
PHYSICAL REVIEWS C VOLUME 43, NUMBER 4 APRIL 1991

Spectroscopy of Bi and systematics of 1 ' ' Pb(0+) 2 Bi(0 )

Z. Berant'
Brookhaven National Laboratory, Upton, ¹au York 21978,

Clark University, Worcester, Massachusetts 02610,
and Ames Laboratory, Iowa State University, Ames, Iowa MOli

R. B. Schuhmann
Clark University, Worcester, Massachusetts 01610,

and Brookhaven National Laboratory, Upton, Neto York 21978

D. E. Alburger, W. T. Chou, R. L. Gill, and E. K. Warburton
Brookhaven National Laboratory, Upton, ¹wYork 11978

C. Wesselborg
Brookhaven National Laboratory, Upton, ¹m York 11978,

and Justus-Liebig- Universitat Giessen, D-6800 Giessen, Germany
(Received 2g December 1990)

Experiments designed to provide more information on the spectroscopy of Bi, and on

Pb(P ) Bi in particular, were undertaken because of interest in first-forbidden P decay
in the lead region. The experiments consisted of p-y coincidences and angular correlations,
conversion electron measurements, level lifetime determinations, and precision p-ray energy
measurements. The 352-keV level of Bi was found to be a. strong candidate (and the only
candidate) for the 0, state. Recent additions to the Pb decay scheme are confirmed by
p-p coincidence measurements. A careful evaluation of the ' Bi level scheme is made with
emphasis on separating experimentally based conclusions from speculations based on systemat-
ics and other "weak" arguments. Shell-model calculations of the spectroscopy of ' Bi and

Pb(P ) ' Bi were performed using a modification of the Kuo-Herling realistic inter-
action. These calculations and a generalized seniority model provide a basis for an examination
of the systematics of the A =210, 212, 214 spectroscopy and P decay. The generalized seniority
model is found to be a quite good approximation which provides a quantitative understanding
Qf the Pb dec ay rates.

I. IN TROD U CTION

Recent calculations of first-forbidden P decay rates
of A =205—212 nuclei within the framework of the spher-
ical shell model have achieved an accurate reproduction
of experiment. First-forbidden decays have contribu-
tions from operators which can be classified by rank (R)
as rank zero, one, or two. For each decay branch the
rate is an incoherent sum of contributions from the ranks
allowed by ~J; —Jy~ ( R ( J; + Jf. Calculations of
the fast first-forbidden decays using the impulse approx-
imation achieve agreement with experiment for rank-one
(El-like) decays. The rank-two contribution is negligi-
ble compared to those of rank zero and one when one
or both of the latter are allowed. Agreement with ex-
periment for rank zero is only possible if its total con-
tribution is strongly enhanced over the impulse approxi-
mation. Such an enhancement is predicted to arise from

meson-exchange currents acting on the matrix element
of p5 which is the time-like component of the weak rank-
zero axial current. Thus, the necessary enhancement is
parameterized as due to this component alone. The other
rank-zero matrix element is the space-like component of
the axial current. Proper interpretation of this enhance-
ment is of particular interest and importance since it ap-
pears larger than can be explained by calculations of the
meson exchange. ~ 2 It should be emphasized, however,
that no matter how this enhancement is interpreted, the
resulting set of eA'ective operators gives a good account
of the decays connecting low-lying states in 205 ( A &
212 nuclei.

It is of interest to see how far from A =208 this agree-
ment persists —particularly for the important rank-zero
contribution. Accordingly, our attention was focused
on 2i4Pb(P )2i4Bi for which two very fast decays are
reported. A reading of the literature revealed that the
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spin assignments in Bi, in particular the identification
of the 0& level, are uncertain and contradictory. 6 We
therefore performed p-p angular correlations and conver-
sion electron spectroscopy measurements on Bi aimed
primarily at firmer identification of the Oj level. The
angular correlations are the first such measurements re-
ported for this nucleus, while the conversion electron data
are in agreement with previous measurements of Mlad-
jenovic and Slatis and Nielsen et a/. From a combi-
nation of all the measurements we deduce firmer spin
assignments for the levels in Bi, and confirm the 352-
keV level as a likely (and only known) candidate for the
0~ state.

A recent study proposed two new levels in 4Bi.
We performed p-p coincidence measurements designed
to confirm these results. Information on electromag-
netic transition rates provides further valuable tests of
the wave functions. We therefore used a P-y-y timing
method to measure the lifetimes of the 53- and 295-
keV levels in ~Bi, in order to provide data on the M].
transition rates connecting the low-lying levels of Bi.
An incidental outcome of these studies is more precise en-
ergies for the 53-, 242-, 295-, and 352-keV p transitions in

Bi. The experiments are described in the next section
and the results are summarized in Sec. III. In Sec. IV we

give a simple but seemingly accurate model interpreta-
tion of the systematics of first-forbidden P transitions
leading to 210Bi 212Bj and 214Bj

II. EXPERIMENT

The excited levels in 2i4Bi were populated via the P
decay of Pb. Figure 1 shows the decay scheme of 2 Bi
with both our present results and our conclusions re-
garding previous results incorporated. The results sum-
marized in this figure will be discussed in Sec. III D.
The experiment involved five types of measurements: (1)
conversion electron spectroscopy, (2) p-y angular correla-
tions, (3) P-y-p delayed coincidence timing, (4) y-y coin-
cidences, and (5) precision y energies. We describe each
in detail in the following sections. All the measurements
were performed using sources of 1600 yr Ra either in
aqueous solution (y-y angular correlations) or prepared
by drying such a solution (P spectroscopy, y-y coinci-
dences, timing, and precision energy). The transitions of
interest in Bi fall below 800 keV and therefore are well

separated from transitions in Po which is populated by
the P decay of 2i4Bi.

A. Internal conversion measurements

We measured internal conversion electron spectra us-

ing a thin radioactive source in conjunction with a Si
P detector. The detector was an ORTEC surface-barrier
type 1000 pm thick and 100 mm jn area. It was chilled to

—20 C in order to improve the energy resolution. The
source was 10 pCi 2 Ra in aqueous solution evaporated
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FIG. 1. Decay scheme of Bi showing only the p transitions that have been definitely placed. The spin assignments are
derived from a consideration (see Sec. III D) of all experimental information: the present angular correlation and internal
conversion measurements, the internal conversion data of Refs. 7 and 8, and log jot and log fit values for Pb ~ Bi and

Bi ~ Po P decay. The half-life limits shown are those obtained from the present work for the 53- and 295-keV levels
and that of Ref. 11 for the 352-keU level.
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onto a 5-mm diameter spot on a plastic disk and covered
with a 1-mg/cm thick aluminized Mylar film, the edges
of which were sealed with an epoxy resin. The source
was mounted in a chamber in He atmosphere 1 cm from
the windowless Si detector. Opposite to the P detector
and 8.7 cm from the source was a HPGe detector. A thin
plastic window in the chamber served to stop P rays but
allow low-energy p rays to pass. The electron and y spec-
tra were measured simultaneously and are shown in Fig.
2. The upper part of Fig. 2 shows the electron conversion
spectrum in the e energy range 100—600 keV. The 242-,
295-, and 352-keV transitions take place in Bi and the
186-keV ljne js a transjtjon jn Rn. . The 609-keV tran-
sition —the E2 2+& —+ 0& decay in Po —provided a
convenient calibration for internal conversion coeKcients
(nz 's). In order to obtain absolute n~ and ng values the
relative efBciency of the HPGe detector was determined
using a Eu source and the p intensities of the 242-,
295-, 352-, and 609-keV lines (Fig. 2, bottom) were nor-
malized to the relative eKciency. Absolute values of nK
and o,L were deduced via:

where 0.02061 is o,K+L for the pure E2 609-keV tran-
sition as given in Ref. 22, and It~ ~, I, l and I& are the
corresponding electron and p peak intensities obtained
by using the fitting program LEONE. The o.~ were not
deduced due to the weak intensity of the M electron con-
version peaks and the high background due to the P con-
tinuum. The major part of the quoted errors in the con-
version coefficients is due to the uncertainties in fitting
the areas of the peaks in the presence of this P contin-
uum. As can be seen from Eq. (1), the ratios n~/nl. are
independent of any normalization. We therefore deduced
these ratios for the 242-, 295-, and 352-keV transitions
from a total of five individual measurements with several
diA'erent Ra sources.

