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Levels of the nucleus ' Pb have been investigated using the {n,n'y} reaction, and y rays from

low-spin excited levels have been observed. Forty-three low-spin levels connected by 78 y rays are

found below 2.9 MeV, whereas only about 28 levels had previously been known. The levels below 2

MeV excitation energy are expected to be dominated by the p~&2, fs~2, and p3/p valence neutron

hole excitations, and 0 levels at 0, 1730, and 2433.1 keV are associated primarily with these

configurations. These states are at almost the same excitation energies as parent 0 excitations in

Pb. Approximately six unnatural-parity levels are identified; this is close to the number predicted
in six orbit valence-space shell model calculations. The number of natural-parity levels found, how-

ever, is almost twice that calculated with the shell model. Levels and transitions below 2 MeV exci-

tation energy are consistent with expectations basing ' Pb states on correlated two-hole excitations
dominant in 206Pb.

I. INTRODUCTION

Neutron scattering from Pb is being studied as part
of a larger study of the evolution of collective strengths in
scattering as one proceeds from doubly magic Pb to-
ward the collective nuclei of the Os-Pt region. Since col-
lective excitation effects in neutron scattering from the
Os-Pt nuclei are clear and striking, ' it seemed feasible
to observe the expected weaker collective effects in

scattering to the heavy Pb nuclei just below Pb. To
gain the maximum insight into the origin of the anticipat-
ed weak collective effects, it is important to have as much
knowledge as possible about the character of the nuclear
levels in Pb and Pb. The present study reports on an
(n, n'y) study of the levels of Pb.

The levels of Pb, particularly the natural-parity lev-

els, are generally well characterized experimentally up to
an excitation energy of about 2.5 MeV. Most of these
known levels are well represented in the several extant
shell model calculations based on two valence neutron-
holes occupying states in the six active neutron orbits '

just below the neutron number )V=126. Knowledge of
level and decay schemes for Pb, in contrast, are quite
meager. It was the purpose of this project to make a sub-
stantial increase in the knowledge of the levels and y-ray
decays in Pb. An additional and major reason for
measuring the (n,n'y ) production cross sections is to infer
from them the inelastic neutron scattering (INS) cross
sections. These cross sections serve both as a test of
those measured in separate, ongoing neutron detection
experiments and, more importantly, to resolve contribu-
tions for the many closely spaced levels which cannot be
separated in the neutron detection experiments. Energy
spreads in neutron detection experiments are typically
about 40—60 keV, while with y-ray detection an energy
spread of about 2 keV was achieved.

An important aspect of these structure studies for our
purposes is that the degree of collectivity shown, for ex-
ample, by neutron scattering to levels of these Pb nuclei
would be just that of the coherence between the valence
neutron configurations; the collectivity of Pb would be
closely related to that of Pb.

A. Background knowledge from previous studies

Levels of Pb have been studied extensively in a series
of (p, t) experiments at diff'erent incident energies; the
most detailed of these was the study of Lanford. Later
studies, particularly that of Takahashi et al. , added to
the knowledge of natural-parity states and, particularly,
the relationship between Pb and Pb levels. The ex-
perimental information about Pb levels was summa-
rized and interpreted in an extensive set of shell model
calculations by Liotta and Pomar. The main result of
these calculations was that most of the then known levels
of Pb could be represented through their parentage in
terms of the two-hole states of Pb. This neutron-hole
pair basis for Pb was first advanced by Ko et al. in a
modest basis, weak coupling form of the shell model; Li-
otta and Pomar developed a much more complete shell
model calculation using Pb excitations as basis states
and provided a level scheme quite similar to that known
from the several experiments cited. The various shell
model calculations, including another extensive six-orbit
calculation by McGrory and Kuo, ' all yielded about 22
or 23 natural-parity levels below 2.9 MeV excitation ener-
gy. Liotta and Pomar concluded that the model spec-
trum they produced was essentially complete; that is,
nearly all levels known at that time were within their
model space. They also calculated the two-nucleon spec-
troscopic factors as determined in the (p, t) studies with
"'Pb targets.
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One prior study of the Pb(n, n'y) reactions was per-
formed" to search for levels not excited in the (p, t) stud-
ies. ' ' Five new levels were found below 2.5 MeV.
[But one of those, reported at 2276 keV, cannot be
confirmed in the present (n,n'y) study. We find a new
level at 2269 keV, which could possibly be the one they
found at 2276 keV, except for the large energy discrepan-
cy.] Since Dawson et al. " used a very small scattering
sample in a geometry which does not well separate back-
grounds from the neutron source, their sensitivity only
permitted them to see about 20 levels below 2.5 MeV ex-
citation energy. Some of the five newly found levels were
proposed as unnatural-parity levels, since they had not
been seen in (p, t) two-neutron transfer reactions. Statisti-
cal uncertainties precluded definite spin assignments in
the earlier (n,n'y) study, however. The six-orbit shell
model calculations of McGrory and Kuo' had included
unnatural-parity states as well as natural-parity ones;
their calculated spectrum was presented in the (n,n'y)
study. " Against this background of experiments and cal-
culations, Liotta and Pomar, in their shell model study,
could report that their calculated spectrum for Pb in-
cluded all known levels below 2.9 MeV excitation energy;
the projected unnatural-parity levels of Ref. 11 had not
actually been assigned, and thus they were ignored by Li-
otta and Pomar. The comparison of measured levels and
shell model calculations for Pb seemed quite satisfacto-
ry, except that little experimental information existed to
test predictions of the unnatural-parity levels.

Experiments completed prior to the present study,
then, led to the conclusions that about 22 or 23 natural-
parity levels existed in Pb up to an excitation energy of
2.9 MeV, with perhaps also a few unnatural-parity levels.
The natural-parity level energies could be interpreted
rather well in calculations based on neutron-hole excita-
tions in which those pairs corresponding to Pb levels
provided a good expansion basis for the four valence nu-
cleon states of Pb. These pair excitation models arose
naturally because the two-neutron transfer experiments
had given detailed spectroscopic factors for levels of both
Pb isotopes. The spectroscopic factors were well de-
scribed in the shell model. Rather little information had
been extracted from y-ray decays, either in support of
these pictures for the Pb isotopes or in opposition to
them.

B. Review of results from the present (n,n'y ) experiment

Completion of the present (n,n'y) study results in sub-
stantial additions to the level and decay schemes previ-
ously known for this nucleus and alters our notions about
the completeness of models which find Pb levels to be
associated with the subset of Pb excitations as basis
states.

We now find 43 low-spin levels, with J&6, below 2.9
MeV excitation energy, rather than the previously known
23 levels, and have tentatively identified ten unnatural-
parity levels below 2.5 MeV. The total number of known
levels, ' including those with J &9, had been 34. Exclud-
ing the odd-parity levels with J)6, which arise from
i &3/2 neutron-hole admixtures, ten unnatural-parity levels

are found below 2.5 MeV and about 30 natural-parity,
low-spin levels are observed. The number of unnatural-
parity levels is just about the number projected in the
six-orbit shell model calculations' of McGrory and Kuo.
The number of natural-parity levels, however, is much
larger than previously known or calculated in any of the
shell model calculations. Many of these levels must be
outside the valence neutron hole space used in these cal-
culations.

