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The decays of the 9 isomers, Pb and ~Pb, have been investigated using Ge(Li) de-
tectors in a variety of singles and coincidence configurations. Improved conversion coeffi-
cients were obtained for two of the transitions following the decay of ~Pb, but no new,
weak transitions were seen. Considerable improvement and enlargement of the ~Pb decay
scheme was possible. We have been able to make unambiguous multipolarity assignments
for 15 of the 18 transitions following its decay and to place all 18 in a consistent decay
scheme. States in Pb were established (following the 90.5% isomeric-transition decay)
at 0 (J"=0+), 960.70 (2+), and 1382.82 (4 ), 1623.1 (4 ), 1915.2 (4 ), 2040.3 (5 ), and 2169.8
keV (9 ). Those in 2+Tl (following the 9.5% electron-capture decay) lie at 0 (2 ), 490.47 (4 ),
950.19 (7'), 1098.7 {6+, 7",. 8+), 1340.1 {8+), 1552.1 {8+[9+]),and 1675.6 keV (9+, 8+). Inter-
pretation is made concerning the nature of the states in Pb and even-even Pb isotopes and
also in 2@Tl and odd-odd Tl isotopes on the basis of the simple shell-model plus pairing
forces.

I. INTRODUCTION

The Pb isomers were the first case of even-even
isomerism to be observed. Besides being inter-
esting in their own right, they also provided (and
still provide} an advance opportunity to study some
of the lower-lying states in the Pb isotopes,
states that presumably should be amenable to ex-
planation in simple shell-model terms. '~ Pb and'" Pb, especially, have proven useful for building
up skeletal level schemes for '~Pb and '~Pb be-
fore these could be studied by transfer reactions
or the much more complicated decays of '~Bi and
'"Bi. In the present work we reexamine the de-
cays of ~~"Pb and '""Pb, using Ge(Li) y-ray de-
tectors for the first time. We then correlate our
findings with those from other types of experi-
ments when possible and examine the trends in the
even-even Pb isotopes not too far from stability.
We are also able to make arguments concerning

the structures of some of the odd-odd '"Tl states
populated by the electron-capture (e}decay branch
of ' mPb.

The decay scheme of 66.9-min '~ Pb'has been
the subject of many previous studies, beginning
with Sunyar et al. in 1950.' An excellent summary
of the intervening work is to be found in Hyde,
Perlman, and Seaborg' and thus will not be re-
peated. It should be mentioned, however, that
the decay scheme remains essentially that pro-
posed by Fritsch in 1956.' Our study was aimed
chiefly at finding weak, previously unobserved
transitions. None was found, but we were able to
obtain better values for some of the internal-con-
version coefficients, using a unique single-crys-
tal Ge(Li) "conversion-coefficient spectrometer"
developed in this laboratory. 4

The existence of an isomer associated with '~Pb
was first reported by Maeder and Wapstra in
1954.' They produced this isomer by bombarding
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natural thallium with 25-MeV deuterons to induce
the reaction '"Tl(P, 3n)'" Pb. The half-life of
this activity was set at 3.5 ~ 0.1 h. In further
studies using NaI(Tl) scintillation spectrometers
and conversion-electron detectors, Maeder et al.'
assigned five transitions to the decay of this nu-
clide and proposed a decay scheme having four
excited states in '"Pb at 421, 1384, 2042, and
2171 keV. Among the ambiguities remaining in
this study, no clear indication of the correct or-
dering of the 963-421-keV y-ray cascade (the in-
tense cascade connecting the ground state and the
first two excited states) was found. Their predic-
tion of the relative position of these two transi-
tions had to be based, therefore, on a comparison
with the then postulated systematics of the first
excited states in other even-even nuclei. The E2
multipolarity given these transitions established
spin and parity assignments of 2' and 4' for the
first two excited states. The feeding of the 1384-
keV second excited state by a 788-keV E5 iso-
meric transition and a 658-keV-El-128-keV-E4
cascade led to a 9 assignment for the isomeric
state and a 5 assignment for the state at 2042 keV.

