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Chemically and isotopically separated sources of Bi were used to study the level structure
of ~Pb. y-ray data were taken with Ge(Li) detectors in the singles mode, with a Compton
suppression spectrometer, and with a Ge(Li)-Ge(Li) two-parameter analyzer system in a 4096
x 2048 coincidence mode. Conversion-electron data were taken with a Si(Li) detector. From
these data 146 transitions were identified in the decay of SBi, and 130 were placed in a level
scheme which included 26 definite and 1 tentatively assigned levels. Previously suggested lev-
els at 1575.26, 1705.03, 1965.9, and 2521.40 keV were confirmed from coincidence data, while
a 1129.9-keV level was not. New levels at 1756.4 and 1842.01 are established and an 1818-keV
level tentatively assigned. Several new spin and parity assignments are made. Experimental
results are compared with recent shell-model calculations.

I. INTRODUCTION

The level structures of the lead isotopes have
been of particular interest because they offer the
opportunity to study single-particle orbitals in
nuclei with one, two, three, or several particles
or particle holes outside doubly magic ' 'Pb. Re-
cently we initiated a program to systematically
study the levels in the lead isotopes lighter than
'"Pb from the decay of their bismuth parents.
While extensive conversion-electron and some
NaI(T1) y-ray spectra had been done, as summa-
rized in the Table of IsotoPes, ' large Ge(Li) detec-
tors used in singles and coincidence modes should
reveal new features of the level structures of these
nuclei. Work on the '~Bi decay was carried out
first. ' Here we report on studies in '"Bi. After
our work was completed, ' we learned of recent
work by Rupp and Vegors' with Ge(Li) detectors
in the single mode and Ge(Li)-NaI coincidence
work. Their work indeed revealed many new fea-
tures of this level structure. Our work included
y-ray singles studies with larger Ge(Li) detectors
and with a Compton suppression system, conver-
sion-electron measurements, and y-y coincidence
work with two large Ge(Li) detectors operated in

a 4096 x 2048 mode. Our more extensive singles
and coincidence data revealed the presence of
many new transitions and additional levels which
are reported here.

II. EXPERIMENTAL TECHNIQUES

The 15.31-day '"Bi was prepared by irradiating
0.029-in. foils of radiogenic lead (obtained from
the National Lead Company with an isotopic mass
analysis of '~Pb& 0.10%%uo, '"Pb 88.59%%uo, '"Pb
8.36%, and '"Pb 3.05%) for 4 h with -18.5-MeV
protons using a 26.7-p. A beam current of the Oak
Ridge National Laboratory 86-in. cyclotron. At
this incident energy '"Bi is formed primarily
by the reaction 'O'Pb(P, 2n)'O'Bi (Q = -11.57 MeV).
In addition, varying amounts of 11.8-h ' 'Bi,
11.3-h ' Bi, and 6.24-day ' 'Bi plus a negligible
amount of 30-yr "'Bi are formed. By allowing
the sample to "cool" for -100 days, only the 15.3-
day "'Bi remained with traces of 6.24-day ' 'Bi.
The lead strip was dissolved in warm nitric acid
and, after reducing the volume of the solution, the
lead was precipitated from chilled fuming nitric
acid. The precipitate was dissolved in dilute ni-
tric acid, the pH was adjusted, and the bismuth
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activity was extracted with dithizone solution.
After traces of lead were washed out of the dithi-
zone, the solution was evaporated down to dryness,
treated with nitric acid to destroy organic materi-
al, and taken up in dilute nitric acid. Further re-
duction of solids was accomplished by adding
Fe'" carrier and coprecipitating bismuth with
Fe(OH), a number of times. The iron was subse-
quently removed by extraction with methyl iso-
butyl ketone (4-methyl-2-pentanone). The aqueous
phase containing the bismuth activity was treated
with nitric acid to destroy organic material and
then taken up in dilute hydrochloric acid.

Additional sources of '"Bi were prepared by
isotopic separation of chemically isolated ' "'Bi
activity produced by the (P, xn) reaction on natural
lead. These sources are described elsewhere. '
The isotopically separated source material was
divided for spectroscopic studies at Vanderbilt
and Livermore.

At Vanderbilt, y-ray and conversion-electron
singles studies mere carried out with the isotopi-
cally separated source, and y-y coincidence stud-
ies with the second source prepared from the en-
riched sample. The y-ray singles spectra mere
recorded with a 35-cm' Ge(Li) detector which had
a resolution of 2.8 keV and an efficiency of 3.5%
relative to a 3-in. x 3-in. NaI detector at 1.33 MeV.
The data were analyzed by computer programs.
The intensities of weaker peaks were cross-
cheeked by hand analysis. The room background
was carefully measured to eliminate background
peaks that appear in the long runs required. Short
runs were recorded with internal standards of

Cp, 'Cr, Cp ' Cs, and 2 Tl tp pbtain the en-
ergies of the stronger transitions in the '"Bi
decay. These transitions were in turn used to ob-
tain the energies of the weak transitions in the
long runs.

The conversion-electron spectrum was mea-
sured with a Si(Li) detector system. ' The data
were analyzed by hand. Lines which were close
together were resolved by using the line shape of
a nearby singlet.

y-y coincidence measurements were performed
with 15- and 35-cm' Ge(Li) detectors coupled to
a Nuclear Data 3300 two-parameter analyzer with
dual 4096-channel analog -to-digital converters.
The two germanium detectors were located at
90 and were surrounded by lead cones to minimize
crystal-to-crystal Compton scattering. An ORTEC
fast-coincidence system with resolving time -2v
=60 nsee full width at half maximum, with cross-
over timing was used to provide an external gate
for the two-dimensional analyzer equipped with a
buffer memory and a magnetic tape unit. The
total energy range covered in each dimension was

up to 2~00 keV.
The daca were analyzed with a digital band se-

lector. Gates mere set on the photopeak of interest
and on the background either just above or below
the photopeak to subtract out the Compton back-
ground contribution in each gate. The source
strength and resolving time were chosen such
that chance coincidences were negligible. Linear
plots were made of each coincidence spectrum.
Relative intensities were obtained from peak-
height analysis of these plots. Then for gates that
involved possible doublets, or the placement of
previously unplaced transitions, numerical print-
outs were made, and intensities were obtained
from summing the net counts in each peak. Over
half the gates were analyzed in this latter manner.

