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Evidence for collective behavior in the high-spin region of lead nuclei is provided by the observation
of two collective structures in ' Pb. One of these bands is interpreted as an oblate collective structure
built on oblate proton and possibly neutron states. A second more irregular band is suggested to be most
likely a triaxial rotational band. Neutron and proton configurations for these bands are suggested from
the results of quasiparticle Routhians and total Routhians surface calculations. A partial level scheme

up to I= —, and E = 8 MeV is presented.

PACS number(s): 21.10.Re, 21.60.Ev, 27.80.+w

I. INTRODUCTION

The discovery of the superdeformed (SD) bands in nu-
clei near A =192 [1—4], and the continuing search for
additional SD bands has resulted in extensive gamma-
gamma coincidence data for several nuclei in this region.
These coincidence data were analyzed in order to extend
the yrast line of the first-well states, and to look for pre-
dicted collective behavior in these nuclei. We report here
the observation of at least two new bands in ' Pb [5].
One of the bands is an irregularly spaced structure of 20
intense dipole transitions (EI =1) with transition ener-
gies between 126 and 432 keV and seven weak AI =2
crossover transitions. A second band is more regular,
and consists of eight intense dipole transitions with two
EI =2 crossover transitions.

The yrast states with spin I ~ 12A' in the known light
lead isotopes ( A =196) are of two-quasineutron charac-
ter. States of higher I are built on four and more quasi-
particles [6]. However, there is also evidence for collec-
tive behavior. Low-lying 0+ states have been found in
the neutron-deficient, even-mass lead isotopes [7] and
g+, 1 1 isomeric states are seen in ' ' Pb [g —10]. 1n
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Pb a collective band built on the low-lying 0+ state has
been observed [9];however, the structure is disturbed by
an 8+ isomer. These low-lying isomeric 0+, 8+, and 11
states are explained as oblate, proton states having
the two-particle —two-hole (2p-2h) configurations
rr( +-'[400] ' -' [505] ) + + and n(-' +[400]

[505]; —", +[606])„, respectively [11], rather than

two-quasineutron configurations. ' Indeed, oblate minima
have been predicted [7,12,13] for the light lead isoto)res at
y= —60' and Pz=0. 17. The observed bands in " Pb,
similar to the irregular band in ' Pb [10], to the recently
published regular bands in ' Pb [14,15], '992~Pb [16],
and to the collectively rotating oblate bands in the
A =130 region [17], are thus candidates as rotational
bands built on oblate proton states. In Sec. II we give a
short summary of the experiments used to obtain the
data, in Sec. III we shall discuss the results of the data
analysis, and in Sec. IV we compare the experimental re-
sults with the theoretical calculations. A summary is
given in Sec. V.

II. EXPERIMENT

The experiments have been done at the Lawrence
Berkeley Laboratory 88-Inch Cyclotron using the high-
energy-resolution array (HERA), which consists of 20
Compton-suppressed Ge detectors and a 4m. inner ball of
40 BGO detectors. The data presented here have been
obtained using the two fusion evaporation reactions,

The oblate-driving proton orbitals are the same as those men-

tioned in Refs. [7—10]. They are labeled correctly here but
mislabeled in these references. Apparently a misprint in an ear-
lier reference was propagated throughout Refs. [7—10).
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Yb( Mg, 5n)' Pb at E( Mg)=135 MeV and
Sm( Ca, 5n)' Pb at E( Ca) =210 MeV. The targets

consisted of three and two stacked foils, respectively,
each foil =500 pg/cm thick. All threefold and higher-
fold coincidences were recorded together with the sum-
energy (H) and multiplicity (K) information from the
inner BGO ball. Twofold events have been recorded only
when at least four inner ball detectors were in prompt
coincidence with the two Ge detectors. Approximately
4. 5 X 10 double coincidences (including resolved higher-
fold events) were collected in the Mg beam bombard-
ment and about 2.2X10 coincidences in the Ca bom-
bardment.