In 1955 Bergstrom and Wapstra' supported these
findings and began the investigation of the e-decay
branch. They reported the existence of three
transitions converted in '"Tl, having energies of
460, 389, and 401 keV. In the following year
McDonell et al.' conducted an extensive investiga-
tion of both branches populated in the decay of'" Pb. Besides determining more accurate val-
ues for the transition energies, this group was
able to establish the ordering sequence of the 961-
and 421-keV transitions. By comparing the rela-
tive intensities of these two transitions in the de-
cay pf ~ Pb and Bi, the prdering previously
postulated by Maeder et a/. was reversed and the
961-keV transition was shown to be the transition
between the ground and first excited states. This
group also added a second 4' excited state. This
state, fed from the metastable state by a 547.2-
keV E5 transition, was placed at 1623.8 keV. An

Mi transition of 240.3 keV was also reported and
attributed to the transition between the two 4'
states. This work indicated a 9.5/o e branching
ratio, with the following sequence of levels in
'"Tl being populated: 2 (0 keV), 4 (490.4 keV),
7" (950.2 keV), 6' (1099.1 keV), and 8' (1340.1
keV). A further level at 1675.7 keV, feeding the
1340.1-keV level by means of a 335.6-keV M1
transition, was also tentatively suggested. With
the exception of the 2.0+1.5-nsec half-life of the
1384-keV state in '"Pb measured by Johansson,
Alvager, and Zuk in 1959, the decay scheme as
proposed by McDonell et al. has remained unal-
tered until the present study.

II. SOURCE PREPARATION

The sources for our '~"Pb study were pre-
pared by bombarding separated isptope "Pb
(97.2% enriched, obtained from Oak Ridge Na-
tional Laboratory) with 30-MeV protons from the
Michigan State University sector-focused cyclo-
tron to induce the reaction '"Pb(p, 3n)'~Bi. Typi-
cally, 100-mg targets were bombarded with a 1-
to 2- p, A beam for approximately one-half hour.
The '~Bi, which has a half-life of 11.2 h, decays
by electron capture to excited states in "4Pb, and
=13/o of its decay populates the metastable state. "
After bombardment, the '~Bi activity was sepa-
rated from the Pb target material by dissolving
the target in 6 N HNO, and precipitating the Pb
with fuming HNO, . It was then taken up in 6 N HC1
and loaded onto a heated (1.5-mm-diam by 5-cm-
long Dowex 1 x8 200-mesh) anion-exchange col-
umn. The 2'4 Pb activity was then eluted with
0.3 M HCl at the end of successive 1-h intervals. "
The few drops of activity obtained in this manner
were vaporized through 3-mm-diam masks onto
a 0.25-mil Pt backing for use in the conversion-
coefficient spectrometer. Using this method,
many sources could be obtained from a single
bombardment because of the 11.2-h half-life of
204B

Our '" Pb sources were prepared by bombard-
ing natural thallium foils and enriched '"Tl (7%0
"'Tl, obtained from Oak Ridge National Labora-
tory) with a 16-MeV proton beam from the Mich-
igan State University cyclotron. The induced
reaction '"Tl(P, 2n)"2 Pb produced the desired
activity in good yield with a 7-10-min bombard-
ment at a beam current of 0.5 p. A. Chemical sep-
arations were performed on approximately half
of the sources used. All sources were allowed to
age for a period of 2 to 3 h before counting in
order to minimize contamination from shorter-
lived activities.

III. EXPERIMENTAL METHODS

The single-crystal Ge(Li) conversion-coeffi-
cient spectrometer used in our measurements on

Pb was manufactured in this laboratory. The
detector was a planar drift device with a drift
depth of =7 mm and an active volume of =0.4 cm'.
It was mounted in a conventional dipstick cryostat
with a window of 0.25-mil Havar foil. The design
and operation of this conversion-coefficient spec-
trometer has been discussed previously in greater
detail by Gruhn et a/. 4

The y rays frpm the decay pf Pb and ~pb
were studied using Ge(Li) detectors with photopeak
efficiencies of 2.5 and 10.4% at 1332 keV, both
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later recovered off line as gated slices. The
basic format of the two-dimensionsl "megachan-
nel" Ge(Li)-Ge(Li) spectrometer system used has
been previously presented. "'

1~i~(~ 4P 0)

= (u g) u ~
f co op|x)Ã

~)/
, II;

$4

)05

l00 200 300
CHANNEL NUMBER

l

400

FIG. 1. 2@ Pb spectra obtained with the Ge(Li) con-
version-coefficient spectrometer. Only lines from
20~Pb decay are labeled. Top: spectrum showing both
y rays and electrons. Bottom: spectrum taken through
an Al absorber to remove the electrons.

with an optimum resolution of =2.1 keV at that
same energy. In the singles runs, a PDP-9 com-
putex' interfaced with R 4096-channel RQRlog to-
digital converter served as the multichannel ana-
lyzer for data collection. The energies and inten-
sities of the transitions were then determined by
means of R spectrum-analysis x'outlQ6 employing
a live-display computer program, " For details
of the methods of data reduction and analysis us-
ed, see, for example, Doebler, McHarris, and
Kelly "

