for an ,3,, alignment 2+ =
comes from*3%Pr where themrgq,® vii3, band in this fre- L 1
quency range is unperturbed, consistent with théi ;5,2 0
crossing being Pauli blocked. It might therefore become 0 3
tempting to continue and associate the erratic behavior ol Spin (%)
BIpr nearsw=0.35 MeV also to include aiy, crossing.
However this cannot be true since Bg;, alignment is nei- FIG. 4. Calculated excitation energy as a function of spin for
ther blocked nor observedt least ugi w=0.60 Me\) in the  various highly deformed configurations involving thg,{404]9/2
Qo4 404]9/2® vh,,,{523]7/2 configuration int*%Pr. orbital in **'Pr.

Instead these results offer convincing evidence for the oc-
currence of a large deformed shell gap By=0.30-0.45 at For ¥%Pr, detailed PSM calculations were also made to

neutron numbeMN=72. Cranked shell model calculations investigate thoroughly the possible alignment processes tak-
show that for the 13, neutron orbital, which lies above the ing place and to suggest the cause of the anomaliétis
N=72 gap, thev (i13,)? alignment frequency changes quite behavior neariw~0.35 MeV. The crossing of the one-
dramatically fromN=74 toN=71. ForN=71 with a defor-  quasiparticlewrgg, band was calculated for all the aligned
mation of 8,=0.35 thev (i13,) 2 crossing frequency is at three-quasiparticle configurations, involving thege, or-
hw=0.65 MeV, just above the point where th&Pr experi-  bital, expected to be near the Fermi surface. Alignments in-
mental data end. Therefore, an explanation of the anomalieglving pairs of hyy, protons,iis, neutrons, and mixed

in the moments of inertia it?®>**Pr nearh w=0.35 MeV in  hyy,/hg;, Neutrons were considered. The results are shown in
terms of awhy;, alignment[2] is thus more likely(see be- Fig. 4. The first one to three-quasiparticle crossing is calcu-
low for further discussion lated nearl =16% (A w=0.38 MeV) and involves the align-

In order to pursue some of these questions, Projectethent of a pair ofh,,, protons. The theoretical dynamic mo-
Shell Model (PSM) calculations [9] were performed, ment of inertia for this alignment is plotted along with the
with specific emphasis on configurations involving theexperimental values in Fig.(®. The v(i;3,)? alignment is
09/4404]9/2 proton orbital. Calculations were performed atnot predicted to occur until much higher spin and frequency
two starting deformation valueg£=0.31 and 0.3bin order  supporting the earlier discussion. The aligngd,,,,/ vhg,
to test any sensitivity to this input parameter. Results for theonfiguration is not predicted to cross the yrast line. Similar
T0gn® Vi 13/, and gg,® vhyy ), two-quasiparticle configura- results were obtained fof?Pr.
tions in *%r are shown in Fig. @). (At this time PSM Bringing all these calculations together with the experi-
calculations are limited to a one-quasiparticle space for botmental observations it?%13013pr we are led to conclude
protons and neutrons for odd-odd nudl&ihile the different  that in all these nuclei the(h,,,,)? crossing takes place near
deformations change the theoretiGaf values slightly, the % w=0.35-0.40 MeV, but in**%r the interaction strength
overall smooth upsloping behavior in thayg,® rhy;,con-  would seem to be somewhat stronger than#3¥Pr. In
figuration is consistent with experimental observations. Thdact, in other superdeformed nuclei in this region, this
gradual upsloping is a consequence of the Coriolis Anti-m(hq,)? alignment has been shown to occur smoothly with
Pairing effect. It is interesting to note that while the calcu-a large interaction strengfi9,20. One possible explanation
lated 3 for the 7gq,® vi 3, configuration is rather similar for the observed differences in the Pr isotopes is the defor-
to that for themrgg,® vhyyp curve, it is predicted to lie lower mation dependence of the interaction matrix elemsfy,.
at high frequency, a result consistent with our observationghis is expected theoretically and observed experimentally
[see Figs. @) and Zb)] and configuration assignments in as the normal lower deformation structures in this region
130.13%y [5] (although this is rather subtle and could be exhibit sharp backbending for the(h,,,)? alignment near
caused by small differences in deformation between the twé w=0.3 MeV. Thus if 13%r has larger deformation than
odd-odd nuclei The PSM also predicts it®%Pr the relative  *29%Pr, then this could result in a larg¥f,,, and therefore a
excitation energy of theg, proton coupled to various neu- smoother crossing. Another possibility is that there is a sig-
tron orbitals at these large deformation values. In these cahificant interaction between the odd,;, neutron in ¥%r
culations, themrgg,® vhqq0, K=8, band is indeed predicted and the alignindh,,,, protons which affects th¥;,, between
to lie lowest in energy. the crossing bands. Such effects caused by residual proton-
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neutron interactions have already been discussed in this mass In conclusion, two weakly populated sequences with large
region[21] in association with anomalous(h;;,)? align-  dynamic moments of inertia have been observed in the odd-
ment. Another way of looking at the possible differencesodd nucleus™®Pr. These new strongly coupled bands are
between odd-odd and odd-even nuclei around the crossingssigned the configurationrgg,{404]9/2® vhy,,{523]7/2
region is to note the higher density of aligned four-based on their moment of inertia behaviB(M1)/B(E2)
quasiparticle bands in the odd-odd case may lead to a diffefatios, and small signature splitting. These particular bands
ent overlap with the yrast two-quasiparticle band as comin **Pr are unusual in Praseodymium nuclei, in that they
pared with the same alignment in the odd-even case. range from low to high rotational frequency thus allowing
One other possible explanation of th&) behavior in  USeful comparisons with other large dem.rmf;g?g‘ bands in-
129.13by 4t »=0.30~0.35 MeV is that thergg, structures volving the importantrgef404]9/2 orbital in 2%13Pr and