The y-ray singles spectrum was also measured
at Livermore with a 7-cm' 12-mm-depletion-
depth Ge(Li) detector which was the central detec-
tor in a Compton suppression spectrometer. '
The system consists of the germanium detector
housing enclosed by two 9-in. -diam by 4.5-in. -
thick Nal(Tl) scintillation detectors machined to
allow maximum enclosure of the Ge(Li) detector.
Typical resolutions obtained with this system are
1.0, 2.0, and 3.0 keV at 122, 1332, and 2754 keV,
re spectively.

The traditional method of measuring standards
and unknowns simultaneously was used to deter-
mine the energy of the more prominent y rays in
the '"Bi decay by using a well-stabilized, well-
calibrated singles Ge(Li) detector system. ' Effi-
ciency determinations were carried out with stan-
dards obtained from the International Atomic Ener-
gy Agency in Vienna. The sources include "'Am,
"Co ' 'Hg "'Cs, ' Mn Co, and 'Y. The effi-
ciency curve was extended to 2.8 Me V by using
"Na. Errors adopted for the final efficiency curve
are +4% from 50 to 200 keV, and +2%%uo from 200
keV to 3 MeV.

The relative y-ray intensities were obtained by
using a computer code entitled SAMPo."Essen-
tially, the code uses strong singlet peaks in the
spectrum of interest to define a set of peak-shape
parameters which through interpolation are appli-
cable over the entire spectral region. These
shape parameters contain all the information on
tailing, energy, and count-rate dependence charac-
teristic of germanium detectors. '

III. RESULTS

Figure 1 shows a Calcomp plot of the Compton-
suppressed spectrum of '"Bi from one of the iso-
topically separated sources. A single- or double-
escape peak is denoted by an upper-case S or D,
while a lower-case d indicates the presence of a



LEVELS IN 'Pb POPULATED BY THE DECAY OF 'Bi 1267

doublet, and t, a triplet. One sees from these spec-
tra that there is very little '~Bi in the source.
The results of these y-ray measurements are
given in Table I. There is excellent agreement
between the Vanderbilt and Livermore results
on both energies and intensities. The adopted
values shown in columns 1 and 2 are averages
of these two measurements. The intensities of
the close doublet transitions were obtained from
a quantitative analysis of the coincidence spectra.
The results of Rupp and Vegors4 are listed in
column 5. The agreement between our adopted
intensity values and those of Rupp and Vegors is
very good except above 1600 keV, where their
results are systematically about 10%%u& lower than
ours on the strong transitions. There is, however,
overlap within their error limits of 11%. In addi-
tion to the many new transitions seen in our work,
several transitions that were only tentatively re-
ported by Rupp and Vegors are confirmed. The
147.32-, 157.27-, and 553.72-keV transitions they
reported' and a 1128.08-keV transition from an
earlier work' are definitely not seen in our work.
If present, their intensities must be considerably
less than reported. "

40 coincidence gates were analyzed. The coin-
cidence results are given in Table II. The coinci-
dence data were quantitatively analyzed by a hand

analysis of the photopeak area in all cases where
doublets were suspected or found and in other
cases where such information was important in
the placement of a transition. Very careful quanti-
tative analysis of the coincidence data must be
carried out in such complex decays when such
doublets are possible. Figures 2-4 illustrate the
quality of these data. In Fig. 3, for example, one
sees that the spectrum coincident with the 570.6-
keV transition shows no evidence for transition
in coincidence with the very close 573.8-keV one.
This spectrum illustrates, as well, the clear
establishment and placement of one of the weak
members of the multiplet around 987 keV. The
absence of an entry in Table II indicates that no
evidence was found for a peak at that energy above
background; while an upper-case N before an en-
try indicates that a careful quantitative search of
the gated data showed this transition was definitely
not in coincidence with that gate, e.g. , a transition
with that singles intensity would have been clearly
seen if it were present.
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FIG. 1. The y-ray spectrum of Bi taken with a Compton suppression system and an isotopically separated source.



l268 H. HAMIL TON e t a l.

TABLE I. Energies and intensities of y rays in ~Pb from the de~&y of 5Bi. The errors in the intensities obtained
at Vanderbilt and Livermore were given by the computer programs. The primary difference in the assigned errors of
the strong transitions arise from the larger error assigned to the relative-efficiency corrections in the Vanderbilt data.
The adopted values are the averages from these two measurements. The most recently published intensities (~f. 4) are
given for comparison.

