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High spin states in140Eu were populated following the reaction92Mos51V, 2pnd at a beam energy of
205 MeV by the ESTU accelerator at the Wright Nuclear Structure Laboratory, Yale University. A total of 5
bands and 69 transitions were assigned to140Eu. The assignments were based onKa x-ray coincidences and on
excitation function measurements.g-g andg-g-g coincidence matrices were created. Directional correlation of
oriented states analysis, angular distributions, and Compton asymmetry measurements were performed and
BsM1d/BsE2d branching ratios were extracted. The band assignments and structures are discussed in terms of
the rotational model and interpreted following a series of cranked shell model and total Routhian surface
calculations. In particular, two pairs of bands, one pair based on theph11/2^ nh11/2 configuration, the other
based on thepsg7/2, d5/2d ^ nh11/2 configuration, are identified. These bands show some features expected of
either chiral partners or shape coexistence, based on triaxial shapes withg, ±25°. Further measurements are
required to distinguish between these two possibilities.
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I. INTRODUCTION

The moderately deformedsb,0.2d nuclei in the massA
,130 region withZ,60–65 andN,75 have long been con-
sidered to beg soft [1], the degree ofg deformation depend-
ing on the polarizing influence of the valence quasiparticles
[2]. The g softness and shape polarization make this region
particularly interesting for shape driven effects. Coexistence
of different shapes is one well known effect in this region
[3], in which several different deformations of the nucleus
may exist at nearly the same excitation energy and spin. In
addition, in triaxially deformed odd-odd nuclei, the sugges-
tion that these nuclei may exhibit a type of dynamic chiral
symmetry[4] has sparked a flurry of experimental activity
and renewed interest in the study of the intermediate spin
structure of such nuclei. Indeed, chiral twin band candidates
have been reported in several nuclei withN,75 andZ rang-
ing from 57 to 63[5]. Briefly, the idea of Ref.[4] is the
following. A deformed nucleus with a finiteg deformation
possesses three distinct principal axes, the short, intermedi-

ate, and long axes, which together define a coordinate system
in the nuclear frame. For doubly odd nuclei and for a suitable
choice of particle number, the unpaired single particle angu-
lar momentum vectorsjp (protons) and jn (neutrons) may
tend to align along the short and long axes, respectively. This
is the case in the massA,130 region where the proton
Fermi surface is low, and the neutron Fermi surface high in
the high-j h11/2 shell. In addition, since the moment of inertia
for rotation about the intermediate nuclear axis is the largest,
due to irrotational flow[6], the collective rotational angular
momentum vectorR will tend to align along this axis. Thus,
schematically, for intermediate spins where the magnitude of
R is comparable tojp and jn, the total angular momentum
lies not only off of any principal axis but out of any principal
plane. The orientation of this total angular momentum vector
with respect to the nuclear axes defines two distinct coordi-
nate systems, differing only in their handedness or chirality.
In this case, aplanar tilted axis cranking model calculations
[4] predict a doubling of states and the occurrence of two
pairs of degenerateDI=1 bands of the same orbital configu-
ration and parity, with levels of the same spin being degen-
erate. However, the energy degeneracy should persist only
over a limited range of spins, roughly speaking, only for
those spin values where the total angular momentum vector
points significantly out of the principal planes, i.e., whereR
is roughly comparable tojp and jn. For a finite barrier be-
tween the two chiral solutions, mixing is possible which will
break the energy degeneracy of these bands. Thus, the ex-
perimental manifestation of this effect is expected to be two
pairs of DI=1 bands with the same spins, parities, orbital
assignments, and branching ratios, with similar transition en-
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ergies, possibly offset from each other. This energy splitting
is distinct from signature splitting, and in most chiral band
candidates in the region, the splitting is several hundred keV
less than predictions for signature splitting[7], which is less
by a factor of 2 or so. Note that for tilted axis cranking[8]
signature is not a good quantum number but the term is used
in this work for ease of comparison with the better known
principal axis cranking model[9], in which the total angular
momentum is aligned along a principal axis of the nucleus.

Recently, several doubly odd nuclei in the massA,130
[5], A,110 [10], andA,190 [11] regions have been shown
to possess such chiral partner bands. Most examples have
been found in theN=75 isotones, from130Cs to 138Eu, with
several other cases in the neighboringN=73 (Cs-Pr) and N
=77 (Cs-La) isotones. In all the cases in the odd-oddA
,130 nuclei, the bands are based on theph11/2^ nh11/2 mi-
croscopic configuration. The doubly-odd140Eu sN=77,Z
=63d nucleus lies at the extremes of both theN andZ ranges
in which chiral structures have been found in this mass re-
gion. It is at the limit where the proton and neutron Fermi
surfaces are optimal for the required perpendicular coupling
of the single particle angular momenta(for example, forZ
=63 andN=77 theV=3/2 proton and 11/2 neutron projec-
tions of theh11/2 orbitals are lowest). Clearly it is of great
interest to probe this nucleus, to test the limits of this region
of chiral symmetry.

For essentially any low lying configuration, total Routhian
surface(TRS) calculations[12] for 140Eu show well devel-
oped potential energy minima that are close in energy near
bothg= +25° and −25° which persist up to high frequencies.
These two minima atb,0.2 andg= ±25° open up the pos-
sibility of another interesting phenomenon in140Eu, namely,
shape coexistence. Indeed, shape coexistence is well known
in several nuclei in the region[3], typically occurring for
bands based on different orbital configurations which polar-
ize the core to different shapes. However, in the even-even
core of140Eus138Smd, two bands having the same orbital con-
figuration [13] but different deformations are observed. In
that example, for one deformation the band built on the
psh11/2, g7/2d ^ nsh11/2d2 configuration shows a negligible sig-
nature splitting. For the other band built on the same orbital
configuration, only one signature is observed.

Until recently, the low spin states in140Eu were known
from b decay, up to a 125 ms, 5− isomeric level at an exci-
tation energy of,234 keV, given in Ref.[14]. Recently,
other independent studies of140Eu were carried out[15–17].
Several bands have been reported based on prompt coinci-
dence data[15]. The isomer decay tagging method was used
to identify several transitions which feed the 5− level as well
as a new, higher lying,,300 ns isomer[16]. Two rotational
bands were reported, assigned as theph11/2^ nh11/2 and
ph11/2^ ng7/2 configurations, feeding into the,300 ns and
into the 125 ms, 5−, isomeric levels, respectively[17].

In the current work, high statisticsg triples prompt coin-
cidence data were used to develop and greatly expand the
level scheme for140Eu. Transitions were identified with
140Eu based onKa coincidence and through an excitation
function. Other transitions were identified as belonging to
140Eu through coincidence analysis involving the directly

identified transitions. While confirming several of the results
reported in Refs.[15–17], we also report many new levels
and several new bands. Several of the transitions reported in
Refs.[15,17] were found to form another new band which is
presented as a candidate chiral partner band.