For coincidence measurements the 10.4% detec-
tor mentioned above was coupled with a 4.6% effi-
cient Ge(Li) detector having an optimum resolu-
tion of 1.9 keV at an energy of 1332 keV. The
addresses of coincidence events from both sides
of the system were processed and listed on mag-
netic tape in pairs. The coincidence spectra were

IV. Pb DECAY

The relatively straightforward decay scheme of
2~ Pb remains essentially that proposed by
Fritsch' in 1956. However, recent studies in
our laboratory ' on Bl decay have shown a num-
ber of new states in '~Pb that lie below the 2185.4-
keV metastable state. Using the larger (including
the 10.4% efficient) Ge(Li} detectors now available,
an attempt was made to determine if these states
might be weakly populated in the decay of 2~ Pb.
Although we were unable to detect any new transi-
ti;ons, we did measure directly several conversion
coefficients, viz. , those for the 899.1-keV E2 and
912.0-keV E5 transitions, using the unique single-
crystal Ge(Li) conversion-coefficient spectrometer
desex'lbed ln Sec. III.

Two spectra of '~"Pb taken with the Ge(Li} con-
version-coefficient spectxometer are shown in
Fig. 1. The upper spectrum contains contribu-
tions from both y rays and electrons, while the
lower spectrum, taken with an Al absorber placed
between the source and the detector, contains
only the y rays. By hand stripping the lower from
the upper spectrum, the areas of the 899.2- and
912.0-keV y-ray and conversion electron peaks
were found. The E conversion coeBicients could
then be determined easily using the calculated
areas and an efficiency curve for our spectrom-
eter obtained by correlating theoretical conver-
sion coefficients" with y-ray and electron-conver-
sion peak intensities of several well-known stan-
dards (cf. Ref. 4).

The experimentally determined n~ for both tran-
sitions and the K/I ratio for the E5 transition are
given in Table I along with the theoretical values
of Hager and Seltzer. " Agreement between the
measured and theoretical values is seen to be
good. (No reliable K/L ratio for the 899.1-keV
E2 transition could be extracted because of the
weakness of the I bnes and the complexity of that
portion of the spectrum. )

TABLE I. 204 Pb conversion data.

Transition energy
g eV)

899.1 +0.1

912.0 +0.1

Multipolarity Experimental

0.0072 +0.0022

0.0545+ 0.0045

Theoretical
(Ref. 15)

0.0065

0.046

Experimental

1.66+0.25

Theoretical
g,ef. 15)

1.73
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The decay scheme of ~~ Pb is shown in Fig. 2,
where it is compared with the decays of the other
even-even Pb metastable isomers.

V. Pb DECAY

A. Level Pllcemeats

A '~ Pb y-ray singles spectxum is presented in
Fig. 3. 18 y rays having a half-life comparable to
that of '~ Pb were observed, and only these have
been labeled. The energies and intensities of
these y rays are given in Table II, where they are
compared with the conversion-electron results
obtained by McDoneQ et cl.' The bsted uncertain-
ties in energies are a reflection of three factors:
the uncertainty in the energies of the calibration
standards used, the height of a particular yhoto-
peak above the background level, and the reyro-
ducibility of our measurements over many inde-
pendent spectra. The values of the relative tran-
sition intensities have been averaged over several
spectra, and the deviations presented are based
on the reproducibility of these intensities and the

uncertainties in our experimentally determined
efficiency curves. Of the transitions in this table,
those with energies of 124.V5, 211.92, 41V.S,
601.95, and 954.5 keV have not been reported
previously. Of these, the 41V.S-keV transition
was seen to fit into the existing decay .Scheme
between the 2040.3- and 1623.1-keV levels in

Pb. The existence of such a transition had been
predicted by McDonell et uk. ,' but no experimental
verification was available at that time. Using en-
ergy sums and differences we were able to incor-
porate the remaining four tx'ansitions by adding
two new levels, one at 1915.2 keV in 2~Pb and
one at 1552.1 keV in '~Tl. These two levels have
been included in the decay scheme given in Fig. 2.
In this decay scheme all energies are given in
keV and (total) transition intensities are given in
percent of the total 'O' Pb disintegrations. A word
on the intensities: Two of the major transitions,
at 960.VO and 129.1 keV, have larger than usual
errors associated with their intensities, the
960.VO-keV one because of contaminant peaks
falling near it in the y-ray spectrum and the 129.1-
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FIG. 2. Decay schemes of the even-even Pb metastable isomers. The decay scheme of 20~Pb results from this vrork;

that of 2~Pb, from Ref. 3 and this vrork; and that of 206~Pb, from D. E. Alburger and M. H. L. Pryce, Phys. Rev. 95,
1482 (1954), All energies are given in keV and the (total) transition intensities in the 2+ Pb decay scheme are given in

percent of the disintegrations of the parent state.
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TABLE II. Energies and relative intensities of transitions following the decay of +~Pb.