B. Angular correlations

For these measurements we used an aqueous solution
containing 10 pCi of s2sRa in equilibrium with its daugh-
ters sealed in a glass bottle 1.5 cm diam and 3 cm high.
The experimental arrangement was a standard four de-
tector system described in detail elsewhere. The four
HPGe detectors (28% efBciency) were placed at a dis-
tance of 20 cm from the radioactive source such that
angles of 15', 30, 45', 60, 75', and 90' were obtained
between the various pairs. Data were recorded on-line in
event mode and subsequently analyzed oA'-line. The co-
incidence energy spectra result from gating the p spectra
with the following photopeak energies: 53, 242, 259, 275,
352, 480, 487, 580, and 786 keV. Examples of coincidence
spectra for energy gates set on peaks at 53, 242, 487, and
580 keV are shown in Fig. 3. Integrated peak areas of
the coincidences for each angle were normalized by the
respective fitted peak areas in the singles spectra. We
obtained the coefBcients a2 and a4 from least-squares fits
of the data to the angular correlation function:

m(0) = a2QgP2(0) + a4Q4P4(0), (2)
10-
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where the PI.„are I egendre polynomials and the Q~ are
attenuation coeKcients due to the finite solid angles sub-
tended by the y detectors. In Fig. 4 we present some
of the measured angular correlations. The solid lines are
the best fits to the I egendre polynomial expansion of
Eq. (2). The angular correlation of the 806-609 cascade
in Po populated via Bi decay was obtained simul-
taneously in the experiment and was used to test the
experimental system since this cascade is known to have
a spin sequence 0 —2 —0.

C. Half-life measurements

FIG. 2. The upper part of the figure shows the electron
conversion singles spectrum for a Ra source in the energy
range 100—600 keV. The more intense K, L, and M peaks are
marked by their associated transition energies. The I and M
peaks of a Rn line of 186 keV are labeled as such. The
lower part of the figure shows the p-ray singles spectrum in
the range 200—700 keV.

The half-life measurements of the 53- and 295-keV lev-
els were performed using a P-p-p fast timing system con-
sisting of BaF2, plastic, and HPGe detectors. This setup
is described in detail in Ref. 10. The radioactive source
used in these measurements was the same as used in the
conversion electron measurement, with the Mylar P win-

dow facing the plastic scintillator. Time spectra were
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obtained from P-p coincidences using pulses from the
NE111A plastic detector and the small BaF2 scintillator
as start and stop for an ORTEC-467 time-to-amplitude
converter. Triple coincidence with an additional y line
in a HPGe detector selected the decay branch of inter-
est. Previous work with this setup has shown that for

P energies greater than 1.5 MeV the timing response of
the plastic P detector is independent of P energy. Thus,
for Ep & 1.5 MeV, lifetimes Tq~q &40 ps can be obtained
from the slope of the delayed coincidence curve, and life-
times T1~2 ~ 10 ps can be determined via the centroid
shift of the prompt peak. In the present study, how-

ever, the P energy was much lower, 600 keV, and con-
sequently the prompt peaks were non-Gaussian and the
timing response is not expected to be independent of P
energy. For these reasons, we used only the slope method
to study the lifetimes of the 53- and 295-keV levels, since
this method is less dependent upon exact knowledge of
the prompt peak shape and position. Figure 5 shows the
time spectrum obtained by setting the gate in the BaF2
energy spectrum on the 53-keV p line and the gate in the
HPGe energy spectrum on the 242-keV line. The spec-
trum shows some tailing on the start side which is due
to the low threshold set on the P constant-fraction dis-

D. ~-~ coincidences

In a recent y-y coincidence study of 2i4Pb(P )2i4Bi
y rays, Mouze et a/. proposed new Bi levels at 62.68
and 377.07 keV. These two levels, shown in Fig. 1, would
appear to explain the previously unplaced (but assigned
to 2i4Pb) p rays of 196.3(5), 314.2(4), 324.3(5), and
462.1(2) keV. There is no strong information as to the
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investigated the lifetime of the 295-keV level by setting
the BaFg gate on the 242-keV y line and the gate in
the HPGe spectrum on the 53-keV line. We obtained a
prompt time spectrum using a Co source with a thin P
window and scanning with the energy gate for the BaF2
detector on the Compton region at the same position as
for the 53- or 242-keV gates. The HPGe energy gates
were set on both the 1173- and 1333-keV peaks.
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FIG. 3. Examples of coincidence spectra obtained in the
angular correlation measurements obtained with energy gates
on the peaks of 53, 242, 487, and 580 keV. Gamma-ray ener-
gies are in keV. The placement of the transitions is given in
Fig. 1.

FIG. 4. The two upper figures are the angula. r correlations
for the 242-53 and 487-352 cascades in Bi. The lower figure
is the angular correlation for the 0 —2 —0 806-609 cascade in

Po. The solid lines are the best fits to ra(8) = a2Q2P2 (8)+
a4q4P4(8), i.e., to Eq. (2).
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FIG. 5. Time spectrum for the decay of the Bi 53-keV
level. The solid curve is a least-squares fit to the data assum-
ing an exponential decay superimposed on a Gaussian peak.
The fit to the prompt Co time spectrum (see text) is indis-
tinguishable to the eye from the fit shown which corresponds
to an exponential slope with 71g2 ——72 ps. The dashed expo-
nential decay indicates a 520-ps half-life with an error bar of
+150 ps as reported in Ref. 11.

values of these two levels.
We performed p-p coincidence measurements in a close

geometry using two HPGe and one LEPS (low-energy-
photon-spectrometer) detector and were able to confirm
the following coincidence relationships: (1) the 314- and
324-keV y rays with the 462-keV transition, and (2) the
196-keV p ray with both the 580- and 275-keV transi-
tions. Partial spectra in coincidence with gates on the
462- and 580-keV transitions are shown in Fig. 6. These
results are not as complete as those of Mouze et al.
but independently support the proposed existence of the
63- and 377-keV levels. Note that other placements of
the p transitions in question are possible. However, any
other placement demands at least one more level and an
unlikely equality of unassociated p-ray energies or their
sums.
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0 ~~' I' ~&'~+~)|I~~~~~ ~~~g~
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FIG. 6. Coincidence spectra obtained with energy gates

on the peaks of 462 and 580 keU. Gamma-ray energies are
in keV. The peaks whose energies are enclosed in parentheses
are not considered as definitely established. The remaining
transitions are placed in the level scheme of Fig. 1. The
"peak" between those labeled (107) and (170) in the 462-keV
gate spectrum is due to backscattering of the intense Po
609-keV transition from one detector to the other.

Mouze et al. also observed p transitions of 107.2,
170.0, and 216.4 keV in coincidence with the 462-keV
transition but did not consider these transitions to be
definitely assigned to Bi. As shown in Fig. 6 we also
observe suggestive evidence for these three transitions in
the spectrum in coincidence with the 462-keV gate. We
also hesitate to make a definite assignment of these tran-
sitions to Bi. Further work is necessary to establish
the placement of these lines.

TABLE I. Results of precision 7-ray energy measurements on Pb(P ) and Pb(P ). For each reference source at least
two p-ray peaks were utilized; only the principal one is listed.