II. RESULTS

High spin states in140Eu were populated following the
reaction92Mos51V, 2pnd at a beam energy of 205 MeV, the
target consisting of two stacked 700mg cm−2 foils. The beam
was provided by the ESTU tandem accelerator at the Wright
Nuclear Structure Laboratory at Yale University. Prompt de-
cay g rays were measured using the YRAST Ball detector
array [18]. For this experiment, YRAST Ball consisted of
seven Compton suppressed segmented clover germanium de-
tectors[19] mounted at 90° with respect to the beam axis,
each with,150% efficiency relative to a standard 333 inch
NaI(Tl) detector. In addition, 16 Compton suppressed coaxial
Ge detectors, each with,25% relative efficiency, were
mounted in three rings at 50°(six detectors), 126° (eight
detectors), and 160°(two detectors) with respect to the beam
direction. For additional sensitivity to low energyg rays and
x rays, three LEPS detectors were also mounted in the array,
two at 50° and one at 90°. The total photopeak efficiency of
YRAST Ball in this configuration is about 2.5%.

The bombardment energy of 205 MeV was chosen fol-
lowing an earlier excitation function measurement where the
beam energy was varied from 190 to 220 MeV. The yield of
several high intensity transitions from140Gd, another three-
particle sp2nd evaporation channel whose level scheme is
well known, was optimal at 205 MeV. At this energy, about
15% of the reaction intensity went into140Eu, with the stron-
gest population going into the nucleus140Gd. In a five-day
experiment a total of 1.03109 unfolded double and 4.7
3108 unfolded triple coincidences were measured using
YRAST Ball.

The level scheme of140Eu deduced from this data set is
presented in Fig. 1. The level scheme was constructed using
both triples and doublesg coincidence data with the Rad-
ware analysis software[20]. The use of triples coincidences
gives a decided advantage over doubles as many of the tran-
sitions in140Eu are similar in energy to transitions that occur
with significant intensity in other neighboring nuclei, and
single gates placed on these transitions are inevitably
strongly polluted. To illustrate the quality of the triples data,
some typical double-gated spectra are presented in Figs. 2–4.
Details of these spectra will be discussed below. The mea-
suredg ray transition energies and total intensities, together
with the extracted directional correlation of oriented states
(DCO) ratios, angular distributions, and Compton asymme-
tries for transitions in140Eu are presented in Table I. In gen-
eral, the centroid values for the transition energies were de-
termined using the doubles coincidence data and only when
uncontaminated gates were not available, using the triples
coincidences. The intensities in Table I are presented as rela-
tive intensities, with the intensity of the 640.6 keV transition
defined as 100.

Transition multipolarities were determined following an-
gular distribution, angular correlation andg-ray polarization
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analyses. For the angular distribution analysis, the four de-
tector angles of YRAST Ball, 160°, 125°, 90°, and 50° with
respect to the beam axis, were used. Due to the frequent
occurrence of overlapping peaks and the weak intensity of
others, a gated angular distribution analysis was utilized. For
this analysis, the data were sorted into four coincidence ma-

trices ofE(any) versusEsud. HereE(any) refers to a transi-
tion measured at any array position whileEsud refers to a
coincident transition measured at a specific angle. Coinci-
dence gates were placed on transitions on theE(any) axis and
the intensities of the transitions of interest were measured in
the resulting spectra. This analysis assumes that any correla-
tions present in the data are averaged out by the use of many
coincidence pairs, an assumption that was verified by mea-
suring the angular distributions of known quadrupole and
dipole transitions in neighboring nuclei. The efficiency cor-
rected intensity values were fit to the Legendre polynomial
function: Wsud=A0+A2P2scosud. As Wsud is symmetric
about 90°, the 50° and 126° YRAST Ball detector angles
provide approximately the same information to the fit, and
can be used as a consistency check. The results, given as the
ratio a2=A2/A0, are presented in Table I. Thea2 values are
also presented in Fig. 5 together with a weighted average of
a2 values from known transitions in137Sm, −0.15s6d for

FIG. 1. Level scheme of140Eu from the present work. The widths of the arrows represent the total transition intensity.

FIG. 2. (a) Double gate on the 170 and 191 keV transitions.(b)
Double gate on the 345 keV transition and any of the 170, 191, 362,
537, 716 keV transitions in band 1.
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FIG. 3. Double gate on all transitions in band 2 from the 6− to
the 15− levels. Self-coincidences are not included. Transitions in
both bands 2 and 1 are clearly visible.
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known dipole and 0.38s7d for known quadrupole transitions.
A DCO analysis was also used to aid in the assignment of

transition multipolarities. For this analysis the 90° and 160°
detector rings were utilized, the data being sorted into a
Es90°d versusEs160°d coincidence matrix. The DCO ratios
were established by measuring the intensity ofg1 at 90°
when gated byg2 at 160°, divided by the intensity ofg1 at
160° gating on g2 at 90°, that is, R
=Ifg1s90°d, gateg2s160°dg/Ifg1s160°d, gateg2s90°dg. Results
of the DCO analysis are presented in Table I and are sum-
marized in Fig. 6. For comparison, weighted averages from
several measured DCO ratios for known dipole and quadru-
pole transitions from137Sm,138Sm,138Eu, and141Gd are also

included in Fig. 6. When corrected for the efficiency of both
the gating and coincident transitions, ratios ofRDCO

,0.90s4d and,0.62s2d [,1.71s8d and,0.85s2d] are found
for the knownDI=1 andDI=2 transitions, respectively, when
gating on aDI=1sDI=2d transition.

The polarization sensitivity of the YRAST Ball clover de-
tectors[19] helped in the assignment of the electromagnetic
character of the transitions. The Compton asymmetry ratio,
defined asA=sNi−N'd/sNi+N'd, is sensitive to the polariza-
tion of theg rays, whereNisN'd is the number of added-back
photopeak counts which scatter between two elements of a
clover detector parallel(orthogonal) to the beam-g plane. For
this definition, purely magnetic transitions have positive val-
ues ofA while purely electric transitions have negative val-
ues of A. Extracted values for the asymmetry ratioA are
summarized in Fig. 7 and Table I for many of the transitions
assigned to140Eu. The Compton asymmetry was also ex-
tracted for several knownM1 and E2 transitions from the
neighboring nuclei137,138Sm. The weighted averages for
these transitions, 0.09(2) and −0.06s1d, respectively, are in-
cluded in Fig. 7 for comparison.