This work
Transition E

(keV)

McDonell et al.

gr.eV)
Converted in

Pb
Converted in

Tl
Relative conversion-

line Ib

124.75 +0.09
129.1 +0.2
148.55+0.15
211.92 +0.07

240.8 +0.1d

335.55 +0.10
389.94+0.07
417.3 +0.2
422.12+0.06
459.72+0.07
490.47 +0.07
547.6 +0.3
601.95 +0.08
657.49 +0.06
786.99+0.06
954.5 +0.2
960.70+0.15

1.1 +0.3
0.08 +0.03
0.45 +0.15
1.5 +0.3

2.2 +0.3
0.45 +0.10

12.4 +1.0
0.8 +0.2
172 +9

17.3 +1.0
18.4 +1.0
0.25 +0.08
1.2 +0.1

65+3
=-100
2.0 +0.4
184 +15

129.3 +0.1

240.3 +0.1~ ~

~ ~

422.1+0.2
~ ~ ~

547.2 +0.3

657.6 + 0.3
787.2 +0.4

964.4+ 0.4

148.9 +0.1
12 1+0 5c

241.1+0.1
335.6+0.2
389.9+0.2

459.8+0.2
490.4+0.3

602 1c

~ ~ ~

690+50 (QL)
17+3

2 6c (LI)
4.0 +Q.3
2.5 +0.2
1.3 +0.1
28 +3

66+5
9+1 (QL)

1.7+0.2 (QL)
1.1+0.1 (QL)
0.25 '
4.4+0.4
=100

13+1
~ The deviations in these energies were calculated by us, using the precision (5 parts in 104) claimed by McDonell

et ul.
Relative intensities are for the E conversion lines unless otherwise specified.

c For these two transitions we assigned lines from McDonell et al. 's table of unassigned conversion lines, using our
photon energies as a guide. The estimate on the precision in energy for the 212.1-keV transition is based on the scat-
ter in their L&, jf~, and N& energies. No meaningful estimate of the precision in energy for the 602.1-keV transition
or for the intensity of either transition could be made.

In our measurements we were unable to delineate between the 240.3- and 241.1-keV y rays emitted in the decay of
Pb. The energy and relative intensity given here are for the total doublet peak.

keV one because of uncertainties in the electron
data (only the L, line was seen}. Because of this
relatively large uncertainty in the intensity for
the 960.V-keV transition, we used the average of
the 459.V2-'and 490.4V-keV intensities vs the sum
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FIG. 3. 2+ Pb singles y-ray spectrum taken with a
10.4% efficient Ge(Li) detector. Only the p rays that we
attribute to 2@ Pb decay are labeled. Because of the low
intensity of the 129.1- and 547.6- keV transitions, they
are not labeled in this figure.

of the 422.12- and 954.5-keV intensities to obtain
9.5' f and 90.5% isomeric transition decay. Add-
ing up the e decay as inferred from y-ray feed-
ings yielded only 9.2%, so these e feedings were
renormalimed to 9.5%. Otherwise, all intensities
shown on the decay scheme are strictly experi-
mental. The logft values were calculated on the
assumption' that the ground state of 2 'Tl lies
=50 keV below that of 2 'Pb.

To test the consistency of these new assignments
a y-y coincidence experiment was performed. A
summary of the results of this experiment is given
in Table III, where it can be seen that most of the
previous placements are corroborated. The in-
tegral coincidence spectra and five of the gated
coincidence spectra of particular interest are
presented in Fig. 4. Parts (h} and (c}show clear-
ly the existence of a 124.75-954.5-keV cascade.
Our assignment of this cascade to '~pb rather
than ~~T1 was substantiated when spectra gated
on the Pb K x rays increased the relative intensi-
ties of these peaks with respect to those of transi-
tions known to occur between levels in '~Tl. From
parts (e}, (f}, and (g}, the 211.92-keV y is seen to
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Gate energy
(keV)

y rays in coincidence
(keV)

124.7
148.6
211.9

=241
335.6
389.9
422.1
459.7
490.5
657.5
787.0
954.5
960.7

954.5,
211.9,
241.1,
148.6,
241.1,
211.9,
240.3,
490.5
459.7
129.3,
422.1,
124.7
124.7,
657.5,

960.7
241.1
389.9
211.9, 417.3
389.9
335.6
657.5, 787.0, 960.7

422.1, 960.7
960.7

240.3 (weak), 422.1,
787.0, 954.5

TABLE ID. Summary of the y-y coincidence results
for 202mpb

feed the 1340.1-keV level in "Tl, which deex-
cites by either a 389.94- or a 241.1-keV transition.
No coincidence data were available for the 601.95-
keV transition, because of the 0.5-msec half-life
of the 950.19-keV state in Tl. By gating on the Tl
K x rays, however, it was possible to place both
the 211.92- and 601.95-keV transitions in the e
branch of 2~ Pb decay.