Most of the new or newly assigned levels in the present
experiment, in which twenty-one new levels are reported
and thirteen new definite spin and parity assignments are
made, are for levels above 2 MeV excitation energy.
Thus the picture advanced earlier by Ko et al. and ex-
panded upon so thoroughly by Liotta and Pomar may
apply well to most of the natural-parity levels below 2
MeV excitation energy, in spite of the expanded number
of levels now known. In fact, by examining y-ray decays,
we find the excitations of Pb are almost as simply relat-
ed to parent configurations in Pb as earlier proposed, if
attention is restricted to natural-parity levels below 2
MeV. The few changes we have found for levels at very
low excitation energy may imply that the levels of Pb
are to be treated with even simpler configurations than
those advanced in the cited shell model calculations.

II. EXPERIMENTAL METHODS

An extensive program of measurements of y-ray pro-
duction cross sections, angular distributions of y rays,
and inference of level and decay schemes has been
developed in this laboratory. The methods have been de-
scribed in several previous publications, ' ' some of
which provide more detailed descriptions of physical ar-
rangements and procedures. The y rays from levels ex-
cited in INS were detected in a large, high-purity Ge
detector, with a detection eSciency of 20%%uo, according to
standard definition, and an energy resolution of 1.9 keV
at 1332 keV. The Ge detector was mounted in closed
geometry shielding on a rotatable carriage to permit
detection at angles from 30' to 155'. The detector shield
and collimator consist of a 1100 kg copper collimator fol-
lowed by a large, borated polyethylene shield which actu-
ally houses the Ge detector. The massive shield and colli-
mator have the consequence that the detector must be
more than 1 m from the scattering sample, and detection
was limited to the angular range indicated. A pulsed
neutron flux, with a burst width of 6 ns and 2 MHz re-
petition rate, was produced by a pulsed proton beam
entering a H gas cell (T cell), and neutrons were pro-
duced via the H(p, n) He reaction. The scattering sam-
ple was a 93-g cylindrical metal sample, 1.6 cm in diame-
ter by 4.2 crn in length, enriched to 71.4%%uo in Pb. It
was mounted 6.5 cm from the end of the 3.1-cm long T
cell, with its axis perpendicular to the scattering plane.

Time-of-flight (TOF) spectra of radiation detected in
the Ge detector were obtained by timing events with
respect to the beam pulses. Time gating enabled separa-
tion of prompt y rays from INS from events caused by
neutrons scattering in the Ge detector or surrounding
materials, and from time-uncorrelated events. Methods,
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FIG. 1. Energy spectra from the enriched Pb sample and
radiolead sample are shown in the upper and lower panels, re-
spectively; only a small energy region is shown. Both spectra
were measured at a scattering angle of 125' and an incident neu-

tron energy of 2 MeV. A background peak at 1294 keV, and
two Pb peaks, 1467 and 1704 keV, are easily identified by the
corresponding peaks in the radiolead spectrum. The 1582.8-
keV ground state decay is also evident in the "Pb spectrum.

procedures, and many spectra illustrating these are de-

tailed in a separate report. The very clean energy spec-
tra obtained allowed us to find transitions from weakly
excited levels. A small portion of an energy spectrum
from the Pb sample is shown in the top panel of Fig. 1.

Shown also in Fig. 1 is a spectrum of y rays produced
in scattering from a radiolead sample of about the same
dimensions as the Pb sample. Radiolead is enriched to
88% in Pb; the compositions of both scattering sam-

ples are given in Table I. The spectra of these samples
permitted easy identification of ' Pb y rays in the

Pb sample spectra, and thus clean identification of
Pb transitions. Sample-out spectra were also taken to

identify all background transitions not associated with

any sample. The primary di6'erence between this and the
earlier (n, n'y) experiment" was that by settling for a
lower isotopic enrichment in our scattering sample,
71.4% vs their 99.7%, we were able to work with a sam-

ple having 10 times the mass. Since we had the radiolead

sample data to aid with isotopic identifications, the lower
enrichment was not a serious impediment to obtaining
accurate knowledge of transitions and cross sections.

Data-taking procedures were designed to produce in-

formation to probe two classes of questions about Pb
structure. y-ray yields were acquired both as a function
of incident neutron energy at fixed y-ray angle, and, sepa-

TABLE I. Sample assays.

Sample 204Pb
Percent of sample
zo~pb zo7pb ' 'Pb

2o4Pb

206Pb
71.4
0.0

12.5
88.6

6.3
8 ' 5

9.8
2.9

III. RESULTS

We are able to report levels at 1712, 1948, 2202, 2304,
and 2316 keV, along with 16 levels above 2.4 MeV for the
first time, together with a serious question about whether
we find a new level near 1582.8 keV. The thresholds for
exciting these levels are determined with an energy un-

certainty of +30 keV for strong transitions, but less accu-
rately for weak lines. Even for weak lines, however,
thresholds were not more uncertain than +60 keV. Since
most transitions are to the sparsely distributed levels
below 2 MeV excitation energy, and most levels have
multiple decay paths, the thresholds and transition ener-
gies are quite adequate to fix the decay scheme with com-
plete confidence. The transition energies are measured to
within +0.1 keV, and, with thresholds, determine level
energies to within an uncertainty of +0.2 keV. Typical
125' excitation functions are shown in Figs. 2 and 3. The
level and decay schemes based on these excitation func-
tions are presented in Figs. 4 and 5, which show all
known low-spin levels below 2.9 MeV. We find thus 43
levels below the indicated energy; this means that the
various shell model ' level schemes, which provide

rately, as a function of detection angle at fixed incident
neutron energy. Neutron energy dependence excitation
functions were measured by accumulating spectra similar
to that of Fig. 1 at a detection angle of 125' and for in-
cident neutron energies from 1.4 to 3.0 MeV. The angle
125' was chosen because the incident neutron energy
dependence of yields at that angle approximate best that
of the angle-integrated production cross sections. These
excitation functions enabled us to determine y-ray
thresholds, and thus to place y rays confidently in the
level scheme. They also allowed us to obtain accurate
production cross sections, from which neutron scattering
cross sections could be inferred.

The yields measured as a function of angle at fixed in-
cident energy, i.e., the angular distributions, provided
valuable information for deducing the angular momen-
tum transferred in a transition and often enabled us to
make unique spin and spin-parity determinations. Angu-
lar distributions were measured at two incident neutron
energies, 2 and 3 MeV. Spectra were also taken at several
incident neutron energies from a ""Fesample, so that the
results of the Pb samples could be normalized to the well
known' ' y-ray production cross sections for the 847-
keV y ray of Fe.

The y-ray yields had to be corrected for detection
geometry, for neutron multiple scattering in the sample,
and for y-ray attenuation in the sample. These correc-
tions and uncertainties in them have been well described
previously. '
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FIG. 2. The excitation function of two y rays decaying from

the 2+ level of Pb at 1582.8 keV. The 683.6-keV y ray is

given in mb/sr, while the scale for the comparatively weak

1582.8-keV ground state transition has been multiplied by 14.