As mentioned above, the low lying structure of140Eu is
characterized by two isomeric states, a long lived
s125 msd 5− isomer at an excitation energy of 185.3 keV and
a recently identified, higher-lying,,300 ns isomer[16]
linked to the 5− isomer via several intermediate levels and
transitions. In the present experiment, the recoil velocity of
the 140Eu nuclei wasv/c,3% or ,9 mm per ns. Thus the
experiment is not sensitive to theg rays directly depopulat-
ing the isomeric levels known in this nucleus, but prompt
feeding which bypasses the isomeric states may be observed.
The 170, 191, 361, and 285 keV transitions identified in the
isomer decay tagging experiment[16], and connecting levels
intermediate between the two isomers, were seen both in the
present work and the excitation function measurement, con-
firming their assignment to140Eu. Several more transitions
were assigned through coincidences with theseg-rays.

Band 1, shown on the left-hand side of Fig. 1, was placed
directly feeding the 5− isomer[17]. The lower part of band 1
consists of a series of fourDI=1 M1/E2 transitions with
crossover DI=2 E2 transitions. The intense 170.6 and
191.1 keV transitions(visible in the total projection) and the
weaker 362.0 keV crossover transition are identified with the
170, 191, and 361 keV transitions that directly populate the
5− isomeric level in Ref.[16]. At higher spins, the decay
intensity in band 1 is carried byE2 transitions with weak or
unobserved dipole transitions. The,170 keV transition is a
doublet, the second member of which, 170.0 keV, is placed
in band 2. A double gate placed on the 191.1 and
,170 keV transitions, Fig. 2(a), shows the doublet character
of the 170 keV transition, the expected strong coincidences
with other transitions in band 1, and the higher lying transi-
tions in band 2. The 362.0, 537.4, 715.6, and 830.0 keV
transitions were also reported in Ref.[17]. However, the
higher lying 15−→13− 843 keV transition in Ref.[17] could
not be confirmed in the present work. The probable signature
partner band, consisting of the 484.5 and 722.0 keVE2 tran-
sitions together with the connectingDI=1 transitions(244.0
and 292.9 keV), is reported here for the first time. The

FIG. 4. (a) Double gate on the 647 keV doublet and 787 keV
transition. Low-lying transitions in band 4 and high-lying transi-
tions in band 3 are clearly visible. The energies of low-lying tran-
sitions in band 3 that are not in coincidence are indicated with
circles.(b) Double gate on the 647 keV doublet and either the 407
or 95 keV band 4 transitions. The 787 keV transition linking bands
3 and 4 is very intense and the low-lying band 4 transitions and
high-lying band 3 transitions are visible. Once again, circles indi-
cate low-lying band 3 transitions that are not seen in coincidence.
(c) Double gate on the 641 and 446 keV transitions in band 3.
High-lying members of band 3 are clearly seen. The energies of the
low-lying intense members of band 4 that are not in coincidence are
indicated with circles.
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TABLE I. Summary of our results for140Eu. The columns show the transition energy in keV, the intensity
relative to the 640.6 keV transition, the Compton asymmetry ratioA, the angular distributiona2 value, the
DCO ratio, the multipolarity of the gate used to measure the DCO ratio, and finally the assigned multipolarity
of the observed transition in140Eu.

Eg skeVd Intensitya A=
Ni−N'

Ni+N'

a2 DCO Gateb Multipolarityc

71.0(2) .130d 0.55(55)d 2.83(98)d q sM1/E2d
94.9(2) ù65d 0.57(23)d 1.25(42)d q sM1/E2d
153.7(2) 33 0.36(24) 0.88(29) d M1/E2
170.0(2) 39(7) sM1/E2d
170.6(1) 72 0.16(21) 1.33(9) q M1/E2
191.1(2) 35 0.16(8) 0.14(8) 1.23(7) q M1/E2
209.9(2) 26 0.00(19) 0.96(33) d M1/E2
230.4(1) 34 0.16(5) 0.73(4) d M1/E2
244.0(2) ù8 1.59(75) d M1/E2
258.0(2) 12 0.16(7) 1.00(12) d M1/E2
274.7(3) 16 0.11(12) 1.49(82) q M1/E2
275.6(2) 31 0.29(13) −0.21s26d 0.96(21) d M1/E2
285.4(3) .3 0.13(9) 0.09(12) 0.78(10) d M1/E2
292.9(4) .15 0.37(11) 0.08(21) 1.02(20) d M1/E2
345.4(3) 4 1.37(41) q M1/E2
361.3(2) 16 0.09(9) −0.23s23d 0.63(10) d M1/E2
362.0(2) 20 0.11(14) 1.02(9) q E2
365.8(3) 26 0.02(12) −0.11s28d 1.78(37) q M1/E2
366.3(2) 4
372.9(2) 25 0.13(3) 1.45(9) d M1/E2
379.6(2) 1
386.1(2) 24 −0.16s23d 0.13(14) 0.99(30) q E2
396.7(2) 22 0.12(8) −0.10s23d 1.29(17) d M1/E2
396.8(2) 3
401.4(2) .9 0.04(8) −0.16s9d 1.45(18) d M1/E2
406.6(2) .33 −0.01s7d 0.46(19) 0.93(16) q E2
446.0(1) 59 −0.01s3d −0.10s14d 1.77(11) q M1/E2
454.0(2) 10 0.21(8) −0.34s21d 2.04(47) d M1/E2
460.0(3) 6 0.20s28d 1.41(41) d M1/E2
470.5(2) 28 0.16(11) 3.4(6) q M1/E2
471.2(3) 14 0.09(7) 0.18(81) M1/E2
478.1(4) .3 0.61(15) d E2
483.5(4) 5 1.9(1.0) q M1/E2
484.5(2) .20 −0.04s4d 0.69(4) d E2
490.4(3) 16 0.17(9) −0.46s46d 2.7(9) q M1/E2
502.1(4) 23 0.35(36) 2.14(50) q M1/E2
510.9(2) 58 0.98(14) q E2
511.5(3) ,19 0.03(6) sE2d
537.4(1) 28 −0.05s4d 0.78(5) d E2
601.7(2) .14 −0.007s41d 0.23(16) 0.87(6) d E2
609.8(4) 13 1.14(38) q E2
612.9(5) 8 0.11(6) −0.23s18d 1.5(3) d sE2d
616.0(5) 19 sE2d
619.3(3) <10 1.51(32) q E2
640.6(1) ;100 −0.12s5d 1.02(9) q E2
646.8(3) 35(24) sE2d
647.7(2) 53 −0.03s6d 0.87(14) q E2
709.4(4) .22 −0.01s11d 0.76(8) d E2
715.6(2) 21 −0.08s4d 1.01(7) q E2
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925.0 keV transition is seen in both the present work and in
Ref. [17]. Figure 2(b), a double gate on the 345.4 keV tran-
sition and low lying members of band 1 shows that the 345.4
and 925.0 keV transitions are in coincidence with one an-
other and members of band 1. We have placed these transi-
tions with the 345.4 keV transition directly feeding the 11−

level of band 1, though the ordering of these two transitions
is uncertain. The 12−→10− E2 transition is not observed.