Nucleus
241 A
241A
152E
1338
152K
1338

Reference p ray
E~ (keV)

59.5364(10)
59.5364(1Q)

244.6989(10)
302.853(l)
344.2811(19)
356.017(2)

Ref.

e
d

No. of
measures

10
10
21
12
21
12

Measured

46.5385(21)
53.223Q(21)

241.9983(30)
295.226(2)
351.9300(24)
351.9339(24)

Pb(P ) E~ (keV)
Adopted

46.5385(21)
53.2230(21)

241.998(3)
295.226(2)
351.932(2)

Previous

46.520(20)
53.226(14)'

241.987(8)
295.220(8)
351.930(8)

Reference 18.
b210Pb(P-)
'Reference 19.

Reference 16.
'Reference 21.
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E. Precision energy measurements
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FIG. 7. Two of the runs for Hi precision E~ determina-
tions using the mixed-source technique and a LEPS detector.
Energies are in keU and the adopted values are shown for the

Pb(P ) Bi 7 rays.

In an earlier experiment ' the y-ray energies of the
295 —+ 53, 295 —+ 0, and 352 —+ 0 transitions were de-
termined as 241.987(8), 295.220(8), and 351.930(8) keV,
respectively. Using a well-established mixed-source tech-
nique with procedures designed to minimize systematic
uncertainties we reduced the uncertainties to 3 eV
or less for these transitions and the 53 —+ 0 transition
as well. The remaining uncertainty is largely due to
the precision with which energies can be extrapolated
in the vicinity of the calibration energies and to the un-
certainties in the calibration lines themselves. Follow-

ing the methodology outlined previously we simultane-
ously measured the p spectra due to the decay of Pb
and standard reference sources, using a LEPS detector.
Numerous sets of runs were made, in each of which a
variety of amplifier gain settings, analyzer digital offsets,
and source-to-detector distances were used. Care was
taken to avoid systematic errors due to random sum-
ming and to the presence of weak unresolved p-ray lines.
Examples are the presence of a 243.56-keV peak in the

Eu spectrum due to random summing of two 121.78-
keV peaks, and the proximity of the 2Eu 295.96-keV p
peak to the 295.23-keV peak of Pb. In the analysis
of the data the peak positions were obtained using the
program LEONE, which fits a Gaussian peal' shape on a
background consisting of a step function under the peak

superposed on a polynomial function.
Table I summarizes the results of the precision p-ray

energy measurements and Fig. 7 illustrates typical spec-
tra. The next to last column of Table I gives the adopted
values for the Pb(P ) y rays. All are in agreement
with the previous results shown in the last column, but
the uncertainties have been reduced substantially. We
note that the sum 53.223(2) + 241.998(3) = 295.221(4)
keV agrees within the uncertainties with the direct mea-
surement of 295.226(2) keV for the ground-state transi-
tion. Thus the weighted-average value for the excitation
energy is 295.225(2) keV.

III. EXPERIMENTAL RESULTS

A. Internal conversion coefficients

The results of the internal conversion coefFicient mea-
surements are summarized in Table II. The accuracy
of our data regarding the ratios n~/nL, is comparable
to previous measurements. In order to obtain infor-
mation on the multipolarities of the 53-, 242-, 295-, and
352-keV transitions, a least-squares fit was made for each
transition to the I~, L, M (N + 0) data from Ref. 7, the
present I~/L ratios (Table II) and the Ii/L data of Ref.
8 (also included in Table II). The function fitted was

n;(M 1)ih + h n;(E2), h

n, (Ml), h ~ b2n, (E2),h]

In Eq. (3) R;& is the measured ratio between the normal-
ized peak intensities of conversion electrons of shell i to
a sum over those for a set of shells j; the sum is over the
L shell for the Iw/L ratios and over all measured shells
for the data of Mladjenovic and Slatis; nz(M1)ih and

n&(E2), h are the theoretical n&. values for Ml and E2
radiation, 22 respectively, and b is the E2/Ml mixing ra-
tio. Our results are in satisfactory agreement with previ-
ous results. They are close to the theoretical predictions
for M1 radiation and indicate that the major component
in the 242-, 295-, and 352-keV transitions is M1. How-
ever, our conclusions for the restrictions on the E2/M 1

mixing ratio, 6, are considerably less restrictive than
those given in the last two compilations. The results
given in the last two columns of Table II were arrived at
after a careful appraisal of the consistency of the various
spectroscopic data. The main problem which demands
this care is that the data of Mladjenovic and Slatis
although of high-energy dispersion and thus valuable—
were taken with photographic emulsions thereby giving
the relative intensities large errors which are difFicult to
assess. We demanded that their data be internally con-
sistent with a chi squared per degree of freedom, yD2, of
unity or less before combining them with the n~/nl. ra-
tios of Table II. We also examined the effect of varying
the relative uncertainties. We conclude that the more re-
strictive values of b cited in the compilations result from
unjustifiably low uncertainties on the relative intensities
and concomitant unacceptably high values of gD.
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TABLE II. Internal conversion results for electromagnetic transitions in Pb ~ Bi P decay. The present experimental
results for oI& and ni, are given in the third column while present and previous nI,-/nl. values are given in the sixth column.
The theoretical (th) values for o.r; and nr, are from Ref. 22. The limits for b —where 6' is the E2/Ml mixing ratio —were
derived from a least-squares fit to the listed results and the previous K, I, M (N + 0) data, of Ref. 7.

Shell (j)
I
M
K
I
K
I
A

E~ (keV)

53
53

242
242

295
352
352

0.73(16)
0.104(26)
0.418(38)
0.082(10)
0.280(23)
0.049(5)

n, (M l),h

9.606
2.255
0.7126
0.1235
0.4123
0.0714
0.2555
0.0442

n, (E2),h

96.82
25.49

0.1099
0.0963
0.0692
0.0440
0.0463
0.0229

oIC/L

6.97(51)
5.30(15)'
5.29(23)
5.55 (15)'
5.81(15)
5.65(15)'

&0.0030

&0.24

&0.24

&0.077

&0.055

&0.50

&0.50

&0.28

'One standard deviation.
Two standard deviation.

'Reference 8.
Reference 7 and Sec. III D.

B. Angular correlations

Table III summarizes the results of the p-p angular cor-
relations measurements. The values of a~ and a4 reported
in Table III are corrected for the geometrical factors Q2
and Q4 [see Eq. (2)j. As can be seen from Table III
the a4 values for all the cascades measured for 2i4Bi are
consistent with zero within the error limits as expected
if one or both of the two members of the cascade has a
small or vanishing quadrupole component. The angular
correlations of the first five listed cascades have a2 values
close to those expected for a pure dipole 1 —2 —1 cascade
for which a2 —+0.175 is expected. The 839 ~ 352 ~
0 cascade is isotropic within errors, and the Po 1415
—+ 609 —+ 0 cascade has a~ values consistent with the
expected values for a 0 —2 —0 cascade of aq ——+0.357,
a4 ——+1.143.

Analysis of the angular distributian data (e.g. , Fig. 4)

proceeded as follows: a spin sequence Jq —J~ —J3 was
assumed, such as 1 —1 —1, and the mixing ratio for one of
the two transitions was fixed at a particular value. Then
least-squares fits were made to m(0) for selected values of
the mixing ratio, 6, of the other transition. We use the
sign convention of Biedenharn and Rase23 for the mixing
ratios. Actually, tan 6 was varied between —90' and
+90' in appropriate steps and plots were constructed of

vs tan b. Quantitative analysis of the results to
choose allowable spin sequences and mixing ratios relies
heavily on proper error analysis. Thus a first step in the
analysis was to assume a constant systematic uncertainty
L, applicable to each datum, to form the uncertainty for
a, particular point as the sum in quadrature of the statis-
tical and systematic uncertainties, and to choose A, such
that the total ensemble of all seven angular distribution
fits of Table III had a y& of unity. The result was 4, =
-1.5%.

TABLE III. Gamma-gamma angular correlation results following the P decay of ' Pb to Bi. The 806-609 0 —2 —0
cascade in Po is also incjuded. The limits (one standard deviation) on the mixing ratio 6 refer to the upper member of the
cascade and were derived using the limits of Ta.ble II for the mixing ratio of the lower member of the cascade.

