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States in Bi were populated with the ~OSPb(t, 2n) reaction. Incident triton energies be-

tween 11 and 16 MeV were used. Gamma-ray excitation functions, angular distributions,
and y-y-time coincidence spectra were measured. Approximately 50 newly-observed y rays
have been assigned to transitions in Bi. Previously-unresolved doublets at E„=2600,
3135, and 3154 keV have been identified. A new level at 3270 keV is reported, and the
3197-keV level is verified. ~0 Bi level energies are reported with an accuracy of 600 eV or
less. A level scheme for E„&4.14 MeV is presented, including spin-parity assignments. A

S+ 3+
new M1 transition between the

2
and

2
members of the mh9/2(3) 3 septuplet is reported.

The 19 levels belonging to the vg9/+]/2 ', mh9/2 are identified.

NUCLEAR REACTIONS Pb(t, 2ny) Bi, E,=11—16 MeV. Mea-

sured Ey Iy(8), excitation functions, yet coinc. Deduced levels E, J,
core-coupled multiplet structure.

I. INTRODUCTION

The nucleus Bi consists of the doubly magic
Pb core and one valence proton. Due to this par-

ticularly simple structure it has played an essential
role in the understanding of nuclear structure and
reaction mechanisms. In this article we address the
interplay between single-particle excitations and the
coupling of the valence proton to the collective exci-
tations of the sPb core. The well-known septuplet
of states arising from the coupling of the h9/p pro-
ton to the highly collective octupole vibration of the

Pb core at E„=2.62 MeV is probably the best ex-
ample of particle-vibration coupling. However, the
states arising from a similar coupling of the valence
riucleon with the second and third excited states of

Pb, which are a modestly collective 5 level and a
quite pure particle-hole 4 level at 3.198 and 3.475
MeV, respectivel. y, have not been unambiguously
identified. Cleary, Stein, and Maurenzig' have stud-

ied the Bi(p,p') reaction. They compare scattered
proton spectra obtained with incident bombarding
energies on and off the analog resonances in ' Po.
As a result they identify a set of 19 levels which
they ascribe to the common configuration
(vg9/gp t/p 'trh 9/p ) in Bi. Their data convincing-
ly show that the shell model description of these lev-
els is a good approximation. On the other hand,
weak coupling of the h9/g proton to the 5 and 4

Pb core states also gives 19 levels of the same
spins and with about the same excitation energy.
Using this model, direct inelastic proton scattering
should excite the ten levels based on the S core
state quite strongly and the nine states arising from
the 4 state hardly at all. Indeed, the simple weak
coupling model predicts that the cross sections for
inelastic scattering to states within a multiplet in

Bi are proportional to (2I + 1), where I is the spin
of the excited state, times the corresponding cross
section for scattering to the core state in Pb,
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which is strong for the 5 and weak for the 4
states. On this basis Wagner, Crawley, and Ham-
merstein in a later paper made spin assignments
that differed for every level from those of Cleary
et a/. For the 2987-keV level, an in-beam y study
with the Pb( Li,a2ny) reaction by Beene et al.
confirmed the —, assignment of Cleary et al. '

Although Bi has been studied by nearly every
possible reaction amenable to charged-particle spec-
troscopy, including ' Bi™(d,t) (Ref. 5) and
' Po(t, a) (Ref. 6) with radioactive targets, much ad-

ditional information is still needed in order to estab-
lish many of the level spins and parities. The level
density above 3 MeV excitation energy is so high
that charged-particle spectroscopy, even with state
of the art resolution, is open to ambiguities. Addi-
tional information is provided by the study of y
transitions. The septuplet 3 h 9/2 has been investi-
gated by Coulomb excitation. ' The y decay of 11
excited states was established in Pb( Li,a2ny). '

Studies of Bi(n, n'y) and (y, y') gave information
on high energy (& 1 MeV) transitions. ' A study us-

ing the Pb(d, 2ny} reaction revealed a —, isomer
at E„=2442.8 keV." All of these experiments are
very difficult due to low cross sections and large
backgrounds, and therefore the y decays of only
about 20 of the lowest 50 excited states have been re-
ported. Among these, only two transitions have an
energy below 800 keV, and hence, very little is
known about intrarnultiplet transitions, and the in-
termultiplet picture is not complete.

Detailed information about the y-ray transitions
among the states we have mentioned would be of
considerable aid in identifying the structure of these
states, for we11-known reasons. To obtain this infor-
mation we have studied the y-ray transitions among
states in Bi with E„&4.143 MeV, which includes
some 50 states. States in Bi were populated with
the Pb(t, 2n) Bi reaction. The (t, 2ny) reaction is
very effective for providing a rather complete pic-
ture of y transitions in a nucleus; indeed, it is the
only reaction with a large cross section (-1 b, ex-
hausting about 80% of the total reaction cross sec-
tion} available for studying neutron-rich nuclei like
209Bi

Standard techniques of y-ray spectroscopy were
used. We measured y-ray angular distributions, y-
ray excitation functions, and y-y-time coincidence
distributions. We also made some measurements
using the pulsed-beam technique.

In the following text after short sections on the
experimental procedures, the level scheme and the y
transitions are discussed in detail. The additional 50
y-ray transitions that we found, in particular, clarify
completely the situation concerning the 19 levels of
the (vg9/gl J/2 1TA9/2) Configuration.

II. EXPERIMENTAL PROCEDURE

The y decays of levels in Bi populated by the
Pb(t, 2ny) reaction were studied with standard in-

bearn y spectroscopy techniques. The experiments
were performed at the 3-stage Van de Graaff facility
of the Los Alamos National Laboratory (LANL). A
variety of solid-state Ge detectors were used, includ-
ing a pure Ge low-energy photon (LEPS) detector
[Ez & 500 keV, b,E=0.5 keV full width at half max-
imum (FWHM) at 100 keV], a pure Ge planar
detector of 10 cm (Ez & 1.8 MeV, EE=1.0 keV at
800 keV), and a 50-cm coaxial Ge(Li) detector
(Er & 4 MeV, EE=2.5 keV at 1.5 MeV).

The dominant reaction with a Pb target is (t, 2n)
for triton energies above the Coulomb barrier (-11
MeV) up to about 14.5 MeV, where (t, 3n) starts to
compete. The (t,2n) cross section approaches 1 b at
maximum, accounting for & 80% of the total reac-
tion cross section. Background from interfering re-
actions is low, so relatively weak transitions can be
studied.

1 23
Levels with spins ranging from —, to ——, were

populated. The excitation functions are characteris-
tic of the spins of the populated levels. Low-spin
states are strongly favored at low triton energy while
higher spins dominate at high energies. Therefore,
if several bombarding energies are used, quite corn-
plete information on the level scheme can be gath-
ered. On the other hand, (hi, xn) reactions mainly
populate states close to the yrast line. Reliable in-
formation is available on spins, first of all from the
selection rules for y transitions. Excitation func-
tions and angular distributions were also very rnean-
ingful.

The following measurements were performed on
targets of metallic Pb enriched to & 98.5% Pb:

(1) Excitation functions at 90' with the LEPS and
the coaxial detectors. Triton energies were 11, 12,
12.5, 13, 14, 15, and 16 MeV and the target thick-
ness was 10 mg/cm . Figures 1 and 2 show spectra
taken with the LEPS detector.

(2) Excitation functions at 90' with the planar and
the coaxial detectors. Triton energies were 11, 12,
13, 14.5, and 16 MeV and the target thickness was 1

mg/cm .
(3) Angular distributions at E, =13 and 16 MeV

with a 570-mgjcm target that stopped the beam.
The plane of the target was 45' to the beam. Spectra
were accumulated with the planar detector at 90',
120', 135', and 147' relative to the beam. Sirnultane-
ously, the coaxial detector gathered data at 0', 30',
45', 60', and 90. Figure 3 shows 90' spectra from
this measurement.