III. RESULTS

The analysis of the twofold coincidence data resulting
from the Ca bombardment yielded one irregular and six
regular bands. The irregular band and five of the six reg-
ular bands were also found in the Mg data. The
remaining regular band is already assigned to ' Pb and
will be discussed in detail elsewhere [15]. The irregular
and two of the regular bands could be assigned unambi-
guously to ' Pb due to the fact that they are in coin-
cidence with the known low-lying transitions in ' Pb.
An unambiguous isotopic assignment for the other three
bands is not yet possible, although one of the bands
shows weak coincidences with known transitions in ' Pb.
In this paper we shall only discuss the properties of the
two strongest bands in ' Pb (one of the regular bands
and the irregular band).

Figure 1 shows the evidence for the regular band to-

gether with the low-lying coincident ' Pb yrast transi-
tions. The band members are eight strong, nearly evenly
spaced, transitions in the energy range between 100 and
500 keV. Known transitions in ' Pb are marked with ar-
rows. Figure 2 illustrates a partial level scheme of ' Pb
with the transition intensities (indicated values include
the calculated internal electron conversion contributions)
determined from a spectrum coincident with the 200.5-
keV transition. The intensity for the 200.5-keV transition
has been determined in a spectrum coincident with the
150.8-keV transition normalized to the intensity of the
266.2-keV transition. The left-hand side in Fig. 2 in-
cludes the known isomeric levels in ' Pb [6] and levels
populated only in the decay of these isomers. Since y-ray
coincidence detection across these isomers is strongly
suppressed in our experimental arrangement, the transi-
tions below these isomers were not observed. The excita-
tion energy of the regular band has not been determined
thus far because candidates for linking transitions to the
low-lying levels in the energy range of 300—500 keV have
not been placed unambiguously. However, based on the
intensities of the low-lying transitions measured in coin-
cidence with the 200.5-keV transition, the most likely
depopulation pattern for the band is indicated by dashed
arrows in Fig. 2. The 112-keV transition is in coin-
cidence with all of the transitions in the regular band, but
it carries only 35(4)% of the band intensity (Fig. 2). This
is, within the uncertainties, a value consistent with the
observed intensities of the low-lying transitions in coin-
cidence with the band (see Fig. 1). Therefore, the level
from which the 112.3-keV transition originates is either
isomeric (i.e., coincidence detection is suppressed) or
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FIG. 1. Sum of gamma-coincidence spectra (energy gates on all eight transitions in the regular band in ' Pb). The arrows mark
the known low-lying transitions in ' Pb.
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=65% of the band intensity decays out of this level,
perhaps, e.g., into the —", isomer. However, the DCO ra-
tio (directional correlation of y transitions from oriented
nuclei) and the y-ray intensity yield ratio R (see text
below) do not seem to be consistent with an isomeric
band head.

The spectrum of the irregular band is shown in Fig. 3,
together with a coincident known transition (557 keV) in

Pb. The irregular pattern of transition energies and in-

tensities for the marked band members is immediately ap-
parent. A partial level scheme for this band, based on
our present analysis, is shown in Fig. 4. The transition
intensities indicated in Fig. 4 (corrected for calculated
internal conversion) are taken from a spectrum coin-
cident with the 432.7-keV transition. The intensity of the
432.7-keV transition was determined from a spectrum
coincident with the 152.4-keV transition, normalized to
the 270.4-keV transition intensity. Again, linking transi-
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FIG. 2. Partial level scheme for ' Pb showing the most likely population of the low-lying levels by the regular band. The energies
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tional to y-transition intensity, and the dotted backgrounds are proportional to transition strength including the calculated internal
electron conversion contributions. The intensities are taken from a coincidence spectra gated on the 200.5-keV transition.