E (keV)
Adopted values Vanderbilt

I
Livermore Idaho

I~

2.34 ~

26.13 ~

112.7 + P.l
115.10+0.10
122 66+0 10b
127.0 + 0.2
129.62+ 0.10
148.8 + 0.2 b

164.95+ Q.10
170.8 + 0.2
185.22 + 0.10
205.74 + 0.07
221.07+ 0.07
235.97 + 0.06
248.4 + 0.2
259.46~ 0.20 a

260.50 + 0.05
262.80 + 0.05
277.2 +0.5
282.38 + 0.07

284.15+0.10
284.26+ 0.10
310.35 + 0.05
312.84+ 0.20 a

313,43+ 0.20 a

339.25 ~ 0.20 b

349.55 ~ 0.05
354.45+ 0.10
361.20 ~ 0.20
361.85 + 0.20 a

444.8 + 0.7
476.30+ 0.15
488.05 + 0.15
493.65+ 0.05
498.40+ 0.15
498 87+ 0 20 a

499.54+ 0.2O a

503.4 +0.5
511.50+ 0.05
549.84+ 0.04

561.27+ 0.05
570.60 + 0.05
573.85'+ 0.05
576.30 + 0.10
579.80 + 0.10
606.25+ 0.15
626.71+0.1Q

646.00+ 0.10 ~

661.40 + 0.15
668.6 + 0.6 b

669.8 + 1.2 b

683.5 +0.3b
688.50+ 0.05

44 000 + 4400
28+ 2

240 + 10
22+ 2
10+2
20+2
17~5
50+ 3
13+3

305+ 20
81+10

100+ 6
182 + 10

6+4
16Q + 80

3500+ 100
1170+40

50+10
1370+20

5440 + 70
100+30
336+ 10

80+ 30
110+30
35+ 5

1810+ 30
55+6

100+ 30
98+ 30

44 +20
75+10

125+ 15
1200 +25
300+ 50
130+ 80
200+ 50
25+15

2750 + 50
9490 + 100

170 ~15
13 940+ 200

2000 + 40
605 +20

17 500 + 200
80+13

1880+20
210+ 10
90+15
60+ 40

30 ~40
85+10

730+30

222 + 10

400+ 25
120 + 10
100+ 6
200+ 10

4000 + 120

1270 + 40
50+10

1380+ 30

5590 ~ 100

356+ 15

222+8

40+10
1850 + 55

54+ 7

200+ 9

75+ 12
100 +25

1180+36

610+20

25+15
3020+100
9380 + 280

153+15
13680+ 400

2020 ~ 60
610+15

17300 + 500

1880 + 56
197+ 10
100+ 20

90+ 10
700+ 25

28+ 2

254 + 10
22+2
10+ 2
20+2
17+ 2
50+ 3
13~3

284+ 10
69+ 5
98~8

164+ 8
6+4

3540+ 70

1140+ 25

1350+ 30

5500+ 100

320+ 10

168+8

30+ 5
1780 + 20

56+8

196+8

44+ 20
80+15

142 ~ 14
1220+ 25
305*75

330+ 75

2750 + 40
9580 + 100

183+16
14 180+ 140

1970+ 50
598+40

17 700 + 180
80+13

1880+ 20
220 + 22
80+18
60+40
30+ 40
81+26

760 + 30

230+40
50+10

30+ 10
20+10
50+20'

280+ 50
100+20
90+ 20

170*50

3150+470

1210+ 21Q

1170+ 120

4880 + 760

275+ 50

180+30

1510+ 170
80+10

180+40

190+ 60
1000+140

560+130 '

33OO+35O'
9030 + 940

200+ 60
13450 + 1540

1760 + 38Q
1110+ 130

17070+1760

1810+20Q
200+40

640 + 90
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TABLE I (Continued)

E (keVj
Adopted values Vanderbilt

Iy

Live rmore
Iy

Idaho
I

701.16+0.20
703.45 + 0.05
704.86 + 0.20 '
717.37 ~ 0.05
72p.65+ 0.10
723.09+ 0.20
723.57 + 0.05
729.40 ~ 0.05
744.70 *0.10

757.09 ~ 0.20
759.10+0.10
761.35+ 0.10
764.99+ 0.20 '
771.40+ 0.15
777.85+ 0.15
780.92 + 0.05
788.13+0.15
789.3 + 0.2
795.67+ 0.05

800.80 + 0.05
806.55+ 0.10
813.75+ 0.10
828.22+ 0.05
831.0 + 0.3
842.8 + 0.3
848.2 +0.3
852.90 + 0.05
860.13+ 0.05
871.95 + 0.05

890.15+ 0.05
894.56 + 0.05
901.90+ 0.05
910.90+0.05
922.15+ 0.10
931.50+ 0.15b

950.84+ 0.05
971.56+ 0.05
978.50 + 0.10

987.49 + 0.20
987.66 + 0.05
989 12+0 20 d

989.84 + 0.20
992.65 + 0.20

1001.59 + 0.20
1001.95+0.20
1003.0 *0.30
1013.40 + 0.15
1013.8 + 0.1 '
1014.30+ 0.05

1031.5 + 0.3
1038.86+ 0.24
1043.75 + 0.05
1060.75+ 0.15
1063.90 + 0.15 '

500 + 200
100 000

1220 + 300
1000 + 20
460+ 30

90+ 40
490 +40
210+ 12

2240 + 50

400 + 150
3330 + 150
2200 + 100

30+12
150+12
235 ~ 30

1840+30
320+ 50
60+30

450 ~20

610+20
510~ 40

1510+40
930 ~40
130+ 30
70+ 20
85 ~12

232+15
1400+ 25
1340+30

2180 ~ 30
2000 +30
415+ 15

5280+ 100
170 + 10
125+ 15

1250+ 30
900+ 20
13Q + 20

300 + 100
51 880 + 500

(100
240+ 80
280 + 100
82Q+ 140
880 + 140
230 + 100
265+ 60
185+ 40

2940 + 60

110+35
365 ~ 30

24 150+300
142 + 15
80+ 15

101 720

1000+30
538+ 20

574+ 20

208 + 12
2500+ 300 "