(4} Spectra recorded simultaneously from the re-
action and from radioactive sources of Co, ' Ba,
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FIG. 1. In-beam y-ray spectrum from 12-MeV tritons
on a thin Pb target measured with a LEPS detector.
Transitions in Bi from the 'Pb(t, 2n) reaction are
marked by energies in keV. Lines due to other reactions
or to impurities are labeled by the nucleus in which they
occur.

Cs, Mn, Co, and Na, and alternatively from
Eu. These data allowed precise energy determina-

tions to be made for the y transitions in o98i.

(5) Coincidences between the two coaxial Ge(Li)
detectors at +90' measured with E, =12.5 and 15
MeV. For each coincident event the energies in both
detectors and the time difference between the two y
rays were recorded on tape.

(6) Delayed y-ray spectra.

III. DATA EVALUATION

Measured spectra are shown in Figs. 1—3. The
positions and intensities of the lines were evaluated
with the interactive fitting program, FITEK. This
program fits sections of the spectrum with a linear
background and up to 12 peaks with a Gaussian
plus exponential tail simultaneously. The parame-
ters defining the line shape were determined for each
energy region from appropriate strong lines. The
program gives meaningful errors for peak intensities
and positions. Relative detector efficiencies were
determined with standard calibration sources, in
particular ' Eu, ' Ta, and Co. Accurate energy
determinations were made with the aid of simultane-
ous measurements of y rays from the reaction and
from standard sources. These measurements gave
precise energy values for about 20 strong y rays,
with errors ranging from 20 eV at 100 keV to 100
eV at 2.7 MeV. All other y-ray energies were then
evaluated relative to these standard transitions.
Slight deviations from linearity were taken into ac-
count by selecting small sections of the spectrum
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FIG. 2. Same as Fig. 1 but for E,=15 MeV.

IV. CONSTRUCTION OF THE LEVEL SCHEME

A. General considerations

Bi has been studied by a large variety of reac-
tions. In particular, inelastic proton scattering ex-

and sometimes by using second- or third-order poly-
nomials rather than a linear calibration.

Angular distributions were described by the
Legendre polynomial,

W(8) = l+A2P2(cos8)+A4P4(cos8) .

Table I gives the A2 coefficients that were deter-
mined in the following manner. Least square fits
for A2 only and for A2 and A4 were performed on
the four sets of data obtained with the planar and
coaxial detectors and with E, =13 and 16 MeV. The
planar detector covered the energy range below
1 MeV at E, = 16 MeV and below 2 MeV at E,= 13
MeV. The data were normalized to the isotropic
402- and 1546-keV transitions which depopulate

states. The observed intensities of low-energy y
rays (E&(300 keV) had to be corrected for absorp-
tion in the target. This correction was a function of
the detector angle and was calculated from the ap-
parent deviation from isotropy of the Bi E x rays.
All results for the A2 coefficients were compatible,
with the exception of a few cases. Particularly, no
significant difference between the 13- and 16-MeV
data was found. None of the A4 coefficients dif-
fered significantly from zero. The Az coefficients
and their estimated errors as tabulated are the result
of a weighted average of all data. Their errors re-
flect our estimates of systematic effects and also the
possible neglect of a small A4 term. Table I lists the
main properties of all y transitions in Bi that were
found in this experiment.
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F&G'. 3. In-beam y-ray spectra from a thick 'Pb target bombarded with 13- and &6-Me& trjtons. Data belo~ 1 Mey
were measured with a planar Ge detector, and those above 1 MeV with a coaxial Ge(Li) diode. Othervrise same as Fig.

periments have established level energies mith an ac-
curacy of a few keV. ' ' We therefore assumed that
all levels are known in the region of excitation stud-
ied in this work (E (4 MeV) and we tried to assign
our observed y rays to transitions between establish-
ed levels. New levels were assigned only if this was

impossible and if the evidence was compeHing.
Lines mere placed on the basis of the coincidence
data and the Ritz principle. In a repetitive pro-
cedure precise energies were determined for an in-
creasing number of levels once their decay was es-
tablished. This reduced the number of possibilities
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TABLE I. Gamma transitions in ~Bi from the Pb(t, 2ny) reaction. (D) denotes doublet.

y energy'
g eV)

Intensity'
E,=13 MeV E,=16 MeV 2

Transition

l Eg
(keV)

78.60(10)
110.67(15)
124.48{5)
131.45(8 }
140.13(1)
149.3(1)
149.98(5)
167.16(6)
225.05(2)
242.73(5)
245.73(2)
265.74(8)
270.4(1)
272.2(1)
273.80(3)
290.38(10)
313.70{16)
314.2(2)
323.74(2)
338.65(10)
352.30(8)
392.56(10)
394.72(7)
402.27(3)
413.04(3)
424.49(8)' '

443.15(12)
455.02(10)
463.04(8)
480.87(5)
500.12(5)
544.85(10}
588.1(4)
592.2(1)
610.33(15)
654.98(10)
664.8(2)
806.36( 15)
825.45(15)
896.30(7)
992.34(2)

1132.45(2)
1524.1(3)
1527.02(8)
1546.47(5)
1560.48(2)
1608.48(8)
1686.52(10)
1720.95(10)
1784.8(2)
1797.4(2)
1929.7(2)

0.70(5)
2.40(6)
1.06(7)

13.0(2}
4.8{1}
9.o(2)
1.55(8)

17.3(2)
6.2(5)

91(1)
4.5(2)
4.2(3)
9.4(2)

21.4(3)
3.6(2)
1.6{5)
7.5(6)

64(1)
2.6(2)
6.1(3)
4.1(2)
5.1(2)

30.1(4)
22.5(4)
10.6(3)

11(2)
18.3(4)
9.0(3)
7.6(4)

10.0(5)
5.5(5)

9.0(5)
5.7(6)

1000(10)
112(2)
76(1)
9.6(7)

49(1)
214(1)
36.0(5)

580(5)
53(I)
47(1)
14.6(5')

11.6(5)
16(4)

0.70(7)
1.73(7)
1.28(7)

38.5(6)
3.8(2)
7.1(2)
3.4(1)

34.6(5)

266(5)
3.7(2)
5.5{3)
8.7(2)

19.4(3)
5.7(3)
7.8(8)
6.1(8)

61(1)
2.6(3)
7.0(3)
4.4(3)

11.8(3)
26.8(4)
51.6(8)
13.2(4)

4.1(3)
7,5(3)

16.6(4)
28.6(6)
35.3(7)
15.9(5)
10.3(6)
10.5(6)
22.3{7)
17.8(7)
9.4(6)

13.8(7)
1000(10)
225(3)
180(2)

87(1)
196(2)
44(5)

1000(6)
46.8(8)

16.2(5)
16.0(5)
15{4)

+ 0.4(3)
—0.05(5)

0.02(15)
—0.19(4)
—0.08(8)
+ 0.04(8)
—o.25(1o)
—0.15(4)

+ 0.31(5)

—0.07(7)
—0.02(4)
+ 0.02(4)
—0.13(8)

—0.15(10)
—0.08(4)
—0.1(2)
+ 0.03(5)
+ 0.07(10)
+ 0.12(8)

0 norm.
—0.32(3)
+ 0.14(3)

—0.1(2)
—0.12(10)

0.00(5)
+ 0.43(4)
+ 0.42(4)
—0.23(7}
+ 0.05(8)
—0.36(12)
+ 0.49(7)
—0.28(8)
—0.25(10)

+ 0.36(7)
+ 0.04(2)
+ 0.27(1)
—0.12(1)
—0.04(10)
—0.06(2)

0 norm.