136 A. KUHNERT et al. 46

4000 270.4

3000 359.2
365.4

D 20000
V

1000—

152.4

126.6

, 2~15.2
227.6

285.2
293.7

338.8

327.1 lt

317.0

369.9

385.1

391.8

g 403.4

—.)Aq
556.9

0
I

100 200 300

E„[keV]

400 500 600

FIG. 3. Gamma-coincidence spectrum with an energy gate on the 432-keV member of the irregular band. The 556.9-keV transi-
tion is a known low-lying transition in ' 'Pb.
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tions to the low-lying states have not been found, and the
dashed arrows in Fig. 4 show the most likely depopula-
tion pattern for this irregular band. About 75(1.5)% of
the band intensity is observed in coincidence with the
1ow-lying transitions, from which we conclude that the
bandhead is isomeric or depopulates with =25% branch-
ing into one of the known isomeric states in ' Pb. As
mentioned in the last paragraph, the results from the
DCO and gamma-ray yield ratio analysis do not seem to
be consistent with an isomeric bandhead for the irregular
band either.

Analysis of the DCO ratios is consistent with a
stretched-dipole character for the main transitions in the
two bands. In a first step a two-dimensional E~-E~ ma-
trix containing coincidences between eight detectors at
angles of 37'/152'/154' (x axis) and six detectors at
79'/103' (y axis) with respect to the beam axis has been
sorted. This E&-E& matrix is projected on the x axis and
on the y axis, respectively, while requiring the same ener-

gy gate. The intensity ratio for a particular transition ob-
served in these two spectra, i.e., Ir(x)/Ir(y), depends on
the multipolarity of this transition and on the multipolar-
ity of the chosen gate transition. The measured ratios of
the transition intensities in the two bands together with
those of the known low-lying ' Pb E2 transitions are
shown in Fig. 5. The energy gate was set on the 1006.2-
keV E2 transition, and one sees in Fig. 5 that the DCO
ratio is close to 1 for the known E2 transitions and close
to 0.6 for the transitions in the two bands. These ratios
are consistent with the expected values for AI =2 and 1

transitions with 5=0 [18] and a gate on a EI =2 transi-
tion. The uncertainties are large because of the limited
coincidence statistics in this reduced set of Ge detectors.
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FIG. 6. The ratio Y~~ /Y~ for the low-lying transitions as well
as for the members of both bands. The horizontal lines indicate
the expected ratio for stretched transitions averaged over the
detector angles used, and assuming full alignment. Lower
line: dipoles (I; = '~' ~If =

~ ); upper line: quadrupoles

(I; = ~' ~II= '2'). Full, open, and half-61led circles same as for

Fig. 5.

Therefore, we also determined R, the measured ratio
YI/Yj of the y-ray yield for a particular transition in the
detectors "parallel" to the beam direction (eight detectors
at angles of 8=37', 152', and 154') to those "perpendicu-
lar" to the beam direction (six detectors at 8=78' and
103'). The results of this analysis, i.e., R = Yi/Y~, are
shown in Fig. 6 together with the expected ratio for pure
b,I =1 (lower line) and b,I =2 (upper line) transitions.
These results are in agreement with the DCO results, and
the uncertainties are much smaller. Furthermore, one
has to assume M1 electron conversion coefBcients for the
strong transitions in the irregular band to obtain a
reasonable intensity balance within the band and also for
the low-lying transitions fed in the decay of the band (see
Fig. 4). This argument does not hold for the regular
band, where a reasonable intensity balance is obtained by
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FIG. 5. DCO ratio for the transitions in the two observed
bands, and for known low-lying transitions in ' Pb. The energy
gate is set on the 1006-keV E2 transition. The solid and dashed
lines are the expected ratios for HERA for EI =2 (top solid);
hI =1, 5=0 (bottom solid); AI =1, 5= —0.2 (top dashed); and
AI =1,5=0.2 (bottom dashed) for a HWHM=4 for the Gauss-
ian population of initial m states. Full circles represent AI =2
transitions and open circles EI = 1 transitions in best agreement
between the results from the DCO and FI~/Y, ratios. Half-
611ed circles indicate an ambiguity in assignment.
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FIG. 7. Gamma-coincidence spectrum gated on the 270-keV
member of the irregular band. The 729.5-, 7S0.8-, and 75S.3-
keV crossover transitions are clearly visible.
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FIG. 8. Gamma-coincidence spectrum gated on the 359.2-
keV member of the irregular band. The parallel 729.5-keV
crossover transition is not observed.

assuming either M1 or E1 transitions. However, we have
assumed M1 transitions in determining the indicated in-
tensities in Fig. 2 for the regular band because the ob-
served intensities of the low-lying members in the band
and their decay into the quasiparticle states are most con-
sistent with this assumption.

