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Collective Excitations in Pb"', Pb"' and Bi"'f
J. ALSTER

DePartmeat of Physics, Usseoersety of Washtrsgtoss, Seattle, Washelgtoae

(Received 16 August 1965)

The nuclei Pb' ~, Pb~s, and Bi~' are investigated by inelastic scattering of 42-MeV 0, particles. The pre-
viously noted similarity in the excitation of these three nuclei is studied in detail. The excitation of collective
levels is strongly favored in this experiment. The measured angular distributions show equally strong
octupole levels in the three nuclei, at 2.6-MeV excitation. Levels in Pb~' and Pb"' around 3.2 MeV are found
with the same strength as the known 5 level at 3.198 MeV in Pb"'. The previously reported level at 4.3 MeV
in Pb~ is shown to consist of two levels at 4.12 and 4.40 MeV and their angular distributions favor a 2+
assignment. These levels are also found in Pb"~ with the same intensity as in Pb"'. The conclusion is drawn
that the excitations in these three nuclei are due to the collective excitations of the Pb"' core and that the
coupling to the Pb"' core of a single proton or a single neutron hole is very weak. Collective parameters are
extracted using the Austern-Blair model which is shown to give good agreement with the measured angular
distributions. The Coulomb-excitation contribution to the inelastic scattering is demonstrated by extending
the angular-distribution measurements to small angles.

INTRODUCTION
' 'T has been known for several years that inelastic-
~- alpha-scattering experiments provide a good tool
for the study of collective nuclear excitations. ' It

seemed interesting to use this tool to study the col-

lective excitations in a spherical and double magic
nucleus of which Pb"' is a good example. By comparing

the inelastic scattering from Bi' ' and Pb' with that

TABLE I. Center-of-mass cross sections for 42-MeV a particles scattered from Pb~'.

Excitation
2.615 3.20 4.12 4.40 5.6

&0.1

16.3
17.3
18.3
194
20.4
21.4
22.4
23.4
24.5
25.5
26.5
27.5
28.5
29.5
30.5
32.6
34.6
36.6
38.7
40.7
42.7
44.8
46.8
48.8
50.8
52.9
54.9
56.9
58.9
61.0
63.0
67.0

0.867
0.916
1.000
1.039
1.098
1.114
1.196
1.170
1.234
1.205
1.157
1.113
1.042
0.934
0.891
0.796
0.666
0.533
0.442
0.342
0.278
0.247
0.179
0.178
0.139
0.107
0.084
0.076
0.063
0.055
0.039
0.033

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.2
1.2
1.2
1.4
1.4
1.4
1.4
2.0
2.0
2.0
2.0

2.91 0.87 0.71'

5.13
8.70

1.70
2.31
2.40

0.94
1.64

1.28
0.69

0.90
0.83
1.10

0.39
0.66

2.58

2.44

2.41.
1.358

1.67.
2.15

0.37.

3.15
2.1.5
2.52
3.04
2.25
2.01
1.514
2.262
1.930
1.425
1.089
0.982
0.906
0.902
0.555
0.423

I).22
0.17
0.17
0.14
0.10
0.10
0.064
0.081
0.077
0.063
0.049
3.046
0.047
0.041
0.032
0.024

0.60
0.62
0.32
0.34
0.33
0.37
0.27
0.19
0.23
0.15
0.15
0.12
0.03
0.06

0.35

0.11
0.09
0.05
0.05
0.04
0.05
0.04
0.03
0.03
0.03
0.02
0.02
0.01
0.01

1.08

358

2.58

0.6.

18

1.37
1.50
0.38

0.85
0.498

0.39
0.69
0.54
0.48
0.35
0.37
0.28
0.33
0.22
0.18
0.11
0.14

0.33

0.30
0.24
0.15

0.14

0.07
0.07
0.05
0.05
0.06
0.04
0.03
0.03
0.03
0.02
0.02
0.02

o/o@ Error do /dQ Error do/dQ Error do/do Error
(%) (mb/sr) (mb/sr) (mb/sr) (mb/sr) (mb/sr) (mb/sr)

2.19

13'
0.28

0.9. 2.778

1.06

0.27

0.718
0.33

0.60
0.34
0.38
0.32
0.39
0.34
0.30
0.18
0.20
0.19
0.13

0.29

0.01

0.12

0.07
0.04
0.05
0.04
0.03
0.03
0.03
0.03
0.02
0.02
0.02

1.86.