+ 0.18(5)
+ 0.42(1)
+ 0.08(2)
—0.04(4)
—0.21(4)
+ 0.23(4)

(2845
2956
2617
3222
2741
2767
2916
3154
3212
3159
2987
3222
3406
3039
2767
3502
3468
3159
2767
2956
3197
3159
3136
2845
3154
3270
3579
3597
3222
2956
3468
3487
4142
3355
3579
3597
4142
3703
3406
3812

896
2601
2741
3133
3136
2443
3169
1608
2583
2617
3393
3406
2827

2767)
2845
2493
3090
2601
2617
2767
2987
2987
2916
2741
2956
3136
2767
2493
3212
3154
2845
2443
2617
2845
2767
2741
2443
2741
2845
3154
3154
2767
2493
2987
2987
3597
2767
2987
2987
3487
3038
2599
2987

0
1608
1608
1608
1608
896

1608
0

896
896

1608
1608
896
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y energy'
(keV)

TABLE I. (Continued. )

ntensity'
E,=13 MeV E,=16 MeV pa, c

2

Transition

(keV)

2142.52(15)
2194.3(2)
2223.23(10)
2414.85{3)
2465.7(4)
2481.7(4)
2492.72( 10)
2S53.9{6)
2564.3(2)
2582.7(4)
2593.5(3)
2599.9(2)
2617.25(15)
2645.3(3)
2679.4(4)
2705.5(2)
2740.99(7)
2826.3(2)
2887.3(4)
3090.2(2)
3132.85(2)
3153.2(2)
3378.3(4)
3464.0(3)
3491.0(5 }
3693.0(5)
3703.4(6)
3719(2)
3853(2)
3979.5(6}

32.5(5)
7.3(6)

61(1)
19.2(6)

171(2)
5.9(6)

65(2)
23.6(10)
14(3)
75(1)
27(3)
17(1)
20(4)
11.0(5)

112(1)
52(1)
13.9(7)
41(1)
34(1)
40(2)
15.5(7)
13.9(6)
6(2)
8(2)
8(2)
4(1)
4{1)

10(2)

34(3)

65(2)
16.9{6)
13.0(7)

170(10)

65(2)
20.4(10)
12(3)
89(2)
19(4)

29(s)
22(S)

266(2)
46(1)
12.0(7)
33(1)
36(1)
37(1)
13.5(7)
13.3(8)

—0.07(3)
+ 0.10(12)
+ 0.09(5)
+ 0.03(5)
—0.01(10)

+ o.o4(2)
+ 0.10(1?)
+ 0.25{3)
+ o.2o(s)

—0.11(4)

+ 0.05(5)

—0.29(8)
+ 0.48(1)
+ 0.17(5)
+ 0.17(10)
+ 0.10(5)
—0.24(4)
+ 0.26(5)
+ o.lo(s)
—0.28(8)

—0.05(10)

3039
3090
3120
3311
3362
3378
2493
3450
2564
2583
3490
2600
2617
3542
3576
3602
2741
2826
3784
3090
3133
3153
3378
3464
3491
3693
3703
3719
3853
3980

896
896
896
896
896
896

0
896

0
0

896
0
0

896
896
896

0
0

896
0
0
0
0
0
0
0
0
0
0
0

'Numbers in parentheses are the errors in the least significant digits.
Intensities are the relative thick target yields integrated over all angles, for triton energies of

13 and 16 MeV, respectively.
A2 is the usual angular distribution coefficient {see text}.
This line was detected only with the LEPS detector; its intensity is -15% of the 402-keV in-

tensity.

for placement of the observed y rays and in the end
a consistent description evolved. The values given
in Table II for level energies and their errors were
calculated from the y-ray energies by a least square
fit that considers all sequences of transitions be-
tween a given level and the ground state, including
links through higher-lying states. The errors in
Table II therefore reflect the uncertainties in level
energies but not necessarily in the energy differences
between levels.

Several other requirements were checked when
placing a y ray. Observed y rays were assumed to
have E1, M1, or E2 multipolarities, except for the

previously known high-energy E3 transitions. This
implies that the spin change for a transition has to
be hI (2. The branching ratio of y rays depopulat-
ing the same level must be independent of the triton
energy. This allowed a valuable check for the 13-
and 16-MeV angular distribution data. The angular
distribution has to be consistent with the assigned
spins. Angular distributions follow the usual pat-
tern' found in (,hi, xny) reactions. For spins & —,

they are quite pronounced, with the observed
A2 &0.5A2m, „, where A2,„ is the coefficient calcu-
lated for a fully aligned nucleus. For low spins the
alignment is small. Finally, the spins have to be
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TABLE II. Energy levels and y-ray branching ratios, and multipolarities in 2 Bi populated by the 20'Pb(t, 2ny) reaction.

Level energy (keV)
This work' Previous Spin/parity

Ey
(keV)

f decay
Branching ratio (%)

This work' Previous
Multi-

polarityd
Final state

(keV) J

896.32(6)

1608.53(6)

2442.81(6)

2492.75(6)

896.4(2)

1608.48(8)

2442.8(5)'

2492(1)

2564.3(2) 2564.51(21)

2582.84(11) 2583

2600.85(6) 2601(1)

2617.24(7) 2617(1)

2740.98(6) 2741.07(11)

2766.55(5) 2766(2)

2826.18(15) 2822(1)

2845.O8(7) 2847(4)

2916.50(7)

2955.80(8)

2919(4)

2956(3)

2986.72(6)

3038.78(10)

2986(1)

3038(2)

3090.12(10)

3119.55(12)

3132.8(2)

3091(3)

3118(2)

3135(4)

2599.77(17) 2599(1)

9—
2
7

2
]3+
2
] +
2
3+
2

9+
2
7+
2

1] +
2

13 +
2

5+
2

]S+
2

3+
2

5—
2

1+
2

] +
2
3+
2

19 +
2
5+
2

7+
23—
2
11 +
2

896

1608

1546

2492

50

2564

2582

1686

2599

991

992

2617

1720

124

2741

1132

140

324

274

149

2826

1930

402

(79

150

463

339

{111
246

2143

272

3090

2223

3133

1524

80(10)~

20(10)~

31(2)

69(2)

100

0(5)

(5
35(4)

62(3)

3.1(2)

56(1)

37(1)

7(1)

72(1)

23.5(5)

4.9(4)

76(4)

24(6)

85(10)

15(10))

84(3)

12(1)

3.5(5))

78(1)

22(1)

78(2)

22(2)

100

1OO'

33(3)

67(3)

85'

15'

99'

41(4)

59(4)

56(3)

37(3)

60

40

)95
62'

38'

M 1/E2'

M 2/E 3'

E3' 896

E1"

E1/M2

E1/M2

2443

896

1608

M 1/E2' 1608

E3'

E3

896

2493

M1'

E2

E2'

E1/M2

E1

2601

2443

2493

2617

896

2443

2767

2767

2493

2617

2845

2741

896

2767

896

1608

M 1/E2' 1608

9—
2
9—
2
7

29—
2
1+
29—
29—
2
7—
2
9+
2
13 +
2
]3+
29—
29—
2
7—
2
3+
29—
2
13+
2
13 +
2
] +
2
3+
2
5 +
2
9—
27—
2
1+
2
3+
2
3+
2
3+
2
5+
2
1+
2
15 +
2
7—
2
3+
29—
2
7—
29—
2
13 +
2
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TABLE II. (Continued. )

Level energy (keV)
This work' Previous Spin/parity

Ey
(keV)

y decay
Branching ratio (%)

This work' Previous
Multi-

polarity'
Final state

(keV) J
3135.63(8)

3153.2(2)

3154(4)

15 +
2

9+
2

395

3153

11(5)

1608

2741

13 +
2
15 +
29—
2

3153.99(6)

3159.21(8)

3169.0(2)

3197.38(15)