B. Spin and Parity Assignments

Combining our work and that of McDonell et al. ,
'

we have unambiguous multipolarity assignments
for all but three of the 18 y transitions that follow'" Pb decay. Assuming the 422.12-keV transi-
tion from the second to the first excited state of
'"Pb to be a pure E2 transition, we normalized
our photon data to their electron data, using the
calculated ~~ of Hager and Seltzer. In Table IV
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FIG. 4. Two-dimensiona1 "megachanne1" p-p coincidence spectra for ~Pb decay. Part (a) shows the total spectrum

seen by the 4.6% efficient detector (the X detector) in coincidence with all events gated by the 10.4% efficient detector

(the 7 detector); similarly, part (d) shows the total spectrum seen by the F detector in coincidence with all events gat-

ed by the X detector. The other five parts [(b), (c), (e)-(g)] show five gated slices (background subtracted), using the

X detector for the gates and the F detector for the displays.
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we show our multipolarity assignments, based for
the most part on n~'s, and compare them with the
similar assignments made by McDonell et al. ,
which were based primarily on K/L and L sub-
shell ratios. In all cases where both groups were
able to make unambiguous assignments, the re-
sults are in agreement. Vfe also show our n~ val-
ues in Fig. 5 plotted as points against the calcu-
lated values of Hager and Seltzer. As the devia-
tion between the theoretical curves for Pb and Tl
is small in comparison to the uncertainty in our
experimentally determined n~'s, we have simply
plotted our experimental ~~ values against the
calculated conversion-coefficient curves for Pb.
These will be used further, especially with re-
spect to M1/E2 mixing ratios, when we discuss
the states in Sec. VII.

States in I'b

Our findings are consistent with the previous
spin-parity assignments by McDonell et al. for
the states in '"Pb, viz. , 0' (0 keV), 2' (960.VO),
4+ (1382.82), 4+ (1623.1), 6 (2040.3), and 9
(2169.8). Although we can add arguments to theirs
to corroborate many of these assignments, it is
not necessary to detail these here.

The additional state at 1915.2 keV can have its
assignments narrowed down even though the multi-
polarities of the 124.75- and 954.5-keV transitions
passing in and out of it are not known as well as
most of the other transitions. The ordering of
this cascade is made unambiguous, incidentally,
because the opposite ordering would require a
moderately high-spin state at 1085.5 keV, which

TABLE IV. ~Pb multipolarity assignments.

(keV) Exp. e~
Theor. 0.

(Ref. 15) b

Assignment ~

. McDonell et al.
This work (Ref. 8)

- 124.75

129.07
240.3
417.3
422.12
547.6
657.49
786.99
954.5
960.70

=7.0 x 10' ' ( QL)

~ ~ ~

=—3.0 x10 2

3.5x10 &

5.3 x10 3

7.9xl0 2

5,6 x10 3

Transitions in Pb

2.0x10 & El)
4.4x10 & E2(

x]02
6.7 x10-~
1.2 x10 2

3.0x10 2

3.9 x].0-& &

4.6xl0 '
8.6 xlo-"

5.8 x10 3

Eland

High multipole ~

El 'P

"Pure E2"
E5
El
E5

E2
E5
El

148.55
211.92

241.1

335.55
389.94
459.72
490.47

601.95

2.9
1.4 x10 (L I)

2.3 x 10-'
1.8 x ].0-&

4.1xl0 ~ (QL)
7.2 x10 (QL)
1.6 x ].0-2

Transitions in Tl

2.4
1.3 x10
l.lx10 ~ E2
6.1x10 & Ml
2.5x10 &

1.7x10 &

4.6 x10 ~

6.5 x10 3

1.4 x10 E2
5.2x10 2 Ml

Ml
Ml

E2 (+Ml?)

E1?Ml 7
Ml
E3
E2

' uE except where noted.
b Calculated values are for the E shell (except where the experimental n is for the L shell) and for the assigned multi-

polarity except where a choice is indicated.
For the most part the assignments of McDonell et al. are based on E/L or L subshell ratios —for more details con-

sult their Tables 1 and 2. We agree with most of their assignments'and list an assignment of our own only when we
have independent information, usually eE.

This tentative El assignment is made on the basis of its being the only one that gives a reasonable intensity balance
in and out of the 1915.2-keV level.