1.64
1.17
1.04

0.66
0.42

0.57
0.39
0.42
0.30
0.25
0.23
0.17
0.12

0.15
0.16
0.13

0.09
0.06

0.05
0.03
0.03
0.03
0.03
0.03
0.03
0.02

do /dQ Error do /dg Error
(mb/sr) (mb/sr) (mb/sr) (mb/sr)

2.28

38

& These values represent upper limits to the cross section.

t Work performed under auspices of the U. S. Atomic Energy Commission.
*Present address: Physics Department, Northeastern University, Boston, Massachusetts.
J. S. Blair, Argonne National Laboratory Report ANL-6878 (unpublished) and references therein.
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TAsLE II. Center-of-mass cross sections for 42-MeV a particles scattered from Pb~'.

Excitation

a/0 g Error
(mb/sr)

do jdQ
(mb/sr)

2.60

Error
(mb/sr)

do/dO
(mb/sr)

3.40
+
3.7

Error
(mb/sr)

do/tEQ
(mb/sr)

4.07
+

4.27

Error
(mb/sr)

14.3
15.3
16.3
17.3
18.3
19.4
21.4
22.4
23.4
25.5
28.5
29.5
30.6
32.6
34.6
36.7
38.7
40.7

44.8
46.8
48.8
50.9
52.9
54.9
56.9
58.9
61.1
63.1
65.1
67.1
69.1
71.1
73.1
75.1
77.1
79.1
81.2
85.2
89.2
91.2

1.064
0.969
0.955
0.946
0.995
1.043
1.198
1.159
1.159
1.208
1.024
0.967
0.863
0.755
0.623
0.482
0.420
0.353
0.321
0.250
0.205
0.174
0.147
0.106
0.090
0.075
0.067
0.049
0.041
0.033
0.029
0.024
0.017
0.014
0.0134
0.0125
0.013
0.007
0.0048
0.0042
0.0032

1.2
1.2
1.2
1.2
1.2
1.2
1.2
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.2
1.2
1.2
1.2
1.4
1.4
1.4
1.4
1.4
2.0
2.0
2.0
2.5
2.5
2.5
2.5

6.0

3.0
0.6
1.5
0.9
1.3

3.5
2.9
34
3.5
2.75
2.10
2.10
2.10
1.90
1.35
1.00
0.93
0.89
0.76
0.59
0.43
0.37
0.37
0.27
0.22
0.17
0.15
0.130
0.096
0.082
0.065
0.055

3.0

-2 2+1.8

0 4+1.0

0.6
0.3
1.0
0.3
0.3
0.3
0.3
0.2
0.20
0.20
0.18
0.14
0.09
0.05
0.07
0.06
0.04
0.04
0.03
0.02
0.04
0.02
0.02
0.02
0.03
0.02
0.009
0.009
0.015
0.006
0.007

2.8

1.5
2.1
1.13
0.59

0.27
0.52
0.40
0.35

0.253

0.217
0.194
0.153
0.160
0.099
0.093
0.076
0.078
0.089
0.035
0.044
0.030
0.020
0.029
0.025
0.0074
0.010
0.007

+1.5

-2 0+1 9

1.0
+0.8

0.52
0.28

0,15
0.09
0.07
0.05

0.048

0.039
0.035
0.034
0.037
0.018
0.018
0.014
0.026
0.011
0.010
0.009
0.008
0.005
0.009
0.004
0.0027
0.002
0.002

2.9
3.7

5.2
1.4
1.74
1.06
2.09

1.82

1.46
1.30

0.86

0.66
0.79
0.51
0.54
0.396
0.345
0.289
0.266
0.208
0.144
0.136
0.119
0.099
0.117
0.075
0.019
0.035
0.028

1.5
2.0

1.4
0.6
0.35
0.31
0.36

0.20

0.10
0.08

0.08

0.05
0.06
0.05
0.05
0.032
0.028
0.033
0.037
0.015
0.016
0.011
0.012
0.011
0.013
0.014
0.002
0.004
0.003

of Pb"' one can study, respectively, the effect of a
single proton and a single neutron hole on the collective
excitation properties. In particular, it should enable
one to test the weak-coupling core-excitation model. '