Observation of crossover transitions in both bands
confirmed the relevant multipolarities deduced from the

I

DCO and Yl/Yt results. Spectral examples of the cross-
over transitions in the irregular band are shown in Figs. 7
and 8. The spectrum shown in Fig. 7 is gated on the
270-keV transition near the bottom of the irregular band
and shows three crossover E2 transitions. In Fig. 8 the
729-keV crossover transition is not present, since the gate
is on the parallel 359-keV transition. Some of the high-
energy E2 crossover transitions for each band have been
found in the data, competing with the M1 transitions.
The crossover transitions are shown in Figs. 2 and 4. The
ratio B (M 1 )/B (E2) was calculated using

B(M1)/B(E2)=0.697[E&(bI=2)] /[E (EI=1)]A(1+5 ) pz/(eb)

with A, = branching ratio Ir(AI =2)/Ir(b, I =1). The
mixing ratio 5 could not be determined accurately from
the DCO ratio results (Fig. 5) because of the poor statis-
tics, but appears to be small. We have assumed 5 (&1,
because the measured mixing ratios are also small in the
A =130 region [17]and for ' Pb [16] (see text below).
Therefore, the calculated values of B(M1)/B(E2)
represent an upper limit, and they range from 11
pz/(e b) to 30)M2N/(e b) (Fig. 9).

I

dynamic moment of inertia, except at a band crossing (il-
lustrated for ' Pb in Fig. 10); and (iv) negative E2/M 1

mixing ratios 5 for the EI = 1 transitions in the A = 130
region [17]and in ' ' Pb [16].

In the A =130 region the regular EI =1 bands are ex-
plained as oblate, collective bands [17]. The occupation
of the h»&z neutron orbital is considered to be the main
oblate driving force for the y-soft cores. Furthermore,

IV. DISCUSSION

The regular structure found in ' Pb is very similar to
regular EI =1 bands observed around 3 =130 in the
odd-Z isotopes Cs, Pr, Pm, and Eu [17], in the even-even
isotopes ' ' Ba [17]as well as in ' ' ' Ce [17] and in' 'La [17]. Recently, regular b,I = 1 bands have
also been found in the neutron-deficient lead isotopes
'9sPb [14,15] and ' ' Pb [16]. There are also examples
for irregular bands besides the present one in ' Pb: one
in ' Pb [10,19], and in the neighboring nuclei ' ' Tl
[20]. Common features for a majority of these bI =1
bands are the following: (i) very strong b,I = 1 transitions
leading to B(M1)/B(E2) ratios of about 20 p~/e b (il-
lustrated for ' Pb in Fig. 9); (ii) no signature splitting in
the regular bands; (iii) low values for 2' '=dI/dc@, the

In the case of ' Pb, the recent observation of all the EI =2
crossover transitions [19] led to a different order of the EI =1
transitions than given in [10].
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the occupation of the ~h»/3( —", [505]) proton orbital,
which is close to the Fermi surface for an oblate deforma-
tion, is considered to be responsible for the large M1
transition probability and for the lack of signature split-
ting. It has both a large E value, which accounts for a
regular EI=1 band without signature splitting, and a
large g factor (+1.2) [17], resulting in a large magnetic
moment perpendicular to the rotation axis of the nucleus
and consequently in strong magnetic-dipole transitions.
The same is true for oblate, collective bands built on the
known 8+ and 11 2p-2h proton states in ' Pb with the
n( —,' +[400] ; —,'[505] ) + and n.( —,' +[400] ; —', [505];
—", +[606])„configurations and a measured g factor of
+0.96(8) for the 11 state [9]. For Z =82 these orbitals
are close to the Fermi surface for an oblate deformation
with y = —60' and Pz=0. 15 (Fig. 11).