Cascade
(keV)

242 —53

786 —53

275 —259

580 —259

487 —352

806 —609

Initial
level (keV)

295

839

534

839

839

+0.194(24)

+0.156(62)

+0.207(77)

+0.131(63)

+0.156(39)

—0.011(29)

+0.343(21)

a4

—0.027(31)

+0.028(85)

—0.040 (86)

—0.056(56)

—0.006 (40)

+1.087(37)

Spin
sequence

1 —1 —1
1 —2 —1

1 —1 —1

1 —2 —1
1 —1 —1
1 —2 —1
1 —1 —1
1 —2 —1
1 —1 —1

1 —2 —1
1 —0 —1

1 —1 —1
0 —2 —0

lower

—0.28
—0.07
—0.33
—0.17
—0.45
—0.05

no useful
no useful
no useful
no useful

0.00
—0.09

0.00

upper

+0.00
+0.14
+0.11
+0.19
—0.02
+0.30

limit
limit
limit
limit

0.00
+0.40

0.00
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Examples of the yD vs tan 6 plots are shown in Figs.
8 and 9. Because of the similarity in the angular distri-
butions, plots for the first five cascades of Table III are
similar and can be discussed with reference to Figs. 8 and
9. In the analysis of these data we assume that the 2~4Bi

ground state has J = 1 (see Sec. III D1) and consider
spins of J=0,1,2 for the other levels of Table III. The
anisotropy of the angular correlations rules out J=O for
the 53- and 259-keV levels. We show the results for an
assumption of J = 0 for the 295-keV level in Figs. 8 and
9. Within the allowable values for the 53 —+ 0 mixing ra-
tio (see Table II), the solution for this assumption is well

above the 0.1'%%uo probability limit and is thereby rejected.
A similar result is obtained for the first five cascades of
Table III. Thus we can reject the J=O possibility for the
levels at 53, 259, 295, 534, and 839 keV but not for that
at 352 keV. This is the bulk of the information obtain-
able from the angular correlations. There are also some
restrictions on mixing ratios which are indicated in Table
III. As can be surmised from Figs. 8 and 9, we can rule
out a J=2 assignment for the 295-keV level; however, as
discussed in Sec. III D below, a J = 2 assignment is also
ruled out by the log fit value for the "Pb decay to this
level.

Previous evidence excludes the J = 3 possibility for

J 295
, (

242
53

„53
I

"
0

295
I(2422:: 53
)(53

100

2
X p

J=1 553 -0.055

10

-27,
-90 -60 -30

,
27'

0 30 60

tan 5 (deg)

I J=2
/

/~J=1 553 0.055:
90

FIG. 9. yD vs tan b plots for the 242—53 cascade assum-
ing the spin sequence J—2 —1. The dashed curve is for J = 0
(with b53 varied rather than b242) and the rectangle marked on
the curve shows the allowed region for ~b5q~ & 0.055 —where
this limit on b53 is from Table II. The two solid curves are the
1 —2 —1 results for b53 ——+0.055 and —0.055, respectively.
The dash-dotted curve represents the 2 —2 —1 spin sequence
for b = 0. Vertical lines at tan b = +27' delineate the region
allowed for bp4q by the internal conversion results of Table II.
The one standard deviation limits, —0.07 & b242 & +0.14,
for the 1 —2 —1 assumption are indicated by the horizontal
a.rrows.

100 =0.055 =

2
X p

10
5 53=-0.055

lflllltll/tate

-27'

-90 -60 -30

27o J-1 553 =0.055
I I I I

0 -30 -60 -90

tan 6 (deg)

FIG. 8. yD vs tan b plots for the 242—53 cascade as-
suming the spin sequence J —1 —1. b is the quadrupole-to-
dipole mixing ratio for the 242-keV transition. The dashed
curve is for J = 0 (with bq3 varied rather than bq42) and
the rectangle marked on the curve shows the allowed region
for (b53( & 0.055 —where this limit on b53 is from Table II.
The two solid curves are the 1 —1 —1 results for b = +0.055
and —0.055, respectively. The dash-dotted curve represents
the 2 —1 —1 spin sequence for b53 —+0.055. Vertical lines
at tan b = +27' delineate the region allowed for b242 by
the internal conversion results of Table II. The one standard
deviation limits, —0.28 & b242 & +0.04, for the 1 —1 —1
assumption are indicated by the horizontal arrows.

all levels of Fig. 1 except the 259-keV level. A fit of the
839 ~ 259 ~ 0 angular correlation to the spin sequence
1 —3 —1 yielded no solution for any combination of the
two mixing ratios below the I%%uo confidence level. This is
ample grounds to reject the J = 3 possibility for the 259-
keV level. Furthermore, because of the symmetry of this
decay sequence the two mixing ratios are interchangeable.
For one mixing ratio constrained by ~b~ & 0.3 and the
other mixing ratio unconstrained, all solutions are above
the 0.1% confidence limit. If the ground state and 839-
keV level have diA'erent parities —as is highly likely (see
Sec. III D) —one of the two transitions would necessarily
be an M3jE2 mixture, a ~b~ ) 0.3 for it would be quite
unlikely. We conclude that the 259-keV level has J = 1
or 2. Finally, with the assumption that the y decays from
the 839-keV level are mixed El and M2 it is likely that
the M2 component is negligible. If so, the 839 —+ 259 ~
0 angular correlation yields bqsg ——+0.03(6) or +0.12(3)
depending on whether the 259-keV level is J = 2 or 1.

C. Half-life measurements

Figure 5 shows the time spectra for the 53-keV transi-
tion which should reAect the half-life of the 53-keV level.
A comparison with the corresponding prompt spectra ob-
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tained from eoCo indicates no discernible delay for the
Bi transitions. From the slope of the tails of the time

spectra we deduce an upper limit for the half-lives of
both the 53- and 295-keV levels. The Co and 4Pb
time spectra were fitted with a function containing a
Gaussian distribution and an exponential tail. For the
53-keV window on the BaF2 detector —giving the sum

Ti~2(295) +Ti~q(53) —the results of the fits for both the
~i4Pb and so Co P-y timing show a full width at half max-
imum (FWHM) of the time peaks of 260 ps and indistin-
guishable slopes on the stop side (see Fig. 5). From this
we conclude that the combined half-lives of the 295- and
53-keV levels is &100 ps and, therefore, Tilq(53 keV) &
100 ps represents a conservative upper limit. This result
disagrees with the value of 520(150) ps obtained by Penev
et al. using the centroid shift method. We emphasize
that with the present time resolution (FWHM=260 ps)
for the 53-keV p ray a 520-ps half-life could easily be ob-
served in the time delay spectrum (as indicated by the
dashed line in Fig. 5). The time spectrum of the 242-keV

7 line is narrower (FWHM=180 ps) due to the higher y
energy. . Following a similar procedure of fitting the time
spectra an upper limit Tit2(295 keV) & 50 ps was ob-
tained. This value lowers the upper limit for the half-life
of the 295-keV level [Ti~q(295 keV) & 100 ps] as given by
Penev et al. by a factor of 2.

results of Table IV and Fig. 1 were obtained from the pri-

mary data using the least-squares-fitting program GTOL

of the National Nuclear Data Center. ~

1 C.onsideration of log fat and log fg t values

A recommended strong rule for spin-parity assign-

ments via beta decay is first for-bidden unique P tran

sitions have log fit & 8.5.2 As seen in Fig. 1, none of
the indicated Pb —+ ~ Bi decays so qualify and we

assign J & 2 to the levels at 0, 295, 534, and 839 keV.
After combining with our angular correlation result of
j g 0, we have j = 1 assignments to the levels at 295,
534, and 839 keV. The rule given above for first-forbidden

unique transitions and a similar one for second-forbidden
transitions2 can be used to yield j g 0 for the 4Bi

ground state since it decays to several Po 2+ states
with log fit & 8.5.2s

The ~i4Pb ~ i4Bi log fpt value of 4.6 (Fig. 1) has
been used to assign j = 1+ to the 839-keV level. Our
independent exclusion of J = 0 strengthens this argu-
ment since, from local systematics, the next most likely
assignment would appear to have been J = 0 . There
are no known parity-changing A J = 1 P transitions with
log fot & 5.2 and so we also adopt j = 1+ for the 839-
keV level.