FIG. 3. The excitation function of two y rays decaying from
the 1712.3-keV level of ' Pb. The 361.1-keV transition is given

in mb/sr, while the magnitude of the 813.1-keV transition has
been multiplied by 2.5. The threshold is clearly above 1.7 MeV.

22 —23 natural parity levels below 2.9 MeV excitation en-

ergy, are far from complete.
Angular distributions of y rays are least-squares-fitted

to an expansion of the form

signments, or where they can be used to determine
unique values for mixing ratios, the angular distributions
are shown. For other cases, the distributions are
represented by their expansion coefficients in Table II.

W (8}=Ao[l+azPz(cosg)+a~P4(cosg}],

where the P-'s are Legendre polynomials. These angular
distributions may then be analyzed using statistical model
calculations to calculate the excited-state alignments pro-
duced in INS. The alignments and the spins of the initial
and final states of the subsequent y-ray transitions, to-
gether with the multipole order of the y-ray transi-
tions, ' ' determine the angular distributions. It has
been known for many years that excited-state alignments
produced in scattering are quite insensitive to scattering
mechanisms and, further, that statistical model distribu-
tions dominate at low neutron energies. ' ' Thus the
multipole mixing ratios are determined accurately, even
though undetermined competition may exist between
different scattering mechanisms. In practice, the only
mixed y-ray transitions are those for Ml and E2 ampli-
tudes. The mixing ratio, 6, is defined as:
5=(E2)/(Ml). The a2 and a4 coefficients from the
least squares fit, the mixing ratios, and the y-ray branch-
ing ratios are listed in Table II with the y-ray transition
energies and the levels from which the transitions origi-
nate. The y-ray angular distributions are often powerful
tools for providing unique spin assignments, as well as
fixing rnultipole mixing ratios. %here the y-ray angular
distributions have been used to make particular spin as-

A. 0+ excitations

There are, as noted in the Introduction, six valence or-
bits usually included in shell model calculations. '
Three of these, the p, &2, f5&2, and p3/2 configurations, are
nearest the Fermi surface and dominate the low-lying lev-
els. Thus we should expect three 0+ levels at low excita-
tion energies, with substantial two-nucleon transfer
strengths in (p, t) reactions. Three such 0+ levels are
known in Pb, at 0, 1167, and 2314 keV, and corre-
sponding levels are to be expected in Pb. Several ex-
periments ' ' ' have indicated that there are three 0+ lev-
els in Pb at excitation energies below 1.8 MeV, with
substantially lower level spacings than in Pb.

The natural-parity structure of Pb for excitation en-
ergies below 2 MeV is well described in a shell model
space in which the states of Pb are used as basis states.
Moreover, the overlap between single Pb and low-lying

Pb states is very strong. Thus we would expect strong
similarities between levels and decay patterns in the two
nuclei. The compressed spectrum of three 0+ levels in

"Pb below 1.8 MeV seems supported by some shell mod-
el calculations. ' Experimentally, the three 0+ levels
had been reported' at 0, 1582.7, and 1730 keV. The 0+
assignment for a level near 1583 keV had originally been
made ' through observation of a conversion electron line
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FIG. 4. Low lying level diagram for Pb deduced from Pb(n, n'y) up to 2 MeV excitation energy. Level and y-ray energies are
in keV and tentative spin assignments are in parentheses. The 0+ level indicated at 1730 eV was not observed in this work.

of that energy which was too intense to be anything other
than EO multipolarity. It has been confirmed in a new
conversion electron study which provides improved ener-

gy resolution and definition. However, the 0+ assign-
ment to that level is now in question for reasons detailed
below.

We report a new, definite ground state transition from
a level at 1582.8 keV; its threshold is apparent in Fig. 2,
where the common threshold of this y ray and of the
683.6-keV cascade decay is evident. Our transition ener-
gies, measured to within +0.1 keV, show that the cascade
energies sum to the level energy to better than +0.1 keV.
Careful examination of spectra taken with radiolead and
natural isotopic abundance samples shows that these
transitions are not in any other naturally occurring iso-
tope of Pb. Morever, no reaction channel other than INS
contributes significantly at low neutron energies. The ob-
served ground-state transition means that there is cer-
tainly a non-zero-spin level at that energy in Pb.

We have searched for a second transition from the re-

ported ' 0+ level at 1582.7 keV to the 899.2-keV 2)+

first excited level, near the energy of the 683.6-keV cas-
cade from the 1582.8-keV level. We find, since our reso-
lution is 1.9 keV, that if the 0+ level is 0.25 keV or more
separated from the 1582.8-keV level, its cascade intensity
to the 899.2-keV level must be less than 8% that of the
683.6-keV line. The energy scales for the two experi-
ments agree to about 0.1 keV, as is evident from compar-
ing energies for transitions common to the two experi-
ments. Thus there is no evidence for two levels near 1583
keV in this experiment. The absence of two apparent p-
ray decays is not conclusive, however, since the reported
0+ energy is only 0.1 keV away from our energy. Furth-
ermore, neither of the known 0+ levels at 1167 keV in

Pb or at 1730 keV in Pb decay by photon emission;
both decay entirely by EO transitions. We cannot rule
out the possibility of two levels within 0.1 keV of each
other, especially if one of them does not decay by photon
emission. We note, however, that the two well-known 0+
levels cited above in the two Pb isotopes are strongly ex-
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FIG. 5. Level diagram for ' Pb deduced from ' Pb(n, n'y) between 2 and 3 MeV excitation energy. Level and y-ray energies are
in keV and tentative spin assignments are in parentheses.

cited in L=O transitions by (p, t) (Refs. 7 and 8) and (t,p)
reactions. The proposed 1582.7-keV 0+ level of Pb
is not excited in any of the two-neutron transfer studies.

This remarkable conclusion of two energy-coincident
levels could be avoided if the earlier 0+ assignment were
incorrect. As noted, the conversion electron spectra were
just remeasured, confirming a 1582.7-keV line and a
684-keV F2 cascade electron line. Combining the elec-
tron line intensities with our y-ray intensities for the

683.6- and 1582.8-keV y rays enables us to calculate the
conversion coefficient of the 1582.8-keV decay in terms of
that for the 683.6-keV decay, assuming there is only one
level near 1583 keV. This would lead to a conversion
coefficient for a 1582.8-keV E2 transition 2 orders of
magnitude too large for a normal E2 or, alternatively, a
conversion coefficient 2 orders of magnitude too small for
either an M1 or E2 683.6-keV cascade transition. Thus it
is impossible to escape the conclusion of two levels unless
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TABLE II. Pb energy levels and transitions. Energy levels, spins and parities, y-ray transition energies, spin and parity of final

state, mixing ratio 6, Legendre polynomial coefficients and branching ratios. Energies are in keV's. Transition energies are measured
to within +0.1 keV, while level energies are determined with +0.2 keV. Levels discovered in this work are indicated by an asterisk.
The coefficients a2 and a4 were determined from the angular distributions at 2 MeV incident neutron energy for transitions from lev-
els below 1900 keV excitation energy, and at 3 MeV incident neutron energy for transitions from levels above 1900 keV excitation en-

ergy.