3168(2)

3197(10)"

3211.77{7)

3221.56(9)

3211(1)

3222(4)

3269.57(10)

3311.2(3)

3354.7(4)

3362.0(4)

3309(3)

3358(2)

3363(4)

3378.15(30) 3379(4)

3393.3(2)

3406.07(8)

3393(4)

3406(4)

3450.2(6) 3450(4)

3464.0(3)

3467.60(7)

3466(2)

3469{5)'

3486.85(2)

3490.3(2) 3489(4)

3502.15(12) 3502(3)

17 +
2

13 +
2

1+ 3+
2 '2

17 +
2
5 +
2

1+ 3+
2 '2

(5+ 7+
2 ~2 7

9 +)
2
9 +
2

( —, )
15 +

13 +
2

7+
2

11 +
2
19 +
2

19 +
2

(
7+ 9+)
2 ~2

15 +
2

413

167

393

314

243

1560

352

266

131

2415

588

2466

3378

(2482)

1785

1797

806

270

3450

2554

3464

481

314

3490

2594

290

93.5(5)

6.3(3)

25(3)

40(5)

35(5)

64(2)

28(2)

8(2)

&90

(10

54(3)

27(3)

20(2)

81(4)

19(4)

30(15)

70(15)

100

M 1/E 2 2741

2987

2767

2845

2916

1608

2845

2987

2956

3090

2845

896

2767

896

1608

1608

3136

2987

2987

896

3212

15 +
2
19 +
2
3 +
2
1+
2
1+
2
13 +
2
1+
2

19 +
2
3+
2
3 +
2
7+
2
1+
2

7—
2
3+
2
7—
2

9—
2
7

2
13+
2
13 +
2
11 +
2
15 +
2
9—
2
7

29—
2
19 +
2
17 +
2
19 +
29—
27—
2
17 +
2
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TABLE II. (Continued. )

Level energy (keV)
This work' Previous Spin/parity ( ev)

f decay
Branching ratio (%)

This work' Previous"
Multi-

polarityd
Final state

(keV) J

3541.6(3) 3543(3)

3578.7(3) 3579(3)

3601.8(2) 3603(5)

3633(4)

3597.01(12) 3597

(5+ 7+
2 '2

21 +
2

19 +
2

( — )2

2645

592

424

610

443

5o(2o)

50(30)

84(4)

16(2)

M1

M1

896

2987

3154

2987

7—
2

19 +
2
17 +
2
19 +
2
17 +
2
7—
2

3693.0(5)

3703.4(6)

3719.6(4)

3783.6(4)

3812.17(16)

3853(2)

3979.5(6)

4142.84(12)

3670

3685(3)

3692(5)

3703(4)

3719(5)

3815(2)

3855(3)

3981(3)

(
7+ 9+
2 '2
(—)

11 +
2

5+ 7+
7

23 +
2

(7+9+
2 '2
( —, )

11 +

(7+ 9+

21 +
2

3670

3693

3703

3719

2887

3853

3979

545

So(15)

50(15)

100

(100)

53(3)

47(3)

3038

896

3487

3597

9—
2

9—
2
9
2
5+
29—
2

7—
2

19 +
29—
2

9—
2

19 +
2
19 +
2

'Level energies derived from a least-square fit involving all relevant y-ray cascades.
Reference 10, unless otherwise specified.

'From angular distribution data at E,=13 and 16 MeV integrated over all angles.
dMultipolarities are somewhat tentative. They are based solely on the angular distributions and on the spin/parity assign-
ments. A double entry, such as M 1/E2, means that the angular distribution could not be fitted by a pure multipole of the
lowest allowed order. Uriique (single) assignments are indicated only if the angular distribution was satisfactorily fitted by
the lowest allowed multipolarity.
'Reference 10.
fReference 11.
~Includes internal conversion.
"Reference 9.
'Previously unresolved doublet.
'Based on our observed y-ray intensity and the total conversion coefficent required by data in Ref. 3.
"Reference 13.
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consistent with the excitation function data.
It has been possible to identify all lines having an

intensity of at least 1% of the 896-keV transition.
As indicated in Figs. 1—3, the reactions (t,a), (t,p),
(t,d) or (t,pn), and (t,3n) compete with the (t,2n) re-
action. Transitions originating from these reactions
were identified by their energies, coincidences, and
the excitation function. Also, some y rays from
light elements, particularly ' F and Al, appear in
the spectra T.hey are due either to the (n, n') reac-
tion or to some scattered tritons that hit the target
chamber. These background lines were much weak-
er with the thick target that stopped the beam, and
they could be identified by unreasonable angular dis-
tributions and excitation functions as well as by the
absence of coincidences with any transitions in Bi.

Table II gives the level scheme as constructed in
accordance with the above criteria. Some of the
more difficult assignments are discussed in the next
section.

B. Detailed assignments
of certain levels and transitions

2600-keV doublet. The doublet of states with11+ . 13+
spins —, and —, at 2600 keV is well known but
has not been resolved (Fig. 7). Hertel et al. tenta-
tively claimed to see transitions at -992 keV from

11 + 13 +
the —, and —, levels to the 1608-keV state in
Coulomb excitation, but stated that the line from

11 +
the —, level might be an impurity. Our results al-
low the determination of energies of both levels in
two independent ways, namely by transitions popu-
lating and depopulating them. This gives
2599.77(17) keV for the —,+ and 2600.85(6) keV for

13 +
the —, level. The spectra with —1-keV resolution
then clearly excluded a 991-keV transition from the

11 +
state.

3l35 keV doublet. -Based on high strength in the
(p,p') reaction both Wagner et al. and Cleary
et al. ' proposed a doublet at 3135 keV. The y-ray
branching ratio from the (n, n'y) reaction is

I(3132 keV):I(1524 keV) =38:62

(Ref. 10). We have clearly resolved 1524-keV and
1527-keV transitions in coincidence with the 1608-
keV y ray, which verifies that two levels exist. In
addition, the lower state decays to the ground state
and the higher to the —, level at 2741 keV. The
latter decay is clearly established from coincidences
with the 2741-keV transition. Therefore a change of
the intensity ratio

I(1527 keV)/1(395 keV)

by 20% between the 13- and 16-MeV data is dis-

carded as being due to some other interfering small
line. The decay of the level at 3132.8 keV to —,

13 +
and —, states and the angular distributions of
these transitions require a spin of —, for the 3132.8-
keV state. Likewise, a spin of —, is required for the
3135.6-keV level. This agrees with the assignments
of Cleary et al. ' based on analog resonances, while

13+ 19+ 2the tentative spins —, , —, of Wagner et al. are
rejected.

3154-keV doublet. Again, the strength in (p,p')
studies and resonances at the 4,5 and 8,9 aria-9+
log states suggested a doublet with spins of —, and

assigned by Cleary et al. ,
' while Wagner et al.7+ 1S+

proposed —, and —, . Transitions of 1544 and
3152 keV have been assigned to this level from
(n, n'y) (Ref. 10) and ( Li,a2ny) studies. Our coin-
cidence data exhibit no evidence of a
3154~1608~0 cascade. It is highly probable that
the earlier conclusions resulted from a misinterpre-
tation of the 1546-keV line from the 2443-keV level.
We find a 3153-keV transition with an angular dis-
tribution that strongly favors El with EJ=O. The

15 +3154-keV member of the doublet decays to —, and
19 +

levels and both y rays have angular distribu-
tions that are compatible with M1 transitions from a17+

state. In addition, this state is populated from
19 +

a —, level. In summary, our data require a doublet9+»+
with spins —, and —,

rew lou-spin levels. Low-spin states decay pre-
ferentially through the —, level at 2443 keV. Gam-

1+

ma rays from low-spin states are thus in coincidence
with the 1546- and 896-keV cascade 7' rays from this1+

level to the ground state. In both Figs. 4(a) and

(c), the spectra in coincidence with the 896- and
1546-keV y rays, respectively, exhibit a 324- and a
402-keV transition. We placed these lines as
transitions from previously known levels at 2767
keV ( —, ) and 2845 keV ( —, ) to the 2443-keV level.

