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Transitions in the very neutron-deficient isotope Pb have been identified in mass-gated, recoil-

s, and recoil-p-p coincidence data obtained with a fragment mass analyzer and Compton-suppressed
Ge-detector array. The results of the present work confirm and extend a band of levels tentatively
proposed in earlier work done elsewhere, and provide a definitive mass assignment of the observed
transitions. The band observed in Pb bears a very close resemblance to the yrast band in the
isotone Hg, supporting the view that the Pb band is built upon a prolate structure.

PACS number(s): 21.10.Re, 23.20.Lv, 27.70.+q

The first evidence for low-lying, prolate-deformed, ro-
tational bands in the very neutron-deficient isotopes

Pb and Pb was reported recently by Heese ep zl.
[1]. In both these nuclei, the main feature of the level
schemes is a single band with rotationlike spacing for the
third and higher excited levels. The properties of this
band are very much different from the comparable yrast
levels observed [2] in Pb and Pb but, on the other
hand, they are similar to rotational bands observed [3—5]
in the corresponding isotones Hg and Hg. This led
Heese et al. to identify the bands they observed in Pb
and is Pb with the prolate minimum predicted [6,7] to
occur in the potential energy surface for the very light
lead nuclei.

In the case of Pb, Heese et at. obtained a spec-
truIn of five cascade transitions from p-p coincidence
data gated by a recoil filter detector to rescue the fusion-
evaporation products from the sea of fission. Calcula-
tions with the code PACE, for the reaction Gd + Ar
reaction at 175 MeV, indicate that the fission channel
accounts for approximately 85% of the total fusion cross
section and the 4n channel for as little as 1%. Further-
more, the competing fission channels preferentially de-
plete higher L-values which not only limits the spin of
the evaporation residues, but reduces the cross section
for producing them as well. It is therefore diKcult to
achieve high statistical accuracy and it is essential that
background be minimized. . The recoil filter detector used
by Heese et aL rejects p-radiation from fission but it
does not distinguish between the potentially numerous
fusion-evaporation channels. Because the proposed band
structure differs so markedly from that of the even-mass
Pb isotopes with A & 188, it is important that the ob-
served p-ray transitions be correctly and unambiguously
attributed to Pb. In the work reported here, we set
out to establish the p-decay scheme of Pb by detecting

p-p coincidences gated by a recoil mass spectrometer to
provide definitive mass identification.

Excited levels of Pb were populated by bombard-
ing a Gd target with 174 Me V, Ar + ions from
the ATLAS superconducting, linear accelerator at the
Argonne National Laboratory. The target was a 0.38
mg/cm thick, self-supporting, metallic foil enriched to
66.5% in s4Gd; it also contained 17.5% of Gd, 7% of

Gd, and 3.5% or less of each of 7 ' Gd. The Ar-
gonne fragment mass analyzer (FMA) was set at 0' to the
beam to accept evaporation residues recoiling from the
target, and p-radiation was detected by ten Compton-
suppressed, germanium detectors of the Argonne — Notre
Dame, BGO p-ray facility placed around the target.

The FMA (Davids et al. [8]) is a triple-focussing, recoil
mass spectrometer consisting of a symmetric combination
of two electric dipoles and one magnetic dipole which
produces, at its focal plane, dispersion in mass/charge of
the reaction products. When the FMA is at 0', beam
particles entering it are intercepted by the anode of the
first electric dipole. A 10 pg/cm2 carbon foil was placed
downstream, 3 cm from the target, to restore the equilib-
rium charge-state distribution of recoiling ions which may
have undergone decay by internal conversion after emerg-
ing Rom the target, but before reaching this charge-state
reset foil. Those recoiling ions which are transported
to the focal plane are detected by a multiwire propor-
tional counter (MWPC) of 15 cm by 5 cm active area. In
the configuration used here, the MWPC produced signals
proportional to the rate of energy loss LE of the particles
and to their position along the dispersive axis of the fo-
cal plane. A silicon surface-barrier detector was located
in the target chamber, at 35 to the beam direction, to
monitor beam intensity and target condition. The target
thickness was chosen to be as large as possible without
there being significant loss of transmission through the
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FMA because of multiple scattering in the target.
Data were recorded in event mode and. , for a valid

event, the following parameters were recorded: the en-
ergy E~ and time (with respect to the beam pulse) of
any p-rays, AE and position XM~p~ from the MWPC,
and the time between the erst p-ray and the MWPC LE
signal.