A comparison will be made with the inelastic-electron-
scattering results of Kendall et al. ,' and inelastic proton
scattering of Cohen et al. at 23 MeV, and of Stovall
et al. ' at 40 MeV; the inelastic neutron scattering of
Cranberg et al. ,' Stelson et al. ,~ and Towle et al.'; the
inelastic e scattering on Pb' of Satchler et al.o and

' A. de-Shalit, Phys. Rev. 122, 1530 (1961).' H. Kendall and J. Oeser, Phys. Rev. 130, 245 (1963).
4 B.L. Cohen and S. W. Mosko, Phys. Rev. 106, 995 (1957).
e T. Stovall and N. M. Hintz, Phys. Rev. 135, B330 (1964);

M. P. Fricke and G. R. Satchler, ibid 139, B567 (1965.).' L. Cranberg and C. D. Za6ratos (private communication).' P. H. Stelson, R. L. Robinson, H. J. Kim, J. Rapaport, and
G. R. Satchler, Nucl. Phys. 68, 97 (1965).' J.L. Towle and W. B.Gibson, Nucl. Phys. 44, 256 (1963), and
W. B. Gibson (private communication).

9 G. R. Satchler, H. W. Broek, and J.L. Yntema, Phys. Letters
16, 52 (1965).

Bruge et al."A comprehensive review of the nuclei in
the lead region has recently been given by Hyde et al."

One can use the distorted-wave Born approximation
(DWBA) formalism" or the adiabatic, parametrized
phase-shift model of Austern and Blair" to extract
collective parameters from the experimental data. It
was of particular interest to see whether the Austern-
Blair model would correctly calculate the inelastic
scattering from very heavy nuclei. The DWBA for-
malism allows one to calculate the effect of the Cou-
lomb-excitation contribution to the inelastic scattering.

' G. Bruge, J. C. Faivre, H. Faraggi, J. Saudinos, and G.
Vallois, Phys. Letters 14, 221 (1965)."E.K. Hyde, I. Perlman, and G. T. Seaborg, The Eucleur
Properties of the Heavy Etemertts (Prentice-Hall, Inc. , Englewood
Clips, Near Jersey, 1964).

1'R. H. Bassel, G. R. Satchler, R. M. Drisko, and E. Rost,
Phys. Rev. 128, 2693 (1962); N. Austern, in Selected Togcs irI,
Nuclear Theory (International Atomic Energy Agency, Vienna,
1963).

"N. Austern and J. S. Blair, Ann. Phys. 33, 15 (1965).
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TABLE III. Center-of-mass cross sections for 42-MeV a particles scattered from 3i~9.

Excitation

14.3
16.3
18.3
20.4
22.4
24.4
26.5
28.5
30.5
32.6
33.6
34.6
36.6
38.7
40.7
42.7
44.8
46.8
48.8
50.8
52.9
54.9
56.9
58.9
61.0
63.0
65.0
67.0

0.945
0.900
0.858
0.981
1.064
1.094
1.143
1.016
0.928
0.826
0.790
0.726
0.577
0.480
0.408
0.333
0.267
0.219
0.189
0.155
0.120
0.094
0.082
0.073
0.0562
0.0440
0.0435
0.0324

Error
(%)
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.2
1.2
1.2
1.4
1.4
1.4
1.4
1.4
1.4
1.4

do/dQ
(mb/sr)

5.06
5.48
4.21
7.07
3.56
0.34

0.73

4.66
2.66
2.63
2.65
3.03
2.95
2.11
1.98
1.94
1.95
1.46
0 94.
1.03
1.01
0.85
0.68
0.56
0.46

2.50
+

2.67

Error
(mb/sr)

+0.80

-2 0+0.80

+0.55

0.78
+0.64

+0.04

0.27

0.14
0.24
0.16
0.21
0.30
0.18
0.10
0.08
0.08
0.08
0.06
0.05
0.05
0.05
0.04
0.03
0.03
0.02

da/da
(mb/sr)

2.25
1.95
0 94a
1.65
1.08

0.43
0.60
0.58
0.408
0.390
0.342
0.343
0.247
0.143
0.135
0.190
0.136
0.118
0.072
0.075
0.066

3.1

Error
(mb/sr)

~ 6+0.67

+0.4?

