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A weakly populated rotational band with energy spacings characteristic of superdeformation
has been found in the reaction '54Sm(48Ca, xn) at E(48Ca) 205 MeV. This band has seven

transitions with an average y-ray energy spacing of approximately 42 keV. It is assigned to ' Pb
on the basis of the excitation-function results. We also confirm the isotopic assignment of a previ-
ously reported superdeformed (SD) band in ' 6Pb via the cross bombardments "6Yb( 6Mg, xn)
and "6Yb(24Mg, xn) Three . SD bands have now been identified in the Pb isotopes with neutron
numbers 112, 114, and 116.

Three-dimensional Hartree-Fock calculations of
Bonche et al. ' and Girod et al. (who employed an
effective two-body interaction with pairing), as well as a
cranked Strutinsky calculation of Chasman, all predict
well-developed secondary minima in nuclear energy sur-
faces throughout the A —194 mass region, suggesting the
presence of superdeformed (SD) nuclear shapes. These
predictions have been verified experimentally in a number
of Hg (Ref. 4), Tl (Refs. 5 and 6), and Pb (Refs. 7 and 8)
nuclei. There are now approximately 25 SD bands ob-
served in 12 nuclei in this region. These SD nuclei show
similar moments of inertia, identical transition energies,
and quantized alignment. Our experiments are motivated
by the desire to understand these new phenomena associ-
ated with superdeformation. We report here results from
our continuing experimental work in the Pb isotopes: (1)
a new SD band in '9 Pb, and (2) confirmation of a previ-
ous tentative isotopic assignment for a SD band in ' Pb.

Experiments were carried out at the Lawrence Berkeley

Laboratory 88-Inch Cyclotron using HERA. HERA is an
array of 20 Compton-suppressed Ge detectors together
with a 4z, 40-element bismuth germanate inner ball.

Pb was populated via the ' Sm( Ca, 4n) reaction at
two incident energies, E( Ca) =205 and 210 MeV. The

Sm target was made of three stacked 500 pg/cm foils.
' 6Pb was studied by bombarding a '76Yb target with two
Mg isotopes: Mg at E( Mg) =122 MeV and Mg at
E( 6Mg) 135 MeV. These energies were chosen to
tnaximize the population of ' Pb via the 4n and 6n eva-
poration channels, respectively. The ' Yb target was
composed of three stacked (450, 450, and 700 pg/cm )
foils. Doubly-coincident (twofold) Ge events were record-
ed, along with sum energy (H) and multiplicity (K) infor-
mation from the inner ball, if at least six inner-ball detec-
tors were triggered. Coincidence events between three or
more Ge detectors were always recorded (with H and K
information). In the ' Pb study, -280 million coin-
cidence events were stored at each energy. For the ' Pb
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FIG. 1. Single-gated coincidence spectrum for the SD band in ' 'Pb; transition energies with errors are shown. The intensity pat-
tern of the SD band gated on the 348. 1-keV transition is illustrated in the upper right corner.

TABLE I. The ratio of the intensity [normalized with respect
to the corresponding total double-coincidence events; two
dilferent multiplicity conditions (1~ ~ 8 and K ~ 11) were
selected] obtained at E(4'Ca) =205 MeV to the intensity at
E( "Ca) 210 MeV for (i) the SD band observed in the"Sm( Ca, xn) reaction, and (ii) the high-spin states in ' Pb,
and (iii) the high-spin states in ' 7Pb.

SD
l98Pb

97Pb

K~8
2.5 (9)
1.9(2)
o.8(1)

K~ 11

2.3(IO)
1.8(2)
0.8 (1)

study, —130 million and -400 million coincidences were
stored at E( Mg) =126 MeV and E( Mg) =135 MeV,
respectively. In each instance, -80% of the total record-
ed events were twofold coincidences.

