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The properties of high-spin states in ' 9' 'Bi have been studied with the ' '9 Pt(' By5n& )' 'Bi
reactions at.energies between 57 and 72 MeV. In-beam measurements of y-ray excitations, y-y-t
coincidences and correlations, y-ray angular distributions, and pulsed-beam-y timing were per-
formed with Ge detectors to determine level energies, decay schemes, y-ray multipolarities, J as-
signments, and isomeric lifetimes. Levels along and near the yrast lines were established up to
J= 2, including a number of isomers. The systematic trends of three-quasiparticle level energies in

odd-mass Bi isotopes have been extended and compared with calculations involving neutron-hole
configurations of the Pb-core isotones. The transition strengths extracted for ' 'Bi are compared
to Pb-region values. In addition, an isomeric lifetime was measured in Bi.

I. INTRODUCTION

Nuclei in the vicinity of the doubly-closed nucleus Pb
(Z =82,N=126) have been successfully interpreted in
terms of shell-model configurations of a few valence nu-
cleons coupled to a core in its 0+ ground state. High-spin
yrast states are particularly suited for detailed structure
studies, since they usually are dominated by a unique
wave-function component. Recently the isotopic chains
of odd-A bismuth (Z =83) and astatine (Z =85) have
been studied for N & 126 in great deal with (HI, xn) reac-
tions and in beam y-ray and conversion electron spectros-
copy. For the astatine nuclei, ' the studies have reached

'At(m. v '
) and for bismuth, Bi(nv ). The

motivation for pursuing these studies as a function of neu-
tron number stems from the competition that is expected
to develop at large neutron deficiencies between the quasi-
particle and collective degrees of freedom.

There are two aims in these studies. The first is to ex-
amine the quasiparticle behavior of the well-known pro-
ton states, defined in the N=126 isotones Bi(m) and
"At(m ), when coupled to neutron-hole states in the

even-A lead cores. The assignment of specific configura-
tions, where mixing is not strong, is important in order to
interpret excitation energies and interaction strengths.
The second aim is to search, as the ¹ 126 neutron shell
is increasingly depleted, for the onset of collectivity as
manifested by, e.g., enhanced B(E2) transitions and a
participation of collective structures in the yrast spectra.
In the Z & 50 transition region, by comparison, the g9/2
proton-hole intruder states induce low-lying AJ = 1 collec-
tive bands, which coexist with the quasiparticle states, in
the odd-A isotopes of Sb (Z=51),' I (Z =53)," and CS
(Z= 55).' The h t ~ ~z proton hole, which would be the
corresponding high-spin intruder for the Z & 82 transition
region, is expected to drop in energy with increasing neu-
tron deficiency for the odd-A Bi (Z=83) nuclei as does
the s&~2 proton hole. ' Such collective phenomena serve

as probes of the potential energy surfaces under the
changing stress of large imbalances in the number of neu-
trons and protons.

In the present paper, the high-spin states in 'Bi
(N=118) and ' Bi (N=116) have been studied via the
(' B,5n) reaction. Their interpretation is simplified since
the structure of the underlying core nuclei ' Pb are
known in some detail. ' Extended studies into ' Bi
(N=114) and ' Bi (N=112) are being reported in subse-
quent papers. ' ' When the present study began, only
scant data on high-spin states in " Bi were available.
Beta-decay studies' of the —", isomers in " Po had
revealed several excited states in " Bi, although these
results had been questioned because of errors found in
the same study for Bi. Some information on low-spin
states was known. ' ' Preliminary reports of the present
work have been presented. ' Recently, information on the
level scheme of 'Bi has been obtained by the (ct,6n) reac-
tion during a study of neighboring Bi.

The experimental techniques used in the present
(Hl, xny) study are briefly outlined in Sec. II. In Sec. III,
the experimental results are presented and a discussion of
the interpretations is given in Sec. IV.

II. EXPERIMENTAL TECHNIQUES

High-spin states of ' ' 'Bi were studied via the
Pt(' B,5ny)' ' 'Bi reactions with ' B beams of

57—,72 MeV from the Brookhaven National Laboratory
tandem Van de Graaff facility. The ' Pt target (enriched
to & 95%) was 7 mg/cm thick (DE=4.2 MeV), while the

Pt target (enriched to ~ 95%) was 3.6 mg/cm
(DE=2.2 MeV). The y rays produced were detected with
Ge(Li) detectors having energy resolutions of 1.8—2.3 keV
full width at half maximum (FWHM) and efficiencies of
10—20% (relative to a 7.6 cm X7.6 cm NaI detector at
1.33 MeV). In addition, a 7 mm thick intrinsic-Ge planar
detector was used for part of the measurements to detect
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the lower energy photons (50—150 keV) with higher reso-
lution and less compton background.

Gamma-ray excitation functions were recorded from 57
to 72 MeV for the ' Pt target to determine the optimum
beam energy and to identify transitions in 'Bi. The y-
ray yields were measured relative to the integrated beam
current as a function of bombarding energy. The op-
timum beam energy was found empirically to be 67 MeV
for the ' Pt target; using this result, the optimum energy
to study ' Bi was estimated to be 70 MeV for the ' Pt
target. An inspection of the y-ray singles spectrum pro-
duced by 70 MeV ' 8+ ' Pt, which showed weak but
comparable populations of the ' Bi and Bi odd-odd
channels, indicated that this energy was indeed suitable
for the ' Bi experiments.

In order to obtain information on the transition mul-

tipolarities, the y-ray angular distributions were measured
in singles at seven angles between 75 and 160 relative to
the beam direction with a second detector at —90 serving
as a monitor. Angular-distribution coefficients A2/Ao
and A&/Ao as well as the relative y-ray intensities Ir
were extracted from least-squares fits to the normalized
photopeak areas; a small solid angle correction was ap-
plied.

Gamma-y coincidence measurements were performed
at the optimum beam energies with two Ge(Li) detectors

200--

202
Bl

~ 201
Bl

200 8

100-- —V967.4—v 271.9
F630.6

&617.3
r 786.3

57 67

Ebeam (MeV}

——~ V597.8
72

FIG. 1. Relative ' ' Bi y-ray photopeak intensities
recorded at 0=54.7 produced by ' B+ ' Pt and corrected for
the efficiency of the Ge(Li) detector. The y-ray energies are list-
ed in keV. The statistical uncertainty for each datum is smaller
than the symbol used. The average beam energy loss in travers-
ing the target is 2.6 MeV.
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FIG. 2. (a) Spectrum of y rays, produced by 67 MeV ' B+ ' Pt, in coincidence with a second Ge(Li) detector. The most intense
Pb and Bi transitions are labeled. (b) Summed spectrum of four 'Bi background-subtracted y-y coincidence spectra gated on

the 967.4, 411.9, 271.9, and 185.8 keV y rays. (c) Same as (b) except that in addition a time-to-amplitude converter gating condition
selects only those 'Bi y rays prior in time to the four transitions as discussed in the text.
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PEG. 3. Proposed level scheme for 'Bi. The energies listed are in keV. The five isomeric levels are indicated by thick lines. Rela-
tive intensities, shown in parentheses, do not include internal conversion. The 2 single-proton level shown was observed previously
in 'Po decay (Wood, private communication).