3580 + 120

2420 + 80

147 ~12
292 ~35

1860+56
390+ 50

60 +30
460 + 15

580 +20
435+ 20

1450*50
990+ 50
130~30
70+20

232+ 20
1410+ 45
1320 + 40

2180 + 65
2020 + 60
406+ 15

5410+ 160
160 + 10
130+15

1258+ 40
870+ 30
10P + 15

52 300+ 1500

1940+ 60

3360 ~ 100

406+40
24200+ 700

123+10
98+10

101720

990 + 20
378 +20

586+ 20

211+18
2240 + 35

3820+ 60

2050~40

162+30
183+36

1830+40
300+ 35

436 ~ 25

645+ 25
588~25

1550+ 35
880+30

85+ 12
232 + 2Q

1392+ 25
1350+30

2180 + 40
1980+40
425+ 25

5190~ 75
185+25
119+20

1240+ 30
926+ 30
166~ 25

52 300+ 500

410 + 50

1700+100

228 + 100

3410 + 50

110~ 35
324 + 40

24 100 + 250
162+ 16
63+ 20

101720

780+ 170
380+ 100

540 + 110

260 + 170
2370 + 280

3790+430

2210 + 330

110+30

1590 + 320

370 + 60

440 + 140

430+ 80 '
540 + 160

1520 + 250
980 + 140

230+ 50
1420 + 32
1340 + 190

2100 + 240
2750+ 360

430 + 80
5340 ~ 580

00 ~40 c

180 + 20
1300+150

930 + 190
120 +30

54 260+ 5550

1820 +260

3150+430

130+30 '

24 280 + 2770
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TABLE I (Continued)

Adopted values Vanderbilt

Iy

Live rmore
Iy

Idaho

Iy

1066.03 + 0.15
1072.40+ 0.10
1075.10 + 0.10
1107.72 + 0.10
1190.03+0.05
1199.62+ 0.10
1208.70+ 0.05
1216.25+ 0.10
1256.9 +0.5
1261.65+ 0.20

1264.60 ~ 0.20
1264.8 + 0.2
1265.9 +0.3b'
1277.2 + 0.2 b

1351.52+ Q.05
1438.7 ~0.2"
1499.00 + 0.15
1501.40 + 0.10
1513.4Q + 0.20
1521.20 + 0.10

1548.65 + 0.15
1551.00+ 0.10
1563.15+ 0.10
1577.50 + 0.15
1593.00 + 0.15
1614.30+0.15
1619.10 ~ Q.15
1676.4 *0.3
1756.4 + 0.3
1760.04 + 0.40

1764.30 + 0.10
1775.80 + 0.10
1815.6 + 0.4
1818.0 + 0.2 ~

1861.70+ 0.10
1903.45+ 0.10
1965.8 + 0.5
2003.3 + 0.5
2565.10+ 0.15
2607.1 + 0.20

352 ~ 15
972+ 20
35+ 15

318+30
7270 ~ 200
610+40

1645+ 30
324+ 15

70+ 35
198+20

160+ 70
400+ 70
150+ 40
122+ 14

3400 + 100
375+ 20
550+45
730+ 45
225 + 40
640+ 40

900*50
3120+ 80

530 ~ 30
535+30
370+ 25

7320+ 120
1180+ 5Q

105+20
700+ 40
400+ 100

104 400+ 2000
12 820+ 250

44+ 15
152+ 12

19 840 + 300
7930+ 120

26+ 5
12~5

136+7

60+ 6

327 ~ 20
960 ~ 30

278*18
7030*200

561 +25
1640 + 50
325*15

183+20

586 ~30

152 +40
132+20

3580 + 110
358 + 25

1271~40

200 + 50
638+ 25

915+ 50
3250 + 100

480 ~30
525~ 30
356 + 25

7400 + 220
1280 + 40

102 + 20
710+ 40

100 600+ 3000
12 570+ 372

174 + 12
19400+ 550

7800+ 230
27+ 7
8~4

140+7
94+8

378+18
984+ 25
35+ 15

358 + 20
7450 + 11D
661+ 50

1645 ~ 40
323+ 22
70+35

212 ~30

536+ 50

146 + 70
114+ 20

3210 + 60
394+ 40
548+ 45$
735+45)
249 +50
649 ~ 50

868 + 100
2990 +100
580+45
548 ~45
386~40

7280 + 115
1080 + 55

109~ 30
690 + 75

107 300+ 1100
13080+ 220

44 ~15
152+ 18

20 200+ 250
8040 ~ 120

25+6
16+5

132 +8
58+ 6

350 ~ 50
1020+160

380 + 90
7470 + 82D

640 + 170
1680 + 210
230 + 50

850 + 130

3580 + 530
350~70'

970~ 360

650 ~ 160

3400 + 700
74p + 160
52P + 190
340 ~ 160

647p + 780
770+100

94 630 + 1Q 290
11280 + 1330

170+4p
17 750 + 1980

6820 ~ 760
50+ 20

160+ 60
70+ 2p

Conversion-electron measurement. The total intensity of the 26.1-keV transition, as given in the table, was obtained
from our coincidence work (see text).

Not placed in the decay scheme.
Transition was seen only once by Rupp and Vegors (Ref. 4).
Energy deduced from energy levels in decay scheme. Transition based on coincidence data from which the y intensity,

given in column 2, was obtained.
~ Essentially free of annihilation radiation.
~ This transition is only tentatively assigned to the 2 Bi decay.
~ Coincidence data indicated that less than one half of the 646.00-keV transition should be placed as shown in the pres-

ent level scheme. However, the coincidence statistics of this transition are rather poor.
The analysis of the intensity of this line is complicated by the presence of the double-escape peak of the 1764.30-

keV transition. This double-escape peak at 742.3 keV is stronger than the 744.70-keV photopeak.
Energy obtained from conversion-electron measurements. Intensity obtained from conversion coefficients, conver-

sion-electron intensities, and total y-ray intensities.
& Possible doublet.
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TABLE II. Coincidence results from two-parameter y~ experiments in the decay of Bi. A qualitative indication of
the relative strengths of the y rays appearing in each coincidence gate is shown by: Strongest lines are underlined,
e.g., 7Q3.5; medium strength lines are written normally, e.g., 703.5; and weak lines are underlined partially, e.g.,
7Q3.5. The absence of an energy indicated that no peak was observed above background at that energy in the gate.
Transitions where a quantitative analysis of the data indicated that the transition, if in coincidence, should have been
seen above the background, but was not observed, are identified by N, e.g., N-646. 0.