Figure 4(d) shows the spectrum in coincidence
with the 402-keV transition that depopulates the
2845-keV —, state. Transitions of 314, 352, and

1+

424 keV are evident, in addition to the 896- and
1547-keV lines from the decay of the 2443-keV lev-
el. We place the 352-keV y ray as deexciting a level
at 3197 keV. A level is reported at this energy in
the Pb(a, d) Bi reaction. ' The spectrum in
coincidence with the 424-keV y ray shows clear y-
ray peaks of 402, 1546, and 896 keV. Therefore the
424-keV transition clearly deexcites a new level at
3270 keV. However, the 424-keV peak is also in
coincidence with the 413-keV y ray which depopu-
lates the level at 3154 keV. This implies that the
424-keV line is a doublet and that the second com-
ponent connects the 3579- and 3154-keV levels. At
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314 keV there is another doublet that is not resolved
in the coincidences. In this case the excitation func-
tions clearly show that the 314.2-keV line comes
from a low-spin state while the 313.7-keV line
depopulates a high-spin state. For the 3159-keV lev-
el depopulated by the 314.2-keV transition, two
more decays have been found that are also proven by
coincidences.

High spin sta-tes. The decay of high-spinin+
states proceeds mainly through the —, level at
2987 keV. This state decays via a 245-keV transi-

15 +
tion to the —, 2741-keV level. Figures 5 and 6(a)

show the spectrum in coincidence with the 245-keV

y ray. Transitions marked by an asterisk are due to
the decay of the 2741-keV state. Other peaks in
Figs. 5 and 6(a) at 225, 480, 500, 610, and 825 keV,
and a weak peak at 592 keV, are from y rays that
populate the —, 2987-keV state. The 500-keV
transition is preceded by a 655-keV line and the
610-keV transition by a 545-keV line as shown in
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compared to the predictions'

A2( —,(E2)—, ) &0.40

and

A, ( —,(M 1)—, ) &0.50 .

The transitions from the 4142-keV level have

A 3(545)=—0.23(7) and A q(655) =—0.28(8) while

—,+(Ml}—, (Ml) —, for both cascades is the

only reasonable assignment. Negative parities can
be excluded on the basis of structure arguments that
will be discussed later.

The angular distribution of the 825-keV y ray has
Az ——+ 0.36(7), which implies a stretched E2 transi-
tion. Therefore the 3812-keV level, which is firmly
established from coincidences [Figs. 6(a) and (e)],
has spin —, , which is the highest spin found in this
experiment. The assignments of the 480- and 592-
keV y rays to levels at 3468 and 3578 keV are con-
firmed by other transitions from these levels which
are firmly placed by coincidences. The spins of
these two states are also well established. It should
be noted that Cleary, Stein, and Maurenzig' found

11 +that the Bi(p,p') reaction populated an —,+ level

at 3465 keV; Cleary, Callender, and Sheline found
an 1=3 transition to a level of the same energy that
was populated by the (d, t) reaction on 3.0X10 -y

' Bi (J =9 ), which implies a spin of J& —,.
Their suggestion of a doublet is clearly verified since

19 +
our data confirm the —, state at 3468 keV, and
also show a 3464-keV y ray with the correct angular
distribution for —, (E 1)—,

Further remarks. The data available for place-
ment of high-energy y rays from the high-lying
states above 3.2 MeV that decay only to the ground
state are very limited, since there are no coin-
cidences to confirm the placements. Entries in the
table of levels therefore mean that we are convinced
from the variety of spectra taken that these transi-
tions occur in Bi. They therefore were assigned as
ground-state transitions from the closest previously
known level. All the decays to the 896-keV state on
the other hand are proven by coincidences. As an
example, the spectrum in coincidence with the
2887-keV line is shown in Fig. 4(b).

V. DISCUSSION OF THE LEVEL SCHEME
AND THE GAMMA TRANSITIONS

A. Single-proton states

The single-proton states have been well establish-
ed by proton transfer to Pb. We see the decays of

the f7/3, li3/2, f3/3, and p3/3 levels at 896, 1608,
2826, and 3120 keV, respectively. The assignments
are clear and agree with previous work, except for
the branching ratio in the decay of the f5/2 state.
Many new y-ray transitions were found that popu-
late the h9/2 ground state and the f7/2 and ii3/2
states, while no discrete y rays were seen populating
the f&/2 and p3/3 states.

B. Two-proton —one-proton-hole states

Proton particle-hole excitations of the Pb core
lie, in general, above the corresponding neutron p-h
excitations. Therefore we cannot expect to see two-
proton —one-proton-hole states. An exception is the
levels of the structure ( 'cPo g.s., m '). The strong
pairing interaction in the 0+ ground state of ' Po
lowers these levels by about 1 MeV.

The ' Po(t, a) (Ref. 6) reaction identified the s, /3
hole state at 2.43 MeV and the h ~~/2

' level at 3.69
MeV. It also disclosed a splitting of the d3/3 hole
strength between levels at 2.48 and 2.95 MeV. El-
legaard et al. " studied the Pb(d, ny) reaction and
found an isomer at 2.443 MeV which is the —,

state in Bi. They extensively discuss the isomeric
decay by an E3 transition to the —, 896-keV level

and confirm the (si/2 ' ' Po) structure of the —,

state. Our results on the isomeric decay agree with
this interpretation. The spin assignment —, is fur-
ther strengthened beyond any doubt by many transi-
tions populating this level. Configuration mixing of
this state with the Pb 5 (3)h9/2 level will be dis-
cussed.

Cleary et al. identified the ' Pod3/3 ' configu-
ration with the 2493- and 2956-keV levels. The
2493-keV level is primarily a member of the Pb
3 h9/3 septuplet. However, l=3 and E3 strength
are missing in inelastic scattering and Coulomb exci-
tation experiments, respectively. In both experi-
ments, part of the missing strength is found in the
2956-keV level, thus showing configuration mixing.
This mixing is also evident from the y decay of the
2956-keV level. This level is most strongly deexcit-
ed (84% of the total decay rate) by a transition to
the 2493-keV level. It also branches to the —,

5+

member of the septuplet, while no decay ( & 3%%uo) has
been seen to the (

' Posi/3 ') state at 2.443 MeV.
Since this latter transition is l forbidden and slow,
we do not expect to see it in competition with the
observed allowed transitions, even though these al-
lowed transitions proceed through the smaller ad-
mixed part of the wave function.

We have tentatively placed a very weak 111-keV
transition between the 2956-keV state and the ( Pb
5 Sh9/2}~, /2~+ level at 2845 keV. The energy fits
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perfectly and there is no other possibility of placing
this line in the adopted level scheme. Also, the ob-
served excitation function is reasonable for a low-3+
spin ( —, ) level. The Ai coefficient has a large error
and we cannot expect to see coincidences for this
weak low-energy line. If the line is placed correctly
then it has the largest transition matrix element of
any decay branch from the 2956-keV level. This
cannot be easily explained unless there is mixing be-
tween the (5 h9/z) configuration and the proton
two-particle one-hole state.

Finally, the h~~/2 hole state should decay only to
the ground state, since it is an allowed h ~&/2~69/2
M1 transition. We see a 3693-keV transition that we
assign to this decay.