at —90 and 154'. The results were recorded event by
event on magnetic tape for subsequent analysis. This
detector geometry had the advantage that a partial y-y
angular-correlation measurement was obtained, in addi-
tion to the coincident-intensity information. For a pair of
coincident y rays, y ~ and y2, the correlation ratio R is de-
fined as:

I[y, ( —90'),y, (154')]R=
I[y)(154 ) yz( —90 )]

where I[yl( —90'),y2(154 )] is the efficiency-corrected
rate for detecting y~ in the —90 detector in coincidence
with y2 in the 154' detector. The ratio R was determined
for several transitions, whose multipolarity was of in-
terest, with known stretched E2 transitions in strong coin-
cidence. The empirical ratios are compared with ratios
calculated for various possible level spins and y-ray mul-
tipolarities. This, together with extracted coincident in-
tensities, provided a valuable consistency check and a test
against contaminating y rays.

The level schemes were constructed on the basis of the
coincidence information, in combination with measured
singles y-ray intensities. Excitation functions, lifetime in-
formation, and conversion-coefficient limits extracted

from measured y-ray intensities also aided in these assign-
ments.

The decay rates of isomeric states were measured using
'OB beams pulsed with a'repetition period of 2 ps and a
pulse width of about 10 ns FTHM. Decay curves were
extracted for the y rays of interest, and the decay time
( t

& &2 ) as well as the intensity of the delayed component
were obtained from computer fits to time intervals start-
ing after the pulse. For the pulsed-beam experiments,
data were acquired using both a large Ge(Li) detector and
an intrinsic Ge planar detector.

III. RESULTS

Excited states of ' ' 'Bi had previously been studied
out of beam' ' ' following the /3+-EC decay of the —',

13 +
and —, isomers of ' ' 'Po as mentioned. Figure 1

shows the observed y-ray yields for ' B + ' Pt as a func-
tion of the ' B beam laboratory energy for several of the

'Bi(5n) transitions known from the previous studies.
For comparison, the yields for the most intense transitions
in the neighboring odd-odd Bi(6n) and Bi(4n) chan-
nels are also shown.
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FIG. 4. (a) Distribution of time delays from the pulsed
beam-y measurements for the 499.0 keV transition in 'Bi. (b)
Similarly for the 617.3-keV transition in 'Bi. (c) Similarly for
five low-lying 'Bi transitions. All of these time spectra (semi-
log plots) were obtained with a large Ge(Li) detector except for
the 95.3-keV spectrum, which was recorded using an intrinsic
Ge planar detector. The relatively large prompt component
shown for the 95.3 keV y ray indicates that it lies below the
271.9- and 185.8-keV transitions as shown in Fig. 3.

A. Levels of 'Bi

Figure 2(a) shows the open-gated y-ray spectrum ob-
tained from a 9 + ' Pt y-y- t coincidence experiment at
67 MeV. Displayed in Figs. 2(b) and (c) are the sum of
four background-subtracted y-ray spectra gated on the
transitions: 967.4, 411.9, 271.9, and 185.8 keV. Figure
2(b) was obtained with no gating condition on the corre-
sponding time-to-amplitude converter (TAC) signal, while
for Fig. 2(c) only the prior time region of the TAC spec-
trum was included (0.5 IMs range). Therefore, Fig. 2(c) im-

plies the existence of isomeric delays (&5 ns) in 'Bi.
The background-subtracted spectra gated by individual
transitions allowed the construction of the level scheme
for ~Bi as shown in Fig. 3 (see discussion below). The
extracted y-ray intensities, angular correlations, and
angular-distribution information are listed in Table I.
The relative intensities are, in general, obtained from sin-
gles measurements with good statistics, but are verified by
the coincidence measurements; the latter are used where
doublets prevented the resolution of a specific photopeak.
When a y ray, whose multipolarity is to be checked by
y-y correlations, is coincident with more than one
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FIG. 5. (a) Distribution of time delays, obtained from y-y
coincidence data, between the 617.3 keV y ray in 'Bi and the
four transitions: 967.4, 411.9, 271.9, and 185.8 keV. These data
are described well by a single lifetime, although a second short
lifetime cannot be ruled out. (b) Distribution of time delays be-
tween the 679.8 keV y ray in 'Bi and the same four transi-
tions. The fitted curve is a two-lifetime fit although a single-
lifetime fit cannot be ruled out.

stretched E2 transition, the correlation ratios can be aver-
aged in order to minimize the statistical uncertainty. For
each correlation ratio listed in Table I, the number of
stretched E2 transitions utilized is given in the sixth
column.

Figure 4(c) summarizes the y(t) data for five low-lying
'Bi transitions. It is seen that the 271.9 keV y ray has

relatively more intensity in the t=0 peak than does the
185.8 keV transition, while the 95.3 keV y ray, in turn,
has even more. This is evidence that the ordering of these
three transitions is as shown in Fig. 3, in agreement with
the recent report by Broda et al. An unobserved

—+ —,
' transition is placed in the level scheme, as

shown in Fig. 3. The energy is less than 80 keV, other-
wise it would have been observed. This transition is anti-
cipated from the closeness of the yrast 7 and 9
(hZ=84 keV) states in the Pb core nuclide, while
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TABLE I. Transitions in 'Bi produced by the ' Pt(' B,5ny) 'Bi reaction with E1,b ——67 MeV. The A2/Ap and A4/Ap values
have been corrected for the detector finite solid angle and the relative y-ray intensities have been corrected for the Ge detector effi-
ciency. The correlation R is defined by Eq. (1), while M is the number of coincident stretched E2 transitions used to determine R.