D. Synthesis of results
and ~ Bi spin-parity assignments

TABLE IV. Summary of Bi level energies and
Pb(P )

' Bi branching ratios and log fpt values. The num-

bers in parentheses are the uncertainties in the last figure.

Bj level
(keV)

0.0
53.224(2)
62.68(5)

258.87(2)
295.225(2)
351.932(2)
377.03(4)
533.671(14)
838.99(2)

P branching
ratio (Fo)

8.5(10)
&1.7
+1.7
&0.34
41.09(24)
46.7(7)
~0.05

1.11(7)
2.58(11)

log fpt

6.459(56))7.0)7.0)7.4
5.263(27)
5.088(29))8.0
6.257(53)
4.561(82)

In this section we will first analyze the experimental
spectroscopic information on ~Bi and arrive at our ap-
praisal of the rigorously proven (labeled "experimental" )
spin-parity values for the Bi levels of Fig. 1. We will

then invoke other (weaker) arguments to arrive at the
most probable spin-parity values shown in Fig. 1. P
and p branching ratios and transition and level energies
were calculated from the p-ray energies and intensities of
Mouze et al. g and the present results. The P branching
ratios, decay rates, and log fat (allowed) values are listed
in Table IV together with the adopted level energies. The

The parity of the Bi levels at 0, $8, &9$,
and 8M keV

In Sec. II A we described our procedure for setting up-

per limits on the E2 component in the 53-, 242-, 295-,
and 352-keV transitions from internal conversion infor-

mation. Since the n& for El and M2 radiation fall below
and above, respectively, the values possible for E2/Ml
radiation, it is usually possible to find an M2/El ratio
for which the experimental data are reproduced as well

(or nearly) as for E2/Ml radiation. Thus least-squares
fits were also made to experiment with the M2 and E1
theoretical 0.

&
substituted for the E2 and Ml values in

Eq. (1). It was found that the internal conversion data
for the 53-keV transition could only be fitted assuming
E2/Ml radiation but that the 242-, 295-, and 352-keV
transitions had acceptable solutions for M2/El b2 val-

ues of 0.38(7), 0.31(1), and 0.35(1). The quite restrictive
uncertainties on the M2/El ratios are a result of the
very diA'erent nz values for M2 and F.1 radiation, e.g. ,

[cilia(EI)qh, oK(M2)ih] = [0.04132, 2.6890] for the 242-

keV transition. If now we combine these M2/El ratios
with the lower limits on the level lifetimes (see Fig. 1)
and the transition branching ratios, we find the M2 tran-
sition strengths are well above any reasonable limit; e.g. ,

the M2 strength of the 352-keV transition is greater than
320 single-particle (Weisskopf) units. We conclude that
the Bi levels at 0, 53, 295, and 352 keU can definitely
be assigned the same parity.

We next ask what information we have as to the par-

ity of these four levels. i4Pb ~ 2i4Bi ~ Po log fat
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TABLE V. Internal conversion results for weaker electromagnetic transitions in Pb ~ Bi P decay. The theoretical
(th) values for oJc and o'i, i are from Ref. 22. The estimates of the experimental n~ utilize the data of Ref. 7 as explained in
the text (Sec. III D).

Shell (j)
E
I,1
A
I.1
A
A
A

E~ (keV)

259
259
275
275
487
580
786

~0.58
~0.10
~0.52
~0.08
&0.024
&0.024
&0.009

a, (M 1)gh

0.5924
0.0922
0.5021
0.0782
0.1077
0.0677
0.0308

n, (E2)gi,

0.0941
0.0137
0.0818
0.0119
0.0228
0.0159
0.0088

n, (El),h

0.0352
0.0044
0.0306
0.0038
0.0086
0.0061
0.0034

as(M2)gh

2.1510
0.4618
1.7660
0.3734
0.2955
0.1763
0.0745

& 1.00

& 1.00

values are no help because all relevant decays could be
allowed or first-forbidden nonunique. The only source of
useful information is internal conversion measurements
on transitions connecting the Bi 1+ 839-keV level to
the lower-lying states. The o.~ values of the 487-keV
839 ~ 352 and 786-keV 839 ~ 53 transitions are given
in Table V. This information comes from the magnetic
spectrometer results of Mladjenovic and Slatis, which
had sufricient energy resolution to resolve these lines from
others. They did not report the observation of any de-

cays from the 839-keV level. Following Lingeman et al.
we assume the intensity of these lines is less than that of
the weakest line they observed in the nearby energy re-

gions (e energies of 765 and 392 keV), and derive limits
on the possible n~ from the normalization of Eq. (1).
However, these limits were increased by 30% to allow
for the uncertainties in the normalization. Theoretical
a~ values are given in Table V for Ml, E2, El, and
M2 radiation. If the transitions are assumed to be pre-
dominantly dipole then El radiation is strongly favored;
thus, if the 352 keV has J = 0 the case for odd parity is
strong. However, in the absence of proof of this J = 0
assignment, strongly mixed E2/Ml radiation is certainly
possible for all three transitions. We conclude that this
information strongly favors odd parity for the low-lying
states in question but is not conclusive. This conclusion
is less restrictive than previous studies, e.g. , Ref. 25,
and compilationss which gave the ground state of zi4Bi
a definite J~ = 1 assignment. However, it appears that
shell-model arguments were invoked in the compilation
whereas we have chosen to present assignments based
solely on strong experimental arguments.

8. The 259- and $8$-ke V /eeels

We next consider the parities of the 259- and 534-keV
levels. Once again, the available information is the inter-
nal conversion measurements of Mladjenovic and Slatis
which is summarized in Table V. The relevant decays
are the 275-keV 534 —+ 259 and 259-keV 259 —+ 0 tran-
sitions and the 580-keV 839 —+ 259 transition. For the
first two of these decays the nz information, derived us-
ing Eq. (1), is in good agreement with Ml radiation
and readily excludes pure E1 radiation. Both could be

mixed M2/El decays and from them we only give most
probable odd-parity assignments to the 259- and 534-keV
levels. Like the other two decays from the 839-keV level
the 839 ~ 259 transition was not observed and we arrive
at a limit as explained above. For this transition El ra-
diation is favored for the same reasons and to the same
extent as for the 839 ~ 352 and 839 —+ 53 transitions.
This gives further support to an odd-parity assignment
to the 259-keV level.

The 68- and 877 keV levels-

A noticeable feature of the p decays involving the 63-
and 377-keV levels (see Fig. 1) assigned by Mouze et al. s

and confirmed by us (Sec. II D) is the nonobservation
of y decays from the 62.68-keV level. To provide more
information on these decays, we examined singles spec-
tra such as that in the upper panel of Fig. 7 (but with
considerably higher statistics and no 2 iAm), and set
the two-standard-deviation limit I~(63)/I~(53) ( 0.003.
This absence of a 63 —+ 0 p transition turns out to be
not surprising at all. We note that a 9.47-keV 63 ~
53 transition would not have been observed in previous
studies. Assuming odd parity for the 63-keV level, the
two most likely spin assignments are J = 2 or 3. If J
= 2, both possible p decay modes would be expected
to be M1. Taking the feeding intensity for the 63-keV
level, I(196)+I(314),from the y-ray intensities of Mouze

e$ al. and the assumption of pure Ml transitions, we

find an upper limit on the branching ratio of the 63-keV
ground-state transition of (9%. If, on the other hand,
the 63-keV level were J = 3 so that the 63 —+ 0 tran-
sition were E2 and the 63 —+ 53 transition were M 1, the

p decay of the 63-keV level would be overwhelmingly (
99.9%) to the 53-keV level. Thus, in either case it is
expected that the 63 —+ 53 transition is the dominant
decay mode.