Analysis of the ' Pb data was done with conditions
H~ 4.0 MeV and K~ 8. Figure 1 shows the energy
spectrum and the intensity pattern of the SD band ob-
served in the ' Sm( Ca, xn) reaction at E( Ca) =205
MeV. This band consists of seven transitions and is popu-
lated at —1% of the total ' Pb yield. The y-ray energy
difference between two adjacent transitions, AE~, de-
creases gradually from -44 keV for the lowest-energy
transitions to —40 keV at the highest-energy transitions.
The change in hE, per transition with increasing E, is the
smallest among the SD bands so far found in Hg and Pb.
The intensity ratios [the intensity obtained at E( Ca)
=205 MeV to that at E( Ca) =210 MeV1 of (i) the SD
band, (ii) the high-spin states in ' Pb, and (iii) the high-
spin states in ' Pb are summarized in Table I. There is
no diAerence between the K ~ 8 and K ~ 11 results. The

number of events with K~ 11 is -40% of the number
with K» 8. The SD band appears to have the same
(within errors) excitation-function behavior as the high-
spin states in ' Pb. We, therefore, assign this SD band to

Pb. Coincidences between SD band members and tran-
sitions between known states below the 12+ (r =240 ns)
isomer were not observed.

Figure 2(a) shows an 11-transition SD band observed
in the ' Yb( Mg, xn) reaction at E( Mg) =135 MeV.
Analysis was done with conditions H ~ 3.25 MeV and
K ~ 8. This band was previously found in the

Yb( Mg, xn) reaction at E( Mg) =122 MeV. Data
from the latter reaction are shown in Fig. 2(b), along with
the intensity pattern of the band. ' Pb is the only corn-
mon nucleus populated in these two reactions and, there-
fore, we unambiguously assign this band to ' Pb. For
this band hE~ decreases gradually from —44 to -36 keV
as E, increases from 215 to 620 keV. No known low-lying
transition between states below the 12+ (r =265 ns) iso-
mer' in ' Pb was found in coincidence with SD band
members. No meaningful intensity pattern can be ob-
tained from the data at E( Mg) =135 MeV. The spec-
tral peaks of the SD band are more prominent in the spec-
trum obtained at E( Mg) =122 MeV than in the spec-
trum obtained at E( Mg) =135 MeV, although the in-
tensity ratio of the 959-keV (14+~ 12+) transition' in

Pb normalized to the total double-coincidence events at
E( Mg) =135 MeV to that at E( Mg) =122 MeV is
0.86(2). This may be due to the population mechanism of
the SD band or background produced by the other eva-
poration channels and fission at the higher incident ener-
gy.

The spin assignments of the members of these bands
were obtained from least squares fits to the expression
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FIG. 2. (a) Spectrum for the ' Pb SD band (obtained from gating on the 259.0-keV y ray) observed in the ' Yb( . Mg, xn) reac-
tion at E( "Mg) 135 MeV. (b) The same band was found in the ' Yb( Mg, xn) reaction at E( Mg) =122 MeV; the spectrum
eras obtained from summing the 215.0-keV, 259.0-keV, and 508.4-keV gates. The intensity pattern obtained from the 259.0-keV gate
is also shown.

(I =1):
I+ 2 =2aco+ —', Pco3. (1)

With the choice co dE/dl=E„/2, I is the intermediate
spin in the transition I+1 I —1 (see also Refs. 11 and
12). The ' ' Pb data do not have suScient statistics for
making directional correlation analysis, and we made
a reasonable assumption that these cascade y rays of the
SD band have multipolarity L=2. There are three free
parameters in the At: If (the spin of the lowest band
member) and the inertial parameters a and p. All seven

transitions were used in the fit for ' Pb, and only the nine
lowest-energy transitions were used for ' Pb. Results are
summarized in Table II. The 303.8-keV y ray in ' Pb is
assigned as I; If -14 12, and the 215-keV y ray in

Pb corresponds to an I;~ If =10 8 transition. In
the ' Pb spin assignment, we use the fact that the level
spin of an even-even nucleus is integer.

Figure 3 sho~s 2, the dynamic moment of inertia, for
the SD bands in ' sPb and ' sPb, as a function of (jI1co) .
Lines through the data points are obtained with the pa-
rameters for integer values If in Table II. The 2 values
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E
(keV)

a (x10 ~)

(keV ')
P (x10-')

(keV -')

TABLE II. Least-squares parameters from a fit of measured
transition energies to I+ —,

' 2aco+ 3 Pco' (see text). The errors
are statistical only, and when g~/v & 1, the error represents the
uncertainty: (Z'/v)'t'cr. The second row for a given nucleus
represents the fit done with a fixed integer value If.