Transition

energy

{keV)

Relative

y-ray
intensity A2/Ap A4/A p Assignment

38.9'

71.6

88.88+0.12

95.26+0.15

118.81+0.15

150.45+0.60

152.36+0.35

169.40+0.35

179.95+0.45

185.77+0.20

190.49+0.25

192.5+0.7
197.20+0.35

250.16+0.35

258.37+0.35

271.91+0.20

284.19+0.25

287.29+0.35

366.62+0.35

382.20+0.40

396.44+0.35

411.86+0.20

414.89+0.50

421.84+0.50
428.18+0.35

440.87+0.35

462.2+0.8
467.96+0.40

498.95+0.25

552.49+0.35

572.45+0.40

617.27+0.25

657.35+0.30

7.8+2.3'

4.7+ 1.2

1.61+0.09

0.92+0.06

1.46J0.15

0.61+0.07

1.43 +0.08

51.25+0.52

8.41+0.10

3.7+0.7'

2.77+0.10

1.41+0.08

2.33+0.08

89.98+0.90

10.01+0.22

6.4+0.9'

4.6+0.8'

3.6+2.3'

5.18+0.08

80.7+2.2'

2.88+0.14

4 3+07'
3.1+0.7'

5.11+0.12

2.6+0.7'

1.4+0.7'

23.66+.24

1.16+0.12

1.96+0.17

32.31+0.33

3.9+0.7'

—0.04+0.18

—0.08+0.12

—0.18+0.14

—0.23 +0.09
—0.68+0.21
—0.13+0.11

~ 0.157+0.010
—0.128+0.024

—0.05+0.08
—0.24+0.11

—0.36+0.07

+ 0.189+0.006

~ 0.238+0.042

—0.325+0.032

—0.128+0.004

~ 0.07+0.06

—0.17+0.05

—0.390+0.013

—0.70+0.22
—0.67+0.17

—0.087+0.015

—0.09+0.28

~ 0.05+0.19

—0.18+0.22

—0.07+0.15

—0.02+0.33

+ 0.35+0.18

—0.017+0.017

—0.029+0.040

—0.05+0.13

+ 0.03+0.18

~ 0.04+0.11
—0.012+0.009

—0.098+0.070

—0.010+0.053

—0.010+0.006

+ 0.00+0.09

d

d

+ 0.12+0.08

+ 0.032+0.022

—0.40+0.34
—0.23 +0.27

—0.015+0.023

0.65+36

0.95+0.06

0.922+0.044

0.67+0.27

0.58+0.21

1.41+0.08

1.14+0.22

1.02+0.10

25 +
2

29 — 29 +~(—)2 2 2
29 29 +
2 2

17 15
2 2

Mostly M1
29 + 27 +

(—)~—22 23
29
2

35
2

(~3423 ~6)
33
2

21 + 17, +
2 2

29 27 +
2 23

201Bi

201B1

27 + 27 +
23 22
1.5 (

[
5

1

'
201Bi

17 + 17
2 2

33 33
23 2

i

t'i (o.58
33 31
2 2

27 + 25 +
22 2

201Bi
35 33
2 2

6= —0.24+0.11
15 13—
2 2

5= —0.023+0.017
15 11
2 2

2590+ 5
3423+6—+2995~6

29 27 +
2 2

2& +
2 3
31
2

31 29
2 2

5= —0.33+0.11
201B1

33 31
2 3 2

6= —0.41+0.11
27 + 25 +
23 2

5= +0.046+0.028
25 +
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TABLE I. (Continued).

Transition

energy

(keV)

679.83+0.30

735.96+0.35

754.89+0.35

786.32+0.30

797.85+0.40

844.1+0.8
846.1+0.7

963.9+0.8

967.42+0.25

987.31+0.35

1062.4+0.8
1358.71+0.45

Relative

y-ray

intensity

14.41+0.15

3.10+0.16

2.60+0.12

25.04+0.25

2.26+0.11

3.59+0.10

4.4+1.0'

12.52+0.22

= 100.00+0.54

9.97+0.14

4.34+0.15

3.26+0.11

A2/AP

—0.312+0.015'

+ 0.20+0.11

—0.02+0.09

+ 0.113+0.014

+ 0.63+0.10

+ 0.05+0.06

+ 0.134+0.053'

—0.152+0.035'

, + 0.152+0.011

+ 0.231+0.027

+ 0.16+0.08

+ 0.23+0.07

a/Ao

+ 0.020+0.025'

—0.06+0.17

+ 0.60+0.15

+ 0.031+0.023

—0.07+0.16

—0.03+0.10

+ 0.086+0.090'

—0.023+0.057'

—0.025+0.018
—0.056+0.046

—0.01+0.11

—0.18+0.12

1.42+0.31

0.75+0.40

Assignment

29 + 27 +
2 2

5= —0.15+.12
29 + 25 +

(—)~—
2 2 2

(—)~—13 11
2 2 2

33 29
2 2

( —, )~(—,, )
37 35

201B1

22 22
35 33

11 9—
2 2

5= —0.04+0.07
13 9—
2 2

33 29 +
(—)~—2 2 2

2995+3,~—,

201B1

The evidence for this unobserved transition is based upon y-y coincidence relationships observed for preceding and following transi-
tions.
The evidence for this unobserved transition is based upon delayed lifetime data for the succeeding transitions

'The intensity is better determined from coincidence data.
This transition is unresolved from another transition.

'This value may be perturbed by an unresolved transition.

TABLE II. Lifetime results for ' 'Bi obtained both
from y-y-t coincidence data {1ps time range) and from pulsed
beam-y data (2 ps repetition period).
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FIG. 6. Results of the analysis of the ' 'Bi lifetimes as dis-
cussed in the text. (a) The curve encloses the allowed

+ /v(1. 5) values for the half-lives of the 2 and 2' levels

in 'Bi obtained from the y(t) data for the 185.8 keV transition.
{b) Similarly for the 274.8 keV transition in ' Bi except that in
this case g /v & 2.5.
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FIG. 7. (a) Spectrum of y rays, produced by 70 MeV ' 8+ ' Pt, in coincidence with a second Ge(Li) detector. The most intense
' "9 ' ~Pb transitions are labeled. (b) Summed spectrum of four ' Bi background-subtracted y-y coincidence spectra gated on the
1002.2, 499.6, 145.7, and 274.8 keV y rays. (c) Same as (b) except that a TAC gating condition selects only those y rays prior in time
to the four transitions as discussed in the text.

analogous transitions have recently been reported in near-

by ' Bi by Hiibel et a/. ' who observed the conversion
electrons produced via the (a, 4ny) reaction. There are
two additional unobserved transitions placed in the level
scheme of Fig. 3. The existence of the 71.6-keV transition
is indicated by the pulsed-beam data which show a de-
layed component of t~~2 —124 ns both for the 118.8- and
736.0-keV transitions. The presence of the 38.9 keV tran-
sition follows since the 679.8 keV transition is observed in
coincidence with the lower transitions with a time rela-
tionship shown in Fig. 5(b); further discussion is given
below.

Five of the 'Bi levels shown in Fig. 3 were found to be
isomeric, i.e., t&&2 & 5 ns. The half-life of the —", isomer-
ic level shown in Fig. 3 is best determined by the statistics
of the 2 ps pulsed-beam y(t) data shown in Fig. 4(b) for
the 617.3 keV transition. The result is t&~2 ——124+4 ns.
An analysis of the y(t) data for the 499.0 keV transition

shown in Fig. 4(a) shows that an additional isomer with

t&~2 ——14+3 ns occurs at or above the 3526+6 keV level
(the 786.3 keV y ray also displays this delayed com-
ponent). We are unable, however, to assign this half-life
to a specific 'Bi level. Broda et a/. have also found a
half-life of —10 ns from an isomer at or above the
3810+6 keV level.

