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The nuclei ' Pr have been investigated using the Mo( Cl,zn) reactions at a beam energy
of 155 MeV. Gamma rays were detected with the Eurogam array. Analysis of the data has revealed
the presence of two new weakly populated decoupled bands in Pr. One of these bands has been
linked into the normal-deformed states and is thought to be built on a w(hzzy2) v(fr~a, h9/Q)
configuration. The second band has been interpreted as being based on a vr(hqqy2) vi~sys intruder
configuration within the second Ps 0.3 prolate minimum. The known decoupled band in Pr
(5n reaction channel) and the highly deformed band in La (n3n) have also been extended. The
structure of all of these bands is discussed together with similar bands in neighboring odd-odd nuclei.

PACS number(s): 27.60.+j, 23.20.Lv, 21.10.Re, 21.60.Ev

I. INTRODUCTION

Highly deformed rotational bands have been observed
in several nuclei around the Z=58, N=74 prolate sub-
shell closures. These nuclei are prolate-deformed rotors
with P2 0.3—0.4, corresponding to a major to minor axis
ratio of approximately 3:2. The properties of highly de-
formed bands are strongly dependent on the occupancy
of a few high-j orbitals. In the mass A 130 region, the
occupation of the viqsy2 [660]2+ Nilsson intruder orbital
plays a dominant role in driving the nuclear core towards
a large prolate deformation [1]. In the odd-N nuclei,
cranked shell model and total Routhian surface (TRS)
calculations [1] indicate that the yrast bands within the
highly deformed second minimum should have at least
one i&3~2 neutron orbital occupied, while in even-N nu-
clei two iq3y2 orbitals are occupied. It is therefore ex-
pected. that even-even nuclei should be more deformed
than the odd-A nuclei. This is borne out experimen-
tally; for example, the quadrupole deformations for the
cerium isotopes Ce and Ce have been determined
from mean lifetime measurements to be P2 ——0.35 [2] and
P2 ——0.40 [3], respectively.

The feedout of the highly deformed bands in this mass
region has two distinct characteristics. In the heavier Z
nuclei (i.e. ~ss ~ssNd [4,5], ~ss ~sr'~ssSm [6—8], and ~4~Gd

[9]), transitions linking rotational bands into the normal-
deformed states have been observed; however this is not
the case for the nuclei La [10], ~' Ce [11,12], and

Nd [13,14]. For the Nd-Gd nuclei, TRS calcu-

lations indicate that the first energy minimum gradually
evolves towards higher deformations with increasing spin
(i.e. , no real barrier). In contrast, for the La, Ce, and Pr
nuclei, TRS calculations predict a second well-deformed
minimum which is distinctly separated &om the normal-
deformed minimum by a large well-defined potential bar-
rier. It is therefore expected that deexcitation from the
second minimum to the normal-deformed states occurs
through quantum tunneling. This results in a highly &ag-
mented deexcitation process making it extremely difficult
to observe any linking transitions.

An experiment has been performed using the Eurogam
detector array [15—17] to investigate the high-spin states
of the isotopes ' Pr. This experiment has re-
vealed multiple highly deformed bands in ~ssPr [18] and
two new weakly populated decoupled bands in Pr.
This paper presents the evidence for these two bands in
doubly odd Pr. One of these bands, which has also
been partially observed by Petrache et al. [19],and later
extended [20] in experiments run concurrently with our
own, is thought to arise kom the population of vhgg2
and vrhzzy2 orbitals. The present work extends this band
to even higher spin. The second band is interpreted
as arising &om the occupation of vi&3y2 and vrhqqy2 or-
bitals. The present work has also signi6cantly extended
the known decoupled band in ~s2Pr [21]. In addition,
two transitions, of energies 1513and 1622 keV, have been
added to the top of the previously known highly deformed
band in ~ La [10). These results are compared with
those obtained for other decoupled bands in neighbor-
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ing odd-odd nuclei. Comparisons have also been carried
out with cranked Woods —Saxon calculations [22,23] and
total Routhian surface (TRS) calculations [1,24].