A small band consisting of a series of fiveDI=1 transi-
tions is shown beside band 1 in Fig. 1. These transitions are
mutually coincident and are in coincidence with low lying
transitions in band 1, though direct linking transitions have
not been identified. The dashed lines in Fig. 1 indicate pos-
sible decay paths. As such, spin assignments are tentative
and are given relative to the lowest level in the band. The
transitions have been ordered such that the transition ener-
gies increase, and the total transition intensities decrease,
with increasing spin. The exception in the intensity ordering
is the lowest lying transition, 153.7 keV, which has less in-

TABLE I. (Continued.)

Eg skeVd Intensitya A=
Ni−N'

Ni+N'

a2 DCO Gateb Multipolarityc

720.6(2) 10 0.49(10) d E2
722.0(3) .10 0.63(6) d E2
754.2(3) 44 −0.07s9d 0.58(30) 0.88(12) q E2
787.3(3) 38 −0.06s7d 0.45(27) 1.06(10) q E2
805.3(3) .12 −0.07s11d 0.59(9) d E2
807.3(2) 5 −0.11s4d 0.53(17) 1.22(16) q E2
817.5(5) 20(10) −0.13s14d 1.12(21) q E2
821.0(3) .10 −0.07s12d 2.53(74) d E2
825.3(1.5) 7 sE2d
830.0(3) 15 0.92(17) q E2
831.9(3) 30 −0.12s9d 0.34(13) 0.95(23) q E2
832.3(3) .24 −0.11s6d 0.62(5) d E2
907.4(4) 13 sE2d
913.7(5) 3
920.0(3) 27 −0.28s11d 0.72(41) 1.11(13) q E2
925.0(3) 4 −0.62s23d 0.82(18) q E2
991.7(4) 11 sE2d
1003.5(3) 18 1.32(40) q E2

aIntensity errors are<10% unless otherwise noted.
bNature of gate used for DCO measurement: “stretched” dipole or “stretched” quadrupole.
cMultipolarity assigned to the transition.
dArray efficiencies for transitions belowE<121.8 keV are not well defined.
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tensity than the 210.2 and 275.6 keV transitions presumably
due to unobserved decay out transitions. These intensity
measurements are complicated, since very intense mutually
coincident g rays with energies similar to the 210.2 and
275.6 keV transitions occur in137Sm, which is produced via
the strongly competingapn three particle evaporation chan-
nel.

Band 2, shown near the left in Fig. 1, is reported here for
the first time. Band 2 is dominated byDI=2 E2 transitions at
lower spins. However, at spinI,12", a band crossing occurs
(see below) after which the nature of the band changes and
dipole transitions dominate the decay with weak or unob-
servedE2 crossover transitions. A typical double gated spec-
trum for transitions in band 2 is presented in Fig. 3. Several
weak branches, including the 612.9,396.8 keV sequence and
the tentative 366.3 keV transition, feed into band 2 at higher
spins. TwoDI=2 E2 transitions(821.0 and 709.4 keV) and
two DI=1 M1/E2 transitions(401.4 and 285.4 keV) connect
levels in band 2 and band 1 allowing firm spin, parity, and

excitation energy assignments for band 2. The 285.4 keV
transition, assigned as aDI=1 M1/E2 transition, feeds di-
rectly from the lowest observed level of band 2 to the 5−

isomeric level. Thus band 2 is assigned negative parity with
the lowest observed level having a spinI=6. The 366.3 and
379.6 keV transitions are tentative, and are shown in Fig. 1
with dashed arrows.

Band 3, shown near the middle of Fig. 1, at lower spins
consists of a sequence of sixDI=1 M1/E2 transitions with
crossover DI=2 E2 transitions. A band crossing occurs
around spin 15", after which the in-band decay is dominated
by DI=2 E2 transitions. The observed transitions in band 3,
up to spin 25+, confirm the band reported asph11/2^ nh11/2 in
Ref. [17]. Relative spin assignments were made following
DCO, angular distribution, and Compton asymmetry mea-
surements. Note that the spins reported here are two units
higher than in Ref.[17]. Absolute spin assignments are based
on a systematic study of level energies in theph11/2^ nh11/2

bands in neighboringN=73, 75, and 77 nuclei[21]. The
energies of the knownph11/2^ nh11/2 bands, relative to the
10+ level, are plotted for odd-odd nuclei from55Cs through
63Eu and forN=73 through 77, see Fig. 8. As can be seen for
nuclei of the sameZ, the level spacing increases asN in-
creases from 73 to 77, approaching the closed neutron shell
at N=82. In contrast, for the sameN, the level spacing de-
creases asZ increases from 55 to 63, towards the proton
midshell. The excitation energies for theph11/2^ nh11/2 band
in 140Eu are plotted on the far right in Fig. 8 using the spin
assignments from the present work(symbols connected with
solid lines) and from Ref. [17] (symbols connected with
dashed lines). Using these assignments, the excitation ener-
gies show a sudden upturn for the levels above the 10+ level,
and sudden downturn for the 9+ level, contrary to the trends
described. Since the energy difference between neighboring
levels generally increases smoothly with spin, the relatively
large difference in energy between neighboring levels for
140Eu supports a revision of the spin assignments. The140Eu
data, plotted with our spin assignments shown on the far

0 100 200 300 400 500 600 700 800 900 1000
E [keV]

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5
A

sy
m

m
et

ry
 (

N
||-

N
+
)/

(N
||+

N
+
)

FIG. 7. Plot of polarization asymmetry ratiosA=sNi−N'd/sNi

+N'd. Symbols are as in Fig. 5. See text for details.

FIG. 8. Systematics of level energies in
ph11/2^ nh11/2 bands in the mass 130 region as a
function of proton number, plotted for several
different neutron numbers. The level energies are
plotted relative to the 10+ level, following the
level assignments of Liuet al. [21]. 140Eu, with
N=77,Z=63, lies at the far right. Level assign-
ments of Cullenet al. [17] are connected with
dashed lines. Level assignments from the current
work are connected with solid lines.
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right in Fig. 8, connected with solid lines, continue the trend
of smoothly decreasing interlevel spacing with increasingZ,
and follows the trend of larger interlevel spacing with in-
creasingN. In addition, a 71.0 keV transition not observed in
Ref. [17] was placed at the bottom of band 3 as a new 10+

→9+ transition. The 71.0 keV transition is clearly visible in
Fig. 4(c), a double gate on the 640.6 and 446.0 keV transi-
tions in band 3. It is similar in energy to the low energy
10+→9+ transitions seen in other nuclei in the systematics
plot, further supporting its placement and spin assignments.