The calculations of the neutron single-particle levels,
using a deformed Woods-Saxon potential [21], show that
the —', [512] and —,'[503] Nilsson orbitals (p3/3 and fs/3
subshells, respectively) as well as the low-0 i,3/2 orbitals
approach the Fermi surface for an oblate deformation
with Pz ~ —0.08 (Fig. 11). Therefore, at proton-induced
deformations near y= —60' and P2=0. 15, the energeti-

cally favored neutron configurations in ' Pb are
v(fp)'+"(i, 3/2) ", (Fig. 11). High-spin states related to
the deformed 8+ and 11 states in ' Pb would be formed
in ' Pb by coupling these neutron configurations to
the oblate proton states m((s, /2 ),(h9/2 )', or
(h9/2&13/2) }3+» in '"Pb.

Lower limits for the bandhead excitation energies and
angular momenta of the regular and irregular bands can
be deduced from the available experimental data and
compared with plausible estimates for the excitation en-
ergies and spins based on the simplest proton-neutron
configuration for the bandheads. The experimental lower
limit for the excitation energy for the bands, based on
states fed by their decay, is E & 3.8 MeV for the regular
band (Fig. 2) and E„&3.3 MeV for the irregular band
(Fig. 4). A reasonable experimental estimate for the spin
of the lowest states in the ' Pb bands is I=( —", +2)A (reg-
ular, Fig. 2), and I=(—", +2)fi (irregular, Fig. 4). With
these experimental spin estimates, an I versus %co plot
was constructed for both bands as shown in Figs. 12 and
13. In Fig. 12 the I versus Ace behavior is plotted for the
irregular bands in ' Pb and, for comparison, in ' Pb
[10], and in ' ' Tl [20]. The plots are similar for both
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FIG. 11. Proton and neutron single-particle levels for Z =82
and N =115 as a function of the quadrupole deformation P2.
Calculations were done with a deformed Woods-Saxon potential
[21].
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these bands. In Fig. 13 we compare the spin versus fre-
quency behavior of the regular band in ' Pb with the
regular bands in ' Pb [14,15] and ' Pb [16]. The
slope of these plots is almost the same for all of the ob-
served regular lead bands. It is worth mentioning that
the band in ' Pb and band 1 in Pb do show nearly
"identical" transition energies over a large spin range
[16],i.e., Ez( Pb, band 1) E—(' Pb) is around +5 keV
for the lowest ten transitions. It is of interest whether
this similarity in transition energies is accidental or relat-
ed to the systematics of the identical superdeformed
bands found in the A =150 and 192 regions [22]. The
linearly extrapolated intercept of I at fico =0 is at
(15+2)trt for ' Pb and between (15+2)t)l and (18+2)A for
the bands observed in the other lead isotopes. The inter-
cept value is an indication of a rapid rotational align-
ment, considering that these bands are known down to
fairly low frequency, and is indicative of low-Q, high-j or-
bitals (probably t »/2 orbitals).

A plausible excitation energy for the bandheads of the
197two bands in Pb, based on the simplest neutron

configuration coupled to the oblate 8+ and 11 states
seen in ' Pb, i.e., tr(2p-2h)v(fp) (i,3/2) ', should be
similar to the excitation energy for the —"+ state at

2

E =3.1 MeV in ' Pb. The —", + state has been explained
to have a v( fp) (i &3/2 ) configuration [6], i.e.,
v(fp) (it3/p)

' coupled to the v(fp) (i»/z) 12+ states
in ' Pb [8], which is found close to the tr(2p-2h) 8+, and
tr(2p-2h) 11 states, respectively, in ' Pb. Therefore, we
expect an oblate state in ' Pb, with the above-mentioned
configuration, close to an excitation energy of E =3.1

MeV. However, coupling only one low-0 i,3/2 neutron
hole to the high-O, proton orbitals, i.e., oblate 8+ and
11 states, results in a total spin I= —" and —" res ective-