132,13 H P H
inthese nucleicould simply be crossed by offramrgy:) 3T [SPRECTIEY. The Aok o s ST gt 1
configurations of the same parity and signature which inter; g supp

_ . . 2 .
act with and perturb them, where #i%r this close degen- ﬁggnet tsohel(lgrgar? T}Nfazz (;’:f]r;'Ch F;uggea:\?yt(r']ﬂg) I:c“'?ln-a
eracy of levels does not occur. IR%r the relative excitation very hig quency,w=0. » thus placing

energies of the various bands are not known. However, pgonstraint onzthe_ placement of t.h'g orbital. It is s_,uggested
that am(h;y,)? alignment occurs in*%Pr and the neighbor-

131pr a highK, positive parity, three-quasiparticle band ap-. < 159 133 +2/2 .
proaches therggy, sequence at high spin and has states tha Y Pr isotopes neaw~0.38 MeV. Several possible

i H ,13
are within about 50 keV at spins 35/2and 37/2" of the rlesoasons fqr the @fferent pehawor &°*Pr as compared to
mdg levels which is exactly where the dynamic moment of rat high spin were discussed.
inertia of the latter begins to deviate from smooth behavior. Special thanks to D.C. Radford, R.M. MacLeod, H.Q. Jin,
This suggestion is supported by the fact that this same thre@nd W. Mueller for their software support, and to R. Darling-
quasiparticle band displays the “remarkable anomd®]’of  ton for help with the targets. Discussions with L.L. Riedinger
decaying into the superdeforment)o,, band at lower spinin  and A. Galindo-Uribarri are gratefully acknowledged. Sup-
preference to other lower lying normal deformed stategport for this work was provided by the U.S. Department of
caused by another close degeneracy of levels at spin‘23/2 Energy, the National Science Foundation, the State of
Extending these bands to higher frequency seems an impoForida, and the U.K. Council for the Engineering and Physi-
tant goal to resolve fully the true character of the high spincal Sciences Research Council. M.A.R and J.S. acknowledge
perturbations that take place in these ajcevenN nuclei.  the receipt of a NATO Collaborative Grant.
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