Gated E
(kev) y-rays observed in coincidence gate

259.5
260.5
262.8

282.4
284.2

349.6

493.7

511.5

549.8

561.3

570.6

573.9
576.3

579.8

626.7

688.5

703.5

744.7

759.1
761.4

780.9

813.8

828.2

860.1

872.0

890.2

910.9

950.8

971.6

987.5
987.7
989.8
992.7

1001.67
1002.0J

1013.4
1014.3

1043.8

312.8-313.4, 349.6, 498.4-498.9-499.5, 511.5, 549,8, 570,6, N-646. 0, 701.1, 780.9,
N-828. 2, 950.8, 1001.6-1002.0, 1208.7, 1351.5, N-1438, 7, 1499.0, 1501.4, 1513.4, N-1551.0,
N-1593.0, N-1756.4

549.8, 57P.6, 703.5, 759.1, 761.4, N-828. 2, 1208.7, N-1438.7, N-1551.Q, N-1593.Q, 1619.1

260.5, 262.8, 561.3, 573.9, 576.3, 688.5, 703.5, 1001.6-1002.0, 1261.7, 1264.6-1264.8

236.0, 312.8-313.4, 493.7, 744.7

115.1, 259.5, 284.2, 703.5, 704.9, N-828. 2, 987.5-987.7, 1066.0, 1107.7

894.6, 971.6, 1013.4

703.5, 987.5-987.7

349.6, 498.4-498.9-499.5, 573.9, 576.3

284.2, 310.4, 312.8-313.4, 511.5, 570.6, 626.7, N-646. 0, 795.7, N-828. 2, 860.1, 872.0,
890.2, 910.9, 950.8, 971.6, 987.5-987.7, 1001.6-1002.0, 1072.4, 1351.5, N-1438.7,
1548.7, N-1551.0, N-1593.0, N-1756.4, 1861.7, 1903.5

493.7, 729.4, 8Q6.6

282.4, 549.8, 570.6, N-646.0, 703.5, 800.8, 813.8, N-828. 2, 852.9~ 987.5-987.7, 1003.0,
1014.3, 1208.7, N-1438.7, N-1551.0, N-1593.0, N-1756.4, 1760.0

260.5, 262.8, 549.8, 570.6

573.9, 576.3, 759.1, 761.4, 989.8, 1031.5

361.2-361.9, 723.1-723.6

282.4 284 2s 703 5s 717 4s 987.5 987.7s 1001.6-10Q2.0

703.5, 989.8

703.5, 894.6

703.5, 950.8, 992.7

260.5, 262.8, 282.4, 349.6, 570.6, 703.5, 910.9, 1043.8, 1351.5, 1614.3

549.8, 579.8, 1043.8

115.1, 260.5-262.8, 511.5, 570.6, 626.7, N-646. 0, 704.9, 717.4, 723.1-723.6, 759.1, 761.4,
788.1, 813.8, N-828.2, 860.1, 872.0, 901.9, 1043.8, 1066.0, 11P7.7, 1216.3, 1264.6-1264.8,
N-1438.7, N-1551.0, 1577.5, N-1593.0, 1619.1, N-1756.4

260.5, 262.8, 349.6, 701.2, 703.5, 759.1, 761.4, 860.1, 901.9, 987.5-987.7

185.2, 262.8, 498.4-498.9-499.5, 573.9, 579.8, 759.1, 761.4

221.1, 349.6, 549.8, 570.6, N-646. 0, 720.7, N-828.2, 894.6, 922.2, 950.8, 992.7, 1208.7,
N-1438.7, 1521.2, N-1551.0, 1563.2, N-1593.0, N-1756.4

260.5, 262.8, 282.4, 759.1, 761.4, 780.9, 894.6, 971.6, 1043.8

703.5

260.5, 262.8, 282.4, 759.1, 761.4, 780.9, 950.8, 992.7, 1043.8

185.2, 282,4, 349.6, N-646. 0, 688.5, N-828. 2, 1199.6, N-1438.7, N-1551.0, N-1593.0, N-1756.4



1272 J. H. HAMIL TON e t a l.

TABLE II (Continued)

Gated E
(keV) y-rays observed in coincidence gate

1190.0

1208.7

1264.6
1264.8

1351.5

1499.0
1501.4

1548.7
1551.0

1614.3

1619.1

1764.3

1775.8

1861.7

1903.5

284.2, 361.2-361.9

260.5, 262.8, 282.4, 312.8-313.4, 780.9, 1043.8

349.6, 703.5, 987.5-987.7

260.5, 262.8, 703.5

260.5, 262.8

703.5

N-828.2, 950.8, 992.7

987.5-987.7

488.1, 723.1-723.6, 757.1, 800.8

703.5

703.5

' No transitions definitely seen.

