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Superdeformed structures in 197,198Pb
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Two new superdeformed bands, which possess almost constant dynamic moments of inertia as a function of
rotational frequency, have been observed in197Pb. They are thought to be based upon the favored and
unfavored signature components of anN57 neutron intruder orbital. Previous work tentatively assigned a
superdeformed band to198Pb. The present work has confirmed this assignment. The properties of all the bands
are discussed in terms of extended total Routhian surface calculations.@S0556-2813~96!00311-1#

PACS number~s!: 21.10.Re, 21.60.Ev, 23.20.Lv, 27.80.1w
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I. INTRODUCTION

Superdeformation~SD! is now well established in the
A;190 mass region@1,2#. The vast majority of the SD bands
in this region show a similar behavior of their dynamic mo
ment of inertia (J(2) 5 dI/dv) with rotational frequency
(v), in that they exhibit a smooth rise asv increases. This is
calculated@3,4# to result from the gradual alignment of pair
of nucleons occupying high-N intruder orbitals ~namely,
j 15/2 neutrons andi 13/2 protons! in the presence of pairing
correlations. The Pauli blocking of the high-N intruder orbit-
als, which should reduce the increase in the dynamic m
ment of inertia, is used to explain the behavior of certain S
bands in 193Hg @5#, 193Pb @6#, and 195Pb @7#, where the
J(2) curve is somewhat flatter than that of most of the ban
in this region. Furthermore, in the odd-odd isotopes:196Bi
@8#, 192Tl @9#, and 194Tl @10#, the almost constantJ(2) is
explained by double blocking of both the quasineutron a
quasiproton alignments. The heaviest known lead isoto
with a confirmed SD band is196Pb @11#; however, there are
tentative reports of a band in198Pb @12,13#.

Results are presented here of the discovery of two, v
weakly populated SD bands in197Pb. Total Routhian surface
~TRS! calculations, in which thej 15/2 neutron orbital is
blocked, can account for the observed, almost constant,
namic moment of inertia. The present work is also able
unambiguously verify the assignment of the previously r
ported SD band in198Pb@12,13#. Thus it has been possible to
extend the region of known SD bands in the lead isotop
The results obtained are discussed in terms of recent cra
ing calculations, and comparisons are made with other
bands seen in this mass region.

*Present address: Department of Physics and Astronom
McMaster University, Hamilton, ON, Canada L8S 4M1.
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II. EXPERIMENTAL PROCEDURE

High spin states in197Pb and198Pb nuclei were produced
in the 7n and 6n channels of the186W (18O,xn) reaction at
nominal laboratory bombarding energies of 110 and 11
MeV. The beam from the Vivitron electrostatic accelerator a
the Centre de Recherches Nucle´aires in Strasbourg was inci-
dent upon a target consisting of 33 200mg/cm2 stacked
foils of 186W mounted on thin~20mg/cm2) carbon backings.
Gamma rays were detected with the EUROGAM phase
spectrometer@14#, consisting of 30 large-volume escape
suppressed Ge detectors@15#, 15 at the forward and 15 at the
backward angles, and 24 Clover detectors@16# at angles near
90° to the beam direction. The Clover detectors have fo
closely packed Ge detectors sharing the same cryostat, s
rounded by a single escape-suppression shield.

III. DATA ANALYSIS AND EXPERIMENTAL RESULTS

In the 3 day experiment, a total of 1.23 109 events were
collected in which at least fourg rays were in prompt time
coincidence~with a hardware coincidence time window of
<50 ns!. The data were unpacked into triple-coincidenc
events using the technique given in Ref.@17# and analyzed
off line by sorting these events intoEg1-Eg2-Eg3
RADWARE format @18# cubes. A systematic search of the
cube containing data from the 115 MeV data set revealed t
presence of two cascades ofg rays with an energy spacing of
DEg;40 keV. A g-g-gatedEg1-Eg2 matrix for each band
was then produced, from which triple-gated spectra were o
tained~Fig. 1!. All in-band transitions were used as gates t
construct these spectra. The relative intensities of all tran
tions, corrected forE2 internal conversion, are shown as a
inset.