The uncertainty in this Exp. e& is so large that we do not use it to make an assignment.
~From L. A. Sliv and I. M. . Band, in Alpha-, Beta-, and Gamma-Ray Spectroscopy, edited by K. Siegbahn (North-

Holland, Amsterdam, 1965).
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on the basis of systematics (cf. Ref. l0) is quite
unlikely. A tentative E1 assignment for the 124.75-
keV transition is the only one consistent with the
intensity balance in and out of the 1915.2-keV
state. This, in conjunction with the 954.5-keV
transition to the 2' 960.VO-keV state, would limit
the assignment to O'. Even allowing the full range
of E1, M1, or E2 multipolarities for the two y
rays yields just 4' or 3 for the state.

Z. States in Tl

Previous assignments for these states have been
' considerably less certain, so a discussion of each

is in order here,
(a) Ground state. The ground state has been

established rather convincingly as a 2 state,
based on its decay to '~Hg. " This assignment
is consistent with systematics of the region, for
all the odd-odd Tl isotopes between ' Tl and Tl
appear to have this same 2 ground state.

(b) 490.47- and isomeric 950. 19-heV states.
The unambiguous assignments of the 490.47- and
459.72-keV transitions as E2 and E3, respective-
ly, by both McDonell et al. and ourselves rather
strongly imply assignments of 4 and 7' for these
two states. That this is indeed a stretched cas-
cade is indicated by the lack of appreciable M1
admixture in the E2 (in other odd-odd and odd-
mass Tl isotopes M1's tend to predominate over
E2's when they are possible" ) and by the absence
of any crossover transition. This sequence, 7'
-4 -2, is the same as in the decay of other odd-
odd Tl metastable isomers. "

(c) The three capture states at 1340.1, 1552. 1,
and 1675.6 he V. The logft values for e decay to

]0]

I00

]0-i

these three states places those decays into a "hin-
dered" allowed or "normal-speed" first-forbidden
classiflcatlon. As fix'st- forbldden transltlons tend
to compete favorably with allowed transitions in
this nuclear region, one looks for them, and the
Ml and/or E2 character of the y transitions to the
V' state confirms the positive parity of these
states. Thus, the e decay points toward 8', 9',
or 10' assignments.

The 389.94-keV Ml transition to the V' state
limits the assignment for the 1340.1-keV state to
O'. The apparent Ml admixture in the 601.95-keV
E2/Ml transition to the 7' state also limits the
assignment for the 1552.1-keV state to 8', the
211.92-keV M1 is consistent with this. If one does
not believe the Ml admixture, 9 is also possible.
The 335.55-keV Ml transition to the 8' 1340.1-keV
state limits the assignment for the 1675.6-keV
state to 9' or 8'.

(d) 1098. 7-he V state. The 148.55-keV Ml tran-
sition from thi. s state to the V' 950.19-keV state
limits its assignments to 6', 7+, or 8'. The ex-
istence of a 241.1-keV E2 transition feeding this
state from the 8' 1340.1-keV state is consistent
with this. McDonell et al. chose 6' on the basis
that the Ml and E2 were stretched transitions,
but this is not necessarily true, so we retain all
three possibilities.

g@Pby20 lie four and six neutron holes
away from the 2"Pb doubly closed shell. Thus,
full-fledged shell-model calculations for states
in these nuclei are few and cumbersome, and one
has to rely considerably on less exact methods,
such as those of Kisslinger and Sorensen. " It is
beyond the scope of this paper to go into the de-
tails of the various calculations; yet it is very
instructive to consider some of the more qualita-
tive aspects of the states in these nuclei. This
we do, using as guides the work of Kisslinger and
Sorensen along with the calculations of True and
Ford" for ~~Pb and Harvey and Clement ' for the
lighter isotopes.

A. Metastable States

Ip ~
l00 500 , 700

E~ERm (kev]

FIG. 5. Experimental n& conversion coefficients
Joints) for the 2@Pb and 2@Tl y transitions plotted
against the theoretical curves (for I'1) obtained from
the work of Hager and Seltzer (Ref. 15). The data were
normalized assuming the 422.12-keV transition to be
pure E2.