The other four isomers in 'Bi were found from the
y-y-t coincidence data. For example, Fig. 5 displays
background-subtracted time-delay spectra associated with
several y-y coincidences in 'Bi. Figure 5(a) displays the
sum of four time-delay spectra for the 617.3 keV transi-
tion in coincidence with each of the four transitions:
967.4, 411.9, 271.9, and 185.8 keV. Figure 5(b) shows the
time-delay spectra for the 679.8 keV transition in coin-
cidence with the same four transitions. The spectra in
Fig. 5(a) are characteristic of a single intervening isomeric
level, although the data do not rule out a short-lived
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TABLE III. Transitions in ' Bi produced by the ' Pt(' 8,5ny)' Bi reaction with E1,b ——70 MeV. The A2/Ap and A4/Ap values
have been corrected for the detector finite solid angle and the relative y-ray intensities have been corrected for the Ge detector effi-
ciency. The correlation R is defined by Eq. (1), while M is the number of coincident stretched E2 transitions used to determine R.

Transition

energy

(keV)

80.0'

87.6'

107.31+0.40

145.70+0.20

197.60+0.30

205.13+0.25

239.76+0.40

251.13+0.25

257.55+0.25

274.82+0.20

285.16+0.25

315.80+0.20

328.64+0.30
343.41+0.30

352.05+0.35

353.52+0.35

362.01+0.25

366.96+0.25

379.66+0.38

Relative

'V-ray

intensity

1.5+ 1.1

75.2+0.8

4.4+ 1.0

7.68+0.09

1.81+0.10

6.40+0'.07

4.80+0.08

81.3+0.9
14.91+0.15

38.86+0.39

3.8+1.0b

5.5+0.9
2.86+0.06

2.5+0.6
6.13+0.11

5.2+1.1'
4.57+0.10

A2/AP

+ 0.133+0.004

—0.090+0.024

+ 0.36+0.12

+ 0.087+0.021

—0.131+0.033

+ 0.130+0.004
—0.185+0.012
—0.108+0.005

—0.20+0.05

—0.058+0.037

—0.38+0.05

A4/Ap

—0.016+0.007

+ 0.034+0.039

+ 0.03+0.19

—0.064+0.035

—0.029+0.054

—0.040+0.006

+ 0.047+0.020

+ 0.044+0.009

—0.20+0.08

+ 0.084+0.061

—0.09+0.08

1.02+0.04

0.97+0.03

1.23+0.14

1.25+0.13

Assignment

29
2

( —, ~)29

27+ 2S +
2 2

17 + 17—
2 2

~(—, )
27

~(2 )
27

13 +
2

17 + 13 +
2 2

2S+
(—)~—

2 2

21+ 17 +
2 2

~(—)
29 27
2 2

2S+
(—)~—

2 2

199B.

( —, )~(—, )
29 27

(—)~—19 17 +
2 2

17+
2

13 + 11
2 2

199Bi

(—)~—35 33
2 2

second isomer as discussed below. By comparison, the
spectra in Fig. 5(b) imply that more than one isomeric
state occurs between the 679.8 keV transition and the
1932.2 keV level in 'Bi. An analysis of these latter data
yields a preliminary half-life for the —, level and2S +

105+75 ns for the —, (1971+6 keV) level as listed in
2S+

Table II. The extraction of the final value for the —,

half-life is discussed below. The corresponding TAC
spectra for the 185.8 keV transition in coincidence with
lower-lying transitions appear to be nearly prompt. Fur-
ther analysis, however, reveals a centroid shift leading to
t&&2 ——5.1+1.3 ns for the —", isomer as listed in Table II.
This value is somewhat shorter than the value of 9.6+0.6
ns reported by Broda et a/. The origin of the disagree-
ment is unclear.

Figure 6(a) summarizes the results of computer fits to
the pulsed-beam data for the 185.8 keV —,' ~—", transi-
tion in 'Bi where the aim is to constrain the possible
half-lives of the —, and —", levels. Since the

transition is unobserved, it is necessary to ex-
tract both half-lives simultaneously. The systematic
behavior which has been found empirically for the analo-
gous half-lives in ' Bi indicates that the —", half-life
should be longer than the 2' half-life. Figure 6(a)
displays the result of a four-lifetime fit where the half-

lives for the —", and —", levels are fixed at the values
listed in Table II. The remaining two half-lives are al-
lowed to vary while the relevant transition intensities are
required to vary only within the bounds set by the experi-
ment. The allowed region for the two half-lives lies inside
of the solid curve, yielding the half-lives listed in Table II
for the —, and —, levels. These values are in agree-

21 + 2S +

ment with, and more definitive than, values obtained from
the two-lifetime fit to the y y tcoincidence data s-ho-wn in
Fig. 5(a). As seen in Fig. 6(a), the data do not distinguish
between one- and two-lifetime fits; either case is possible.

The spins and parities shown in Fig. 3 are based on the
angular distribution results given in Table I; the assign-
ments of spin and parity in several cases are not unique
but are considered to be the most probable. For several
transitions, E2/M1 mixing ratios could be extracted;
these are listed in the last column of Table I.

The 'Bi level scheme resulting from the present study,
which is shown in Fig. 3, is essentially in agreement with
the recent results of Broda et al. where overlap occurs;
their level scheme contains 16 transitions while Fig. 3
contains 39 transitions, presumably because the present
study is optimized for 'Bi. It is useful, however, to
point to several differences in the placement of transitions
in the two level schemes. We see no evidence for levels at
2022 and 2272 keV as they have suggested. The 987.3
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Transition Relative

TABLE III. (Continued).

energy

(keV)

383.05+0.25

394.1

403.65 +0.25

419.82+0.25

423.29+0.25

493.17+0.30

494.80+0.25

499.61+0.20

601.46+0.30

617.00+0.30

617.22+0.40

648.09+0.25

878.06+0.25

885.02+0.30

933.60+0.35

1002.19+0.20

1005.82+0.30

1034.31+0.30

y-ray
intensity

8.48+0.15

44+1 3"

3.6+1 3"

2.58 +0.13

4.7+0.8"

4.2+1 0"

18.94+0.19

25.47+0.26

85.4+0.9
6.23+0.15

2.8+ 1.0"

6.44+0.11

5.69+0.20

4.84+0.13

4.12+0.13

=—100.0+0.3
8.62+0.13

17.86+0.18

A2/AP

—0.242+0.035

+ 0.50+0.10

—0.122+0.010
—0.390+0.008

+ 0.118+0.005

—0.086+0.048

—0.45+0.04

+ 0.38+0.08

—0.20+0.06

+ 0.16+0.06

+ 0.122+0.005

+ 0.211+0.029

—0.272+0.021

A4/3 p

—0.111+0.057

—0.10+0.16

—0.003+0.006

+ 0.049+0.12

—0.039+0.007

—0.13+0.08

+ 0.00+0.06

—0.25+0.12

—0.07+0.09
—0.02+0.10

—0.010+0.008

—0.124+0.049

+ 0.045+0.034

1.01+0.05

Assignment
33 31
2 2

5= —0.10+0.11
199B'