0.31

0.19
0.14
0.12
0.045
0.058
0.041
0.034
0.027
0.027
0.022
0.021
0.019
0.016
0.010
0.011
0.010

a These values represent upper values to the cross section.

EXPERIMENT AND RESULTS

The experiment was performed with 42-MeV 0,

particles accelerated in the University of Washington
60-in. cyclotron. The beam was brought into a 60-in.

scattering chamber. The scattered particles were

detected with Li-drifted silicon semiconductor counters.
The targets, approximately 1—1.4 mg/cms thick were

prepared by vacuum evaporation. " The Pb"' was
enriched to 97.98% with a contamination of 0.82%
Pb' and 1.15% Pb"' The Pb"~ was enriched to
92.93%with a contamination of 4.63% Pb"' and 2.44%
Pb' '. The main contamination in all targets consisted
of 0 and C which resulted in gaps in the measured
angular distributions. The over-all energy resolution
ranged from 90 to 110 keV. The angular spread ranged

gABLE I'V. A list of levels in Pb~, Pb~, and Bi~9 excited by 42-MeV a particles. The first column gives the excitation energy; the
second column gives the orbital angular momentum transfer; the third column is the value PqR derived from the Austern-31air model,
and column 4 gives the transition strength in single-particle Weisskopf units as defined in the text.

&exc
(MeV)

2.6
3.4
3 7 ,4.08

4.27J
4.8
5.2
5.5
5.8

piR
(F)

2
(4)

0.34

0.55

7.5

90

3 0.74 30.0

+exc
(MeV)

2.615

3.198

4.11

4 40

4.75

5.6

Pb208

I PIR
(F)

5 032
2'

O.582 I
(4),

7.0

9.0

9.0

(3) 0.4

0.57 30.4

Wxc
(MeV)

1.6
2.50}

3.1

5.4

Q j209

I plR
(F)

0.76

5 0.32

(23.0

7.0

~4Qbtained from Qak Ridge National Laboratory, Isotopes Development Center.
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JQ=-2.50 MeV

Q=-2.67 MeV
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0» = 50'
200-

50—
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Q=-3.4 MeV
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2

20
Q=-l.6 MeV

O.I—
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1000—
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Z.'

100—
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I—
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Q=-4.39 MeV
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a
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Q=-2.6P Me
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80 9020 30 40 50 60 70
.OOI—

0
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FIG. 3. Angular distribution for the elastic scattering of 42-
MeV 0. particles divided by Rutherford scattering for Pbp, Pb~,
and Bi~'.

100—

Q=-4.27 MeV

Q=-4.08 MeV

Q=-3.5 eV

101

II
II

I

CHANNEL5

~ ~ ~
~ ~ 0

F G. 1. Energy spectrum of 42-MeVa particles scattered
at 50 deg, for Pb~', Pb~, and Bi~9.

IOO
I I I I

Pb (a, a)—
0=-262 MeV
X=3

-(3 )

448 . 4.75

4.40 ~(4+)
4os )('k.",s/2)s 4" 2 @&i

3.7
}(e/

+ Il/ +)

3.228
3.I86

4.I

3.45

10—

(d~)-
rnb
sr

2.6 (P+ 7/4)
2.54

l.63 I&/+
2

P.894 3—
2

P.570 5/—

2.6IS fy+ IS/+
250

I.SO»j'+

0.894 3—
2

P I
/-

Pb

p+

ZP8
Pb

. 209
Bi

9/2

FIG. 2. Level scheme showing the known levels in Pb1 %7 Pb208

d 8'~' b l 4 MeV (Refs. 6 and 8) together with all the levels
excited in this experiment (preceded by an asterisk). Moore levels
were found by inelastic neutron scattering.

I

60 70
O, l I I

IO. 20 30 40 50
8,

FIG. 4. Angular distribution for the inelastic scattering of 42-
MeV ~ particles from the 2.615-MeV level in Pb~ . The solid

th l ulated angular distribution calculated with Eq. (l),
usin the parameter i~=19.7; b,lg=0.88, 8=0.25, l =21.3 and
F4=1.05. 1The dashed line is a DWBA calculation including
Coulomb excitation taken from Ref. 9 with PeR= 0.88F.g
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lO

l,O

mb
sr

O.I—

O.Ol '-

0
I

IO 20
I

30

ec.m.