S. Summary of spin parity assignm-ents
and P decay rates

To summarize, our conclusions for the rigorously
proven spin-parity values for Bi are in the column la-
beled "experimental" in Fig. 1. The levels for which the
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parity is enclosed in parentheses all have the same parity
and with a high probability that parity is odd while the
parities enclosed in square brackets are more probably
odd than even.

If we invoke the shell model —or even local systemat-
ics —the case for odd parity for the nine low-lying states
of Fig. 1 is very strong indeed and this is so indicated in
the "most probable" column of Fig. 1. The choice of spin
assignments follows from the log fot value for the 352-keV
level, the absence of observable P decays to the 53-, 63-,
259-, and 377-keV levels, the p decay modes, and the
shell-model expectations which will be presented in Sec.
IV. In the remainder of this article we shall assume the
most probable J values of Fig. 1.

IV. MODEL PREDICTIONS
QF P AND ~ DECAY RATES

A. Shell-model calculations for A. =210 and 212

Shell-model calculations for 2roBi and 2 2Bi and for
Pb(P )2roBi and r2Pb(P ) ~2Bi were performed us-

ing the KHP, interaction which operates in the parti-
cle space above Pb shown in Fig. 10. Calculations for
A = 214 in the KHP model space are beyond our compu-
tational resources. Thus, as will be discussed, we resort
to a simplifying approximation in order to attempt an un-
derstanding of the nuclear structure of Pb and Bi.
But first we describe calculations carried out for A = 210

and 212 with the spherical shell-model code OXBASH. sr

The results of these calculations will provide the basis
for an extrapolation to A = 214. The KHP, interaction
uses as its basis the Kuo-Herling interaction but with
modifications to better reproduce the binding energies
and energy spectra of A = 210 —212 nuclei. In partic-
ular, relevant neutron-proton two-body matrix elements
(TBME) were varied so as to reproduce —essentially ex-
actly —the low-lying (E ( 2.0 MeV) spectrum of 2'OBi.

The energy spectrum of Bi was calculated with this
interaction. A comparison is made to the experimen-
tally known low-lying spectrum in Fig. 11. The J dimen-

sions of the KHP, spectrum peak at 4509 for J = 5. The
predictions for the ground-state binding energies of the
A = 210—212 Pb and Bi isotopes are in good agreement
with experiment as discussed previously. The predicted
spectrum is seen to be in fair agreement with experiment.
Note that fourteen levels are predicted for E~ (700 keV
but only nine are known; in particular, the yrast J
4 through 8 levels have not been located. A feature
of interest not shown in Fig. 11 is the energy spectrum
of even-parity states. These follow closely to the even-
parity spectrum of 2~oBi,3 with the low-lying 3+& state
at 866 keV and the 10' and 12' states at 1293 and 1294
keV arising predominantly from v0 j~5f 2 x0h9~~, where
v denotes the odd neutron with the other two coupled
to 0+. The lowest 1+ state appears at 1358 keV and is
mainly v0iqjyg vr0xg3(2.

In addition to energy spectra, the observables calcu-
lated were Pb(P )2 oBi and 212pb(P )& Bj decay
rates and a few Ml transition strengths. For both the P
and p observables, a given matrix element is formulated
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FIG. 10. The Kno-Herling (I&H) model spaces. Single-
particle energies are taken from experiment and given in keV.

FIG. 11. Comparison to experiment (Ref. 34) of the
I&HP predictions for the low-lying levels of Bi.
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MA = ) .~%(j'j/)

=) &n(»/)q (~ j/)M~(~ j/) (4)

found that the normalization factor for rank-one decays
was consistent with unity while the non-nucleonic en-
hancement factor was 2.0. Thus, the effective q (j;j/)
are those of Ref. 36 for the rank-one operators and for
Mo (j), while for Mp (j) lt is 2 Oq .(j,jf)

where n defines the matrix element of rank R, M&(j,j/)
is a single-particle matrix element for the transition
j; ~ jy in the impulse approximation, and the quench-
ing factor q~(j;j/) corrects M&(j,j/) for the finite size of
the model space and some effects of the nuclear medium.
The D~(j;j/) are the one-body transition densities which
are the result of the shell-model calculation.

For Ml transitions, the qMi(j;j/)Mi (j,j/) are cal-
culated from the effective operators derived by Arima
et aL from fundamental considerations. For first-
forbidden beta decay the matrix elements Mg(j, j/) are
calculated using Woods-Saxon radial wave functions and
the q~(j;j/) are evaluated from a consideration of core
polarization. For the rank-zero contribution to first-
forbidden P decay the selection rule j; = j/ prevails and
there are two matrix elements corresponding to the time-
like component of the weak axial-vector current, Mo (j),
and the space-like component, Mos(j). Finally, an ap-
praisal of the overall validity of the core-polarization ef-
fects and an evaluation of the non-nucleonic enhance-
ment of Mo+ (see Sec. I) was achieved by a least-squares
fit to decays in the A = 205—212 region with the over-
all strength of the rank-one contribution and the non-
nucleonic enhancement factor as variables. It was

I

B. A generalized seniority model
for A =210, 212, and 214 Pb and Bi

and

&{["'Pb(0+)] ['"Pb(0+)]), (5a)

&{['"Pb(0')] ["'B(o )]), (5b)

Indeed it was found that Eq. (5a) is a very good ap-
proximation to the relationship between the KHP, wave
functions of ~ioPb(0+i) and 2i~Pb(0+i). There are several
ways to demonstrate the applicability of Eq. (5a). One
simple way is to compare mean occupation numbers for
the seven j orbits in the neutron-particle space of Fig.
10. If we denote the mean occupation of the jth orbit as
n(j) and the mean partition of the orbits as

The even lead isotopes provide a classic environment
for the generalized seniority scheme. Accordingly, the
wave functions of the ~i2Pb(0+i) and 2i2Bi(0i ) states
were examined to see how well they were approximated
by

&[&(~11/2) &(99/2) &(j15/2) ~(ds/2) &(ds/2) ~(sl/2), &(g7/2)]

then the model of Eq. (5a) gives z'P(2i Pb(0+i)} = 'P(2ioPb(0+i)} —where 'P is symbolic fo—r P[zn(i»/2), etc.)—
while the KHP, calculation gives

P( Pb(0i )}= P[0.361, 1.332, 0.060, 0.035, 0.013,0.006, 0.192]

2'p( Pb(0+)} = 'P[0.368, 1.325, 0.062, 0.037, 0.013, 0.006, 0.188],

in very good agreement with the seniority model. Be-
cause calculations for A = 214 Pb and Bi are beyond our
resources, comparison of all three A = 210, 212, and 214
isotopes of Pb is not possible in the KHP, model space.
However, recent results of Hartree-Fock calculations for
these isotopes give mean occupation numbers for ~ Pb,

Pb, and ~ Pb in excellent agreement with the senior-
ity scheme 3s

In the generalized seniority model the low-lying odd-
parity spectra of the A =210, 212, and 214 Bi isotopes
would be expected to be identical. The experimentally
known Bi spectrum is compared to the ICHP, spectra
of Bi and ~Bi in Fig. 12. Recall that the predic-
tions for Bi are identical to the experimental spectrum.
For Bi we choose to display the predicted spectrum

rather than the experimental one because it is desirable
to have a complete spectrum for this comparison. It is
clear that the three spectra are not identical. Departures
of the yrast wave functions from generalized seniority in

Bi will be caused by mixing of the wave functions
with higher-lying states which have components due to
participation of the additional neutron pairs. Such mix-
ing will depress the states. From this point of view we

deduce that the 0& states are affected least by such mix-

ing and the mixing increases as J increases from 0 to
3. This is in qualitative agreement with an examination
of the wave functions of the Bi and Bi states. We
expect generalized seniority to be a good approximation
for the 0& states, to have lesser validity for the J = 1

2, and 3 yrast states, and to be even less applicable
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FIG. 12. Comparison of the experimental energy levels of
Bi to the KHPe predictions for the spectra of ' Bi.