A mass spectrum of recoil ions detected at the focal
plane of the FMA is shown in Fig. 1. The electric and
magnetic fields of the FMA were set so that the central
trajectory corresponded to mass-187 ions with a recoil en-
ergy of 29.6 MeV and an (average) charge state of 18.5.
In this way, the two most abundant charge states (Q = 18
and 19) of the measured charge-state distribution both
6tted within the aperture of the MWPC. The spectrum
in Fig. 1 was obtained by projecting onto the position
axis a matrix of XM~pc versus E~, in which it was re-
quired that the transit time of the ions through the FMA
and the LE pulse from the MWPC both correspond to
evaporation residues. In constructing this and other ma-
trices, p-ray energies were corrected for Doppler shifts.
The mass resolving power M/AM in the spectrum (Fig.
1) is approximately 270 and is sufFicient that peaks cor-
responding to A = 183 to 187 inclusive can be clearly
discerned even though they are not completely resolved.
The tail on the high-mass side of the peaks arises from
second-order aberrations in the FMA, which was used
with maximum aperture to achieve the greatest yield.

Projections on the E~ axis of the XM~pg versus E~
matrix produce the spectra shown in Figs. 2(a) and 2(b);
Fig. 2(a) is a sum of projections from gates on the two
mass-186 peaks (corresponding to the two charge states)
and Fig. 2(b) is a sum of gates on the two mass-187
peaks. Most of the strong peaks in the mass-186 gate
can be identified with known transitions in Hg [4,5]
and is Tl [9], while the mass-187 gate is dominated by
lines corresponding to Tl [10]. The ability of the FMA
to distinguish p-rays according to the mass of the emit-
ting nucleus is apparent. It is worth noting that a line
near 662 keV is prominent in both the mass-186 and
-187 gates; in the latter case it corresponds to a known
transition [10] in i Tl.

Figure 2(c) shows a spectrum of p-rays attributed to
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FIG. 2. (a) Part of the p-ray spectrum gated by the two
mass-186 peaks in the AMwpo spectrum. (b) Part of the p-ray
spectrum gated by the two mass-187 peaks in the XM~p~
spectrum. (c) Sum of projections from the FMA E~ E~ c-oin--

cidence data with gates on the 261-, 337-, 415-, and 662-keV
lines, and with gates to select mass-186 evaporation residues.
In all three spectra the larger peaks are labeled by their ener-
gies and the nucleus to which they are attributed if it is not
186Pb

Pb
&

obtained &om the FMA-E~-E~ coincidence dat a .
It is a sum of projections with gates on the 261-, 337-,
415-, and 662-keV p-ray lines: gates were also set on
(i) the mass-186 peaks in the AMwpc spectrum, (ii)
the peak corresponding to evaporation residues in the
MWPC AE spectrum, and (iii) the evaporation-residue
peak in the time-of-Bight spectrum. The coincident Pb x-
rays, although relatively weak owing presumably to small
internal conversion coefBcients, were sufBcient to confirm
identification of the atomic number of the emitting nu-
clei. Six lines, and possibly a seventh, can be seen and all
but the 6G2-keV line show coincidences with one another
in the individual gated spectra. Relative intensities of
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TABLE I. Relative p-ray intensities for transitions in Pb.
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FIG. 1. Mass spectrum from projection of the XM~p& ver-
sus E~ matrix onto the XM~p& axis. Peaks are labeled by
the mass number of the recoiling ions and fall into two groups
corresponding to charge states q = 18 and 19.