13 + 13
2 2

(2749+ h~)
199B'

( —, )
25 +

29 27 +
2 2

31 29
2 2

5= —1.9+1.7
17 13
2 2

11
2

31
2

13
2

27 + 25 +
( —)~—

2 2 2

33 29
2 2

(~—, )
31

199Bi

13 9
2 2

29 25 +
( —)~—

2 2

11 9
2 2

6= —1.3+1.0

'The evidence for this unobserved transition is based upon
tions.
'The intensity is better determined from coincidence data.
'This transition is unresolved from another transition.

y-y coincidence relationship observed for preceding and following transi-

keV transition in their level scheme tentatively populated
the —", level while we find it feeding a state 88.9 keV
lower in energy. Figure 3 expresses our observation of
prompt coincidences between the 679.8 and 88.9 keV tran-
sitions in disagreement with Broda et al. The present y-
ray angular distribution results are generally in agreement
with those of Broda et al. One exception'seems worth
mentioning —the 786.3 keV transition. They give—0.22+0.04 for Az/Ao while we find a value of
+ 0.133+0.014 and assign this transition to be a stretched
E2. In the present data, the singles and coincident inten-
sities for this transition agree so that the angular distribu-
tion results are not strongly perturbed by any unresolved
transitions. It is interesting to note that the alignment of
nuclear spins achieved by the present ' Pt(' B,5ny) study
is less than was observed in the 3T1(a,6ny) study. For
the three most intense y rays which are stretched (185.8,
271.9, and 967.4 keV), we find an alignment coefficient
aq ——0.37 for (' B,5ny), while a2 ——0.73 describes the
(a,6ny) data; this presumably is the result of different hy-
perfine fields acting on the isomers.

B. Levels of ' Bi

Figure 7(a) shows the open-gated y-ray spectrum ob-
tained from ' B + ' Pt at a laboratory energy of 70 MeV.
Also shown in Figs. 7(b) and (c) are the sums of four y-
ray spectra gated on the transitions: 1002.2, 499.6, 145.7,
and 274.8 keV. Figure 7(b) was obtained with no gating
condition set on the TAC, while for Fig. 7(c), a delayed
gating condition was set as was done for 'Bi. Therefore,
Fig. 7(c) implies the existence of isomeric delays in ' Bi.
The spectra gated by individual transitions led to the level
scheme for ' Bi as shown in Fig. 8. Information on the

Bi y-ray transitions is summarized in Table III. The
spins and parities shown in Fig. 8 are the most probable
ones from a consideration of the y-ray angular distribu-
tion results listed in Table III. For three transitions,
values of the E2/Ml mixing ratio could be extracted, they
are included in the last column of Table III.

Four of the levels displayed in Fig. 8 were found to be
isomeric, i.e., t&&2) 5 ns. Figure 9 displays background-
subtracted time-delay spectra associated with y-y coin-
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FIG. 8. Proposed level scheme for ' Bi. The energies listed are in keV. The four isomeric levels are indicated by thick lines. Rel-

ative intensities shown in parentheses do not include internal conversion.

cidences in ' Bi. Figure 9(a) shows the time-delay spec-
tra of the 274.8-keV transition in coincidence with the
145.7, 499.6, and 1002.2 keV transitions and Fig. 9(b)
shows those for the 274.8-keV transition in coincidence
with the 315.8-keV transition The spe. ctra in Fig 9(a) in. -

dicate a single intervening isomeric level, while those in
Fig. 9(b) suggest that two isomeric states occur between
the. 274.8- and 315.8-keV transitions, although the possi-
bility of a single lifetime cannot be ruled out. The life-
time of the —', level shown in Fig. 8 was determined by
the 2 ps pulsed-beam y(t) data for the 315.8 keV transi-
tion as shown in Fig. 10. As was the case for 'Bi, the

transition of ' Bi is unobserved in the present
data. Thus, the half-lives of the —", and —', levels must
be extracted simultaneously. To accomplish this, a three-
lifetime fit was made to the pulsed-beam y(t) data for the
274.8 keV transition. The lifetime for the —", level was
fixed at the measured value and the other two lifetimes
were allowed to vary. During the fitting process, impor-
tant constraints are provided by the relevant empirical
transition intensities. The allowed values for the —", and

half-lives are enclosed by the curve shown in Fig.
6(b), and the results are listed in Table III. Values can
also be extracted for these two half-lives from the y-y-t
coincidence data shown in Fig. 9(b). The results are less
definitive but in agreement with those found from the y(t)
singles data. As can be seen from Fig. 6(b), the data do
not distinguish between a two-lifetime and a one-lifetime
fit; either case is possible. There are two other unobserved

transitions depopulating the —", level which are implied
on the basis of the y-y coincidence relationships: 80.0
and 87.6 keV.

C. Lifetime in 2 Bi

In the present lifetime measurements, delayed transi-
tions, previously assigned to Bi by Hagemann et al. ,
were observed: 253.0, 286.1, 630.3, and 644.2 keV. The
results are summarized in Table II where an average half-
life of 37.4+1.6 ns is found. This is to be compared with
the value of 46+4 ns reported by Kaun et al.

IV. DISCUSSION

As pointed out in the Entmduction, the first aim of this
study in neutron deficient Bi isotopes is the examination
of the systematic quasiparticle behavior of the odd-proton
orbitals coupled to the neutron-hole states in the even-A
Pb cores. This involves the identification of specific con-
figurations and a determination of their excitation ener-
gies for theoretical comparisons. Further, since isomers
and/or y-ray branching ratios are observed, the corre-
sponding electromagnetic transition rates can be extract-
ed, which give information on the wave functions. The
discussion below is divided into three subsections. Subsec-
tion A deals with details of the calculation of excitation
energies for various configurations, in subsection B E2
and E1 transition rates are discussed, and subsection C is
devoted to a comparison of t le two odd-2 chains of iso-
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FIG. 10. Distribution of time delays for the 315.8-keV transi-
tion in ' Bi obtained from the pulsed-beam measurements. The
half-life derived from these data is listed in Table II.
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FIG. 9. (a) Distribution of time delays obtained from y-y

coincidence data, between the 274.8 keV y ray in ' Bi and the
three transitions: 145.7, 499.6, and 1002.2 keV. These data are
described well by a single lifetime. (b) Distribution of time de-

lays between the 274.8 and 315.8 keV y rays. The curve is a
two-lifetime fit as discussed in the text.