Most of the possible multiple placements of
transitions noted by Rupp and Vegors4 in their
table are now confirmed by our coincidence data.
There are a few remaining questionable cases,
however. While there is very weak coincidence
evidence for a 493.7-keV transition out of the
1758.50-keV level, it would be M2 or of higher
rnultipolarity; hence it probably does not exist.
An alternate interpretation of the coincidence data
is that there is a 492-keV transition with an inten-
sity of about 20% of the 493.7-keV transition, and
it depopulates the 1756.4-keV state. The coinci-
dence data indicate less than 4 of the 310.35-keV
singles intensity can depopulate the 1575.26-keV
level, and less than —,

' the 561.27-keV intensity
can depopulate this same level. The 561.27-keV
transition would be M2 or E3 and so is very un-
likely. Thus, these alternate placements for the
310.35- and 561.27-keV transitions are not given
in the decay scheme. The 1501-keV transition
which depopulates the 1764.31-keV level has two
other possible placements out of the 2203.90-keV
level and/or out of the 2488. 18-keV level. Coinci-
dence data (Fig. 2) show that less than 20% of the
1501.40-keV transition single intensity can go else-
where in the level scheme. Also it would be an
M2 transition out of the 2203.90-keV level.

Table III lists the results of our conversion-elec-
tron measurements along with the results of prev-
ious investigators. ' " Our y-ray intensities from
Table I along with an essentially pure E2 conver-

sion coefficient" "measured for the 703.45-keV
transition were used to obtain the conversion coef-
ficients. With our more accurate y ray and in
some cases electron intensities, we have obtained
more accurate conversion coefficients. The the-
oretical conversion coefficients of Hager and
Seltzer" and Sliv and Band" were used to deter-
mine the multipolarities. In several cases our
assignments are more restrictive than those of
Rupp and Vegors4 because of our better error
limits. Table IV lists the results of our K/L ratio
measurements which give added confirmation to
several assignments.

IV. LEVEL SCHEME

The above data were incorporated into the level
scheme shown in Fig. 5. This scheme includes
two new levels, positive identification of four of
the tentative (dashed) levels reported by Rupp and
Vegors, ' and the nonexistence of a fifth level ten-
tatively suggested by them. In addition, numerous
new transitions which include new doublets, trip-
lets, and even a quadruplet are placed. Only care-
ful quantitative analysis of coincidence data ob-
tained with two large Ge(Li) detectors could yield
such details. Of the 146 transitions observed in
our work, 130 are placed in the level scheme, in
most cases on the basis of coincidence data. The
coincidence placement of a transition is shown by
a solid circle at the depopulating level. The per-
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8&Pb12& COINCIDENCE SPECTRUM WITH 570-keV y RAY
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FIG. 3. Coincidence spectrum obtained with the gate
on the 570-keV y ray. The spectrum is corrected for
Compton background coincidences.

centage of electron-capture and positron level
feedings and logft values for each level are given
in Table V. The electron-capture feeding to the
987.66-keV level was obtained from a comparison
of the Kn and KP x rays coincident with the 987.66-
and 1043.75-keV transitions. The 1043.75-keV lev-
el is fed essentially by transitions from higher
states. The data were corrected for internal-con-
version processes. This procedure was cross-
checked by comparison of the K x rays seen in
other gates. Our value of 72% population for the
987.66-keV level by the 26.1-keV transition is in
excellent agreement with the value of 70%%uo obtained
by internal-conversion measurements. "

Since many of the features of the level scheme
have been recently discussed by Hupp and Vegors, '
we have restricted our discussion to the new in-
formation gained in our work. While we have
added some new transitions to the levels up to
1500 keV, the general features of the levels are
unchanged. However, we do not see the 553.72-
and 1128.08-keV transitions out of a tentative level
suggested ' at 1129.9 keV and so conclude that
this level does not exist. Also we see a 1013.40-
keV E1 transition from a level at 2607.00 keV in
addition to the 1013.8-keV isomeric M4 transition
from the 1013.79-keV level.

The latest Nuclear Data Sheets" give the spin
of the 1264.77-keV level as either —,

' or —,'. Based
on y transitions to —,', 2, —,', and —,

' levels and
y-ray feeding from a —,

"(or —,
' ') level the spin

and parity are —, . Conversion coefficients con-
firm the odd parity. The previous assignments
of —,

' or '-,' for the spin of the 1499.04-keV level
are excluded on the basis of a transition to this
level from the '-,", 2203.90-keV level, the decay
to the ground state, the M1 character of the
511.50-keV transition to a —,

' level, and the o.~
of the 745.67-keV transition. Though not given
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TABLE IV. K/I ratios of transitions in Pb.

Ey
(ke V)

X/L ratios
Theoretical

E1 E2 M1Experimental

260.50
262.80
349.55
570.60
579.80
703.45
987.66

1043.75
1764.30

5.5*0.7
5.8+ 0.7
4.9+ 1.3
5.8+ 1.2
3.5+ 0.8
4.6 ~ 0.4
5.6+ 0.8
6.8 + 1.0
6.6 + 0.8

6.0 1.4 5.6
6.0 1.4 5.6
6.2 2.2 5.6
6.3 3.4 5.6
6.3 3.5 5.6
6.4 4.2 5.6
6.5 4.9 5.7
6.5 4.9 5.7
6.7 5.2 5.7

in Table III this n~ is definitely not M2, as a '-,"
assignment would require.