II. EXPERIMENTAL DETAILS AND DATA
ANALYSIS

High-spin states in Pr were populated by the
Mo( Cl,xn) fusion-evaporation reaction at a beam

energy of 155 MeV. The beam, provided by the tandem
Van de Graaff accelerator at the Nuclear Structure Fa-
cility, Daresbury Laboratory, was incident upon a 550
pg cm enriched Mo self-supporting target. Coin-
cident gamma rays emitted during the decay of these
high-spin states were detected with the Eurogam (phase
I) array which, for this experiment, consisted of 41
large-volume HPGe Compton escape-suppressed detec-
tors [15—17]. Approximately 7x10 events were recorded
with an unsuppressed fold & 8 which corresponds to
3.4 x 10 unpacked suppressed triples. The Pr channel
was enhanced by demanding that one of these p rays was
an uncontaminated low-lying transition in Pr. The re-
maining two coincident p rays were then incremented into
an E~z-E~2 matrix which had approximately 500x10
events. A similar gated E~q-E~2 matrix was also pro-
duced to enhance the ~ Pr (5n) reaction channel. The
triples data were also sorted into an E~q-E~2-E~3 cube
as well as being unpacked into doubles and sorted into a
standard doubles matrix which contained 4.5 x 10 events.
The more intense of the two bands in ~s~Pr (band 1) was
cleanly selected using fourfold (and higher) coincidence
events and requiring that a pair of p rays had energies
that corresponded to members of the band. The other
pair of p rays was then incremented into a standard E~z-
E~2 matrix which was used for the subsequent analysis.
To enhance band 2 in Pr, a gated E~~-E~2 matrix
was produced using threefold (and higher) coincidence
events by requiring that a single p ray had an energy
which corresponded to that of a known band member.
The remaining pair of p rays was then incremented into
a standard E~q-E~2 matrix.

Measurements of angular intensity ratios were used to
establish the multipolarities of p-ray transitions. From
the Eurogam data, matrices were sorted which contained
p-p coincidences from detectors at 8=134' (10 detectors)
and 90 (5 detectors at 0=86' plus 5 detectors at 0=94')
where 0 is de6ned relative to the beam axis. From this
matrix, it was possible to project out spectra gated by p
rays at 134 and 90 and measure the intensities of other
coincident p rays detected at 90 and 134, respectively.
This allowed the angular intensity ratio I(134'—90 )
/I(90 —134') to be deduced for each gamma-ray tran-
sition. These intensity ratios were compared with mea-
sured values of known stretched quadrupole ~ stretched
quadrupole and stretched quadrupole ++ stretched dipole
transitions, which were found to be 1.0 and 0.7, respec-
tively. The values were used to assist with the assignment
of the transition multipolarities using the method of di-
rectional correlation from oriented states (DCO) [25].

III. RESULTS

Analysis of the present data has revealed two weakly
populated decoupled bands which have been assigned to

Pr from observed coincidence relationships with low-
spin yrast transitions in ~ Pr [26]. It has also led to the
extension of the known decoupled band in Pr [21] by
seven transitions, and the highly deformed band in La
[10] by two transitions. Figure 1 shows p-ray spectra for
the two bands in Pr as well as the band in Pr. Fig-
ure l(a) is derived from fourfold coincidence data and
shows a summation of gates on a double-gated E~q-E~2
matrix for the more intensely populated band observed
in Pr (band 1). All transitions of the band were used
as gates to construct this spectrum. The weaker of the
two bands observed in ~s~Pr (band 2) is shown in Fig.
1(b). This spectrum is a sum of p-ray coincidence spec-
tra obtained from the triples data using a single p-gated
E~q—E~2 matrix. The sum of gates on a single p-gated p-

p matrix for the extended band in Pr is shown in Fig.
1(c). The insets of Fig. 1 illustrate more clearly the band
members at higher spin. The intensities of the strongest
transitions in band 1 and band 2, relative to the Pr
reaction channel, were measured to be approximately 4%
and 2%, respectively, and it is estimated that the decou-
pled band in ~s2Pr accounts for 5% of the ~s2Pr reac-
tion channel. The transition energies, relative intensities
(corrected for detector efficiency and internal conversion

[27]), and DCO results for both bands in Pr, and the
decoupled band in Pr, are given in Table I, while the
DCO measurements for the linking transitions (see be-
low) for band 1 in ~ Pr and the decoupled band in Pr
are given in Table II.