I

40
l

50
I

60

Bi (ec, oc'}

Q=-3. I MeV
(DOU8LFT)

1=5

The differential cross sections for those levels that
were well separated are tabulated in Tables I, II, and
III. The sum of the differential cross sections are given
for the 2.50- and 2.67-MeV groups in Bi'" and the
3.4- and 3.6-MeV levels in Pb"7, because the error in
the cross sections for the individual levels would be
much larger even though they were clearly separated.
The strength of the individual levels is indicated in
Table IV. The angular distributions for the ground
state and the 2.615 level in Pb' 8 measured by Satchler
et ul. and Bruge et al.' are in good agreement with our
results. Figures 3—9 show the angular distributions.

Angular distributions were calculated" with the
theory of Austern and Blair" which is a good approxi-
mation to the DWBA formalism for strongly absorbed
particles and for excitation energies low enough for
the adiabatic approximation to be valid. The similarity
in the calculated results has been pointed out before'
and a comparison with a DWBA calculation' for the
3 level in Pb' ' is shown in Fig. 4.

The Austern-Blair model expresses the inelastic
scattering amplitudes in terms of the elastic-scattering

Fzo. 5. Angular distribution for the inelastic scattering of 42-
MeV n particles from the doublet at 3.1 MeV in Bi"'. The solid
line is the angular distribution calculated with Eq. (1) for the
parameters given in Fig. 4.

from 0.5 to 1.0 deg. Figure |shows some typical energy
spectra.

The measurement of inelastic cross sections at angles
smaller than approximately 25 deg, where the elastic
scattering peak is very large, was considerably compli-
cated by a large background in the energy spectrum
arising from a low-energy tail due to slit scattering
and reactions in the detector. At a scattering angle of
20 deg the spectra were measured with a magnetic
spectrometer" in order to reduce some of this back-
ground. The cross section measured in this way agreed
with the value obtained with the solid-state detectors,
but resulted in a much smaller error for those few

points.
Figure 2 shows the levels excited in this experiment.

No complete angular distributions could be obtained
for the levels at 4.75 MeV in Pb"', the 4.8, 5.2, 5.5,
and 5.8 MeV levels in Pb"', for the weak level at 1.6
MeV in Bi'" and the groups of levels around 4.1 and
5.4 MeV jn BP09

Other well-known levels below 4 MeV such as the
Pb"' levels at 0.570 MeV (5/2 ), 0.894 MeV (3/2 ),
1.634 MeV (13/2+), and 2.338 MeV (7/2 ) and the
level in Bi~" at 0.900 MeV (7/2 ) were not at all seen
in this work. This is consistent with their assumed
single-particle character.

"D.K. McDaniels, W. Brandenberg, G. W. Farrell, and D. L.
Hendrie, Nucl. Instr. Meth. 14, 263 (1961).

Pb (a, z)
Q=-5.2, Mev
X=5

l.o

O.I—

O.ol
0

l

lo
I

20
I

30 40
8,

l

60 70

FIG. 6. Angular distribution of the inelastic scattering of 42-
MeV a particles from the 3.198-MeV level in Pb~8. The solid
line is the angular distribution calculated with Eq. (1) using the
parameters given in Fig. 4.

"A copy of the IBM 7090 computer program can be obtained
from the author.
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IC
I

Pb (ca, cK,')

0 =+4.07+ 4.27) MeV

I.O—

(en)-

sr

O.I— II
x —'

IO

Pb208( &)~ 4 y
Q *-(4.I2+4.40) MeV

O.OI
0

I I I I I I I I I

IO 20 30 40 50 60 70 . 80 90
ec.m.

FIG. 7. Angular distribution for the inelastic scattering of 42
MeV n-particles for the sum of the 4.07- and 4.27-MeV levels in
Pb~' and the sum of the 4.12- and 4.40-MeV levels in Pb"'.

spins and parities to the measured levels. The parities
are determined from the phasing of the angular dis-
tribution (the parity-changing transition gives an
angular distribution out of phase with the nonparity-
changing transition). The difference between an J=3
and I=5 transition shows up at small angles where
the I=5 transition has a plateau and it is this region
which has been used in the determination of the I
value in Pigs. 4, 5, and 6.