E (level)
(keV)

899.2
1274.3
1351.2

1563.6
1582.8*

1604.9

1665.3

1681.2

1712.3*

1730.0
1761.1

1817.4
1872.1

1933.3

1948.4*

1960.4

2065.0

2105.5

2158.1

2201.9*
2257.8

2269.0
2304.0*

2316.3*

2338.1

2386.5
2400.4*

2+
4+
2+

4+
2+

3+

2,3

p+
2+

4+
1(+ )

1(+ )

2+, 3+

4+ 3+

2,3,4
5

2+

(4)
5+

1,2,3

E,,
(keV)

899.2
375.1

452.0
1351.2
289.3
683.6

1582.8
330.6
705.7
766.1

1665.3
782.0

1681.2
361.1
438.0
813.1

409.9
861.9

1761.1
918.2

1872.1

1034.1

1933.3
365.5
597.2
674.1

1049.2
377.6
609.2

1061.2
501.4
790.7
754.3

1206.3
2105.5

883.8
1258.9
850.7
440.4
592.5
983.5

2269.0
721.2
740.4

1404.8
586.3
604.0
965.1

1417.1
2316.3
1063.8
822.9
735.1

Q+

2+
2(+

Q+

4+
2i+

+

4+
2(+

2]
p+

2)
0+
2+
4+
2 f

2+
2i+

p+
2i+

p+

2f
p+

23+

2+
4+
2i+

23+

22'

2(+

4+
4+
22+

2i+

Q+

4+
2+
2+
4+

24
4+
p+

2$
4+
2 +

0+
(3+ )

2+

2 j

0+
4+

4+

24

E2
E2

0.8/3. 4
E2

0.09
—1.7/ —0.2

E2
0.1/23

0.2
0.1/3.0

E2
0.1/3.7

Ml

1.4
E2
E2
M1

M1

—0. 1/ —1 ~ 8

—0.2/1. 6
0.1

—0.9

E2

0.0

—0.3/ —15

E2
—0.3/ —7

1.0/2. 5

E2
0.2
2.0

02

0.14+0.01
0.29+0.07

—0.17+0.02
0.23+0.01
0.31+0.02
0.31+0.01
0.37+0.07

—0.12+0.02
—0.45+0.03

0.17+0.03
0.36+0.03
0.0

—0.18+0.02
—0.28+0. 1

0.0
—0.46+0. 17

—0.30+0.03
0.33+0.04
0.39+0.04

—0.09+0.02
—0.26+0. 10
—0.09+0.03
—0.34+0.08

0.39+0.12
0.17+0.06
0.30+0.06
0.18+0.08
0.74+0.40
0.27+0.03

—0.41+0.11
0.65+0.07
0.10+0.07

0.28+0.05
0.38+0.14
0.27+0.08
0.28+0.08

—0.22+0.01

—0.11+0.08
—0.34+0.08

0.32+0. 16
0.21+0.14

—0.15+0.06
—0.22+0.08

0.33+0.15
0.21+0.04

—P.80+0.06
0.19+0.15

a4

—0.04+0.01
—Q. 14+0.10

—0.09+0.02

—0.04+0.03

—0.12+0.04

—0.04+0.04

—P. 14+0.06
—0.16+0.05
—0.04+0.03
—0.29+0. 17

0.12+0.08

0.18+0.10
—0.14+0.01

—0.35+0.19
—0.13+0.10
—0.18+0.11

0.23+0.20
—0.28+0.22

0.23+0.09

0.24+0.09

Branching
ratio

100
100
22
78

100
97

3

59
41
51
49
48
52
72
15
12

7
52
41

100
100

11
89
22
31
18
29
23
21
56
25
75
31
24
45
25
75

100
7
3

90
100
41
41
18
25
32
18
18
10

100

100
12
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TABLE II. (Continued).

E (level)
(keV)

2409.0*
2433.0
2475.4*
2491.7*

2524.9*

2547.0*
2550.0*

2591.5*

2620.7

2627.6*
2654.7*
2666.2*

2719.5

2731.9*
2767 ~

1*
2887.2*

3
0+

3+

2,3,4
2,3,4

1,2,3

3

3,4,5
(4
2+

4,5

1,2,3
(4,5)
23

E,,
(keV)

817.6
1501.1
1509.8
751.8

1576.2
1140.5
1592.5
1173.7
1625.7
1647.8
1275.6
1650.6
1240.3
1692.3
1057.1

1721.5
1353.3
1755.5
1767.0
2666.2
1155.9
1445.2
1380.8
1492.8
1988.0

J Ti

f
23
2~+

2~+

1+
2~+

2+
2~+

2'
2 i

2~+

4+
2+
2'
2~+

4+
2~+

4+
2~+

21
0+
4+
4+
2'
4+
2+

0.07

—0.5
—1.0

0.04

E2

—0.09+0.04
—0.36+0.06

0.35+0.06
0.66+0. 12

0.20+0.07
0.22+0. 10

—0.07+0.05
—0.16+0.05

—0.15+0.09
—0.13+0.11
—0.33+0.02
—0.35+0.14
—0.23+0. 16

0.48+0.09
0.0+0.05
0.35+0.11

—0.12+0.07
0.55+0. 10

—0.31+0.07

Q4

—0.12+0.05

—0.17+0.07

Branching
ratio

9
79

100
100
100
65
35
37
63

100
83
17
21
79

9
91

100
100
23
77
30
70

100
100
100

there is a possibility that the 1582.7-keV electron line
could be in a di6'erent nucleus. A 1584-keV transition
had been reported in Pb, which could have been excit-
ed in the (p, 2n) reactions on natural Tl targets as well as
the Pb lines, for example. Ho~ever, both conversion
electron studies took special care to assure that the elec-
tron yields were arising from properly identified nuclei.

The reported 1582.7-keV 0+ level cannot be one of the
0+ excitations identified with the valence neutron-hole
spectrum, since it is not excited in the (p, t) transfer stud-
ies, whereas it should have been strongly excited in that
reaction were it dominated by one of the low-lying

configurations. The three parent 0+ excitations in Pb
are all strongly excited in (p, t) reactions, as is the known
0+ level at 1730 keV in Pb.

A new 0+ level had been discovered recently at 2433.1

keV through identification of EO transitions, but was
thought to be an intruder state, outside the valence
neutron-hole space. There are several reasons for con-
cluding now that this level does belong to the space
spanned by the valence neutron-hole orbits, and is not an
intruder. We have identified a 751.8-keV y ray with an
excitation threshold of 2450+50 keV, which we identify
as a transition from the 2433.1-keV level. This transition
is, to within 0.1 keV, a cascade transition from the
2433.1-keV level to the 1+ level at 1681.2 keV. The an-
gular distribution of the 751.8-keV line is isotropic, con-
sistent with the 0+ assignment to the 2433.1-keV level.
Thus the 2433.1-keV level decays to a 1+ level which al-
most certainly belongs to the four neutron-hole valence

space. Were the 2433.1-keV level a two-particle, two-
hole core excitation, strong decays to valence space levels
would be extremely unlikely. However, a 0+ level of the
valence space could very easily decay by an M1 transition
to the 1681.2-keV 1+ level.