The two bands, which were observed with an intensity o
;0.2 % and 0.1 %, respectively, of the197Pb reaction chan-
nel, have been assigned to197Pb as they are observed in
coincidence with lead x rays and several low-lying states
y,
2253 © 1996 The American Physical Society
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2254 54I. M. HIBBERT et al.
this nucleus@19#, including the 1005 keVg ray ~17/21 →
13/21, 43 min isomer!. These bands are seen more strong
in the 115 MeV data set than in that obtained with a bom
barding energy of 110 MeV, where the production of198Pb
dominates. Evidence that these bands are signature part
and share a similar structure is presented in Fig. 2, wh
crosstalk is seen between the bands. Lower band mem
from band 2 are seen in the sum of gates of band 1
197Pb and vice versa, with an intensity that decreases as
rotational frequency increases.

At the lower beam energy, where the population
198Pb dominates, another weakly populated SD band w
observed (;0.5 % of the198Pb cross section!. This band had
previously been assigned to198Pb @12,13#, but the assign-
ment was not convincing due to the low intensity of th
band. The present work unambiguously confirms that t
band belongs to this nucleus. A double-gatedg-ray spectrum
formed from the sum of uncontaminated band members fr
the 110 MeV data is shown in Fig. 3. This band is seen
coincidence with lead x rays and known low-lying states
198Pb @20#, most notably the 541 keV~101 → 92) and 929
keV ~141 → 121, 212 ns isomer! transitions. This band is

FIG. 1. Triple-gated quadruples spectra of the two superd
formed bands in197Pb, with gates set on all the known transitions i
the band. Insets show the relative transition intensities, corrected
E2 internal conversion, as a percentage of the largest peak inten
in the band. Also shown is the 1005 keVg ray from 197Pb.
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FIG. 2. Evidence for the crosstalk between the two superd
formed bands in197Pb: spectra formed from the sum of gates o
transitions in~a! band 1, and~b! band 2, with locations of transi-
tions in the signature partner band given by!.

FIG. 3. Coincidence spectrum obtained using triples data for t
SD band in198Pb, produced by setting double gates on combin
tions of all transitions marked with asterisk. Transition energies a
labeled in keV, along with the 541 and 929 keV transitions from
198Pb, and Pb x rays. Also shown is the relative transition intensi
corrected forE2 internal conversion, obtained from a sum of al
known gates.
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54 2255SUPERDEFORMED STRUCTURES IN197,198Pb
reduced in absolute intensity at the higher beam ene
where the population of197Pb dominates the reaction cro
section. The relative intensity profile, corrected forE2 inter-
nal conversion, shows that there seems to be an extrem
rapid depopulation of the band: no transitions are observe
the band with energies below 305 keV. The transition
highest spin in the normal deformed well which is observ
in coincidence with the band is 929 keV from theIp5141

level. This would suggest a spin of;16\ or higher for the
lowest state in the band. However, a spin of 12\ is obtained
for the lowest state in the band using the spin fitting te
nique of Ref.@21#. This is clearly somewhat lower than th
value suggested by the experimental data.

Because of the very weak population intensity of all thr
bands, it was not possible to perform an angular correla
analysis. However, as the properties of theg rays are very
similar to those in other known SD bands in the lighter le
isotopes, it assumed that the bands are composed of stre
electric quadrupole transitions.

IV. DISCUSSION

A. 197Pb

Extended total Routhian surface calculations have b
performed for the SD bands of the Pb region. In these ca
lations, pairing and deformation are treated self-consiste
by means of the cranked Strutinsky Lipkin-Nogami approa
@22#. Second-order residual interactions were introduced
ing a quadrupole pairing term in the Hamiltonian. These c
culations can account for the moments of inertia of a bro
range of nuclei in this mass region@22–24# as well as for
selected blocked configurations of odd and odd-odd nu
@25#. In general, theJ(2) moments of inertia exhibit a
smooth increase with frequency. Therefore, it is a challe
to the model to see how well the observed flat moments
inertia of SD bands in odd-N Pb nuclei can be reproduced. I
addition, it is possible to investigate to what extent the p
vious assignments appear reasonable.