Strong emphasis has been put on the experimental
point at 20 deg since the error for this point is small,
as has been explained in the previous section.

Since there are no free parameters in Eq. (1), a,

unique value for (PR)' is found by normalizing the
calculated cross section to the experimental value. The
quality of the fit allows an accuracy of 10%%uz for (PR)'.
Table IV collects these values of PrR together with the
transition probabilities in Weissk. opf units using the
relation:

8 (EX) 9Z' I'3+X ' (PgR)'
!

B.,(l) 4 (2K+1)k 3 ) u.2A'")'

phase shifts g~.

(&~/d&)(0~&)=El fr, M, ;0,0~ (pIR)',

fr, Mr;s, s= 'i g—i'--'(2t'+ 1)'"e'&"+"'I

DISCUSSION

Sy comparing the levels excited in this experiment
with those excited by inelastic neutron scattering' '
one can readily see that the inelastic Ot. scattering is
very selective. The most prominent peak in the three

X(t'S, —m„m, ~to)(t'zoo~to)

&& (a«/at) V;~r(t),0),

where t= —', (t+t'). The elastic-scattering cross section
is calculated through a parametrized phase-shift
analysis'~:

f,t(0) = (i/2k) P (2t+1) (1—tires'")E~(cose),
L=o

where o.r = argl" (1+t+irs) and rI~= A ~e"'& with
A ~

——(1+expL(t~ —t)/At~5) ' and hr =8{1+expL(t—tq)/
ht&5) ' By varyi. ng the phase-shift parameters tz,
hl~, 8, lq, and Al~ until a good ht to the elastic-scattering
cross section is obtained a set of phase shifts g~ is
de6ned (see Fig. 10). These same phase shifts are used
in Eq. (1) to calculate the inelastic scattering cross
section. Figure 11 shows the calculated shapes of the
angular distributions for different values of orbital
angular-momentum transfer I together with the cal-
culated elastic-scattering angular distribution. It is
surprising to notice that although the elastic-scattering
angular distribution shows very little structure the
inelastic angular distributions exhibit pronounced
maxima and minima. This structure allows us to assign
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'~ J. A. McIntyre, K. H. Wang, and L. C. Seeker, Phys. Rev.
117, 1337 (1960); J. Alster and H. E. Conzett, ibid. 136, 31023
(1964); and iNd 139, 850 (1965)..

FIG. 8. Angular distribution for the inelastic scattering of 42-
MeV a particles from the 4.11 level in Pb~'. The solid lines are
the angular distributions calculated with Eq. (1) for I=2 and
5=4
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nuclei is found at an excitation energy of approximately
2.6 MeV. Cohen and Mosko4 erst noted the same effect
for inelastic scattering of 23 MeV protons. The 2.615-
MeV level has long been known to be a collective
octupole vibrational level. ' " within the energy
resolution of 100 keV the 2.60-MeV peak in Pb'0~

appears as a single level whereas in Bi"' two closely
spaced groups occur at 2.50 and 2.67 MeV. The 2.50-
MeV group contributes approximately one-fourth to
the sum of the cross sections for these levels. The
experimental cross sections for these three "2.6-MeV
levels" are plotted in Fig. 12. It is seen that the angular
distributions are identical in shape as well as in mag-
nitude. "Table IV also shows that the calculated PrE
values are identical for these transitions. The PrR
values are consistent with those found by Satchler
et al. ,

' Kendall et ul. ,' Stelson et al. ,~ and Cranberg
et al. ' and those reported by Fricke et al.'

The next level excited in Pb"' is identified with the
previouslv known 5 level at 3.198 MeV. In Pb"~ the
next excited levels are at 3.4 and 3.6 MeV and in Bi' '
at approximately 3.1 MeV (possibly a doublet). Table
IV shows that the transitions in this set also have the
same (PR) values.

From the striking identity in cross sections one can
conclude that the strong I=3 octupole transition in
Pb js also present in Pb and jn Bj. and that the
addition of a single neutron hole or a proton does not
aGect the collective excitation of the Pb"' core."The
same eftect seems to hold for the I=5 transitions in
these three nuclei.