Using the simplification of only two uncoupled
neutron holes, the 9 states in both '~Pb and
'"Pb can have only [(vi„„) '(vf„,) '], as their
major components. Other two-hole 9 compo-
nents, [(vi„l,) '(vf„,) '] and [(vi „I,) '(vh9, 2) '], ,
be high enough to preclude serious configuration
mixing. More complex states and core-coupled
components involving, say, an i»» neutron hole
with the 3 octupole vibration are certainly pos-
sible and very likely present, although, as we
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8. Pairs of 4' States

Pairs of 4' states are populated in both '"Pb
and '~Pb, and there are some interesting paral-
lels and inconsistencies concerning these states.
The E5 transition probabilities to these states
are listed in Table V and compared with the sin-
gle-particle estimates calculated using Mosz-
kowski's equations. " In both nuclei the stronger
transition, i.e., the one to the lower 4' state, has
a transition probability remarkable close to the
calculated value. This lends credence to the fact
that these are nearly single-particle transitions.
In both cases, also, the weaker, lower-energy
E5 is retarded over the simple E""power factor
by an additional factor of about 5. The simplest
inference is that the '~Pb 1273.8-keV state and
the '~Pb 1382.82-keV state are similar in nature,
as are the '~Pb 1563.1-keV state and the '"Pb
1623.i-keV state.

It is tempting to think of thy lower 4' states as
consisting primarily of 4' members of the two-
phonon quadrupole vibrational states, while the
upper 4' states contain more two-particle char-
acter. This is an oversimplification, however,
and cannot be pushed too far, and all of the states

TABLE V. E5 transition probabilities.

Ey
Nucleus (keV)

i/2
Cale. Exp, Retardation

204pb 912.0
622.2

39.8 min 67.7 min
44.5 h 417 h

1.7
9.4

202pb 786.99
547.6

3.47 h
190.6 h

6.70 h
1810 h

1.9
9.5

Reference 23. Since all are 9 4+ transitions, no
statistical corrections were made.

shall see below, the E5 isomeric transitions are
remarkably good single-particle transitions,
which can be taken to imply fairly simple config-
urations for the 9 states.

Serious attempts have been made to locate 9
metastable states in 'Pb and ' 'Pb, with both
fast off-line" and in-beam" spectroscopy. None
was found. However, 7- metastable states were
found'2 in ~Pb ' Pb, and ' 'Pb at 2208, 2154,
and 2142 keV, respectively. These are probably
much more complex states and consist mostly of
the configuration-mixed components,

[( v13/ )2( Pvj/2) ]7 [( mls/2) (vP 3/I) ]7

[(vi,»,) '(vf, /, ) '], , similar to the 7 state in
2"Pb. The lack of 9 metastable states in '"Pb
and '"Pb can be explained by the fact that the p3/2
neutron-hole state is falling" with respect to the

f,/, state, so the 7 states fall below the 9 states.

are undoubtedly highly admixed and quite complex
in nature. With respect to the 1ower states, in
particular, there are conflicting pieces of data.
First, the 4' -2' E2 transition probabilities —the
E2's are not enhanced. For '"Pb and '~Pb we
calculate" single-particle estimates of 0.6 and,

0.8 nsec.for the half-1ives, to be compared with
the experimental 2.0 and 260 nsec. The '~Pb
transition, in particular, is highly hindered,
implying that the 4' state is not collective. (The
2' state is most likely a simple one-phonon qua-
drupole vibration, cf. Ref. 19.) Second, (p, t)
transfer data —although complete angular distribu-
tions and analyses are not available, enough
'"Pb(P, t) ~Pb data do exist both at 22 MeV' and
at 30 MeV ' to show that this reaction populates
the lower 4' state strongly and the upper 4' state
almost not at all. Recent evidence" "shows
quite clearly that the (p, t) reaction tends to favor
populating collective states both in deformed and
in single-closed-shell nuclei. This implies some
collective nature for the 1273.8-keV state in '~Pb.

Actually, both of the lower 4' states probably
contain some collective components in their wave
functions but not enough to insure the enhance-
ment of the E2 transitions —and the factor of 100
difference in retardation of these transitions still
needs explaining. (Note, however, that E2 tran-
sitions in general are not very enhanced in this
region. ) The only important low-lying two-
particle configurations that can contribute are
[(vf„,) '],+ and [(vf,/, ) '(vP, /, ) '],+. If these were
concentrated in the lower and upper states, re-
spectively, the differences in the E5 transition
probabilities are, qualitatively at least, in the
correct direction; however, a thorough under-
standing of these states awaits much more sophis-
ticated shell-model calculations.