The high selectivity obtained using quadruples data
has enabled band 1 to be linked into the known normal-
deformed states of Pr. The band appears to decay
out over the lowest two observed states as indicated by
the relative in-band intensities shown in Table I. The
linking transitions can be seen in the spectrum obtained
from the double-gated E~q E~2 correlatio-n matrix [Fig.
1(a)]. When gated by the 458 keV (10+ ~8+) transition,
the DCO ratios (Table II) for the 211, 245, and 339 keV
transitions are consistent with stretched quadrupole ~
stretched dipole correlations, while the 611 and 645 keV
transitions have DCO ratios consistent with stretched
quadrupole ~ stretched quadrupole correlations. Thus
the 211, 245, and 339 keV transitions are assigned as
stretched dipoles, while the 611 and 645 keV transitions
are assigned as stretched quadrupoles (E2). Having es-

tablished that the 645 keV transition has a quadrupole
nature it was possible to show that the DCO ratios for
the remaining transitions within band 1 are consistent
with stretched quadrupole ~ stretched quadrupole cor-
relations. Figure 2(a) shows a background subtracted
gate set on the 611 keV transition in the double-gated
E~q-E~2 matrix. This spectrum indicates that the 339
and 245 keV linking transitions together with band 1,
except the 645 keV transition, are in coincidence with
the 611 keV p ray. Similarly, Fig. 2(b), which is a back-
ground subtracted spectrum gated on the 645 keV transi-
tion, shows that, the 339 and 211 keV linking transitions
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FIG. 1. Examples of gated coincidence
spectra. Gates are indicated by an aster-
isk, LINK indicates a transition that links the
band and the low-lying states and the p-ray
energies are labeled in keV. The insets more
clearly show the band members at high spin.

(a) A sum of gates on a double-gated E~q-E~q
matrix spectrum derived from fourfold coin-
cidence data for the more intensely populated
band in Pr (band 1). (b) A coincidence
spectrum obtained from triples data of a sum
of gates on a single-gated E~q-E~q matrix for
band 2 in Pr. (c) The sum of gates on
a single-gated E~q-E~g matrix derived from
threefold coincidence data for the decoupled
band in Pr.
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are in coincidence with the 645 keV gate. The transi-
tions labeled C in this spectrum are contaminants &om
an oblate band in Ce brought in by the 645 keV gate
[28,29]. The level scheme showing the decay path of band
1 in Pr, deduced from the present work, is presented
in Fig. 3. Not all the intensity of band 1 is accounted for,

therefore Fig. 3 does not show the complete decay path.
For example, only 80%%up of the intensity of the 767 keV
transition in band 1 feeds into the 611 and 645 keV tran-
sitions. Furthermore, less than half the intensity of the
611 keV linking transition, and a third of the 645 keV
transition intensity is accounted for by the decay path

TABLE I. Gamma-ray energies, relative intensities (corrected for detector eKciency and electron internal conversion and
normalized to the strongest transitions in each band), and angular correlation data for transitions in bands 1 and 2 in Pr
and the decoupled band in Pr. Dashed lines indicate that a measurement was not possible through either contamination or
low statistics.

E~
(kev}

645.2(2)
768.1{2)
848.4(2)
822.3(2)
844.1(2)
882.0(2)
977.1(2)

1075.1(2)
1166.9(2)
125O.O(2)
1318.3(2)
1397(1)

Pr band 1
Relative
intensity

0.35(2)
1.00{6)
0.91{5}
0.81(5)
o.s2(5)
0.76(4)
o.4s(5)
0.40{3)
O.33(3)
0.24(2)
o.1o(2}

DCO
ratio
1.03(8}
1.03{6)

o.s9(5)

1.O5(9)
O.96(9)

E~
(keV)

871.5(2)
948.2(2)

1009.5(2)
1064.3(2)
1126.5(2)
1200.8(2)
1287.7(2)
1385.7(2)
1482.0(2)
1588.0(2)
1692(1)

Pr band 2
Relative
intensity

0.87(6)
1.oo(v)
o.sv(v)
o.V7(V)
0.61(5)
0.43(4)
o.3s(4)
0.34(3)
o.1v(2)
o.o9(2)