2 2 '
ly, for the resulting states, because the proton and neu-
tron spins are roughly perpendicular to each other. The
experimentally observed spins can be obtained only if the
bands are built on states for which at least two viVl 13/2
quasiparticles couple to the proton 11 state, i.e.,
I [sr(11 )tgiv(fp) (i&3/2) ]=—", . According to the calcu-
lations of the neutron single-particle energies at a defor-
mation of y = —60' and Pz=0. 15 (Fig. 11, Pz= —0. 15)
the energy necessary to produce more than one i neu-13/2
tron hole is relatively small, i.e., it is still reasonable to
expect states with more than one i13/2 quasiparticle in-
volved near 3.1-MeV excitation energy. In fact, the rapid
alignment of i =(15+2)A' determined for the regular band
from the plot in Fig. 14 may suggest that at least three
vi13/2 quasiparticles are involved in the bandhead
configuration for the regular band. In Fig. 14 we show
the neutron single-particle Routhians as a function of A~
for the Nilsson-orbitals involved. According to these cal-
culations the energetica1ly favored state at Ace =0.45, and
neutron numbers 112+ N ~ 118, involves two, three, or
four holes in the vi13/2 subshell. The alignment
i = —de/de for these i,3/2 Nilsson orbitals, determined
from Fig. 14, is i =6, 5, 3, and 2.7 for holes in the i,3/2
(0=—,

' and —', ) orbitals. This can generate the experimen-

tally found values of i =(15+2)A' for the rapid initial
alignment in the ' Pb regular band.

Thus, one possible configuration for the regular band is
tr( 11 )3 v( fp) ( i, 3/2 ) . From the single-particle
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Routhians (Fig. 14) we obtain an alignment of 14tri

[(6+5+3}tii]for this configuration. The similar I versus
co behavior of the regular bands in the even-N ' ' Pb
and odd-N ' ' Pb nuclei (Fig. 13) suggests the same
configuration for all of these regular bands. This is in
contradiction to the interpretation of these bands as hav-

ing a zr(11 ) v( fp)"(i,3/z } bandhead configuration for
the even-X ' Pb isotopes [14,16], and more work is
necessary to resolve the configuration.

The irregular band, which is found at a lower excita-
tion energy, shows the following characteristics of a col-
lective band: (1) the spins are in sequence (b,I =1) and

(2) the observed B(M1)iB(E2) ratios are large in the
whole y-ray sequence. However, it seems not to be a typ-
ical collective band because of the strong irregularities
seen in the I versus fico plot (Fig. 12), but it does not look
completely noncollective either. There is a strong resem-
blance between the two irregular structures found so far
in ' Pb and ' Pb. There are somewhat similar bands ob-
served in ' ' Tl [20]. We cannot give a detailed ex-

planation for the mechanism leading to this irregular
band, but we suggest that one possibility is a triaxial rota-
tional band built on the same general configuration as
suggested for the regular bands, or that the irregular
band has a smaller P deformation because of a somewhat
different configuration. Clearly more data and calcula-

tions are needed to solve this problem.
A better understanding of the quasiparticle

configurations involved can be obtained from a study of
the total Routhians surface (TRS) for the above-
mentioned proton configuration and for the possible neu-
tron configurations. The unambiguously established spin
and parity I =11 for the proton 2p-2h state in the

Pb isotopes [9,10] confirins the occupation of the
[505]—", + [606] Nilsson orbitals even though the

[514) orbital is lower in energy than the —", +[606] or-
bital (see Fig. 11). The TRS calculation [23] (Fig. 15)
shows at low czz a minimum at y= —72' and P2=0. 1. For
low rotational frequency the deformation is y soft, but it
stabilizes at y = —65' for 0.28 MeV ~ Ac@ & 0.45 MeV.

For the neutrons, the TRS has been extracted from the
available mesh [23) for the one-quasiparticle
configuration, i.e., vi, 3/z(z [600] ') and, for the three-

quasiparticle configuration, i.e., vit3/z( —,
'+ [600]