The dynamic moments of inertia for the two bands
197Pb are plotted in Fig. 4, along with those of bands 1 an
in 195Pb @7#. These bands are thought to be based upon
odd neutron occupying either the favored or unfavored s
nature components of anN57 neutron intruder orbital. The
expected alignment ofj 15/2 neutrons is then prevented b
Pauli blocking, producing a relatively constant moment
inertia. A pair of similar bands has also been reported
193Pb @6#. However, because there is less fission competi
in the 197Pb system, the new bands are observed to exten
higher rotational frequencies than those seen in the lig
nuclei.

Calculated dynamic moments of inertia are shown in F
5. They show the contribution toJ(2) of the high-N neutron
and proton orbitals that lie close to the Fermi surface at
perdeformation. In these calculations, the twoN57 states are
the lowest neutron orbitals and can be blocked s
consistently. The unfavoredN57 state is crossed a
\v50.35 MeV by anN55 orbital, that is mixed and con
tains contributions from a partially aligned pair ofN57 neu-
trons. Beyond this point, it is impossible to trace the un
vored N57 orbital. Nevertheless, the calculations clea
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reveal that, due to the blocking of a singleN57 orbital, the
neutron contribution toJ(2) is essentially constant.

Both the new bands in197Pb show a small rise in
J(2) at \v;0.37 MeV ~Fig. 4!. This agrees well with the
calculations although the calculated proton alignment a
pears smoother than in experiment. It would appear howev
that the neutronN57 andN55 level crossing is not ob-
served experimentally. Since the protons do not start to al
their angular momenta until\v;0.35 MeV, this results in
an almost flat total moment of inertia at lower frequencie
where the neutron alignment is blocked. The SD bands in
lighter nuclei, 193,195Pb, are not observed to as high a rota

FIG. 4. Dynamic moment of inertia plotted as a function o
rotational frequency for the two new SD bands in197Pb compared
with theJ(2) for bands 1 and 2 in195Pb @7#.

FIG. 5. Dynamic moments of inertia plotted as a function o
rotational frequency for the two new SD bands in197Pb compared
with the calculated proton~dot-dashed line!, neutron~dashed!, and
total ~solid! J(2) for configurations involving occupation of the~a!
favored (a521/2! and ~b! unfavored (a511/2! signatures of an
N57 intruder orbital.
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2256 54I. M. HIBBERT et al.
tional frequency as the197Pb bands, so thei 13/2 proton align-
ment remains unobserved. The proton alignment depe
sensitively on deformation, where the gain in alignment
creases with decreasing deformation. The odd-N Pb isotopes
are predicted to belong to the most deformed SD nucle
this mass region, having a larger deformation~by ; 2–3 %!
than the corresponding Hg isotopes. The predicted incre
in deformation going from Hg to Pb isotopes could also e
plain why the crossing between theN57 andN55 orbitals
remains unobserved in the odd-mass Pb nuclei.

A comparison of calculated and experimental Routhia
is presented in Fig. 6. The good agreement of the calcula
J(2) with experiment gives confidence to take those s
values that agree best with the calculations. Since the s
can only be changed in steps of two\, these assignment
seem rather well justified. Thus the 184.4 keV transition
band 1 (a521/2! is assigned as 19/2→ 15/2, and the 205.5
keV g ray from band 2 (a511/2! as 21/2→ 17/2. These
values agree with results obtained using the method of@21#.
The relative excitation energy of band 1 to band 2 has
been determined experimentally, and so an arbitrary of
has been applied to each Routhian so that thee8 extrapolate
to the same value at\v 5 0 MeV.

An interesting feature of the present data is that the tr
sition energies of the signature partner bands in197Pb be-
come very similar beyond 650 keV. Band 2 has appro
mately the midpoint energies of transitions in band 1 at l
frequency, but almost identical energies near the top of
band. The onset of a similar effect is also observed
195Pb, where the last two transitions in thej 15/2 bands are
612.7, 650.9 keV (a521/2! and 610.8, 650.6 keV
(a511/2!, respectively. This feature can be explained qua
tatively by the behavior of the theoretical Routhians,e8 ~Fig.
6!. The curvature ofe8 is related to the dynamic moment o
inertia: the greater curvature for the favored signature~band