DCO
ratio

o.99(s)
1.04(10)
0.99(10)
0.94(16)
0.96(27)

E~
(keV)

540.9(2)
66o.s(2)
745.1(2)
792.4{2)
s37.4(2)
912.5(2)

1010.0(2)
1113.5(2)
1217.3(2}
1308.0(2)
14O6(1)

Pr decoupled band
Relative
intensity

O.66(3)
1.00(4)
o.so(3)
0.80(4}
o.5s(3)
o.sv(2)
o.42(2)
o.24(z)
0.08(1)

DCO
ratio
1.28(10)
O.92(5)
1.00(7)
1.1o{v}
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TABLE II. Gamma-ray energies, relative intensities (corrected for detector efficiency and electron
internal conversion and 0 to the strongest transitions in each band), and angular correlation data
for the linking transitions of band 1 in Pr and the decoupled band in Pr. Dashed lines indicate
that a measurement was not possible through either contamination or low statistics.

(keV)
210.6(2)
245.1(2)
339.2(2)
610.5(2)
645.2(2)

Pr band 1
Relative
intensity
0.09(9)
o.2o(2)
0.23(2)
0.47(3)
0.35 (2)

DCO
ratio

0.77(14)
0.81(4)
0.?4(11)
0.98(18)
1.03(4)

(keV)
521.8(2)
577.0(2)
596.0(2)

Pr decoupled band
Relative
intensity
0.10(l)
0.55(2)
0.10(1)

DCO
ratio

0.56
0.66

shown in Fig. 3.
At present, the decay path linking band 2 into the

known states in Pr has not been unambiguously as-
signed. However, it is known that transitions of energies
846 and 254 keV are in coincidence with band 2 and the
known low-lying levels of Pr. From the measured in-
tensities in Table I, the decay out of the band is observed
to occur over the last two states. The low-lying states fed
by band 2 are indicated in Fig. 3 by the dashed lines. For
clarity only those low-lying states in Pr fed by bands 1
and 2 are shown in Fig. 3. The (17 ) level is the highest
spin state observed to be fed by band 2. The unobserved
feeding transitions into this state account for 14% of the
intensity of band 2. Other states fed by band 2 are the
(16 ) (14%), (15 ) (16%%up), and (14 ) (11%) states.

IV. DISCUSSION

A. Introduction

The properties of the two decoupled bands in 3 Pr
are discussed in the following subsections, where they are

compared to other decoupled bands in neighboring odd-
odd nuclei. All configurations are given for frequencies
below crossing points. It should be noted that the quoted
configurations include the total W = 5 proton (vrhtt~2)
content except where it is otherwise explicitly stated.

B. Band 1 in Pr and the ~Pr band

The dynamic moments of inertia, J'(2) = dI/d~, of the
decoupled bands in Pr, Pm, and band 1 in Pr are
very similar [see Fig. 4(a)], suggesting that these bands
have the same high-j configurations. Lifetime measure-
ments for the Pm band indicate that the decoupled
structure in that nucleus has a quadrupole deformation of
P2 ——0.29+0.04 [30]. Cranked Woods —Saxon calculations
[22,23] have been performed at this deformation without
pairing. These suggest that the configuration for this
band is vr(htt~2) Isv(f7/2, hg/2), in agreement with the
previous assignment [30]. Note that at this deformation
the neutron fqy2 [530]1/2 and hs~2 [541]1/2 orbitals
are strongly mixed.

Total Routhian surface (TRS) calculations for Pr
(Z=59 and IV =75) with the odd proton and neutron

250

200 ~

150--

0
100-~

250 250

200.-

150--

CO
100.-

50--
a I

LIJ ['
0.- 'n ~r,

250

50- ~

I &/lI I

ALII] ~'
0.- Q~~l'& I'

(a) 610.5 keV Gate

500

(b) 645.2 keV Gate

I

tII
'

~

500

ENERGY (keV)

750

I ]

750

LJ g. g . J, J[

1000

I'IG. 2. Coincidence spectra
obtained from single gates on
the double-gated p-p matrix,
the transition energies are la-
beled in keV. (a) The spec-
trum represents the single 611
keV gate and shows coinci-
dences with the low lying struc-
ture in Pr, with the 245 and
339 keV transitions and with
transitions of band 1 above the
645 keV transition. (b) The
spectrum represents the single
645 keV gate indicating coinci-
dence with band 1, the low ly-

ing structure of Pr and the
245 and 339 keV transitions.
Other transitions (marked C)
are contaminants brought in
from the gate and correspond
to the oblate band in Cc
(Refs. [28,29I).