The KHP, prediction for the low-lying spectrum of Bi is
identical to the experimental one. The predicted and exper-
imental spectra of Bi are compared in Fig. 11. '&he data
for Bi are from Ref. 6.

(or not applicable at all) for non-yrast states.
For the model of Eq. (5) and its extension to A = 214,

we have the simple prediction that the DIt(j ) of Eq. (4)
for A = 210, 212, 214 be in the ratio 1,~2, ~3 for allj. Thus a test of Eq. (5) for the 21 Bi(0i ) state is to
compare the D~(j) for the 2ioPb and 2i2Pb decays. We
do this for the Q~ states of Bi and Bi in Table VI.

It is clear that the prediction is very well satisfied for the
KHP, model states.

A simple prediction of generalized seniority is that the
binding energies of the A & 208 even lead isotopes have
a linear dependence on A. Only the A = 210, 212, 214
masses are known. 39 We display the relationship between
them via the two-neutron separation energies (in keV)
which are 9122(—160)8962(—202)8760 where the num-
bers in parentheses are the diA'erences between the adja-
cent S(2n) which the model predicts to be equal. Since
these difFerences are closely similar (compared to the gen-
eral situation), the model of Eq. (5a) passes this test
quite well. The similar S(np) for the J = 0i states
of oBi Bi and Bi are 8393(348)8751(257)9008.
Again, the relationship is in good agreement with the
model. In conclusion, we feel that the DJt(j) listed in
Table VI for P decay to the 0i states of both 2i2Bi and

Bi are probably a good approximation to the KHP,
interaction and to experiment.

For qs(j)Mo (j) and qT (j)Mo (j) independent of A,
Eq. (5) predicts decay rates for 2i2Bi(0i ) and 2i4Bi(0i )
two and three times, respectively, faster than that for
2ioBi(0i ), with log fot values correspondingly 0.30 and
0.48 less. However, the qg(j)Mo (j) and qT (j )M&+(j ) are
not exactly equal for the three decays. The Mg(j) and

Mo (j), as calculated with Woods-Saxon wave functions,
diA'er slightly, e.g. , via the nucleon separation energies
of the initial and final states, while qs(j) and qT(j) de-

pend somewhat on A via the occupation of the vgs~2
orbit in the initial state. The Do(j )qs(j)Mos(j) and

Do(j)qT(j)Mo (j) calculated for Bi(0i ) are listed in
Table VI. Also included are results for j =

2 from a
proton 1p-1h excitation of the initial state. This result
was obtained for i Pb(P )

i Bi(0i ) in a calculationi
using an interaction operating in a model space (PKH)
which consists of the four proton and four neutron or-
bits just below Pb and the three orbits for each just
above sPb (see Fig. 10). For ~i Pb(P ) Bi(0, ) a
similar, but highly truncated, calculation gave a result
for the Do(11/2) essentially equal to that for A = 210. It

TABLE VI. The rank-0 Do(j) for ' Pb(0+)~ ' Bi(0 ) and the Mo (j) and Mo (j) of
Eq. (4) for '"Pb(0+) ~ "Bi(0 ).

99/W

97/2
"s/~

S1/2

11/2

Orbit

hg/2

f7(2
fsg2
P3/2
P1/2

Do(j)
A =210

0.3612
—0.0089

0.0064
—0.0025

0.0019
0.0253

V2Do(j)
A = 210

0.5108
—0.0126

0.0091
—0.0036

0.0027

Do(j)
A= 212

0.4906
—0.0123

0.0093
—0.0033

0.0026
0.0230

Total

~o (j)
A= 214

—6.0539
—0.247
—0.123
—0.053
—0.023

0.556
—5.943

~o (j)
A = 214

84.785
4.958
1.485
0.769
0.309

—10.830
81.477

Calculated from Eq. (4) with the Do(j) taken as ~3 times the Do(j) for A = 210 listed in the
third column.
Do(11/2) was calculated in a full 1p-1h model space for A = 210 and in a truncated 1p-1h model

space for A = 212. The A = 214 value was assumed equal to that for A = 210.
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should be noted that the contributions of the Mo' (j) toS,V'

the Mo' are coherent with only the j =
2 particle-hole

contribution out of phase. Thus, the calculation of the
matrix elements is insensitive to reasonable changes in
the interaction.

The relationship between fot and the Mo and MoT

has been given previously. i 2 The final results for the
log fot values of the three 0+ ~ 0 P decays are com-
pared to experiment in Table VII. It is seen that the
agreement is good. Also included in the table is a sim-
ilar comparison for the rank-one decays to the first two
1 states in 2 Bi and, since it is the only 1 state
energetically accessible, the ground state of Bi. These
decays show the same trend of decreasing log fat with in-
creasing A as the rank-zero decays; however, for these
rank-one decays we only expect qualitative agreement
with the generalized seniority model for two reasons.
First, as has been discussed, the model is not expected to
work as well for the 1 state and is expected to be even
less accurate for the 12 state. Second, for the 1& state the
decay is dominated by vg9/z a~9!2 and for this tran-
sition the contributions from the three rank-one matrix
elements add destructively and almost exactly cancel for
A = 210. Thus the agreement achieved with the KHP,
model for the ' Pb decays to the 1& state is extra-
ordinarily good, The decays to the 12 states in Bi
are a combination of viiit2 ~ xhs~z and vgsg2 xf7y2.
The rates are quite fast but sensitive to the relative con-
tributions of the various orbits which are themselves sen-
sitive to the mixing between the 12 and 13 states. In
view of this, the predictions are considered to be in sat-
isfactory agreement with experiment.

C. The 01 11 a11d 21 ~ I» Af 1 transitions
210,212,214~i

In the generalized seniority approximation of I"q. (5)
electromagnetic transitions in ~'- 2 Bi will be equal.
From an examination of the KHP, wave functions for

Bi and 2Bi we expect this to be a fairly good approx-
imation for the 0& ~ 1] and 2& ~ 1~ M 1 transitions in

l Bi. This expectation follows from the approx-
imate validity of the generalized seniority model for the
0,1, and 2 yrast states of Bi and also from the
fact that the 0l 1s and 2s 11 M1 transitions in

Bi are very strong and thus relatively insensitive to

changes in the wave functions. In both Bi and Bi
the 0& —+ 1& and 2& ~ 1& M1 transitions are rather
pure vr hgy~ vg9~2 ~ m h9~2vg9~2 transitions for which the
proton and neutron contributions are constructive. The
predictions for the B(M1) values are given in Table VIII
along with the data needed to convert them to mean lives,
and the predicted and experimental mean lives. The sim-
ilarity to pure xh9~2vg9g2 ~ ~69~2vg9~2 transitions is

exemplified by comparing the z'oBi 0, ~ 1, result of
B(M1) =8.62'~ for the pure configuration to the KHP,
value of 8.59@~. It is also interesting to compare the re-
sult for this transition to that corresponding to the use
of free-nucleon operators which is B(M1) =6.43p~2 for
the KHP, interaction. As can be seen in Table VIII,
there is a small reduction in the B(M1) values in go-
ing from Bi to Bi as would be expected for a small
departure from generalized seniority. We arbitrarily as-
sume the same fractional reduction in going from Bi
to 214Bl

The predicted mean lives of Table VIII are seen to be
consistent with the rather uninformative experimental in-
formation in five of the six cases. The experimental value
for the Bi 2& —+ 1& transition is in disagreement by
1.5 standard deviations —not enough to be of concern in
view of the notorious opportunities for systematic error
in the centroid shift method by which this experimental
value was obtained. A mean life of 7.5 + 1.5 ps for the
319-keV Bi 2& ~ 1& transition was measured by Don-
ahue et aI. using the recoil-distance technique. How-
ever, Donahue et a/. pointed out that this mean life is to
be associated with the 319-keV level and any unobserved
cascades into it. The Bi 3& level lies at 347.9 keV,
28.2 keV above the 2& level, so that a 348 —+ 319 cascade
so qualifies; hence the limit shown for the experimental
mean life of the Bi 2& level in Table VIII. Using the
KHP, interaction and an additional eA'ective charge for
both neutrons and protons of 1.0e, we obtain predicted
transition strengths for the Bi 3& ~ 1& and 3& ~ 2l
transitions of B(E2) =860 e fm and B(Ml) =3.33p~,
respectively. When combined with the internal conver-
sion coeKcients for pure E2 and M1 radiation, respec-
tively, these strengths give a 3~ —+ 2l branching ratio of
98.0%, with 2.0% going to the 1i ground state. This pre-
diction is in good accord with a 3& —+ 2& branching ratio
of 98.5 + 0.5 % deduced from the recent (n, y) results of
Sheline et al. using the same assumption of pure E2
and Ml radiation. The KHP, prediction for the mean

TABLE VII. Comparison of model and experiment for the log fot values of the ' ' Pb(0+) —+ ' ' Bi(oi,1, , 12 )
transitions.