FIG. 6. Experimental Routhians for the SD bands in197Pb
~circles! after a rigid rotor reference with the Harris paramete
J05100.0\2/MeV andJ150.1\4/MeV3 had been subtracted. Thes
are compared to total Routhian surface calculations withA5197
and the unpaired neutron occupying: the favored (a521/2! signa-
ture of an N57 intruder orbital (n) and the unfavored
(a511/2! signature (,).
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1, a521/2! results in a largerJ(2), as observed experimen-
tally ~Fig. 4!. At low frequency, there is essentially no sig
nature splitting present for thej 15/2 states. Then, with in-
creasing frequency, for\v.0.2 MeV, the Coriolis coupling
mixes inV51/2 components into thej 15/2 orbital, and the
signature splitting increases with frequency. The signatu
splitting also rules out assignments in terms of the high-V
orbitals, that are close to the Fermi surface. The signatu
splitting is further in agreement with observed intensitie
where the greater feeding is expected for the yrast band. T
fact that the bands have comparableg ray energies around
the highest observed frequencies implies that the differen
in aligned angular momentum corresponds to exactly o
unit of \.

B. 198Pb

The dynamic moment of inertia for the SD band in
198Pb ~Fig. 7! is not as flat as the moments of inertia of th
two new bands in 197Pb in the frequency range
\v;0.2–0.35 MeV, however it is clearly much flatter tha
that of the yrast SD bands in192,194,196Pb @2#. This suggests
that there may be a reduced or delayed alignment for t
j 15/2 neutrons in

198Pb. Although the calculations can repro
duce the experimentally observedJ(2) for many Hg-Pb nu-
clei over a wide frequency range@23–25#, the agreement for
198Pb is not satisfactory. The calculated values ofJ(2) at
low frequency are in agreement with experiment~Fig. 8!.
However, above\v'0.2 MeV, the theoreticalj 15/2 neutron
alignment is considerably more pronounced. Calculations a
also shown where the lowest two-quasiparticle configurati
(p,a52,0! is blocked. These yield an essentially flat mo
ment of inertia, followed by a rather sharp crossing
\v'0.35 MeV, where there is a shape change fro
b250.48 tob250.44, with an accompanied gain in align
ment for both protons and neutrons. This is due to a balan
between shell structure, which favors larger deformation, a
alignment gain, which pushes the nucleus into a smaller d
formed region. The TRS corresponding to this two

rs
e

FIG. 7. Comparison of experimental dynamic moment of inert
for 198Pb with experimentalJ(2) for yrast SD bands in even-even
Pb isotopes.
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54 2257SUPERDEFORMED STRUCTURES IN197,198Pb
quasiparticle configuration is calculated to be higher in
ergy than the corresponding ground-state configuration
hence it might be expected that the two-quasiparticle c
figuration would not be observed at all. The experimenta
observed smooth alignment may indicate the presenc
correlations that are not taken into account in this mod
such as the coupling to vibrational phonon states or lo
lying octupole vibrational bands which have been calcula
for Hg isotopes@26#. Another possibility would be that the
shell gap atN5116 is more pronounced than the model p
dicts.

FIG. 8. Comparison of experimentalJ(2) for 198Pb (s) with
results from extended TRS calculations with the Harris parame
J0590.0\2/MeV andJ150.0\4/MeV3 for 198Pb that show the pro-
ton (,), neutron (n) and total (L) J(2) contributions. Unfilled
symbols correspond to the ground-state configuration, while fi
symbols represent the two-quasiparticle configuration (p,a52,0!.
en-
and
on-
lly
e of
el,
w-
ted

re-

V. CONCLUSION

Two new SD bands have been identified in197Pb and are
assigned to the favored and unfavored signatures of
N57 neutron intruder orbital. The expected alignment o
j 15/2 neutrons is then prevented by Pauli blocking, producin
flat moments of inertia, similar to those seen in bands
193,195Pb. The calculated blocking effect suggests that th
odd-N SD Pb isotopes have a larger deformation than th
corresponding Hg isotones. The enhanced deformation d
lays the proton alignment and accounts for the differe
alignment pattern of the odd Hg and Pb isotones. The ten
tive assignment of a SD band to198Pb has also been con-
firmed, thus extending the region where superdeformation
known in nuclei withA;190. Work is continuing to search
this mass region for more SD bands so as to give a grea
understanding of the role of pairing correlations and Pau
blocking effects in these nuclei, in order to test current mea
field nuclear models.
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