50 DEFORMED ROTATIONAL BANDS IN THE DOUBLY ODD. . . 711

BAND 2

I
948.2

871.S
l

)~
~ ~
~ ~

(17 )

342.8
632.S &

829.7 I
~ S29.S

239.5 &.

4442 0 4(~4 )
(~3 $ 204.4

200.4 (]2
230.2

I

+ 416.2(»') t 722.4

[ 306.2
—S93.6 ~

+ z87.6
(9 )l i 4S8.i

(7+)J 306.3

9L1~6

(13 )
337.0 +

6606~ "2 '
323.6

+ 282.9
)

BAND 1

i(24 )
I

882.0
( i (22 )

844.1
l(20 )
I

822.3
(i8 )

848.4
l(&6 )
I

768.& +i(I4 )
(12 ) ~ 6452
(11+)245. 1 2'.e 6(12')

FIG. 3. Partial decay scheme
for Pr deduced from the
present work. The transition
energies are given in keV. For
clarity only those states fed by
bands 1 and 2 are shown.

occupying the lowest negative-parity negative-signature
orbitals indicate that at low &equencies there is an
extremely p-soft minimum at P2 0.20, with an abso-
lute minimum at p +25'. This corresponds to the

37r(h)1/2) svhq) /2 yrast configuration [19]. However, at
higher frequencies (ibad&0. 36 MeV) the absolute mini-
mum shifts to P2 0.20 and p —25' (see Fig. 5). This
may be associated with the 7r(h)3/2)ssv(f7/2, hg/2) con-
figuration. Using the TRS values for P2 and p at high
frequency cranked Woods —Saxon calculations were per-
formed without pairing. These calculations, shown in
Fig. 6, indicate that the h&3/2 [541]3/2 proton and

f7/2 [530]1/2 neutron orbitals lie near the Fermi sur-
face. With increasing rotational &equency, these orbitals
rapidly approach the Fermi surface, the f7/2 [530]1/2
orbital becoming occupied at intermediate rotational &e-
quencies. It may therefore be expected that this orbital
would be populated when the nucleus is produced at high
spin. Consequently, a 7r(h)3/2) v(f7/2)hg/2) configura-
tion may be expected for band 1.

Similarly, TRS calculations for Pr with the odd pro-
ton and neutron occupying the lowest negative-parity
negative-signature orbitals indicate a p-soft minimum
at P2 0.23 over a wide range of frequencies, ~=0.0—
0.43 MeV. In this case, the absolute minimum resides at

O'. For this nucleus, cranked Woods-Saxon calcula-
tions above ho)=0.3 MeV show that the P2 0.23 mini-
mum corresponds to a 7r(htq/2) v(f7/2, hg/2) configu-
ration.

The dynamic moments of inertia for the decoupled
bands in ' Pr and band 1 in Pm show evidence of
a band crossing at ~ 0.4 MeV, see Fig. 4. The experi-
mental alignment [31] for band 1 in ~ 4Pr is presented in
Fig. 7 as a function of rotational &equency. This plot was
produced using Harris parameters of Jq ——11.752 MeV
and Qz ——29.0h MeV [19], obtained by fitting levels
above the 8+ state of the yrast band in Pr. From these
data, the experimental alignment gain has been deduced
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FIG. 4. Dynamic moments of inertia, Q =CI/Cku, plotted
as a function of rotational frequency, fuu.