topes, Bi (Z=83) and At (Z=85). The second aim of
this study involving collective aspects will be discussed in
a subsequent paper. '
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A. Excitation energies

The present experimental results relating to excitation
energies in ' ' 'Bi were given in Sec. III. In shell-model
language, excited states in both nuclei can be described as
consisting of a single proton coupled to ' Pb and Pb,
respectively. The heavier Bi isotopes have been studied in
great detail. The yrast excitation energies in odd-3 Bi
are compared as a function of A in Fig. 11. It has been
found that level energies calculated for specific shell-
model configurations deviate increasingly from the experi-

l3/2 +
+~ )[~"iae~z ]

l l /2

7T h9/2

S 20 I B 203 B 205 . 207 . 209Sr Bl Bl BI Bi Bi
i0

FIG. 11. Systematic comparison of three-quasiparticle and
single-proton level energies in odd-mass Bi isotopes. The ener-
gies and J~ assignments for ' o' 78i are from Refs. 5—9 and
21. Levels interpreted to have the main configurations listed on
the right are connected by dashed lines.



2098 W. F. PIEL, JR. et al. 31

mental energies as the number of valence nucleons in-
creases. These increasing deviations are attributed to the
complexity of the problem, i.e., to configuration mixing.
In the present work, we have attempted to circumvent this
problem of divergence by presenting a new method to cal-
culate excitation energies that is nearly independent of the
number of valence nucleons, as corroborated in the subse-
quent papers' ' dealing with ' Bi and ' Bi.

Many of the excited states in odd-A Bi isotopes can be
described as a proton orbital (mh9/z is lowest in energy)
coupled to the yrast 0+, 2+, 4+ 5, 7, 9, and 12+
states in the even- A Pb cores. These core states are
mainly of a two-quasiparticle nature. They involve the
negative-parity pr/z p3/p f5/Q and f7/p neutron-hole or-
bitals, and the unique-parity i j3/p neutron-hole orbital.
The excitation energies' of these neutron-hole orbitals are
presented as a function of mass number A in Fig'. l2. The
2+ states involve predominantly

~ vier/zvf&~~), and the
4+ states are

~

vf&~zvp3/z) in Pb and in the lighter iso-
topes. ' The negative-parity core states involve the
v~ $3/p orbital coupled to the allowed low-lying negative
parity orbitals. The 9 states are relatively pure

vf5/pvr r3/z) All three negative-parity states can also
contain a nonyrast

~
vfr/zvi, 3/z) admixture, the ampli-

tude of which should increase with decreasing mass num-
ber (Fig. 12). Finally, the 12+ states should have a rela-
tively pure vi &3fp configuration.

Under the assumption that the lower-lying states in the

2.0—
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l2
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I
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FIG. 12. Excitation energies of the neutron-hole orbitals in
the Pb isotopes with X & 126 as a function of the mass number.
The energy of the f5/g hole is set at zero for comparison.
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FIG. 13. Comparison of the calculated excitation energies with the experimental values for ' Bi (see the text). The deviation is de-
fined as E p Et/.
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TABLE IV. Relative interaction energies' (keV} of states in
odd- A Bi isotopes.

0+
11
2
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2
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j 2

17
2

17 +
2

21 +
2
»+
2

'127 +
2

29
2
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33
. 2
35
2
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2

5(Imh9/2y J)
0 (Norm)

+90f j

+ 30'

+ 120

—951 J

+ 170

+ 100'
—550

+ 90

—320

—530&

——100

—+ 200

Neutron
configuration

Mixed

Mixed

—2 —1 —1
fs/2 and fs/2psn

—1 ' —1 —1 ' —1fs/2~?3/2 and ps/2~13 /2

f5/2/13/2

t 13/2

2
t 13/2

t 13/2 2 4

t 13/24

'Extracted from states in ' "'Bi (Refs. 5—8). See the text for
details.
The arrows indicate that 6 is not constant; a +50 keV slope ad-

justment is made in ' Bi relative in 'Bi.

odd-A Bi isotopes are of a three-quasiparticle nature,
namely a single proton coupled to the two-quasiparticle
Pb core states, their excitation energies can be calculated
as follows. The states of the form

~
J,"+'Bi&= ~vI, "Pb&S

~ j,&,

where J is the spin of the state in the odd +'Bi nucleus,
I the spin of the core state in the even Pb nucleus, and j„
refers to the odd proton. The states of this form are sub-
sequently called a "three-body cluster. " The energy of a
state in +'Bi is given by the expression

E(J,"+'Bi)=E(I, Pb)+E(j „) b(IS—j~;J),
where the 5(ISj~;J) is called the cluster interaction ener-

gy (in analogy with the conventional two-nucleon interac-
tion energy). If the ground state is set at zero, the cluster
interaction energy for j~=srh9/z, for which E(j~)=0, is
obtained simply as

6(ISmh9/2&J) =E(I, Pb) E(J, +—'Bi) .

The cluster interaction energies should be constant for
constant core configurations and should vary smoothly
for slowly changing configurations.

Table IV lists specific cluster interaction energies ex-
tracted from ' Bi. Because of the strong influence of
the p&&2 neutron-hole orbital, Bi was not used in the ex-
traction. When the extracted interaction energies were not
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perfectly constant, an additional energy-slope adjustment
of +50 keV was made for ' Bi relative to 'Bi, as indi-
cated by the arrows. These adjusted 6 values, as listed in
Table IV, were then used in the energy expression above
to obtain the values of E(J, +'Bi) for the three-
quasiparticle states in ' ' 'Bi. The calculated excitation
energies are compared with the experimental values in
Figs. 13 and 14.

The following general systematic trends of states from
the present and previous ' ' studies in ' Bi are
observed (see additional discussion including results of

Bi in the subsequent papers' ' ).

Single-proton states

The single-proton states in the odd-Bi isotopes involve
the odd-proton orbital j~ (mh9/2 77f7/2 or mi&3/2) coupled
to the ground state [E(0+,"Pb) =0] for the Pb cores. The
energy for the mh9/2 ground states is defined as E(j~)=0.
The excitation energy E(j~) of the m f7/3 orbital relative
to the —', ground state, first increases by about 200 keV
as the neutron number decreases from Bi (N= 126) and
then stays almost constant down to ' Bi. The mf7/2
state, being nonyrast, was not observed in the present
measurements. In contrast, the energy of the mi ~3/2 orbi-
tal remains practically constant down to Bi and then
decreases by about 200 keV in going to ' Bi as shown in
Fig. 11. This behavior can be understood on the basis of
the average interaction energies of the m.v ' rnultiplets.
The mean mh9/2vj' ' interaction (where j ' stands for
one of the neutron-hole orbitals of Fig. 12) is repulsive by
about 200 keV, with the strongest repulsion taking place
for the mh9/Qvt $3/2 multiplet. For the f7/2 proton, the
mean repulsion is also about 200 keV, with the repulsion
smallest in the sf7/2vp &&& doublet; this explains its energy
increase near %=126, namely the repulsion is least when
there are only a few neutron holes, which first populate
the low-lying vp~~~ orbital. Finally, for the mi $3/2 proton,
the repulsion is approximately constant at 190 keV for the
lowest-lying neutron holes (Fig. 12), but decreases for the
vl ]3/2 hole; the net effect is a decrease in energy as N de-
creases. The relative energies Ej(~) of the three proton
orbitals as a function of X can thus be explained as aris-
ing from these differences in the mv ' interactions as the
various neutron orbitals in the core are successively dep-
leted.