210
212
214

Expt.

5.468 (43)
5.190(20)
5.088(29)

0+ 0—
Model

5.567
5.234
5.008

Expt.

7.827(66)
6.8O9(9O)
6.459(56)

0+,

Model

7.838
7.130
6.954

Expt.
0~ ~ 12

5.363(38)
5.263(27)

Model

5.632
5.456

Taken as the predicted log fot for A = 212 minus 0.176.
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TABLE VIII. KHP, predictions for 0~ ~ 1& and 2~ ~ 1~ M1 transitions in ' ' Bi. The E2 contribution to the
mean life of the 2r ~ 1~ transitions is predicted to be negligible. To obtain the B(Ml) in single-particle units divide by
1.7905.

Oq -~ lq 2x 1

Quantity

(keV)

210B

46.52

212 Bi

238.63

214 B'

351.92

210 B

319,8

212 Bi

115.18

214 B'

53.23

a(Ml)

B(M1)

r(KHP, )

r(expt. ) (ps)

18.73

8.59

&4300

0.910

7.64

0.29

2+3'

0.313

6.69

0.15

(144

2.94

0.42

(7.5+1.5'

2.28

2.0

11+6

12.62

1.62

Assuming a linear extrapolation from the A = 210 and 212 isotopes.
Reference 41.

'Reference 42. This value is erroneously given as 1.5 + 0.3 ps in Ref. 34.
Reference 11.

'Reference 43, see text. This value is incorrectly given as 7.5 + 1.5 ps in Reference 41.
Reference 44.

~Present value.

life of the 3& level is 8.6 ps in excellent agreement with
the experimental value of 7.5 + 1.5 ps which should be
associated with the 3& level with no eAect from the 2&

level.

D. The level schemes of ' ' Bi
and the 1+~ state of Bi

The comparison in Fig. 12 indicates an increasing
compression af the low-lying odd-parity spectra of the

Bi isotopes as A increases. This is particularly
noticeable for the 2& levels of Bi and —if our
speculated 2 assignment for the Bi 377-keV level is
correct —also for the 2s levels (note, however, that we

have indicated the possibility of associating the 377-keV
level with the 3+& level as well). As noted in Sec. III B,
this compression indicates a significant contribution from
the neutron pairs added as A increases from 210 to 214.
Another noticeable feature of the comparison is that the
experimental spectrum of Bi, like that of Bi, has
numerous missing states, e.g. , the yrast 4 through 10
states.

A sizable compression is also noticeable for the 1+& state
which is predicted at 1929 and 1358 keV in Bi and

Bi, respectively, and lies at 839 keV in 4Bi. The
Bi 1& level is a pure m0i~3g~v0iz~~~ state in the KHP,

model space. The Bi KHP, level is fairly well repre-
sented as

i.e. , by the generalized seniority scheme. No "intruder"
state fram outside the KHP, model space is expected
to succeed the predominantly miq3gq state as the yrast

state in Bi and so we assaciate it with the 839-keV
level to which sr4Pb decays with log fat = 4.56. Assum-
ing a quenching of the Gamow-Teller matrix element by
0.7, the I&HP, predictions for the hypothetical (i.e. , they
are not energetically allowed) Pb(0&+) ~ Bi(1+r) Gamow-
Teller log fot values are 4.01 and 3.92 for A =212 and 214,
respectively. The experimental value for A =214 of 4.56
gives a Gamow-Teller matrix element 2.1 times smaller
than the KHP, prediction for A =212. Clearly, this is
an indication that the 1& state of Bi deviates consid-
erably from the predictions of the generalized seniority
scheme.

V. SUMMARY AND CONCLUSIONS

The work presented in this paper can be separated into
three topics: (i) measurements designed to add informa-
tion on the spectroscopy of ~r4Bi and ~~ Pb(P )~ Bi,
(ii) an analysis of the present and previous measurements
to arrive at mell-separated "experimental" and "most
probable" spin-parity assignments, and (iii) shell-model
calculations and application of the generalized seniority
scheme to A =210, 212, and 214. Let us summarize these
three subjects in turn.

Our measurements of internal conversion coeKcients
are in agreement with previous results and help to set
limits on the amount of E2 radiation contributing to
predominantly Ml transitions (Table II). These limits
were set after a careful appraisal of the present and all
available previous information. The main finding from
the angular correlation measurements is that the levels
at 53, 259, 295, 534, and 839 keV have J ) 0 but the
352-keV level is most probably J = 0. A J = 1 or 2
assignment is made to the 259-keV level. Lifetime lim-
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its were obtained for the 53- and 295-keV levels. The
limit T&~2 & 100 ps for the 53-keV limit is in contrast
to the value of 520 + 150 ps found by Penev et al.

y coincidence measurements confirmed the existence of
the 63- and 377-keV levels found by Mouze e] aI,. via
similar measurements. Some incidental p-ray energy and
intensity measurements were made. The y-ray energies
and intensities determined in this work and by Mouze et
aL were combined by a least-squares-fitting procedure to
give "best" level energies, P branching ratios and log fat
values (Table IV).

We described the analysis of the present and previous
spectroscopic information in Sec. III D. We emphasized
that of the known levels of zi4Bi (Fig. 1), only the 839-
keV level has a definitely known parity. However, the
levels at 0, 53, 295, and 352 keV have the same parity.
This parity and that of the 259- and 534-keV levels could
probably be determined via measurements of the internal
conversion of the decays of the 839-keV level. This is
certainly true if these decays are essentially pure El as
appears most likely. It is also emphasized that only if
local systematics —as formalized by the shell model-
are invoked can the parities of the low-lying states be
determined. From this point of view the parity of all
known states below that at 839 keV are almost certainly
odd. However, consideration of the KHP, shell-model
predictions for 2zo, azaBi suggests the possibility of one
or more even-parity levels with E ( 839 keV. We also
pointed out that at least seven further levels with J
4 through 10 are expected in this energy range.

The motivation for this study was an interest in ex-
tending our understanding of first-forbidden P decay to

higher mass number. It is expected that the A = 205-214
nuclei, for which very fast first-forbidden P transitions
are known, all have single-particle structures which can
be explained within the model space of Fig. 10. That is,
the collectivity that would bring in further active orbits
is not expected so close to the doubly magic Pb shell
closure. Shell-model calculations for the A = 210 and
212 Pb and Bi isotopes are described. These were per-
formed with the m-scheme program OXBASH. si Calcu-
lations with this program are not presently feasible and
so we resort to the simplifying assumption of generalized
seniority in order to extend our understanding of the P
decay systematics to A = 214. In this we are successful:
the log fut values of 2i4Pb decay can be understood by
an extrapolation of the results for 2iozi2Pb decay. Still
a shell-model study of 2 Pb decay and a more quanti-
tative exploration of the extent to which generalized se-
niority works in Pb and Bi would be of interest. A
natural approach would be to perform calculations with
a computer program which allows seniority truncation
(not possible in the m scheme). It is hoped that this can
be done in the near future.
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