C. The 3 ~h~/2 septuplet

The levels and transitions that involve the septup-
let are shown in Fig. 7. This group of levels has
been studied experimentally by inelastic scatter-
ing ' '" and by Coulomb excitation 7,8 Many
theoretical models have been used to describe it. '

We will only point out the new information gained
11 + 13 +

in this experiment. The doublet of the —, and —,

levels at 2.600 MeV has been clearly resolved and
the individual spins have been verified. A tentative-

11 +
ly proposed 991-keV transition between the —,

2.6-MeV state and the single-particle i~3/2 level at
1608 keV is rejected by our data. The branching of

15 +
the 2741-keV —, state found by Beene et al. i in

19 +
the decay of the —, isomer is confirmed. The
140-keV M1 transition between the —, and the

15 +
13 +

members of the septuplet is clearly evident in
our spectra. So far the existence of this transition
had been proven only indirectly, though very con-
vincingly. A discrepancy exists, however, in the
angular distribution of the 1132-keV transition be-
tween the 2741-keV —, and the 1608-keV levels.

15 +

Beene et al. measured Ai (1132 keV)= —0.01(5)
while the:. present data give consistently at both
E,=13 and 16 MeV /lz ———0.12(1}. Otherwise, our
data agree very well with those of Beene et al. Our
results would imply less E2 admixture, namely
5(E2/'M 1}=+ 0.05 as compared to 5= + 0.14 in
Ref. 3 (with the phase convention of Yamazaki' as
used throughout}.

We have already commented on the mixing of the
d3/2 hole state and the (3 8h 9/z )(i/i )~ level Th.e
Ml transitions to members of the septuplet provide
additional evidence of this mixing. For these transi-
tions the matrix element

& ~I 9/211~(M1) I l~&9/2 &

is -2.5 times as large as the

I
l~(M 1)

I 13

(N ev)

2.9—

2.7—

ev
g}

o
rn
rn

m

2845 1/2+

2956 3/2+

2741 'l5/2+

e

(2617 5/2
'~12601 13/2,'

2600 11/2+
2583 7/2+
2564 9/2

2493 3/2+

matrix elements. Using only the first matrix ele-
ment, the y branchin ratio from the 2956-keV —,

3 +
3+ +

state to the —, and —, members of the septuplet is
calculated as 7. This agrees exactly with the mea-
sured ratio and further supports the assignment of a
(3 SIi9/z) component to the 2956-keV level. The
decay to the septuplet is due to this part of its wave
function.

Another Ml transition, of 124.5 keV, has been
placed between the 2617-keV —, and the 2493-keV
3 +

levels. With the same assumptions we can relate
its 8(M 1) value to that of the 140-keV —, -+ —,

15 + 13 +

transition. The result is
2443 1/2+
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FIG. 7. The 3 h9/2 septuplet. Levels belonging to
the septuplet and their y-ray decay are shown, including

the admixed 2956-keV — state. The indicated branching
3 +

ratios are for y-ray decay only except for the 2493-keV
state, where internal conversion of the 50-keV transition
is included. For transitions into these levels see Fig. 8.

B(M1,124 keV)/B(M1, 140 keV)=1.5 .
15 +

From the lifetime and branching of the —, level

the partial half-life of the 140-keV y transition is
120 ps. This gives —120 ps for the 124-keV y-ray
transition. The total half-life of the —, level is & 2

ps, '0 hence, a branching & 2% for the 124-keV y ray
is indicated. This agrees with the measured branch
of 3.1%. Electron conversion brings the total inten-
sity of this transition up to 15%.

Another low-energy transition that depopulates
the 2493-keV —, level can be inferred. The evi-
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dence is presented in Fig. 4(e), which shows the
spectrum in coincidence with the 274- and 463-keV
lines that both populate the 2493-keV state. The oc-
currence in this spectrum of the 1 547-keV line that
originates from the 2443-keV level means that a
branch of -20% (including conversion electrons)
exists from the 2493 to the 2443-keV level. The
half-life of the 2493-keV level is -40 ps. ' There-
fore the partial half-life for the 50-keV transition is
200 ps as compared to the single-particle estimate of
10 ps for Ml radiation. The hindrance factor of 20
implies there is little mixing of these states.

The newly discovered y transitions improve
the experimental picture of the 3 m.h 9/2 septuplet.
All the spins have been confirmed in parti-

11 + 13 +
cular those for the previously unresolved —,

doublet. The mixing with the ' Po g.s. md 3/2
level is clearly verified by the connecting transitions.
The 124- and 50-keV transitions and some changes
in branching ratios imply that the Coulomb excita-
tion experiments ' should be reinterpreted.

D. Levels of the (vg9/2+1/2 ', eh 9/2) configuration

1. General

The lowest two-particle one-hole states in Bi
are predicted to have the (vg9/2p]/2 7Th9/2) con-
figuration if one considers only the single-particle

I

energies. Only three other two-proton-one-proton-
hole states are lower or comparable in energy, due to
the strong pairing interaction in the ' Po ground
state as discussed previously. This configuration

1 +
gives a total of 19 levels with spins between —, and

19 +
2

Cleary, - Stein, and Maurenzig ' have identified
these 19 levels in Bi(p,p') inelastic proton scatter-
ing through the analog resonances in ' Po of the
low-lying levels in ' Bi, which have the structure
(vg9/21rh9/2). Their cited article' is the main refer-
ence for this section. Completely different spins
were assigned by direct (p,p') scattering based on a
weak coupling interpretation of the data in Ref. 2.

Little other experimental information has been
available. Inelastic neutron scattering ' and

Pb( Li,a2ny) (Refs. 3 and 9) gave a few high-
energy y transitions from these levels. The latter re-

19 +action clearly verified the —, assignment by Cleary
et al. since this level is isomeric and could be easily
studied. In the present work we were able to find
the y decays of all levels of this configuration. The
experimental results are summarized in Fig. 8 and
Table III. In the following the level scheme and the
transitions are discussed using simplifying assump-
tions concerning the structure of the levels.

For now we will assume a pure
(vg9/2pi/2 p7Th9/2) configuration. There are three
equivalent coupling schemes:

(vg9/2p1/2 )Ii irh9/2 I) ~with Ii —— Pb 4,5

I (vg9/2mh9/2)I2, vp, /2 ",I ) with I2 ——' Bi 0, . . . , 9

l (vpi/2 'mh9/2)I3, vg9/2, I ) with Ii =2™NBi4+,5+ .

All two-particle matrix elements of the residual in-
teraction as well as the single-particle energies can
be taken from experiment. From these the energies
and eigenfunctions can be calculated in a straight-
forward way. (The calculations are as in Ref. 1

which, however, has some misprints in the formula
and consistently a wrong phase in the wave func-
tions. See Ref. 15, Vol. 1, p. 73 for the recoupling
coefficients. ) In Table III the theoretical energies
and the eigenfunctions are given. We choose to use
the first representation from above, in which we
couple the h 9/2 proton to the 4 and 5 core states
in Pb. Figure 9 shows the energies that are in-
volved. Column 1 gives the unperturbed energy of
the (vg9/2p J/2 ') configuration in Pb. Column 2
shows the experimental energies of the two Pb
states that are mainly of this structure. The next
two columns show how the (vp, /2 1Th9/2) interac-
tion ( 'Bi) and the (vg9/21Th9/2) interaction (

' Bi)

affect the energies. Finally, the experimental ener-
gies of the lowest and highest states in Bi are
shown. As can be seen, the 19 levels in Bi occur
at the predicted energies and are spread out over an
energy range approximately equal to the combined
effect of the three residual interactions.