Within the specific predictions of the weak-coupling
modeP one would expect the octupole strength in Pb""
to be split among two levels with spin Jj =—',+ and J2= 2+
with an intensity ratio of (2Jt+1)/(2Js+1) arising from
the coupling of the Ps neutron hole with the 3 core
excitation. Analogously one should expect seven levels
with spins —,'+, ~+, ~ ~ ~, —",+ for the octupole strength
in Bi"'. This experiment shows that this splitting is
less than 80 keV for Pb"'. In Bi"' the levels are divided
in two groups separated by 150 keV. If the 2J+1 rule
is valid one would expect the lower spin levels to be
grouped above the higher spin levels since the 2.67-
MeV group is much less excited than the 2.50-MeV
group. In this region more levels were found by neutron
scattering. '

Several authors have reported a level in Pb"' at
4.3 MeV. Kendall and Oeser' measured the inelastic
electron scattering from Pb"' and assigned a 4+ to a
level at 4.3 MeV. Satchler et al.' tentatively assigned a
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FIt . 9. Angular distribution for the inelastic scattering of 42-
MeV a particles from the 4.40-MeV level in Pb~'. The solid
lines are the angular distributions calculated with Eq. (1) for
I=2 and I=4.

' J. C. Carter, W. T. Pinkston, and W. W. True, Phys. Rev.
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FIG. 10. Angular distribution for the elastic scattering of 42-
MeV m particles divided by Rutherford scattering for Pb20'. The
solid line is the parametrized phase-shift model fitted with the
parameters given in Fig. 4.
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FIG. 11. A graph showing the calculated value of (d0/dQ)
X (0~ I)/(PrZ)', for several values of I, using Eq (1), t.ogether
vrith the shape of the calculated elastic scattering divided by the
Rutherford scattering; all in arbitrary units.

spin and parity of 3 . In an inelastic proton scattering
experiment" the spin and parity is given as a mixture
of 2+ and 5 . In the present experiment two levels are
clearly separated at 4.12 and 4.40 MeV. In the above
mentioned experiments the energy resolution was not
good enough to separate the two levels. In Figs. 8 and
9 the experimental cross sections are compared with a
calculation of I=2 and I=4. The 2+ assignments seem
most likely although 4+ cannot be excluded. In Pb"
two levels show up at 4.07 and 4.27 MeV and from
Table IV one can see that the PrR value for the sum of
these two levels is approximately equal to the sum of
the two levels in Pb"'. In Bi'" there are too many
closely spaced levels from 4.0 to 5.0 MeV to enable
one to correlate them with specihc levels in Pb"8. The
5.6-MeV angular distribution in Pb' agrees best with an
I=3 transition. We tentatively assign a 3 to this level.

Gillet et al.22 have calculated excitation energies and
transition probabilities in Pb"' using a particle-hole
calculation. The calculated transition probability of
17.9 for the level at 2.6 MeV is the only one that is
reasonable in connection with this experiment, which
is consistent with the value found by other groups. ' ~ '

~' A. Scott, J. Harries, and M. P. I"ricke, Bull. Am. Phys. Soc.
10, 52 "/ (1965); and A. Scott (private communications).

~~ V. Gillet, A. M. Green, and E. A. Sanderson, Phys. Letters
ll, 44 (1965).

The contribution of the Coulomb excitation to the
inelastic scattering amplitude was calculated by
Satchler et al.' for the 3 level in Pb' '. It shows up as a
destructive interference with the largest effect at the
minimum in the angular distribution at 28 deg. This
deep minimum which was erst unambiguously found
in this work cannot be reproduced in detail by any
combination of parameters in the Austern-Blair model
or DWBA calculation which does not include Coulomb
excitation. This eGect should enable one to distinguish
between an I= 2 and I=4 transition since the Coulomb
excitation contribution for higher I values is strongly
reduced.

In conclusion one can say that o. particles excite
those levels jn Pb2 Pb and BPO' that are collective
with respect to the ground state and that these ex-
citations are very little affected by the addition of a
single proton or a neutron hole. The inelastic scattering
of 0. particles from Pb" and Pb"' are now under
investigation.

The Austern-Blair Inodel gives a good general de-
scription of inelastic a scattering from low-lying levels
in heavy nuc1ei but although it properly accounts for
the Coulomb distortion in the ingoing and outgoing
channels it does not include the Coulomb excitation
contribution to the scattering amplitude.
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