Curiously, the low-lying, even-spin levels in band 3 are
populated more strongly than the odd spin levels. The 720.6
and 831.9 keVE2 transitions(connecting the odd-spin low-
lying levels) are less intense than the 640.6, 807.3, and
920.0 keVE2 transitions. Nevertheless, it is the odd-spin sig-
nature partner member of this band that is observed to higher
spins (25" compared to 16"), indicating that the even-spin
levels must lie higher in energy following the band crossing.
The 16+→14+ 920.0 keV transition confirms the 920 keV
transition reported in Ref.[17]. The odd spin sequence re-
ported here agrees with the results of Ref.[17] up to the
991.7 keV transition. We were unable to confirm the 962,
890, and 1074 keV transitions seen in that reference.

Due to its similarity of level energies as a function of spin
in bands 3 and 4, band 4 is of considerable interest. The 94.9,
406.6, 646.8, and 787.3 keV transitions were previously re-
ported in Ref.[17], where they were placed as a side feeding
cascade, above and in coincidence with the 754.2 keV tran-
sition of band 3. While their coincidence with the 754.2 keV
transition is confirmed in our experiment, a triples coinci-
dence analysis indicates that the transitions are considerably
lower in the level scheme and form a band, as presented in
Fig. 1. In particular, the 787.3 keV transition is not in coin-
cidence with any of the transitions lying between the 15+ and
12+ levels in band 3, placing it parallel to these levels. This
can be seen in Fig. 4(a), a double gate on the 787.3 and
646.8 keV transitions. Furthermore, the 406.6 and 94.9 keV
transitions are not in coincidence with any band 3 member
below the 15+ level, see Fig. 4(b). Finally, Fig. 4(c) shows a
double gate on the 446.0 and 640.6 keV band 3 transitions.
No evidence is seen in this spectrum for the low lying and
most intense band 4 members. The observation of the 502.1,
490.4, and 483.5 keV linking transitions confirms our place-
ment. Most of the intensity of band 4 comes from band 3 via
the 787.3 keV linking transition. Within band 4, the dashed
817.5 keV transition weakly links the 616.0 keV transition
as part of the same band. The 502.1 keV transition feeds
from directly below the 616.0 keV transition to band 3 and
takes some of the intensity away from band 4. The
,647 keV transition is a doublet, occurring as 646.8 keV in
band 4 with the stronger partner occurring as 647.7 keV in
band 3. Thus, coincidences with this transition bring back
too much background to clearly see the 817.5 keV transition.
However, the 817.5 keV transition is seen in double gated
coincidence spectra gated by the 616.0 and 406.6 keV tran-
sitions.

DCO analysis, Compton asymmetries, and angular distri-
bution measurements show that band 4 comprises transitions
that are either ofDI=1 mixed M1/E2 character or ofDI=2

E2 character, and is connected to band 3 byE2 (787.3 and
511.5 keV) and mixedM1/E2 (502.1, 490.4, and 483.5 keV)
transitions. The comparable strength of intraband and inter-
band transitions in and between bands 3 and 4 supports the
assignment of the interband transitions asDI=1 M1/E2 and
DI=2 E2. The parity conserving character of both theM1/E2
and E2 interband transitions suggest a total positive parity
configuration for band 4.

Finally, band 5, shown on the right side of Fig. 1, consists
of a series of threeDI=2 transitions, 609.8, 619.3, and
619.3 keV, which are strongly in coincidence with both the
94.9 keV transition of band 4 and the 386.1 keV, probably
DI=2 transition. The 386.1 keV transition is easily seen in
double coincidence gates placed on the 94.9 and 646.8 keV
transitions, and is placed at the bottom of the band. The
609.8 keV and 619.3 keV doublet are strongly in coinci-
dence with the 386.1 and 94.9 keV transitions, but are not in
coincidence with any other transitions identified in140Eu. A
very low energy 20.5 keV transition connecting the 646.8
and 386.1 keV transitions is implied by the coincidence of
the 646.8 and 386.1 keV transitions, although the 20.5 keV
transition has not been observed. The 20.5 keV transition
must be fast enough for the 646.8 and 386.1 keV transitions
to both occur in the sensitive region of the array, a concern
since transition half-lives are inversely dependent on transi-
tion energy. Calculated Weisskopf single particle estimates
for the 20.5 keV transition half-life are 30 ps and 3 ns forE1
andM1 transitions, respectively, fast enough to be observed
in the present experiment. The large electron conversion co-
efficient for this low energy transition(a,100 for M1 and
,10 for E1 transitions[22]) and the low sensitivity of the
detector array at this low energy, leaves the 20.5 keV transi-
tion as only conjectural. The ordering of the other transitions
in band 5 is based on intensity arguments.

III. DISCUSSION

To investigate the nature of these bands, we performed
TRS calculations for140Eu. These calculations, for essen-
tially any low-lying proton and neutron orbital combinations,
predict ag soft potential energy surface with two potential
energy minima, at a deformation ofb,0.2 andg, ±25°, see
Fig. 9. As previously mentioned, such minima open up the
interesting possibilities of chiral twin bands and/or shape co-
existing bands occurring in140Eu. These minima persist over
a wide frequency range from"v=0 to ,0.450 MeV, corre-
sponding to a spin ofI,24". These minima are close in
energy, to frequencies of at least"v,0.450 MeV, and spin
,24" for both low lying positive and negative parity con-
figurations. For these deformations, proton orbitals close to
the Fermi surface include the above mentioned negative par-
ity h11/2 orbitals, originating from the low-V f541g3/2 Nils-
son configuration, and the(highly mixed) positive parityd5/2
f411g3/2 andg7/2 f413g5/2 orbitals. For neutrons, the orbitals
close to the Fermi surface include the negative parityh11/2
orbital from the high-V f505g11/2 orbital and the positive
parity d3/2 f400g1/2 orbital.
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A. The negative parity bands

We consider first the negative parity bands, bands 1 and 2.
The aligned angular momenta for bands 1 and 2 are plotted
in Fig. 10(a) as a function of rotational frequency. The Harris
parameters used,J0=5"2 MeV−1 and J1=45"4 MeV−3, were
chosen to subtract the angular momentum of the core. For
band 1, no backbend is observed through the highest transi-
tions identified, while band 2 shows a sharp backbend cen-
tered at"v,0.28 MeV, with Dix,6". As particles in the
intruderh11/2 orbitals have the largest angular momentum in
this mass region, they are the most probable particles partici-
pating in the pair alignment. The large increase in alignment
of Dix,6" observed in Fig. 10(a) is consistent with the an-
gular momentum gain from the alignment of a pair ofh11/2
particles.