There are three definitely confirmed 0+ levels in Pb,
at 0, 1730, and 2433.1 keV. The 1730-keV level has two-
nucleon transfer strengths and decays just like those of
the 1167-keV level of Pb, and the 2433.1-keV level de-
cays just as expected for a valence-space level. The fact
that these low-lying 0+ levels and the 2~+ levels are well
represented as valence neutron-hole configurations leads
directly to strong excitation in two-nucleon transfer reac-
tions and, correspondingly, forbiddeness of y-ray decays
of the 0~+ levels. That is, at least in Pb, the Oz+ level is
a configuration admixture almost orthogonal to that of
the ground state; the configurations lead to two pairs of
approximately canceling E2 amplitudes in y decay to
the 2I+ level, which may account for its being seen only in
EO decay. The 1730-keV level of Pb has very similar
excitation and decay properties; it also is seen only in EO
decay.

It seems natural to associate the cited 0+ levels of the
two nuclei, including the 0-, 1730-, and 2433-keV levels
of Pb corresponding to the 0-, 1167-, and 2314-keV lev-
els of Pb. The major problem with this association is
that the shell model, which describes so well much of
what we see, including the decay patterns of low-lying
natural-parity levels and the right number of unnatural-
parity levels, also predicts that the 0+ level spectrum of
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Pb should be more compressed in energy than that of
206Pb

An early shell model calculation for Pb had been
made based on the parametrization developed by True
and Ford for Pb. The True and Ford parameters
were used without modification to calculate the expected
spectrum of Pb. This calculation produced quite
reasonable results, especially for the few levels known at
that time. These authors calculated excited 0+ levels
spaced 650 keV apart, comparable to the spacing of the
1730- and 2433.1-keV levels. They also point out that the
0+ level energies are particularly sensitive to the mono-
pole component of the residual nucleon-nucleon force
used, while levels of other spins are most sensitive to oth-
er components. Thus, it is quite feasible that more re-
cent shell model calculations ' could give a good
description for most nonzero spin levels without locating
the 0+ levels correctly.

B. Natural-parity levels below 2 MeV excitation energy

Despite the fact that we now find 43 low-spin levels
below 2.9 MeV, rather than the 22 —23 natural-parity lev-
els predicted, there are some surprising simplicities
amongst the lowest few levels, and good correspondence
exists between excitations in Pb and Pb.

1. 1351.2-ke V level 2+

The 1351.2-keV 2&+ level of Pb decays via transitions
to the OI+ and 2&+ levels. These decays are consistent with
shell model calculations, in which the p, /zf, /z com-
ponent in the 2z+ wave function can decay to the (p&/z)
and (f&/z ) components in the 0~+ state by E2 decay, and
the pI/2p3/2 configuration undergoes M1 decay to the

(p3/z) configuration in the 2,+ state. Thus, as expected,
that state decays to both lower-energy levels. The angu-
lar distributions of the 1351.2-keV y ray, shown in Fig. 6
at both 2 and 3 MeV neutron energies, are only consistent
with an assignment of 2+ to that level, in agreement with

an earlier assignment. " The 452-keV cascade transition
is of mixed E2-M1 character, which is also consistent
with the expected configurations. The spectroscopic am-
plitudes for this level are such that its (p, t) two-nucleon
strength is weak; this is also consistent with shell model
expectations.

2. 1563.6-keV level 4+

The second 4+ level at 1563.6 keV has as its main
parent configuration the 42+ level of Pb. Since the
lower levels of Pb have the 0I+, 2I+, and 4I+ levels of

Pb as parents, the decay of the 1563.6-keV level to
them should be quite weak, as are the corresponding de-
cays in Pb. No decay from the 1563.6-keV level to the
lower levels is observed, except for the transition con-
necting the two 4+ levels. The two levels can connect
through an Ml transition, via the p3/z f7/z and p3/zf5/z
configurations. Thus, that M1 transition should be al-
lowed; it is, in fact, the only decay from the 1563.6-keV
level. The mixing ratio we determine for this transition,
5=0.09+0.02, is quite consistent with the multipole mix-
ing determined from Bi decay.

3. 1582.8-keV level 2+

The 1582.8-keV ground state and the 683.6-keV cas-
cade angular distributions are shown for an incident neu-
tron energy of 2.0 MeV in Fig. 7. Only a 2+ level can
provide this ground-state angular distribution; the level is
firmly assigned as 2+. The combined analyses of the
683.6-keV angular distributions show at both 2 and 3

12

I I I

1551.2 keV

l5E

D

20—b

b

1582.8 keV
(x 10}

15

8 (deg)

180

FIG. 6. Angular distributions from the 1351.2-keV 2~+~0+
y ray. The data in the upper and lower panels were measured at
2 and 3 MeV incident neutron energies, respectively.

'o 180

8 (deg)
FIG. 7. Two angular distributions of y rays decaying from

the 23+ level at 1582.8 keV are shown. The 683.6 keV angular
distribution is given in mb/sr, while the 1582.8 keV angular dis-
tribution has been multiplied by 10.
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MeV incident neutron energies that this transition, which
dominates the decay of the level, probably has strong E2
and M1 amplitudes. The 1582.8-keV E2 transition is
only a 3% branch. These decay properties are complete-
ly consistent with the suggestion that this is the 23+ level

of the shell model calculations. ' That level would be
dominated by a configuration which contained a (p3/p)
neutron-hole component. ' This component would
easily decay by an Ml transition to a similar (p3/pp]/2)
component of the 2&+ level, and by an E2 amplitude to
the (p3/2 f5/p) component. The most likely decay ampli-
tudes for the 683.6-keV transition are mixed E2 and Ml,
dominated by E2; but a pure M1 decay cannot be ruled
out. The 23+ level would have only weak E2 decays to the
ground state, through small components like
(p 3/p ) (f7/2 ) in the ground state wave function. This
weak decay to the ground state, only 3% of the total de-
cay intensity of the level, provides the reason that this
level had been missed in previous studies. There is a
problem with considering the newly assigned 1582.8-keV
level as the 23+ level, however. If its configuration has a
dominant (p3/p) component, it should be strongly excit-
ed in the Pb(p, t) Pb reaction, and its quite weak exci-
tation is another reason it has been previously missed.
Thus its y decay is just as expected from the shell model,
but not its (p, t) transfer strength.

l76l. I keV
2+ 0+

I

E

ba

86l.e keV
2' = 2'

I

ISO

e (deg)
FIG. 8. Angular distributions of two y-ray decays from the

1761.1-keV 2+ level are shown.

7. 1960.4-keV leuel 2+

4. 1665.3-ke V level 2+

This level is strongly excited by L=2 transfer in (p,t)
experiments. ' This is just what would be expected of
the 23+ shell model level dominated by the (p 3/2 )

configuration. However, it decays both to the ground
state and 2&+ level; this is not at all characteristic of the
expected configuration. Thus, in some sense, the 1582.8-
keV and 1665.3-keV levels seem to share the properties of
the (p3/2) configuration, in that the lower one has y-ray
decays like that configuration, but it is the upper one
which displays the large (p, t) transfer strength.