2. Three (flue )quasipar-ticle stat-es

The three-quasiparticle states in the odd-Bi isotopes are
formed by coupling a proton orbital jz to the predom-
inantly two-quasineutron 2+, 4+, 5, 7, 9, and 12+
states of the Pb cores. The states observed involve the
lowest-lying proton orbital ~h9/2 The mi$3/2 proton orbi-
tal is not considered because of its relatively high excita-
tion energy E(j~)= 1500 keV, and the states involving the
1rf7/2 orbital are nonyrast.

The three-quasiparticle states, which involve the odd
proton particle coupled to a pair of neutron holes, are ob-
served to follow the semiempirical J,„—1 rule. This
rule predicts that the lowest energy member of a
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FIG. 1S. Calculation of the relative energies of the
h9/2(vfqq'2vi ~q/2}9';J) multiplet as a function of J (see the

text), which demonstrates the J,„—1 rule {Ref.25).

(v I)S(mj~)J multiplet will have a spin J=J,„—1.
The reason for this behavior can be traced to the mv
particle-hole interaction energies. Aligned proton
particle-neutron hole orbitals, which occur for J=J,„or
J;„,are most repulsive pushing these states up in energy.
Other J members of the multiplet involving nonaligned
orbitals are nearly degenerate at a lower energy; of these,
the J,„—1 state being yrast is most strongly populated.

The (v 9 )S(mh9/2)J multiplet is a good example of
this structure feature. The J,„—1=—", members (see
Fig. 11) are the lowest in energy at =2 MeV in ' ' 'Bi
and in o ' Bi (Refs. 7, 8, and 21) with the Jm,„=—,

pushed up in the energy range of 400—600 keV. For
Bi, the splitting is =900 keV. A shell-model calcula-

tion of the relative energies of this multiplet can be made
since the 9 core states are of a rather pure

~
vf 5/2vi &3/2 9 ) configuration. The results using empir-

ical vf5/27TA9/2 and vi ~3/27TIt9/2 matrix elements are
shown in Fig. 15; the J,„—1=—, state is lowest in en-

ergy with the —, pushed up by 840 keV. The strongly
repulsive (vi &z/2~h9/2 11

~

V
~

vi f3/2rtA9/2 11 ) aligned
matrix element dominates the particle-hole interaction for
the —, state. The nonaligned matrix elements are all of27+

a weaker repulsive nature. This result, which is in agree-
ment for the —', -

2 splitting in Bi, is not in disagree-
ment with the smaller experimental splitting in the lighter
Bi isotopes because the v '" '0+ components have been
neglected (n is the number of neutron holes). In addition,
the increasing vf7/2 admixture as X decreases can reduce

27+ 25 +
the —, -—, splitting since it allows a nonaligned com-
ponent for the —, level. In fact, at least two —", levels
were observed in both ' ' 'Bi, making it difficult to
determine the J,„=—, member and its purity. The= 27+
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J,„—1 rule, which provides the explanation for the yrast
nature of the —", member of the v 9 multiplet, also
explains the yrast —, and —, levels as J „—1

21 + 17 +

members of the v 7 and v 5 multiplets, respective-
ly, as shown in Fig. 11.

The J,„—1 rule also appears to be valid for the mh9/2
proton coupled to the more complicated v 2+ core states
in the heavier Bi isotopes. The J,„—1=—", level is
lowest in energy with the —, - —, splitting decreasing as
N decreases and eventually reversing the order in ' Bi
(see Fig. 11). Configuration mixing smears out theJ,„—1 effect as N decreases and eventually J,„=—",

achieves the minimum energy as the neutrons of the core
become more particlelike. The v 4+ core multiplets
show the J,„—1 = —", state as the lowest energy
member; however, in this case an inversion withJ,„=—, was not observed.

For the (v 12+ )jgi (rrh9/2 )J multiplet, the observed
yrast sequence is —", - —, -—", with the J,„—2= —",

state lowest in energy. This sequence can also be under-
stood microscopically from the m.v ' interactions. Figure
16 summarizes the calculated results (filled circles) which
are only in fair agreement with experiment. An admix-
ture into the —", state from the (v 10+) core component
(see open circle calculation in Fig. 16), which would
depress its energy, is possible. No two-quasineutron con-
figuration mixing occurs in the 12+ core as a function of
N, although four-quasineutron admixtures are possible.
Detailed calculations regarding five-quasiparticle states
are essentially impossible because of the many possible
configurations. The v 14+ and v 16+ core states are
required for J & —", states in ' ' 'Bi and perhaps have

some infiuence on other states, in particular, the —,29 33

level sequence.

3. Proton-hole states

In the heavier odd-/I Bi isotopes, fairly low-lying —,
'

3 + 5 +
, and —, states have been observed. They were ex-13

ITt "g/2 (v~]3/2) "2 / ~ )
800~

— 201
exp

—--- 199 B

600+ ~ theory

000—

200—
0

I

29/2 31/2 33/2

plained as arising from proton-hole excitations of the
Z=82 shell closure, and thus are attributed to the s~/2,
d3/2 and ds/2 proton-hole orbitals coupled to (rrj ) 0+.
Although these states are not observed in the present
work, they have been seen in the 13+-EC decay of the cor-
responding odd-/I Po isotopes. Of interest for the
present work, however, is the high-spin h ~&/2 proton-hole
orbital, which is expected to intrude to low energies via a
prolate minimum in the potential energy surface, produc-
ing collective band structures.

Unfortunately the collective bands built on h ~ ~/2

FIG. 16. Comparison of the calculated relative energies for
the

~

mh9/2(vi~3/2)12;J) multiplet (filled circles) with the ex-
perimental values for the J = ~, 2, 2 sequence in8 29 — 31 33

'Bi Th.e
~

mh9/p(vl J3/2)10+; 2 ) calculated energy is

shown by an open circle.

TABLE V. Transition probabilities of selected E2 transitions in Bi- and Pb-core nuclei with neutron

numbers %=116, 118, 120, 122, and 124. The ' 'Bi results are from the present experiment.