Quasiparticle Routhian calculations[23] performed for
the deformationb2=0.19,b4=−0.021, andg=−26° are pre-
sented in Fig. 11. As can be seen, the lowest frequency for a
band crossing is calculated to be"v,0.32 MeV, corre-
sponding to the alignment of a pair ofh11/2 protons, in good
agreement with the experimental alignment plot for band 2.

The presence of theAB ph11/2 crossing suggests that the
proton configuration for band 2 below the backbend does not
involve the ph11/2 orbital. The probable orbital configura-
tions then are either protond5/2f411g3/2 or g7/2f413g5/2
coupled to an h11/2f505g11/2 neutron. Following the
Gallagher-Moszkowski rules for coupling of single particle
angular momenta, the likelyKs=Vp±Vnd for the band is 6
for the pd5/2^ nh11/2 band and 2 for thepg7/2^ nh11/2 band
[24]. It is misleading though to describe band 2 as solely
pd5/2^ nh11/2 or pg7/2^ nh11/2 due to the mixing which is
likely to occur between the two proton orbitals.

The ph11/2 orbital coupled to the low-lying neutrond3/2
orbital is the most probable configuration for the negative
parity states at low spin, below the 5− isomer[16]. That said,
the negative parity configurations above the 5− isomer prob-
ably do not include thed3/2 neutron orbital. The lowest lying
total negative parity configuration at higher spins is calcu-
lated to be mixedpsg7/2, d5/2d ^ nh11/2. Thus, one possibility
is that both band 1 and band 2 involve thepsg7/2, d5/2d
^ nh11/2 configuration. In Ref.[17], the band that we have
labeled as band 1 is assigned theph11/2^ ng7/2 configuration
in Fig. 5 and theph11/2^ nd5/2 configuration in the text, both
of which we consider to be less likely.

TheDI=1 sideband shown to the left of band 1 is intrigu-
ing. Though the specific linking transitions could not be
identified, the band is in coincidence with band 1. Further-
more, it is tantalizingly similar to the high spin portion of
band 2. The similarity of the behavior leads one to speculate
that these transitions form a continuation of band 1 after a

FIG. 9. Polar coordinate plots of total Routhian surface(TRS)
calculations at"v=0.2 MeV. Radial length isb deformation, angle
is g deformation. The top figure is for protonsp, ad=neutron
sp, ad=s−, −1/2d, which describes theph11/2^ nh11/2 configuration.
The bottom figure is for protonsp, ad=s+, +1/2d, neutronsp, ad
=s−, −1/2d, which describes thepsd5/2, g7/2d ^ nh11/2 configuration.
There are potential energy minima in both plots forb,0.2,g
, +25° and −25°. Contours are 175 keV.

FIG. 10. (a) Alignment plot of bands 1 and 2. Squares denote
transitions between odd spin levels, circles between even spin lev-
els. The open figures are for band 1 while the closed symbols are
for band 2.(b) Alignment plot of bands 3 and 4. Squares denote
transitions between odd spin levels, circles between even spin lev-
els. Open figures are for band 3, closed symbols are for band 4.
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band crossing, similar to that observed in band 2. Further
experiments are required to clarify the structure of the bands
and determine if there is a sharp backbend in band 1. These
bands and their possible interpretations will be discussed fur-
ther below.

B. The positive parity bands

We now turn to a discussion of the positive parity bands.
Band 3 is the yrast band based on theph11/2^ nh11/2 orbital
configuration[15,17]. Strongly populated yrast bands based
on aph11/2^ nh11/2 configurations are well known in neigh-
boring odd-odd nuclei, see Fig. 8. In addition, our quasipar-
ticle Routhian calculations suggest that both the proton and
neutron h11/2 orbitals lie near the Fermi surface forN
=77,Z=63 at the calculated deformation. As previously men-
tioned, a systematic comparison of the energy levels in band
3 with those ofph11/2^ nh11/2 double intruder bands from
neighboringN=73, 75, 77 nuclei strongly suggests aph11/2
^ nh11/2 positive parity configuration for band 3, confirming
the assignment of Ref.[17].

The orbital configuration of band 4 can be deduced from
its relation to band 3. Band 4 is linked to band 3 by several
transitions. The measured DCO ratio, angular distributiona2
value, and Compton asymmetry ratioA for the intense 787.3
and 490.4 keV transitions establish them to be parity con-
servingE2 andM1/E2 transitions, respectively. The results

for the other two linking transitions, the 502.1 and 483.5 keV
transitions, are more ambiguous, though consistent with their
assignment asM1/E2 transitions. Thus, band 4 is assigned
the same positive parity as band 3. Moreover, for both the
proton and neutrons, theh11/2 orbitals are intruder orbitals
and are the only negative parity orbitals near the Fermi sur-
face. The possible configurations for band 4 then are either
the total positive parityph11/2^ nh11/2 orbital configuration
or a combination of proton and neutron orbitals that are in-
dividually positive parity. The selection rules forM1 andE2
transitions make it exceedingly unlikely that both proton and
neutron configurations are changed in a single transition, and
so band 4 is assigned the sameph11/2^ nh11/2 orbital configu-
ration as band 3.

Further evidence for this configuration assignment is pro-
vided in the alignment plot of bands 3 and 4, presented in
Fig. 10(b), where one observes the same large initial aligned
angular momentum for the bandssix,7"d, consistent with
ph11/2^ nh11/2 assignment. Band 3[open points in Fig. 10(b)]
backbends at a frequency of"v,0.31 MeV. Band 4(solid
points) is not observed to high enough energies to complete
its backbend, but both bands 3 and 4 begin to align at the
same frequency,"v,0.37 MeV. Cranked shell model calcu-
lations for b,0.2,g, +25° andb,0.2,g,−25°, (see Fig.
11) predict the secondh11/2 band crossing at "v
,0.45 MeV for negativeg deformation, but at only"v
,0.35 MeV for positiveg deformation. The lower value is
in good agreement with experimental results.