This level decays to the 1582.8-, 1351.2-, and 899.2-
keV levels. The angular distributions to the 1582.8- and
899.2-keV levels have anisotropies much too small to cor-
respond to stretched E2's from a J=4 level. That possi-
bility is ruled out, but the several angular distributions
would not permit us to distinguish between possible J as-
signments of 2 and 3. This level, however, is strongly ex-
cited with an L=2 amplitude in the (p, t) reaction from

Pb. Hence, it is firmly assigned as J"=2+. The
1061.2-keV 2+ ~2&+ transition appears to be an M1 tran-
sition, but would admit also an assignment of 70% E2 in-
tensity, with only a 30% Ml admixture.

5. 1761.1-keV leuel 2+

This level had also been found in the earlier (n,n'y) ex-
periment, " but was not assigned there. Speculation led
to a projected' 1+ assignment. However, the ground-
state angular distribution of Fig. 8 clearly fixes this as a
2+ level. The 861.9-keV cascade to the 2&+ level, also
shown in Fig. 8, requires a mixing ratio 6=1.4+0.4.
Since such large M2-E1 admixtures are not observed, the
decay must be mixed E2-M1, and the parity of the level is
positive.

6. 1817.4-keVleuel 4+

This level is strongly excited in (p, t) transfer as an
L=4 transition, and the stretched E2 cascade to the 2&+

level, with an a2 &0 and a4 &0, requires also the 4+ as-
signment. The level has only a single decay path.

C. Unnatural-parity levels below 2 MeV excitation energy

The other major new element in this study for levels
below 2 MeV excitation energy is the identification and
tentative assignment of six unnatural-parity levels. That
number is expected' '" on the basis of shell model calcu-
lations in the four neutron-hole space.

1. 1604.9-ke V leuel 3+

This 3+ level is the only unnatural-parity level which
was previously well established. The 330.6-keV cas-
cade transition to the 1274.3-keV 4+& level could be al-
most pure M1, although an almost pure E2 decay cannot
be ruled out, from our analysis of this angular distribu-
tion. The 705.7-keV cascade to the 2~+ level has
5=0.2+0.1. This finding is consistent with the results
from Bi decay, which gave 5&1. We find that these
two y-ray intensities are approximately equal, rather
than the two to one intensity ratio of a recent compila-
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tion. ' The dominance of M1 decays is quite consistent
with the mixed shell configurations associated with the
valence neutron-hole models. That is, unnatural-parity
levels of the four neutron-hole valence space will easily
decay by fast M1 transitions to natural-parity levels of
the same model space. The 3+ assignment for this level
is definitively confirmed through analysis of the angular
distributions of Fig. 9.

2. 1681.2-keV level 1+

The 1681.2-keV level had been discovered" in the ear-
lier (n, n y) experiment and is here definitely assigned as
J= 1 through observation of the dipole decay directly to
the ground state. The negative a2 coefficient in the
1681.2-keV angular distribution admits no other spin as-
signment. This transition allows only a J=1 assignment;
only a 1 to 0 transition can lead to a negative a2
coefficient in the angular distribution of a ground state
transition. Since no multipole mixing can occur, we can-
not use that to fix the parity; however, since electric di-
pole excitations are not expected this low in excitation en-
ergy, it is probably positive parity. The M1 to the
ground state is consistent with an unnatural-parity level
of the valence configurations. The nearly isotropic 782-
keV cascade to the 2&+ level does not permit a determina-
tion of 5.

level must be between 2 and 4. The large negative az's
for the 361.1- and 813.1-keV cascade decays to 2+ levels
rules out 4 as a possible assignment, since 4 to 2 transi-
tions would be stretched E2's, with large positive a2's.
That leaves J=2 or 3 as possibilities. The assignment
J=3 would admit multipole mixing ratios 5 approximate-
ly 0 or 5 for both the 361.1- and 813.1-keV decays.

One observed discrepancy helps explain why this level
has not been observed before. Its decay intensities sum to
only —,

' of that expected for a J=3 level; all observed de-

cays are very weak. The level may decay also to levels
within 200 keV of it, in which case we would have missed
those transitions. Alternatively, one or more of its decays
may be highly converted. To confirm that we were not
deceiving ourselves about the origin of the y rays, we
note the clearly defined thresholds below 1.8 MeV but
above 1.7 MeV in Fig. 3. Furthermore, the three decay-
path energy sums agree to within 0.2 keV on the level en-

ergy of 1712.3 keV.

4. 18?2.1-keV level 1~+~

This is one of the rare cases in which a level is observed
to decay with only one transition, direct to the ground
state, shown in Fig. 10. This transition allows only a
J=1 assignment. Following the arguments given for the
1681.2-keV level, the parity is assumed to be positive.

3. 1712.3-keV level 2,3 5. 1933.3-ke V level 1~+~

This level, which is discovered in this work, is firmly
identified through three cascade decays to 2+ levels at
899.2 and 1351.2 keV, and to the 1274.3-keV level. With
decays to these three levels, the spin of the 1712.3-keV

330.6 keV
3+ = 4+

This is another level, one of a triplet of closely spaced
levels near 1.95 MeV, which decays dominantly to the
ground state. Again, the 1933.3-Me V transition has
a2 &0, and the level is definitely assigned as J=1. The
1034.1-keV J=1 to 2+ cascade, which is 9 times less in-
tense than the ground state transition, has an angular dis-
tribution insensitive to 5. Hence, the parity remains un-
determined, but is probably also positive.

6. 1948.4-ke V level 2+, 3+

This level is newly discovered and its spin is limited to
two possible values in this work. It decays to three

b 4-

705.7 keV
3+ P+

I

2
JD

b
I 872. I keV

I =0

I I

90

8 (deg)

ISO

8 (deg)

I 80

FIG. 9. Two angular distributions of the 330.6- and 705.7-
keV y rays decaying from the 1604.9-keV 3+ level are shown.

FIG. 10. Angular distribution of the 1872.1-keV 1+~0~+ de-

cay.
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different 2+ levels and one 4+ level, but all four decays
are consistent with spin J=2 or 3. The decay to the new-

ly discovered 1582.8-keV, 2+ level has a2 &0, which rules
out J& 3. If the level has J=3, then all of the decays to
natural-parity levels are dominated by M1 amplitudes.
The several M1 decays to natural-parity levels would
again be consistent with the presumption that this is a 3+
level. Two of the decays would have mixed E2-M1 rnul-

tipole order with
~

5
~

-0.3 for either a 1=2 or 3 assign-
ment, so the parity is clearly positive.

D. Levels above 2 MeV excitation energy

Twenty-seven levels were identified between 2.0 and 3.0
MeV excitation energy and 11 of these states have abso-
lute spin assignments. A brief discussion of each level
above 2.0 MeV excitation energy, which was observed in
this study, is given below.

5. 2257.8 keV5

Both of the previously reported ' y-ray decays from
this level were observed in this work along with a new de-
cay to the 24+ state. The transition to the 4&+ is consistent
with pure E1; the 440.4-keV transition to the 1817.4-keV
4+ level was observed, but was too weak to determine the
multipolarity.

6. 2269.0keV

A very weak y ray was observed with an energy of
2269 keV. It was initially observed at 2.5 MeV neutron
energy, and hence could only be a ground state transi-
tion. The intensity of this y ray was too weak for angular
distribution measurements, so a spin assignment could
not be made. This state may correspond to a 2270-keV
level reported ' from an (a, a') study.