The calculated and the experimental energies are
compared in Fig. 8. In general the agreement is
within -50 keV. We arrive at the same correspon-
dence between experimental and theoretical levels as
Cleary et al. ' The only exception is the upper
level. Cleary et al. assigned a 3363-keV level as the

member of this multiplet. We found a new
level at 3 159 keV which compares with the theoreti-
cal energy of 3172 keV. This state is a much better
candidate for the multiplet, as we will show by its y
decay. Furthermore, the level at 3362 keV does not
have J = —, , since it decays to the 896keV
level. However, a 3355-keV state decays only to the
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'O'Bi E Xp.

partial

13/ze
17/2
9/2 '
11/2
15/2
7/Ze

3.0 — 5/z'

3169-
3154
3153
3133
S&3S
3090
3039 II

19/2+ 2986

'"Pb 5 eh„,
E

(Mev)

3.5—

Pb 4 h9/2

15/2+ 3502

11/2' 3464

7/2', 3450
13/2 3406
9/2+ 3378

17/2 3211
5/2+ 3222

3/2 3159

— 3/2+ 2956
1/2 2916

(Hev)

3.5—

3.0—

004

-0.23

+0.16 5,

-0.09
8

~1 5/2+

3/2' 2767
1/2

' 2845

iI li
IVI FI F )I 15/2' 274l

2.5—

0-

5/2 2617
11/2+ 2599

3/2 2 493

1/2 2 443

13/2 1608
7/2 896
9/2 0

unperturbed

energy

2.5—

residual interaction

pb 20 Bj 210Bj

3/2+

exp.

FIG. 8. Levels of the {vg9/~1f2 KA9/p) configuration
and their y-ray decay. The levels of this configuration are
marked by extensions to the left if their main parentage is

Pb 5, to the right if Pb 4 . The positions in the
center column and the numbers give the measured ener-
gies (keV) while the extensions show energies from a shell
model calculation. Other levels are shown only if they are
populated by transitions from the multiplet. Note that
the three lowest levels are not drawn to scale. See also
Table III and the text.

(5 g/t9/2), ,+ level at 2766 keV. It is very likely

that the 3355-keV state and the 2766-keV level are
mixed. This would explain why the 3355-keV level

decays only to the 2766-keV state while many other
transitions are possible. Also, the observations in
the inelastic scattering experiment' that Cleary
et a/. identified with the

3+x
1~/9/2~vg9/2Pl/2

configuration would be explained by this mixed
3355-keV state.

The largest differences between calculated and1+
measured energies occur for the lower —, and the

19 +
states. This can be qualitatively understood.

The 5 state in Pb is not a pure particle-hole state
of the configuration (vg9/2/ii/2 '), but is moderately
collective; the second largest component is
( tr/t 9/2$ i /2

' ). For this component the Pauli princi-
19 +

pie forbids the formation of a —, state with the ad-

FIG. 9. Relevant energies for the levels of the configu-
ration (vg9/+1/2 %/29/2) in Bi. Column 1 shows the
unperturbed excitation energy of this configuration:
E=g("'Pb) + g('"Pb) —2g("'Pb) =3.43 Me+. The next
columns show the deviations of the two particle levels due
to the residual interaction, e.g., EE(2'eBi 1 )=h(2' Bi
1 ) + 5( Pb) —5{ Pb) —6( Bi). The last column
gives the experimental energies of the multiplet. Only the
lowest and highest states are shown. The experimental
levels evidently are at the expected energy and spread out
over a range comparable with the residual interactions.

ditional h9&2 proton in Bi. It also guarantees that
1 +

( rr/t 9/2$ i /2 )5,m h 9/2 ~ 2 )
2 + —1. '+

~/t9/2 )0,$i/2' , —, ) .

Therefore the impurity of the 5 state implies a1+
mixing of the z level with the

state. For all other levels this admixture in the Pb
5 state has a much smaller effect and the energies
agree indeed extremely well. It should also be men-
tioned that the I ground state of 2'08i is not very
pure, while all other levels that were used to deter-
mine the two-particle matrix elements are quite
pure. We want to point out here that our approach
is, of course, not rigorous theoretically. We use, on
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TABLE III. Gamma decay from levels of the (vg9/+1/2 ',mh9/2) configuration. Energies (E) are in keV.

Eexp

Initial state
Eg, A(5 )' A(4 )'

Final state Experimental Theoretical decay
Eexp Main config. E~ branching' rate (10' s ')

2916 2921 0.080

2767 2731 0.906

2845 2708 0 997 0.080

—0.997

—0.423

2767

2443

2493

2767

2845

2493

2443

2493

2617

h9/2 &1/2
2

3 h9/2

3 gh9/2

h9/2 S1/2
2

3 g h9/2

3 h9/2

multiplet

79

352

15(10)

85(10)

423

324

149

72(1)

23.5(5)

4.9(4)

150 100

0.037

10

0.18

0.02

5X10-4

7X10 '

3159 31?2 0.423 + 0.906 3+
2
1+
2
1+
2

2845

2916

3 h9/2

393

314

243

25(3)

40(S)

35(5)

1.2

0.77

1.4

0.05

3222 3246 0.131

3090 3041 0.960

3450 3392 0.280

3039 3004 0.991 —0.131

0.991

—0.280

0.960

3+
2
7—
2
3 +
2
7+
2
3+
2

5+
29—
2

7

2
5+
2

2767

896

2767

3090

2956

sum

3039

Su1Yl

896

3222

h9/2 d3/2
2

3 h9/2

h 9/2

3 h9/2

fvn

272

2143

455

131

266

22(1)

78(1)

64(2)

8(2)

28(2)

2554 100

228

51

3090 100

1.6

0.04

0.07

0.01

0.003

2.3

3153 3155 0.999 0.001 9+
2
7 +
2

sum

3090

3 h9/2

h9 3153 100

63

0.16

0.020

3378 3369 0.001 —0.999

sum

3090

9+
2
7+
2

3133

3 h9/2

h 9/2 3378 100

245

10

0.24

0.41

3133 3106 0.977 —0.214

sum
9—

0
2

1608
2

3 h9/2

h 9/2

&13/2

3133

1524

78(2)

22(2)

0.13

3464 3465 0.214 —0.977

SQIIl

sum
9—
2

suIQ

sum

multiplet

3 h9/2
h 9/2

multiplet

3 h9/2

3464 100

0
0.002

0.50

0.18
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TABLE III. (Continued. )

Eexp

Initial state
E,1, A(5 )' A(4 )'

Final state
E,„„Main config.

Experimental Theoretical decay
branching' rate~ (10' s ')

3169 318S 0.999 0.051
2

1608 ~13/2 1560 100

3407 3380

3136 3078

0.051 —0.999

0.985 —0.173

sum

3136

3133

260011 +
2

2601

1608
2

2741

2601

1608

multiplet

3 h9/2

3 h9/2

3 h9/2

/13/2

3 h9/2

3 h9/2

& 13/2

270

274

806

808

395

535

1527

20(2)

27(3)

0

54(3)

11(2)

0

89(2)

0.008

&10
0.55

0.15

0.1

0.04

(10 3

0.001

3502 3519

3154 3171

3212 3264

2987 2892

0.173 —0.98S

0.835 0.550

1.0 0.0

0.550 —0.835

suID

3212

3154

2601

2987

2741

2987

2741

2741

multiplet

3 h9/2

3 h9/2

3 h9/2

3 h9/2

290 100

348

901

6.3(3)

413 98.5(5)

225 100

471 0

246 (v =26 nsE2)

0.
1.5

0.5

0.16

0.06

0.006

0.45

0.02

'These are the amplitudes of the model wave function: A(5 )
~

~0'Pb 5,nh9/Q I & ~A {4 )
~

~0 Pb 4,rrh9/i I ).
Multiplet means levels of the {vg9/+1/2 7Th9/2) configuration.

'From Table II. All transitions found experimentally are listed.
See text. Only the two or three strongest decays predicted by theory are listed.

one hand, the shell model, and we assume that the
states contain only one configuration. On the other
hand, experimental matrix elements are employed
which definitely include effects of configuration
mixing. The idea is that the known insufficiencies
of the shell model without configuration mixing are,
by and large, compensated by using experimental
numbers that already contain higher-order correc-
tions.