Nucleus

transition

Transition probability (W.u. )/¹116 118 120 122 124

Dominant

configuration

Bi A =199 201 203 205 207
I7 + 13 +
2 2

z& + i&+
2 2

25 + 21 +
2 2

0.015

& 0.09

1.2 —1.6'
& 0.5

1.0—1.4'
1.3

0.7

1.5

0.6

mh 9/2v5 ~7Tl J3/2vO+

n.h9/gv7 ~~h9/2v5

eh 9/2V9 +~&9/2v7

Pb

12+—+ 10+

2= }98
& 0.4

0.032—0.050'
0.17—2.20
0.62 —0.83'

200
0.17

0.26

0.4—1.1'

202 204

0.79

206

0.33

'Derived from the expression (1+a„,)E~; assuming y-ray energies between the L- and E-electron

edges, namely 17 &E~ & 88 keV.
Derived assuming y-ray energies between the M- and L-electron edges, namely 4 & E~ & 12 keV.
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proton-hole states were not observed. Using the energies
of the lower spin proton-hole states, the estimated energy
for the —, proton-hole state is about 1.8 MeV in 'Bi
and about 1.5 MeV in ' Bi, as compared to 1 MeV for
the lowest lying —", -—", three-quasiparticle pair in both
isotopes. The nonyrast character of the h&&/2 intruders
thus makes them difficult to study. A possible explana-
tion for their absence is a preference of the potential ener-

gy surface for an oblate minimum. These collective as-
pects will be discussed in the subsequent paper on ' Bi.'

B. Transition strengths

The question as to whether the Pb cores will start to
develop stable collective effects as neutrons are removed
has been of long-standing theoretical interest. Such col-
lective effects would be manifest in, e.g. , the excited-state
properties of Bi and At isotopes. Electromagnetic transi-
tion strengths obtained from measured lifetimes are very
sensitive to collectivity.

In order to investigate the E2 electromagnetic matrix
elements, the E2 transition probabilities extracted for the
odd-3 Bi isotopes are summarized in Table V. A suggest-
ed systematic trend as a function of X is the increase in
the —", —+—', E2 strengths by a factor of about 2 in go-
ing from Bi to ' Bi. For ' ' 'Bi, the —", —+—", E2
transition probabilities, however, could not be extracted
precisely from the measured lifetimes because the y-ray
energies are unknown. Despite the fact that these y rays
were not observed, due to low energies and significant
internal electron conversion, the transition energies are
limited to E& &90 keV by the knowledge of the experi-
mental detector efficiency and the conversion coefficients
as a function of energy. This upper limit to Er constrains
the E2 transition probabilities to a fairly narrow range be-
cause of the near constancy of the expression (I+a)E&
for energies between the L- and K-electron edges, namely
17&E&&88 keV. As Ez decreases, the total conversion
coefficient a increases rapidly enough so as to partially
balance the decrease in E&. The resulting transition-
strength ranges for ' ' 'Bi, as listed in Table V, sti11 do-
cument the increase in the —, ~—', E2 strengths. The
lifetime information for the —,

' states in ' 'Bi is not
sufficient to establish a similar trend for the —", —+ —",

E2 transition probabilities.
05 + 21 +Since the —, —+ —, Bi transitions are essentially a

9 ~7 E2 transition of the Pb cores with the mh9/2 pro-
ton as a spectator, it is interesting to examine the E2
strengths in the corresponding Pb-core nuclei for compar-
ison. The available E2 transition probabilities for the
Pb-core nuclei are also listed in Table V. The 9 ~7
E2 strength for ' Pb shows an increase only if the unob-
served y ray had an energy between M- and L-electron
edges, namely 4&E& &12 keV. Such a small energy is
consistent with the systematics. The 9 —+7 E2 strength
for an energy between the L- and K-electron edges is un-
reasonably small. These collective E2 enhancements for
the Bi and Pb nuclei, if true, are consistent with small ad-
mixtures of the v2+ state assuming reasonable 2+~0+
B(E2) strengths. In contrast, the strength of the
12+~10+ E2 transition remains more constant; this can

be understood as resulting from the quenching that is re-
lated to the increased vi/3/2 neutron-hole population.
The lack of a large increase in the collectivity of the vi &3/2

states between Pb and Pb is also seen in the quadru-
pole moments of the 12+ states; the absolute value in-
creases from about 0.5 fm in Pb to about 0.8 fm in

Pb. Since these values are not dependent on the struc-
ture of the 10+ states as are the 8 (E2) values, they pro-
vide a direct measure of the collectivity of the 12+ states.
The —", ~—,' E2 transition in ' Bi is hindered by a
factor of about 70. This strong hindrance occurs because
transitions between the dominant shell-model configura-
tions

~
mh9/2 v5 2 )~

~
nif3/2 v0 p ) are forbid-

den. The measured B(E2) is thus a direct measure of the
admixed amplitude of the

~
ni, 3/2, v2+; —", ) component

in the initial state which has an allowed E2 transition.
The El transition strengths in the Pb region' are hin-

dered by an average factor of about 5&& 10 . The El tran-
sitions from the —", to the —', and —", states in

'Bi were deduced to be relatively very fast. Because
the lifetimes of the —", states were too short for direct
measurement, the partial E1 lifetimes were calculated
from measured branching ratios using the known

B(M2) value' for 'At. These four El tran-
sitions are more than an order of magnitude faster than
the average Pb-region value. A discussion of this E1
enhancement along with additional El results will be
presented in the subsequent paper on ' Bi.' The long

isomeric lifetimes in the ' ' 'Bi nuclei (see Table II)
are a manifestation of the strongly hindered —",

E1 transitions.

C. Comparison of Bi and At yrast states

The observed properties of ' ' 'Bi can be compared
directly with the states involving seniority-one proton
configurations in the isotonic ' At (Z= 85) nuclei. '

The lowest states in these nuclides exhibit the same level
sequence: —, (ground state), —', , —, , and —,

' . The
jTA 9/2 and xi }3/2 proton orbitals, which couple to the 0
and 2+ Pb cores to make these states in ' ' 'Bi, are re-
placed by seniority-one (wh9/z) and (mh9/q) (mi&3/2) con-
figurations in ' At. The ordering of the —', and —,

states is reversed at neutron number %=118 (the ~Pb
core) in both Bi and At showing a consistent relaxation of
the Jm,„—1 rule for the 2+ core state. The

2S +J „—1=—, state resulting from the 9 Pb core state,
however, is still lowest in At as in 'Bi, implying that
the J,„—1 rule is more applicable for the pure

~
vf 5/z, vi ~3/2 9 ) state. Calculations for the

splitting in At have been discussed previously. In addi-
tion to these seniority-one proton states, the odd-3 At iso-
topes' have yrast seniority-three proton states coupled
to the 0+ Pb cores. These include (mh»2 ) —,'

(~h9n) (vrf7/2) —,', d ( 9/2) (~l'13/2) —',
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