1. 2065.0 keV5+

Both of the previously reported ' y-ray decays from
this level were observed in this work. The decay to the
4I+ was reported ' to be a mixed M1-E2 transition with
5=1.0 while the decay to the 42+ was reported as pure
M1, but the spin assignment was tentative. We find
5=0. 1+0.1 for the decay to the 42+ level and
5= —0.9+0.5 for the 4I+ decay using the convention of
Ref. 31; thus we disagree on the sign of the mixing ratio
for the 790.7-keV y ray. More importantly, since a2 &0
for the 501.4-keV line but a2 &0 for the 790.7-keV decay,
we have a unique spin and parity assignment of 5+. The
assignment is no longer tentative. A J =6+ level would
have stretched E2 decays to both 4+ levels, and a
4+ ~4+ transition cannot provide a2 & 0.4.

2. 2105.5 keV2+

This state probably corresponds to the 2103 keV 2+
state reported from a (p, t) study. ' Three y-ray decays
were observed in this work to the ground state, the 2~+,

and the 22+ states. The angular distribution for the
ground state transition enables a definite spin assignment
of 2+ to be made for this level. No mixing ratio informa-
tion was obtained from the cascade decays.

7 2304 0 ke V 3

This is a newly discovered level. Three y-ray transi-
tions were observed from this level to the 2&+ state, the 42+

state at 1563.6 keV and the 23+ state at 1582.8 keV. y-ray
decays to levels of spin 2 and 4 occur only from a state of
spin 2, 3, or 4. The angular distribution of the decay to
the 4&+ state enabled spin assignments of 2 and 4 to be el-
iminated, and thus a spin assignment of 3 is given to this
state. The mixing ratio

~

5
~

&0.3 for the cascade to the
42 level; hence, the parity is positive.

8. 2316.3 keV2+

This level is first reported and assigned in this work.
Five y-ray decays were observed from this level to the
ground state, the 2&+ and 22+ states, the 0+ state at 1728
keV, and the 1712-keV 3+ state. The excitation function
of the 2316.3-keV y ray led to an unambiguous place-
ment of this level; the other y rays were placed as decays
from this level based on their excitation functions and en-
ergies. The angular distribution for the ground state
transition enables a definite spin assignment of 2 to be
made. Several mixing and branching ratios have been
determined.

3. 2158.1 keV3+, 4+

A state was reported at 2156+2 keV which probably
corresponds to this state. No spin assignment was sug-
gested in that report. Two y-ray decays were observed
from this level; the sensitivity allows us to reject J=2,
but either a 3+ or 4+ assignment could be made.

4. 2201.9 keV2, 3,4

This is a newly discovered level. One y-ray decay to
the 22+ is observed from this state. This decay limits J be-
tween 2 and 4.

9. 2338.1 keV (4)

Two y-ray decays were previously reported ' from this
level to the 4+, state (1064.1 keV) and to the 5 state at
2257.8 keV (80.3 keV). The 80.3-keV y ray was too low
in energy to be observed in the present work but the
1063.8-keV y ray was observed. The 1063.8-keV y ray
was reported to be a pure E1 transition, but was deter-
mined in this work to be a mixed E1-M2 transition with a
6=0.2 for a spin 4 state or 5=0.3 for a spin 5 state. A
mixed F. l M2 transition with -I 5

~

&0.2 is rare, usually
occurring only in deformed nuclei. It is extremely unlike-
ly that a 5 ~4+ transition has 6=0.3; thus J is prob-
ably 4. In any case the M2-E1 mixing is unusually large.
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10. 2386.5 keV5+ 13. 2433.0 keVO+

This previously reported level was observed in this
work via the decay to the 1563.5-keV 4z+ state. It had
been tentatively assigned J=5, with no parity determina-
tion. The other reported decay from this level, to the S+
state of 2065.0 keV, was not observed in this work. A
definite spin assignment of 5 can be made for this level
based on the large value of az. Indeed, this line shows
one of the largest y-ray anisotropies ever observed in a
nucleon induced scattering experiment. Shown in Fig. 11
is a plot of the calculated angular distribution for a 5~4
transition along with the data. The large mixing ratio,
5=2, denotes an M1-E2 mixture, so the parity must be
positive. The assignment is now definite.

11. 2400.4 keV1, 2,3

This level is placed on the basis of the three y-ray de-
cays first reported here. The decays are to the 2I+ state,
the 1582.8-keV 2&+ state, and the 1665.3-keV 24+ state.
The excitation function for the 1501.2 keV transition, not
shown, enabled an unambiguous placement of this new
level. Once this new level was placed, the other two y
rays were assigned as transitions from it because the y-
ray energies matched the transition energies. The spin is
limited to 0 &J&4 by the negative az for the transition to
the 2&+ level.

12. 2409.0 keV3

This level is also first reported in this experiment. One

y ray, E =1S09.8 keV, was observed decaying from this
state to the 899.2-keV 2~+ level. The excitation function
enables an unambiguous placement of this level and the
large negative value for az can only arise from a 3 to 2
transition. The small mixing ratio, 6=0.07, would admit
either positive or negative parity.

One y-ray transition was observed from this level to
the 1~+ state at 1681.2 keV. The angular distribution for
this decay is isotropic, which is consistent with the 0+
spin assignment from the electron conversion studies dis-
cussed earlier.

14. 2475.4 keV

The identification of this new level was made by the ob-
servation of a y-ray decay to the 2I+ state. No informa-
tion on the spin of this level was obtained.

15. 2491.7keV3+

This new level was identified from the observation of
the y-ray decays to the 2~+ and 2z+ states. Both y rays
were of mixed multipolarity and the angular distributions
were consistent only with a spin of 3. A mixing ratio of
5)0.3 inevitably implies an Ml-E2 admixture. Hence
the parity is positive.

16. 2524. 9 keV

This newly discovered level was identified by the y-ray
decays to the 2,+ and 2z+ states. A spin determination
was not possible from the angular distributions. The ex-
citation function of the decay to the 2~+ state would favor
a low spin.

17. 2547.0 keV2, 3,4

The energy and the excitation function of the observed
y-ray decay to the 899.2-keV 2~+ state led to the place-
ment of this new level. The spin is limited to J =2—4.

18. 2550.0 keV2, 3,4

y-ray decays were observed to the 899.2-keV 2I+ and
1274.3-keV 4~+ levels. No information was obtained on
the spin of this new level except to say again that a state
which decays to levels of spins 2 and 4 has a spin of 2, 3,
or 4.

E
I
™

b
D

II

i'

822.9 keV
5+ p+

19. 2591.5 keV1, 2,3

The energy of this newly discovered level was deter-
mined from the excitation function for the y-ray decay to
the 2~+ level. A second weak y ray was assigned to a
transition from this level to the 2z+ because of the agree-
ment in the energies. The small negative anisotropy lim-
its the spin to J=1, 2, or 3.

20. 2620. 7keV3

0

8 (deg)

FIG. 11. Angular distribution of the 822.9-keV 5+ ~4+ de-

cay.