120

Cl

100

6

8

12"

Pb 169.7(2)

Pb 215.0(4)

Pb 303.8 (4)

4.408 (24)
4.398(4)
4.344 (20)
4.369(2)
4.265 (65)
4.361(7)

8. 17(43)
8.33 (16)
6.28 (27)
5.95(11)
5.87(74)
4.&3(21)

6.02(5)
6
7.94(5)
8

11.74(17)
12

of the SD band in ' Pb are included in Fig. 3 for com-
parison. While many of the even-even nuclei have similar

the g (' Pb) and g (' Pb) are diff'erent than
S( )(' Pb), although all three nuclei have almost the
same moment of inertia, 2a. The change in 2 per tran-
sition decreases with increasing neutron number. A possi-
ble interpretation is that the pairing does not change as
much with frequency in ' ' Pb as in ' Pb. The align-
ment i3 of the i98, i96Pb SD bands with increasing 6 m does
not saturate at a quantized value (i.e., integer or half-
integer) with respect to the ' Hg (or ' Tl) reference SD
band (see Refs. 13 and 6 for the prescription and details),
in contrast to the many other SD bands in this region.
Furthermore, the SD bands in ' ' Pb do not show quan-
tized alignment with respect to any reported SD band in
the A 194 region.

An important result of this experiment is that the re-
gion of superdeformation is exterided to N =116. All cal-
culations predict well-defined secondary minima in '9 Pb,
'96Pb, and '9sPb; however, the excitation energy of the
second well increases with increasing neutron number.
For example, Bonche et al. ' predict that the depth of the
second minimum increases from 1.73 MeV for ' Pb to
2.59 MeV for ' Pb while the excitation energy increases
from 4.86 MeV to 8.28 MeV. The calculation of Chas-
man includes angular momentum. He predicts that the
second minimum in ' Pb at I =40 has depth -3.4 MeV
and excitation energy —4.2 MeV above yrast. Based on
Chasman's calculation, our observation of the SD band in

Pb is surprising and suggests that the population mech-
anism is not yet well understood.

Bonche et al. ' have discussed the termination of the
SD cascade and the decay to the first well states. They
made fully self-consistent generator coordinate method
calculations on a basis of quadrupole constrained Har-
tree-Fock plus BCS wave functions. In-band versus out-
of-band quadrupole decay was evaluated, and they find (i)
the depopulation of the SD band takes place at approxi-
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FIG. 3. The dynamic moment of inertia J" ' of the SD band
in ' Pb, ' Pb, and ' Pb as a function of (hco) . The lines are
calculated from the parameters a and P obtained with integer
values of If. The solid symbols indicate the transitions which
were used in the fits.
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mately the correct spin value in Hg and Pb and (ii) the
decay of the SD band occurs in 1-2 transitions. Also, the
predicted trend of the cascade termination with A is con-
sistent with experimental results. They predict that the
SD band depopulates at I =12 in ' Pb, as we observed in
our experiment.

The behavior of the inertial parameter a with mass A is
interesting (see Table II): a is constant within 1% as A
changes from 194 to 198, while the rigid body moment of
inertia (~A / ) would give a 3% change. Krieger et al. '

have calculated the moment of inertia and the electric
quadrupole moment for the even-even Pb isotopes with A
between 190 and 218. The predicted moment of inertia
show a 3% increase between A =194 and 198, and a flat
plateau which changes —1.5% (per four mass units) in
the mass region A =198-210.

In summary, we have extended the region of superde-
formation to N =116. ' Pb is the heaviest nucleus in this
mass region where the superdeformation is known. Fur-
ther experiments, e.g., a search for SD bands in heavier
Pb nuclei (' Pb) and lighter Pb nuclei (' " Pb), as
well as finding linking transitions are essential to under-
standing the physics associated with superdeformation.
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