The 1575.26-keV level was only tentatively re-
ported earlier. 4 The data from the 813.8- and
872.0-keV gates, as well as other gates, definitely
establish this level. Odd parity is established by
the n~ value of the 871.95-keV transition to a —,

'
level. Based on the decay to —,

' and —,
' levels and

population from —,
' ' levels, the spin and parity is

9- 7—or—
2 2

The 1705.03-keV level is definitely established
by the 860-, 987-, and 1002-keV gates. The o.~
of the 717.4-keV transition to a —,

' level is used
to establish odd parity for the level. This level
definitely decays to —,

' and —,
' levels and is fed

by transitions from —,
'' and '-,". These transitions

coupled with the odd parity indicate a spin and

parity of '-,' or —,
'

The 1756.4-keV level is new. It is based solely
on the fact that we searched carefully every gate
that involved transitions from levels up to 1.1 MeV
and definitely concluded that the 1756.4-keV tran-
sition does not populate any excited state below
that energy. With a decay energy of 2703+ 6 keV, "
this transition must feed the ground state or the
2.34-keV level. While the energy fits the gap
1758.50 to 2.34 keV, these levels are —', ' (or '-,")
and &, respectively, and such a transition would
not be seen with the intensity observed for the
1756.4-ke V transition. While no other transitions
are definitely established to populate or depopulate
this level, there are several cases where relative-
ly weak transitions could have been masked, such
as 491.6- and 742.6-keV transitions out of and the
495.7- and 808.6-keV transitions into the level.

Based on transitions into the 1758.50-keV level
from &', —,", and '-," levels and transitions out to

and '-," levels, the spin and parity assignment
suggested for the 1758.50-keV level is —,".This
is supported by the E2 character of the 744.70-keV
transition from the —,

"state.

A level at 1818 keV is tentatively proposed on
the basis of the 1818.0- and 1815.6-keV transitions
which are separated by the energy of the first ex-
cited state. A strong coincidence relation was ob-
served between the 1818.0- and 703.45-keV transi-
tions by Rupp and Vegors. ' However, the 1818.0-

TABLE V. The electron-capture level feedings in
~Bi decay and log ft values. The total decay energy is

2703 keV.

Level energy Spin and parity p+ and/or electron
(keV) of levels capture log ft

2.34

262 ~ 82

576.25

703.44

761.36

987.66

1013.79

1043.75

1264.77

1499.04

1575.26

1593.59

1614.35

1705.03

1756.4

1758.50

1764.31

1775.79

1818b

1842.01

1965.9

2203.90

2252.26

2488.16

2521.40

2565.10

2607.00

2

2

2

i++
2

7-

9-
2 $2

9+
2

7
T

ii—
2 '2

7-
2

2

(13+)

9- 7
2 '2

Q+
2

2+
2

9+ 7+
2 $2

2 $2

0 ~ 0.07

0.05+ 0.04

14.5 + 0.102

—0.14 + 0.08

14.1 + 0.15

3.56+ Q.lp

0.03+ 0.09

—0.11+ O.Q8

0.004 + 0.02

0.68+ 0.03

7.2 + 0.064

9.9+ 0.08

0.02 + 0.04

0.19+ 0.01

0.13~ 0.02

28.6 ~ 0.55

4.8 + 0.07

~0.01

0.14+ 0.017

0.23+ 0.055

2.43+ 0.098

1.13+ O.Q5

0.94 ~ 0.01

0.28 + 0.03

8.16+0.09

2.32 + P.Q5

9.1

9.0
9.6

9.9
8.8

8.7

10.3

10.4

8.1

8.9

10.3

10.0

8.5

8.8

8.0

8.3

6.5

6.3
' The feeding is essentially electron capture. For ex-

ample, the ratio of positron feeding to the electron-cap-
ture feeding to the 703.44-keV level is 0.007. The feed-
ings which are essentially zero such as the one to the
576.25-, 761.36-, 1043.75-, 1264.77-, and 1705.03-keV
levels are not used for normalization. The negative feed-
ing indicates that there is more intensity going into the
level than there is going out.

Only tentatively assigned.
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FIG. 5. (a) The level scheme of 5Pb. Transitions which depopulate the levels from 1818 to 2607 keV are shown.
A dot indicates placement on the basis of coincidence data. (b) The level scheme of 2 SPb. Transitions which
depopulate the levels up to 1775.79 keV are shown. A dot at the beginning of an arrow indicates the transition was
placed by coincidence data.
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keV transition is about 7 times stronger than

would be expected from its singles intensity. Our
data are consistent with the 1818.0-keV transition
with our singles intensity (Fig. 4) being in coinci-
dence with the 703.45-keV transition, but the sta-
tistics are not sufficient to definitely establish
such. Such a coincidence relation is assumed,
since the 1818.0-keV transition fits between the
known 703.45- and 2521.40-keV levels. However,
this could also be satisfied by a 703-ke V transi-
tion on top of the 1818.0-keV level, or the 1818.0-
keV transition could be a doublet and both place-
ments exist. In any case, the 1815.6-keV transi-
tion must depopulate a previously unreported level,
and an 1818.0-keV level is one such possibility.
Since this level is based on the placement of a
transition into the 2.34-keV level, the spin and

parity of this level would be —,
' .

The 1842.0-keV level is based on the 828.2-keV
coincidence spectrum and the absence of the
828.2-keV transition in any other gate. A careful
search was made for this transition in each gate,
which corresponds to the primary transition out of
each level. There is only weak evidence for two
or three transitions, namely of 361.8, 646.0, and
723.1 keV, in the 828.2-keV gate. In other gates
where transitions of similar intensity are involved
such as the 860.1-, 872.0-, and 960.8-keV gates,
several transitions are clearly seen. The 960.8-
keV gate exhibits many clear peaks. Thus, the
828.22-keV transition does not populate any level
which has prompt y-ray depopulation nor does it
depopulate a level strongly fed by y radiation. The
only choice is that it feeds the isomeric 1013.79-
keV level from a 1842.01-keV level. This level
also allows the placement of three transitions that
are seen weakly in the coincidence spectrum. The
coincidence data suggest only about half the 646.00-
keV transition intensity feeds this level. Since the
coincidence statistics are poor and there is at
present no alternative placement of this transition,
all the 646.00-keV transition intensity is assigned
as populating the 1842.01-keV level. While not
shown in Table III, a limit of a„of the 828.22-
keV transition restricts it to E1 or E2 rnultipo-
larity. Since essentially all the depopulation is to
the '-,"level with very weak transition to a —,

' ' lev-
el, a tentative assignment of '-," is made for this
level, too.