While the calculated and experimental alignment frequen-
cies are not in exact agreement, it is instructive to look at
regional trends. To view these trends, experimental align-
ment plots of theph11/2^ nh11/2 bands in the doubly odd
nuclei 57La, 59Pr, 61Pm, and63Eu, for N=75 andN=77, are
presented in Fig. 12. The same Harris parameters,J0
=5"2 MeV−1 and J1=45"4 MeV−3, which were chosen to
subtract out the average core rotation for the140Eu, are used
in all the plots(this explains the slow increase in the plotted
alignment in theN=73 isotopes). Several of the nuclei show
experimental evidence of band crossing, with a gain in single
particle angular momentumix of ,6", consistent with the
alignment of a pair ofh11/2 protons. Looking at the well
studiedN=75 isotones, we see a clear decrease in the cross-
ing frequency as proton number increases, from"v
,0.47 MeV for Pr to 0.39 MeV for Eu. This can be seen in
Fig. 12, with the open data points representing the yrast
bands. The closed points, the chiral partner bands, are similar
in behavior to the yrast bands. For theN=73 isotones back-
bends are not observed. However, the same trend is present
in the decreasing frequency of the start of the backbend for
these isotones, from.0.5 MeV in La to,0.4 MeV in Pm.
No information is available for theN=73 136Eu. A lowering
in the alignment frequency is consistent with a decrease in
deformation as a function of proton number, and this trend
would be expected to continue with theN=77 isotones. The
La alignment frequency forN=77 already occurs at"v
,0.4 MeV. Given the systematics, it is expected that theN
=77 140Eu backbend would occur at a frequency lower than
"v,0.4 MeV. The absence of evidence for a backbend in
the 136Pr and138Pm nuclei is anomalous, and might be re-

FIG. 11. Calculated Woods-Saxon quasiparticle Routhian plot
for N=77,Z=63. The parity and signaturesp, ad of the orbitals are
represented by solid liness+, +1/2d, dotted liness+, −1/2d, dot-dash
lines, s−, +1/2d, dashed liness−, −1/2d. The deformation chosen for
the calculations isg,−25°, from TRS calculations.(a) Plot for
neutron configurations.(b) Plot for proton configurations.
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solved with an experimental observation of transitions at
higher spins. In conclusion, it is most likely for both bands 3
and 4 to have aph11/2^ nh11/2 configuration.

As previously mentioned, transitions in theph11/2

^ nh11/2 and thepsg7/2, d5/2d ^ nh11/2 bands were found to be
of M1/E2 andE2 character. Calculations of the in-band tran-
sition strengthsBsM1:I→I−1d andBsE2:I→I−2d were per-
formed for theph11/2^ nh11/2 and thepg7/2^ nh11/2 orbital
configurations in140Eu using the particle-rotor model with
triaxial deformation,g,25°. The reduced transition prob-
ability ratio is defined as

BsM1;I → I − 1d
BsE2;I → I − 2d

= 0.697
1

1 + d2

IgsDI = 1d
IgsDI = 2d

3
Eg

5sDI = 2d
Eg

3sDI = 1d
smN/e bd2,

whereEg is the energy in MeV of theg ray from an initial
state of spinI to a final state with spinsI −1d for the DI
=1 transition orsI −2d for the DI =2 crossover transition.
d2 is theE2/M1 intensity ratio for theDI =1 transition and
can be estimated from the formulaf25g

IgsDI = 1d
IgsDI = 2d

= s1 + d−2d
2K2s2I − 1d

fsI + 1dsI − 1 +KdsI − 1 −Kdg

3FEgsDI = 1d
EgsDI = 2dG5

.

Measured values for the reduced transition probability ra-
tio BsM1d/BsE2d are presented along with the calculated
values in Fig. 13 and Table II. For band 3, there is a
reasonable agreement between the measuredBsM1d/BsE2d
values and the calculated values for spinI =13" and
above. For band 1, on the other hand, experimental
BsM1d/BsE2d values are far off those of the particle-rotor
model calculations, perhaps due to mixing of the positive
parity proton configurations at low spins. Unfortunately,
we do not have measurements of the individualBsM1d or
BsE2d values. Lifetime measurements are needed to com-
pare individualBsM1d andBsE2d values with calculations
to clarify the discrepancy. In addition to in-band branch-
ing ratios, in-band to out-of-band transition branching ra-
tios, BsM1:I → I −1din/BsM1:I → I −1dout and BsE2:I → I
−2din/BsE2:I → I −2dout were measured for several transi-
tions in bands 2 and 3. These values are also presented in
Table II.

C. Possible chiral structures in140Eu

We now turn to a discussion of possible chiral band struc-
tures in140Eu. We note that chiral band partners must both
have the same orbital configuration, but point out that this
configuration is not limited to theph11/2^ nh11/2 orbital con-
figuration. Indeed, in118I chiral band candidates were found
in the pg9/2^ nh11/2 bands [10] and in 188Ir in the ph11/2
^ ni13/2 bands[11]. So far, however, in the massA,130
region all chiral band pairs have been found to haveph11/2
^ nh11/2 orbital configuration. In this respect, it is important
that both bands 3 and 4 have aph11/2^ nh11/2 configuration.
Furthermore, the bands exhibit a near degeneracy of levels of

FIG. 12. Systematics of alignments of knownph11/2^ nh11/2

bands in doubly odd nuclei fromN=73 to 77 andZ=57 to 63.
Squares denote even spin levels, circles odd spin levels. Open fig-
ures are for the more strongly populated main band, closed symbols
denote the side chiral partner band. The Harris parametersJ0

=5"2 MeV−1 andJ1=45"4 MeV−3, andK=6, were used for all plots
for convenience.

FIG. 13. Reduced transition strength ratioBsM1d/BsE2d for in-
band transitions. Open symbols are data while the filled symbols
with solid lines are calculations. Diamonds are for band 1, squares
for band 3. See text for details.

EVIDENCE FOR CHIRAL SYMMETRY BREAKING IN 140Eu? PHYSICAL REVIEW C68, 054310(2003)

054310-11



the same spin, typical of chiral partner bands, with a differ-
ence of only,30 keV at spins 13" and 15" to ,140 keV at
spins 11" and 17". Therefore, band 4 may be the chiral
partner band to band 3.

Interestingly, bands 1 and 2 are both assigned the same
psg7/2, d5/2d ^ nh11/2 orbital configuration. Similar to the rela-
tion between bands 3 and 4, the levels of the same spin in
bands 1 and 2 are also nearly degenerate, with a separation of
,110 keV for the 6− and 8− levels, and only,10 keV for
the 10− level. Added to that, theDI=1 band segment feeding
into band 1 is similar to theDI=1 high spin structure of band
2. This leads to the interesting possibility that perhaps bands
1 and 2 are also chiral partners. The Fermi surface is about
midshell for theg7/2 and d5/2 orbitals and their angular mo-
menta are less than theh11/2 orbital. Thus the proton angular
momentum vector is not predicted to be as strongly oriented
toward a nuclear axis as for theh11/2 particle and the total
angular momentum vector would not be as strongly aplanar.
TRS calculations predict similar deformation minima atg
=25° for theg7/2 or d5/2 proton coupled with ah11/2 neutron
as for theph11/2^ nh11/2 configuration, so the total deforma-
tion is predicted to be triaxial, and the total angular momen-
tum still may be aplanar. Thus we have the interesting pos-
sibility that bands 1 and 2 may also be chiral twin partners.
Of course, this is only speculative since, in contrast to the
double-intruderph11/2^ nh11/2 configuration, there are sev-
eral natural parity proton orbitals near the Fermi surface,
allowing many possibilities for a total negative parity band
structure. It is always possible that an accidental degeneracy

of levels in such structure occurs. To clarify the situation,
further measurements are required, such as are discussed be-
low.