Two y-ray decays were observed from this well-known
state to the 2~+ and 4z+ states. The angular distribution
coefticient determined from the decay to the 2&+ was con-
sistent with the spin 3 assignment. The deduced neutron
inelastic scattering cross section determined for this state
is much larger than that determined for other nearby
states and is a signature of the strong collective nature
expected for this state.
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21. 2627.6 keV3, 4,5

A single y-ray transition was observed to the 4~+ state.
This y ray, of energy 1353.3 keV, formed a doublet with
the very strong 1351.2-keV y ray. The y-ray anisotropy
(az & —0.2) requires 3 &/ &5 for this newly discovered
level.

22. 2654. 7keV &4

One y-ray decay from this new level to the 2&+ state
was observed with an isotropic angular distribution. This
requires J&4.

23. 2666.2 keV2+

Two y-ray decays of energies 1767.0 and 2666.2 keV
were observed to the 2&+ state and the ground state. The
angular distribution measurement for the ground state
transition enabled an unambiguous spin assignment to be
made for this new level.

24. 2719.5 keV4, 5

Two y-ray decays are observed to the 4~+ and 42+

states. The angular distribution measurements were con-
sistent with a spin of 4 or 5 for this new level.

25. 2731.9 keV 1,2,3

This is a newly discovered level identified by the decay
to the 2&+ level. The small negative anisotropy for the de-
cay limits J from 1 to 3.

26. 276?.1 keV(4, 5)

This new level was detected by observation of the y-ray
decay to the 4~+ state. There is also possibly a weak tran-
sition to the 1563-keV 42+ state but the y ray is located on
the tail of a much larger peak making its identification
uncertain.

27. 2887.2 keV2, 3

An unambiguous placement of this new level is possi-
ble from its energy and excitation function. The one ob-
served y-ray decay is to the 899.2-keV 2&+ state. The
large negative a2 determined for this y-ray angular distri-
bution allowed the possible spin assignments for the de-
caying state to be narrowed to 2 or 3.

IV. INTERPRETATION AND SUMMARY

The discovery of 21 new levels below 2.9 MeV excita-
tion energy and definite spin assignments for six of these,
plus definite assignments for seven previously known but
unassigned or only tentatively assigned levels, and the
analyses of y-ray decays, provides the additional infor-
mation which allows us to clarify several aspects of the
low-lying level scheme of Pb.

There are three extensions of, and confirmations of, in-
sight into the structure of Pb which follow from this

experiment and its interpretation. The clear and definite
assignment of J=1 to the 1681.2-keV level helped with
determination of the character of the 0+ levels. The
751.8-keV decay of the 2433.1-keV 0+ level to this 1'+'
level is characteristic of an M1 decay of a natural-parity
valence-space level to an unnatural-parity one, and en-
courages us to propose including the 0+ level as belong-
ing to the four neutron-hole valence space. This in-
clusion is reinforced by a very recent systematic examina-
tion of 2p-2h intruder 0+ states in the Pb region. That
examination finds that the lowest energy intruder state in

Pb should be above 3 MeV excitation energy. Thus the
lowest valence-space 0+ levels in Pb are at 0, 1730, and
2433.1 keV. This would give three 0+ levels with energy
spacings in ~Pb quite similar to those in 2o6Pb and the
two of them lowest in energy have appreciable two-
neutron transfer strengths, as would be expected for these
0+ levels.

Recent shell model calculations ' predict smaller level
spacings, with two excited 0+ levels predicted below 2
MeV excitation energy; this is a direct consequence of
having three major, active orbits with high occupancy,
the p, /2, f, /~, and p3/2 orbits. However, we attribute
only one excited 0+ level to the model space, the 1730-
keV level. The next 0+ level is expected to appear at
about 2.3 MeV excitation energy, and indeed one is
found at 2433.1 keV. It may be that the reason that the
0+ levels are more widely spaced in Pb than calculat-
ed ' is that in Pb the p, &2 orbit is less active, or
remains more nearly empty, than is implied in recent
model calculations. That would leave the f, /2 and p3/2
orbits as most active at low energy. An older model cal-
culation, a parameter-free calculation based on the suc-
cessful model for Pb, had found 0+ spacings more
characteristic of the present experimental results.

There is, nonetheless, a severe problem with the fact
that this experiment finds a 2+ level only 0.1 keV from a
reported 0+ level. Whether there are really two levels so
closely spaced in energy should be resolved.

The second interesting finding relates to unnatural-
parity levels. Approximately ten of these had been pre-
dicted in a full six-orbit shell model calculation. ' This
experiment finds about ten such levels below 2.5 MeV,
with just the M1 decays one would expect to the natural-
parity levels.

The third insight relates to low energy natural-parity
levels, where we find good confirmation of shell model ex-
pectations, particularly that these levels are well
represented as constructed from the neutron-hole pair ex-
citations which are the low-lying states of Pb. This
picture only seems to work well for levels below 2 MeV
excitation; above that energy this experiment reveals
twice the number of natural-parity levels as predicted by
the shell model.

It is also interesting to review the decay properties of
the low-lying 2+ levels of this nucleus. According to the
two-nucleon spectroscopic amplitudes for the (p, t) reac-
tions leading to Pb levels, the 22 level is an admixture
of the two dominant configurations, f»zp, /z and (f~/z),
almost exactly orthogonal to that of the 2~+ level. The re-
sult is that interconnecting E2 transition amplitudes tend
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to cancel. The next largest wave function amplitudes are

p, /2p3/p and f&/2p3/p These also lead to interconnecting
E2 amplitudes which cancel, although not as completely
as do those for the dominant wave function amplitudes.
The only reinforcing transition amplitudes from the
mixed configuration wave functions are for M1 transi-
tions, in which the p, /2p3/2 configuration can go to the

(p3/2) configuration without a corresponding canceling
amplitude. On the other hand, the two 2+ levels can
both easily go to ground with fast E2 transitions. The de-
cay of the 1351.2-keV level is dominantly directly to the
ground state, with a weaker cascade transition to the 2,+

level, consistent with this picture.
As noted above in discussing the 1582.8-keV 2+ level,

the third 2+ level of the model space is expected to be
dominated by the (p3/p ) configuration. That
configuration cannot decay directly to ground, so we
should expect that this level decays quite weakly to
ground, but strongly to the 2&+ level. This is exactly the
decay pattern observed for the decay of the 1582.8-keV
level. Its decay to the 2&+ level is primarily M1, and is
more than thirty times as intense as the direct decay to
the ground state.

There are several weaknesses associated with the pic-

ture we propose to reinforce, that of the natural-parity
levels being states well described using the pair neutron-
hole states of Pb as the basis for the four-hole states of

Pb. First, and most obviously, this picture can be used
only up to about 2 MeV excitation energy. A discrepan-
cy is associated particularly with the newly identified 2+
level at 1582.8 keV. This level has y-ray decay properties
nicely consistent with model expectations, but should
also have been strongly excited in the (p,t) transfer exper-
iment from Pb as an L=2 transition; this is not the
case. Instead, the strong (p, t) transfer occurs for the next
higher 2+ level at 1665 keV, as though the two levels
were sharing properties of the one model level. On the
whole, however, the picture gives us a good basis for ex-
plaining collective strengths in neutron scattering to
low-lying levels. These collective scattering strengths are
the subject of another experiment.
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