The 1965.9-keV level previously suggested' is
now definitely confirmed by the 1043.8- and 688.5-
keV gates where the 922.15- and 701.16-keV tran-
sitions, respectively, are seen for the first time.
Based on y-ray decays to —,', —,', and —,

' levels
and a logft of 10.0, a spin and parity of —,

' or —,
'

is allowed.
The spin of the 2252.3-keV level has been sug-

gested' to be —,'. Positive parity is established by

the M1 character of both the 493.65-keV transition
to a —,

' ' level and a 312.84-keV transition from a
—,
"level. In our coincidence data, a weak transi-
tion was observed to feed the 1264.77-keV, —,

'
level from this state. Thus, we conclude that the

spin is —,'.
The 2488.16-keV level y ray decays to —,

'
—,", and ~' states. These decays indicate a spin
of —,

' or —,'. Since there is also a transition to a
possible ('-,"}level, —,

' would be ruled out and —,
'

preferred; however, the ~ is not definite. The E2
character of the 894.56-keV transition and M1
character of the 235.97-keV transition establish
even parity for the level.

The 2521.40-keV level previously suggested' is
now definitely confirmed by the 703.4-1818.0-
and (759-761)-1760-keV coincidence relations,
as well as the 1764.3-757.1-keV coincidence. On

the basis of decays to only —,
' and —,

' states and a
logft of 8.3, a spin and parity of —', and —,

' ' is
allowed.

V. DISCUSSION

The level scheme of '"Pb based on the results
of the present work is given in Fig. 5. There are
some additional levels seen in the '~Pb(d, P)'"Pb
and '~Pb(n, y)'"Pb reaction studies. "" A sum-
mary of all the energy levels in '"Pb and their
spin and parity assignments known up to the pres-
ent time is given in Fig. 6.

In 1967, Miranda" calculated the level structure
of ' 'Pb using the shell model. A closed ' Pb
core was assumed, and the three holes were dis-
tributed among the available neutron shells 3ppf2,

3p»„2f„„2f„„danli»„. The lh„, shell was
omitted in these calculations, and phenomenologi-
cal interaction was used. At that time, the calcu-
lated results were in reasonable agreement with
the experimental results of Vegors, Heath, and
Proctor. ' However, the results of the present
experiment are not in good agreement with Mi-
randa's predictions. ' As an example, there are
many more negative-parity states than predicted
in that work.

Very recently, a complete shell-model calcula-
tion has been performed for ' 'Pb, where a realis-
tic two-body interaction was used. " The reaction
matrix elements were deduced from the Hamada-
Johnston potential according to the model of Kuo
and Brown" and included the effects of core polari-
zation. A closed 'o'Pb core was assumed, and the
three holes were distributed among the six avail-
able neutron shells (3p»2, 3p»„2f„„2f»„ lh»„
and li»»} The ener. gies, spine, and parities that
resulted from this calculation are given in Fig. 6
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FIG. 6. Comparison of experimental and the calculated
shell-model levels for 5Pb. The dashed lines repre-
sent the identification of shell-model levels on the basis
of spectroscopic factors for the Pb(d, P) Pb and
'"pb(d, t)'"pb reactions.

along with the experimental results. The agree-
ment is good. There are many more levels now

predicted than are observed in any of the experi-
ments thus far. Additional experiments are re-
quired to locate these states. Tentative identifi-
cation of some of the calculated and observed lev-
els have been made on the basis of spectroscopic
factors for '~Pb(d, f)2"Pb and '~Pb(d, P)'~Pb reac-
tions. Confirmations of these and identification of
new shell-model states can be made on the basis
of electromagnetic decay properties of levels as

was done' in the case of '"Pb. While these are
not available now, they are in progress. "

The observed large logft values to states in '"Pb
can be explained in exactly the same manner as
was done in the case of the decay of '~Bi to '~Pb
(see Ref. 2). Briefly the reason is that the ground

state of '"Bi will have an h9/2 proton coupled to
four neutron holes in the six available neutron
shells and the states in '"Pb have configurations
resulting from distributing three neutron holes in
the six available neutron shells and, for reasons
given in Ref. 2, P decay will be retarded resulting
in large logft values.

VI. CONCLUSIONS

The present level scheme represents a consider-
able advancement over that of Rupp and Vegors'
and over that in the new Nuclear Data Sheets. "
The level structure shown in Fig. 5 includes sev-
eral new levels, new decay schemes for levels,
and new spin and parity assignments. These re-
sults were compared with the older shell-model
calculations, ' which used a phenomenological in-
teraction, and with the new shell-model calcula-
tions, "where a realistic interaction and a larger
basis were used. Agreement with the older calcu-
lations is poor, whereas agreement with the new
calculations is good. Some shell-model states
mere identified on the basis of calculated and ob-
served spectroscopic factors. Additional theore-
tical work, mainly the calculation of transition
rates, and additional experimental work to locate
the states that have not yet been seen are required
before a detailed test of the shell model can be
made.

Finally, we note that coincidence work of a
similar nature to our work has been privately
reported. " Since it is unpublished as yet, no
detailed comparison with that data has been made.
However, we do note that the new levels tentative-
ly suggested at 1633.5, 1737.2, and 2421.4 keV
are excluded by a quantitative analysis of our
coincidence data. No evidence was found for the
levels at 2108.2 and 2327.4 keV, either.

We also learned of recent detailed studies of the
conversion-electron spectrum from the decay of
'"Bi with a high-resolution double-focusing spec-
trometer. '4 Such data should be helpful in further
clarifying the spin and parity assignments.
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