However, there is a problem with the chiral interpretation.
In the chiral scenario, the signature splitting within the yrast
and yrare chiral bands should be small, leading toDI=1
bands. In this context, the lack of evident signature partners
for bands 4 and 2 is troublesome. It is possible that the in-
tensity of the signature partner bands may be below the sen-
sitivity of this experiment. A rough estimate of the popula-
tion intensity range of the weaker partner for a variety of
signature splittings can be obtained from an examination of
several of the nuclei populated in the current experiment. For
example, in140Eu, the weaker partner of band 3, the levels
with odd spin, is populated with about 15–20 % the intensity
of the favored signature(splitting ,100 keV). The odd neu-
tron neighbor 137Sm has a signature splitting of
100–150 keV in thenh11/2 yrast band[26]. The less favored
signature partner of this band is clearly identifiable in our
data, with an intensity about 70% that of the favored signa-
ture. For theph11/2 yrast band of the odd proton neighbor
141Eu, the splitting is 350–400 keV and the intensity of the
signature partner drops to about 10% of the favored signature
[27]. We point out that the typical observed splitting within a
ph11/2^ nh11/2 chiral band in the region is about
50–100 keV, and the splitting within band 3,100 keV. As-
suming, as a rough estimate, that the unobserved partners of
band 4 and band 2 were populated with an intensity ratio of
,15–20 %, we would expect a relative intensity of transi-
tions in bands 2 and 4 of,5%. If this rough estimate is
generous, then the signature partners of bands 4 and 2 could
be easily missed. Therefore, the “missing partners” do not
necessarily rule out the chiral interpretation for band 2 and
band 4.

D. Shape coexistence

Another interesting possible interpretation for the bands is
that of shape coexistence. Shape coexistence is well estab-
lished in this mass region, some examples can be found in
Ref. [3]. The examples of shape coexistence in the region are
typically found for bands based on different orbital configu-
rations polarizing the nucleus to different shapes, but even in
the even-even core of140Eu s138Smd, shape coexistence is
suggested for two bands having the same orbital configura-
tion [13]. In that example, for one deformation the band built
on the psh11/2, g7/2d ^ nsh11/2d2 configuration shows a negli-
gible signature splitting and the signature partner is clearly
evident. For the other deformation built on the same orbital
configuration, only one signature is observed. For140Eu,
TRS calculations for any reasonable proton and neutron con-
figurations predict well defined coexisting minima atb
,0.2 andg, ±25°. These minima coexist and persist over a
wide frequency range, from"v,0 to ,0.45 MeV (see Fig.
9). Thus, if a principal axis cranking model is more appli-
cable in the case of140Eu, it is reasonable to suggest that
bands 3 and 4, while both being based on theph11/2
^ nh11/2 configuration, may be based on differentg deforma-
tions, and likewise for bands 1 and 2, both built on the
psg7/2, d5/2d ^ nh11/2 configuration.

TABLE II. Comparison of experimental and calculated
BsM1d/BsE2d values for transitions in band 1 and in band 3. Also
shown are the measuredBsE2outd/BsE2ind values, and the measured
BsM1230d/BsM1258d value for the 230 and 258 keV transitions in
band 2.

Experiment Calculation

Band
Iinitial

"

BsM1in:I→I−1d
BsE2in:I→I−2d

smN/e bd2

BsM1in:I→I−1d
BsE2in:I→I−2d

smN/e bd2

1 7 0.94(17) 6.17
1 8 0.00(08) 6.25
1 9 0.41(31) 3.49
1 10 0.35
1 11 0.57
3 12 0.40(11) 10.20
3 13 3.42(90) 2.93
3 14 1.53(89) 3.25
3 15 1.97(39) 3.49

BsE2out:I→I−2d
BsE2in:I→I−2d

2 12 2.66(80)
3 15 1.05(10)

BsM1230:I→I−1d
BsM1258:I→I−1d

2 13 2.20(11)
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Once again, the lack of evident signature partner bands
for bands 2 and 4 is a problem. For theph11/2^ nh11/2 con-
figuration, for b2=0.2, b4=−0.021,g,−26°, and at a fre-
quency of"v=0.30 MeV (about midrange for the observed
band and before any band crossings), the calculated signature
splitting for the proton (neutron) h11/2 orbitals is DEp
,400 keVsDEn,100 keVd. On the other hand, for the posi-
tive g minimum with b2=0.16, b4=−0.021, andg, +28°,
we expectDEp,300 keV sDEn,0 keVd. We note that for a
doubly odd nucleus to have only oneDI=2 band observed
requires a large signature splitting forboth the proton and the
neutron orbitals. While the proton splitting is indeed esti-
mated to be large for both deformations the neutron splitting
estimate is only small or moderate, but is definitely larger for
the negativeg deformation. Thus, in this scenario, band 4
may correspond to theph11/2^ nh11/2 configuration based on
the negativeg deformation while band 3 may correspond to
the same quasiparticle configuration based on the positiveg
minimum.

IV. CONCLUSION

In conclusion, we have developed the high spin level
scheme for140Eu following the reaction92Mos51V, 2pnd at a
beam energy of 205 MeV. A total of 5 bands and 69 transi-
tions were placed in the new level scheme. The doubly in-
truder ph11/2^ nh11/2 configuration was assigned to bands 3
and 4, while thepsg7/2, d5/2d ^ nh11/2 configuration was as-
signed to bands 1 and 2. The interpretation for band 5 is
unclear.

Both bands 1 and 2 as well as bands 3 and 4 show some
of the features expected from chiral twin bands, namely,
based on the same orbital configuration and having a near
degeneracy of levels of the same spin and parity. However,
TRS calculations indicate that there are two minima close in
energy in the potential energy surface at deformations ofb
,0.2 andg, ±25°, allowing the possibility that these band
pairs are indicative of shape coexistence. Thus we have two
possible scenarios for bands 1 and 2 and bands 3 and 4. In
both scenarios the lack of a secondDI=2 sequence for the
weaker partner band presents a problem. For the chiral inter-
pretation we expect the level degeneracy between the two
chiral partners to increase up toI,15" as indeed is observed
for the odd spin sequence in bands 3 and 4 and for the even
spin sequence in bands 1 and 2. In addition, the chiral model
predicts[28] a large jump inBsE2d values for the intraband
transitions around the same spin. In contrast, for shape coex-
istence the signature splitting should increase with rotational
frequency up to the band crossing, while the corresponding
BsE2d values should show a smooth increase. Lifetime ex-
periments are required to resolve this dilemma.
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