to be approximately 7h. In order to try to identify the
nature of the aligning particles, cranked Woods —Saxon
calculations with pairing were performed with the defor-
mation parameters P2 ——0.200, P4 ——0.015, and p=—25' for
the protons shown in Fig. 8. The proton and neutron
pairing gaps were calculated self-consistently at zero ro-
tational &equency and the variation at higher &equencies
modelled using the prescription of Ref. [1]. These calcu-
lations predict the alignment of two more hzzy2 protons
(the fg crossing) at Ru 0.5 MeV (Fig. 8). An alignment
gain of 6h is predicted by the calculations, which is in
reasonable agreement with the experimental alignment,
however, the crossing &equency is somewhat higher than
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FIG. 5. Total Routhian surface (TRS) cal-
culations for Pr. (a) The odd neutron
occupies the favored negative-signature neg-
ative-parity orbital and the proton is the
favored negative-signature negative-parity
state, ~=0.364 MeV/K. (b) The odd neutron
occupies the favored positive-signature pos-
itive-parity orbital and the proton is in the
favored negative-signature negative-parity
level, ~=0.424 MeV/h.

X=32COS(g+30')

is observed experimentally. In this odd-odd nucleus
the valence proton occupying the [541]3/2 orbital will
block the Brst h11~2 proton crossing shown in Fig. 8.
This blocking is expected to reduce the pairing strength.
Cranked Woods —Saxon calculations performed with a re-
duced pairing strength, 6'=0.76(~=0.45 MeV/5) low-)

ers the predicted crossing &equency to Ru 0.43 MeV in
rossing equencyc oser agreement with the observed crossin fr

( =0.41 MeV). Similar calculations, using a pairing in-
teraction reduced by 70%a for the Pr and s Pm bands
with P2 ——0.23 and Pq ——0.27, respectively, predict crossing
frequencies which are in good agreement with the ob-
served crossing ft.'equencies.

C. Band 2
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ment occurring in this nucleus. Both the La and

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Sf0 (MeV)

0.7 0.8 0.9 1.0

10--

FIG. 6. Single-particle Woods —Saxon Routhian diagrams
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way: solid=(+, + —), dotted=(+, ——), dot —dashed=( —,+ —),
and dashed=( —,——).
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FIG. 7. Experimental ahgnment, z, plotted as a function
of rotational frequency, Ro for band 1 in Pr.
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for the highly deformed band in La predict that there
are alignments of f7/z, hs/z neutrons and hii/z protons;
however, the hii/z[514]9/2 neutrons are further above
the Fermi surface (%=73 compared with N=75) and are
therefore predicted to align at a somewhat higher rota-
tional &equency, Ru 0.9 MeV. The predicted crossing
frequency, Ru 0.5 MeV, of the kii/z[514]9/2 neutrons
in Pr corresponds to the frequency at which the en-
hancement of the g(z) moment of inertia of band 2 is
observed. In this instance calculations with reduced pair-
ing do not significantly alter the crossing frequency. The
area under the additional hump in the g(2) moment of
inertia of band 2 between u = 0.45 and 0.60 MeVA
corresponds to Ai 1.5h which is indicative of the align-
ment of a pair of high-0 particles. The calculations pre-
dict an alignment gain for the hi i/2[514]9/2 neutrons of

1h, which agrees well with the experimentally observed
value. The good agreement between theory and experi-
ment in this case strongly supports the assignment of the
z.(h„/, )' t3 vii3/2 configuration to band 2.

Finally, the minimum in the TRS calculations for the
above configuration [see Fig. 5(b)] is well defined and sep-
arated by a large barrier &om the lower-deformed mini-
mum. This probably results in a highly fragmented de-
excitation process. The lack of observation of linking
transitions for this band is therefore consistent with the
discussion in the introduction regarding the depopulation
mechanism for the high-j intruder bands in this mass re-
gion.

V. CONCLUSION

Two new deformed rotational bands have been ob-
served in the odd-odd nucleus Pr and known decou-
pled band in Pr has been extended significantly. One
of the bands in Pr and the band in Pr are tenta-
tively assigned a z (hii/2) v(fr/2 hs/z) configuration
for which a deformation of Pz 0.20 and p —25' and

P2 0.23 and p 0' are predicted, respectively, from TRS
calculations. Cranked Woods —Saxon calculations with a
reduced pairing interaction can reproduce the observed
crossing frequencies for these bands using the above de-
formation parameters. The second band in Pr has
been assigned the configuration vr(hii/2) viis/2 This.

later configuration is expected to result in a more de-
formed nuclear shape with P2 0.31 and p 2'.
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