C. Position of Ground State

The 2' first excited states of the even-even Pb
isotopes have been established quite definitely as
one-phonon quadrupole vibrational states, ' "so
we will not dwell on this here. However, a pecu-
liarity in the positions of these states is readily
seen from Fig. 2. As one moves away from the
closed N =126 shell, the energies of the first ex-
cited states increase, contrary to what might be
expected from arguments of the type that the nu-
cleus gets softer with respect to vibrations as one
moves farther away from closed shells. And
these states continue to rise: The first 2' state
lies at 1027 keV in 2 'Pb and at 1064 keV in ' Pb
(Refs. 22, 28, and 29). A number of theorists,
including those referenced in this paper, have
duplicated this trend. This usually comes out of
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D. Remaining States

The only remaining states are the 4'(3 ) 1915.2-
and 5 2040.3-keV states in '"Pb. About the
former we can say little, but the latter should
contain the component [(vf», ) '(»»„) '],-. This
is consistent with the F4 transition probability
from the 9 state to this state. The single-parti-
cle estimate (corrected for conversion) for its
half-life is about 2.8 h, which compares well with
the (approximate) experimental value of 8.6 h.
This is a relatively small retardation for an E4

TABLE VI. Possible configurations for producing
some low-lying odd-odd states in 202Tl.

(mv) configurations

(Si/2P i/2) (d3/2P 3/2

(~S/2 1,/2) (8&/83/2)

(d5/2 f5/2)

(d3/2f 5/2) (d3/2P i/2)

(8$/2 f5/2) (Sg/2P 3/2)

(d3n&3/2) (ds/2P tn)

(ss/2 fsn} «3/2fs/2)
(dsnp3/2) (ds/2P fn)

(d3/2P i/2) (d8/2 f5/2)

(ds/2P3n) (dsnf sn)

«3/2P3/2) «5/2fs/2)

(d3/2fs/2) (ds/2P3/2) (ds/2 fs/2)

«sn&~3n)

«5/2An)

(d3/2~13/2) (ds/2~i 3/2)

(Si/2~$3/2) (d3/2~l3/2) (ds/2 13/2)

(d3n'&3n) «sn63/2)

5/2 13/2)

complex calculations, however, where it is diffi-
cult to isolate as to specific cause. Perhaps over
simply, but instructively, this can also be ex-
plained as a straightforward result of the increase
in strength of the pairing force in moving away
from the closed %=126 shell. Thus, it is really
the ground state that is dropping in the lighter-
isotopes. Assuming a constant coupling constant
(strength) for the pairing force here, we see that
it is indeed weaker in '~Pb than in the lighter
isotopes. In Pb, only the low-multiplicity p»,
orbit is available below the shell closure to par-
ticipate in the neutron paixing stabQization. As
one moves to the lighter isotopes, more and more
orbits in higher multiplicity states become avail-
able, especially the f», orbits and near or below
4=200 the i,», orbits. Thus, as the single-
closed proton shell tends to hold the nucleus rigid
or spherical, the increasing neutron pairing low-
ers the ground states.

transition, consistent with a simple change in
coupling of the f„,and i»» neutron holes.

VII. STATES IN ODD-ODD Tl

Unfortunately, it is extremely difficult, if not
impossible, to make meaningful shell-model as-
signments for the odd-odd states of '02Tl. This
comes about for two reasons. First, the com-
peting proton orbits, as determined from the
neighboring odd-mass Tl isotopes, lie very close
together. Thus, throughout this region, although
the s „,orbit x'emains the ground state, the d„,
and d„, orbits lie only a few hundred keV away.
Second, and worse, the competing neutron orbits
not only lie close together, but also one obtains
different predictions for the lowest-lying ones
when considering the N =119 isotones vs the odd-
mass Pb isotopes. A thorough discussion of these
problems is given in Ref. 13, where the states in
'"Tl were being considered; most of it applies
o 202Tl and will not be repeated here

In Table VI we show the magnitude of the prob-
lem, Here we list the possible configurations that
can contribute to odd-odd '"Tl states, using only
tI1e three most likely px'otoIl olblts and the four
most likely neutron orbits. All of these odd-odd
configurations should lie well below 1 MeV. The
problem is worst, of course, for the low-spin
states. When we tried to assign a major configu-
ration to the 2 ground state of '"Tl (cf. Ref. 13),
we were unable to choose between [(ws», )(vf», ) '],
and [(vs», )(vp», ) '], . And there we had addition-
al information to work with, such as the transi-
tions connected with the 0 first excited state at
147.63 keV. In considering the 2 ground state of
2o2Tl, we arrive again at the same two configura-
tions and are unable to decide between them.

For the other states with definite J" assign-
ments, the various configurations obtainable from
Table VI are consistent with the known transition
probabilities, but we are again unable to choose
among them. (Also, . there should be considerable
configuration mixing in this nucleus with its myr-
iad of close-lying states. ) An experiment such as
'"Tl(p, d) is needed before definite assignments
can be made.

Postscript: Recently, Hanser" in his work on
the decay of '~Bi has determined the multipolar-
ity of the 954.5-keV transition to be E2. This
confirms our tentative assignment of 4' for the
1915.2-keV state and eliminates the 3 possibility.
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