—,'+[651] '). The results of these calculations are almost

the same for both configurations, and we show them for
the three-neutron quasiparticle configuration in Fig. 16.
Both configurations have an energy minimum at low fre-
quencies at a very small deformation of Pz=0.06 and

y= —60', therefore providing a stabilizing effect for the
proton-induced deformation. This is seen by comparing
Figs. 15 and 16 with Fig. 17, which shows the TRS cal-
culation [23] for the neutron-proton configuration pro-
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FIG. 16. TRS maps [23] for the v( —'+[660]; z+[651] ')
configuration. The energy E, quadrupole deformation parame-
ter pz, triaxiality parameter y, and rotational frequency co are
given for the minimum. Top left: E = —5.36 MeU, y = —66.8,
Pz=0.06, co=0.05. ToP right: E =—7. 14 MeV, y= —49.2,
Pz=0.05, co=0.17. Bottom left: E = —13.32 MeV,
y= —67.5, Pz=0.06, co=0.32. Bottom right: E = —11.61
MeV, y= —70.0, Pz=0. 06, co=0.44.
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The oblate minimum is less y soft already at low rota-
tional frequencies for the suggested proton-neutron
configuration.

At higher frequencies of Ace & 0.45 MeV the minimum
for the low-0 i&3/2 orbitals becomes more y soft towards
y= —90'. This is eventually seen in the experimental
data for the regular bands in ' Pb, ' Pb, band 1 [15],
and Pb, band 2 [16]. For these bands one observes a
sharp decrease in bE (upbend in Fig. 13) for transition
energies above 400 keV.

Additionally, the total Routhians surfaces for the p3/2
and f~/2 orbitals have been extracted. According to
these TRS calculations [23] an increased y softness
occurs for the p3/2 and f~/2 Nilsson orbitals for %co ~ 0.2
MeV. This result supports the single-particle and quasi-
particle calculations showing that these orbitals could
drive the ' Pb nucleus towards a triaxial shape, i.e.,—120'&y (—60'. However, it is not yet clear whether
the occupation of these orbitals is responsible for the ap-
pearance of irregular bands in the %~115 lead nuclei.
Thus, a more specific configuration, based on these calcu-

posed for the regular band, i.e.,

m.( —,'+[400] ', -', [505];—", +[606])

Ig Vl f3/p( —,
' +[660];—', + [65 1 ]

'
)

lations, cannot be assigned for their bandheads.
The proposed configurations for the bandheads are

based on the data available. However, more experimen-
tal data are needed, particularly on linking transitions to
the low-lying states, in order to establish the spin and ex-
citation energy of the bandheads. The overall trend of
these AI =1 bands in the neutron-deficient lead isotopes
shows a transition from irregular to more regular struc-
tures with increasing neutron number from N =112 to
118. Thus far the nucleus ' Pb is the only one where
both a regular and an irregular collective band are
known, as discussed here. The calculations for the
quasineutron Routhians as a functions of y have also
been done for neutron numbers 112~ N ~ 118 at
P2=0. 15 and fiche=0. 2 MeV in order to understand this
transition from irregularity to regularity for N =115.
These calculations indicate shallower energy minima
around y = —60' for the involved vi»/2 orbitals with de-
creasing neutron number from N =118 to 112. The in-
volved vp3/2 and vf &/z orbitals, which are almost flat as a
function of y for N=118, start to develop minima at—120'&y ~ —100' for N~116. However, for N=116
the vii3/2 orbitals still have a dominant minimum around

y = —60'. This situation changes for N ~ 115. For these
neutron numbers the vi, 3/2 orbitals become more Aat for
y between —60' and —100', and the prolate noncollec-
tive (towards y= —120') driving p3/2 and f5/2 orbitals
become dominant.

V. SUMMARY

The partial level scheme of ' Pb has been extended up
to a spin of approximately —", A' and an excitation energy
of at least 8 MeV. The new data for ' Pb are dominated
by two collective bands with fast dipole transitions. Simi-
lar bands have also been observed in other lead isotopes

Pb [10] ' Pb [9] ' Pb [14,15], and ' ' Pb [16].
These bands are interpreted as evidence of a collective ro-
tation of an oblate-deformed ' Pb nucleus. A possible
explanation of the bandhead configuration, based on ex-
perimentally observed properties, has been advanced.
Further detailed experimental studies are necessary to es-
tablish the linking transitions between the bands and the
low-lying states providing bandhead spins and energies.
These data would, together with further theoretical stud-
ies, permit a confirmation of the proposed bandhead
configurations.
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