E~ (keV)
260.6(3)
337.0(3)
415.1(5)
485.8(5)
550.5(5)
602.5(8)
662.4(5)

Intensity
85(3)
85(3)
75(4)
24(3)
18(3)
5(3)

100(4)

Excitation energy of initial level.
"Tentatively assigned to level scheme; see text.

E, (keV)
923.0

1260.0
1675.1
2160.9
2711.4
3313.9
662.4
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FIG. 3. Level scheme of Pb deduced in the present work.
The widths of the arrows indicate the relative intensities of
the corresponding p-rays.
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the lines are given in Table I; they were obtained from
the projection of the X~~pg versus singles p-ray ma-
trix with a gate on the mass-186 peaks [Fig. 2(a)]. If
the Pb p-ray transitions are then arranged in a cas-
cade according to the relative intensities shown in Table
I, they give the level spectrum shown in Fig. 3.

The angular distributions of the Pb p-rays in the
FMA-p data were isotropic within statistical uncertain-
ties, presumably as a result of deorientation as the
ions recoil in vacuum. Measurements with a thick or
backed target would not permit the background reduc-
tion achievable by detecting coincidences between p-rays
and evaporation residues, so it was not possible to obtain
information on spins or lifetimes in the present experi-
ment. Nevertheless, the low x-ray yield is consistent with
E2 multipolarity for the decays, and it is assumed that
the excited levels in Fig. 3 have spins and parities follow-
ing the expected 2+, 4+, 6+, . . . sequence. Furthermore,
after allowing for internal conversion, the total intensities
of the 662- and 261-keV transitions are equal, consistent
with the latter being E2.

The Pb level scheme deduced in the present work
(Fig. 3) agrees with that of Heese et al. [1] up to the 10+
state at 2161 keV. For the transition feeding that state
we obtain E~ = 550 keV whereas Heese et al. report
tentatively a transition of 532 keV. The 602-keV p-ray
is the weakest transition observed here. It is only seen
when all coincidence spectra gated by individual Pb
transitions are summed and its placement is therefore not
established beyond doubt.

In Fig. 4, the dynamic moment of inertia and aligned
angular momentum for the Pb level sequence given in
Fig. 3 are plotted against rotational frequency Lu, to-
gether with the corresponding values for the yrast band

FIG. 4. Plots of aligned angular momentum and dynamic
moment of inertia against rotational frequency ~ for states
with J ) 4 in Pb and in the yrast band of its isotone Hg.
The reference parameters for the alignment calculation were

Bo ——25.15 /MeV and Bq ——2095 /MeV .

in the isotone Hg. The Hg data were obtained from
Refs. [3] and [10]. It is clear that, for Ru ) 0.2 MeV, the
behavior of the two bands is very similar; indeed, for the
cascade from J = 14 to J = 4, the energies of corre-
sponding transitions agree to within 4 keV. This simi-
larity has been remarked upon elsewhere (e.g. , [1,11]).
However, with the corrected energy reported here for the
12+ —+ 10+ transition and the addition, albeit; tenta-
tively, of the 602-keV transition, it can be seen that the
two bands are almost identical over five transitions. This
supports the view that the Pb band is built on essen-
tially the same prolate structure assigned [3] to the Hg
yrast band. It is unfortunate that the Pb band could
not be observed to sufEciently high angular frequency to
see whether or not it displays the same upbend seen in

I-Ig at ~ —0.33 MeV.
In this investigation we have found a cascade of six p-

ray transitions which have been assigned to Pb by a
definitive mass identification. The striking similarity of
this band to the yrast band of the isotone Hg strongly
confirms the conclusion of the earlier work of Heese et
al. [1] that the Pb band, and a similar band in ~ssPb,
provide the first direct evidence for prolate deformation
in the lead isotopes.
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