2. Gamma-ray transitions

In this subsection the measured transitions associ-
ated with levels of the (vg9/i+i/z ', mh»z) configu-
ration are compared eath calculations. The calcula-
tions are again simple; they take into account only
the major features, relying completely on experimen-
tal information from neighboring nuclei.

We consider only Ml transitions within the multi-
plet. Both M1 and E2 transitions proceed with
about single-particle strength. For y energies of less
than SOO keV the Ml transitions are then about 2 to
3 orders of magnitude faster than E2 transitions.
Also, experimentally, many Ml transitions are
found while no clear evidence for E2 transitions ex-
ists. We choose again the representation based on
the ~ Pb 5 and 4 states. The contributions to the
total Ml transition strength are sketched as:

A(5 ) ~5 h&/i I)+A(4 ) ~4 ~hsl»I

A'(5 )
~
5,h, /»I'&+A'(4 )

~
4,h, /»I'& .

The arrows indicate the possible transitions. The to-
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tal transition matrix element can be calculated fol-
lowing, e.g., Bohr and Mottelson (Ref. 15, Vol. 1, p.
84, Eqs. (la)—(72a)]. The four transition elements
in units of pn are derived from experiments as:

( h 9/2 I I
tt (M 1 ) I lh 9/2 &

=+7 02(»

(5-I I~(M I)l
I

5-)=+0.27(i5),

(4
I
Im(M 1)

I I4 )=—2.9(2),

(4-Il~(M 1)lls-) =+ i.2(4) .

The h9~q~h9&2 and 5 ~5 elements are calcu-
lated [Eqs. (3)—(40), p. 337 of Ref. 15, Vol. 1) from
the measured magnetic moments

p( Bie)=4.11 p~

and

p( Pb 5 )=+0.15 p~

(Ref. 23}. The magnetic moment of the 2osPb 4
level is not known. Its wave function is, however,
very pure (vg9/2pi/2 ') and we can reliably calcu-
late ( Pb 4 }=—1.77 pz from the measured
single-particle moments p(vg9/2) =—1.33 p~ (Ref.
24) and

p(vpl/2 =p( Pb g.s. )=0.58 pN

(Ref. 23). The transition rate of the 4 —+5 transi-
tion is measured and gives the transition matrix
element as +1.2 p~. A calculation assuming pure

(vg9/2p i /p
'

) configurations based on the cited
single-particle moments gives +1.6 p~, in good
agreement with the experiment, and fixes the sign.
In this way all the parameters required to calculate
the transition rates between levels of the

(vg9/2pi/2 ', irh9/2) configuration are obtained from
experimental data.

One discrepancy inherent to this approach is the
following. The measured moment of the 5 level is

+ 0.15(5) pz. This has to be compared with

p(vg9/2pi/2 ",5 )= —0.75 ptt

as determined from the single-particle moments.
The discrepancy is once more mainly due to the
neglect of the (mh9/2$]/2 ') component of the 5
level with a magnetic moment of —+6 p, N. For-
tunately, the 5 ~5 matrix element occurs only
with the ~h9&2~m. h9&2 transition element and is
——„as large; hence it can be regarded as a minor
correction.

Another significant mode of decay is to the
3 h9&2 septuplet. In this case the 5 ~3 E2
transition in the Pb core is negligible compared
with the contribution due to the 4 —+3 M1 transi-
tion. The half-life of the 5 -+3 E2 transition in

208Pb is 0.29 ns and the transition energy is 583 keV,
while the half-life of the 4 level is 4+3 ps. After
a correction for branching the partial half-life of the
860-keV 4 ~3 M1 transition is 7+5 ps. For a
typical transition energy in Bi of 500 keV the
half-life due to the 4 ~3 Ml transition is there-
fore 35 ps as compared to 625 ps for the 5 ~3
E2 transition. This factor of 18 is the reason for
taking into account only the 4 ~3 M1 element.
In short, we calculated

h9/gjl)+~(4 ) I4,h9/21)
{M1)

I
3 &h9/2&I )

The recoupling of the angular momenta has been
handled properly. The transition rates are propor-
tional to Ez, A (4 ), and the 4 —+3 Mi decay
rate in Pb. Typical 8(M1) values for transitions
to the septuplet are &0.01 p~ as compared to & 1

p~ for the Ml transitions between levels within the5+ 11+
multiplet. For spins ranging from —, to z, El
decay to the —, ground state or the —, 896-keV
level is also possible with y energies of 2 to 3 MeV.
The single-particle estimate in this case gives
t&&2&10

' s, but these E1 transitions are highly
forbidden. The same holds for Ml transitions to the
I $3/2 state at 1608 keV, for which the single-particle
estimate gives t j&2-10 ' s. The allowed M1 tran-
sitions between the (vg9/2p]/2 17h9/2) states are
often slow or virtually impossible due to the low en-
ergies involved. So we often have the interesting sit-
uation that all decay modes are hindered by struc-
ture or energy and thus small impurities of the wave
functions become decisive.

3. Comparison of experimenta! and model
calculations

The measured and calculated y decay properties
are compared in Table III.I+ &+

states. The lower —, state decays to the

I (irh9/2 y0+), si/2 ",—, )

level. This is understandable from the
( 7th 9/2$ i /2

' ) component of the 5 level in Pb.
The quoted decay rate of 10" s ' has been calculat-
ed for a 10% admixture in the 5 core state and by
using p(nsi/z}=1. 8 p~. A weak transition of
78.6+0.1 keV, seen only with the LEPS detector,
might be the expected branch to the 2767-keV —,

3+

state. Its excitation function agrees with that of the
main 402-keV decay branch within the rather large1+
error. The upper —, level decays only to the 2767-

3+
keV —, state of the same configuration, in accor-



27 STRUCTURE OF Bi DEDUCED FROM THE Pb(t, 2ny). . .

dance with theory. The absence of a transition to1+
the 2443-keV level, as found for the lower —, state,1+
implies that the upper —, state has little 5 paren-

tage and that the 4 core state contains little of the
(1Th 9/2s ]/2

'
) configuration. The transition energy

would favor this unobserved decay mode by a factor
of 30 over the observed transition.3+

states. The 2767-keV level is the lowest of the
19 levels considered here. It therefore has to decay
to states of different structure. The branching ratio3+ s+
to the —, and —, levels of the (3 I8wh9/2) septuplet

agrees with the theoretical estimate. The main de-
cay mode to the 2443-keV level (Er ——324 keV) is
not covered by our simple model. The predicted de-

cay rates to the septuplet are very small. If they are
realistic, the unexplained 324-keV transition has a
strength of 10 single-particle units.

The —, level at 3159 keV deca s with about
3+

3 1+
equal y-ray intensities to the lower —, and both —,

levels. This is very close to the prediction of the
model wave functions. In this case we can deduce1+ 3+
the wave functions of the —, and —, levels from
the measured branching ratios. The two unknown1+ 3+
quantities are the mixing ratios in the —, and —,

levels at 2845 and 2767 keV, respectively. They are
uniquely determined by the intensities of two transi-
tions normalized to the third. The wave functions
have been calculated in this way. For

,2767 keV&=0. 95
~
5,h9/2& —0 314 h9/2&

and

I
»2845 keV & =0 9415»9/2 &+0 3514 h9/2 &

the calculated branching ratios are the following:
2767: 27(6), —, 2845 40(6), and —, 2916.

32(6). This is in complete agreement with the mea-
surement. The errors given for the calculated
branchings refiect the uncertainties of the Ml ma-
trix elements. It should be pointed out that the
overlap integrals between the wave functions calcu-
lated from the Hamiltonian and those determined

3 +
from the branching ratios are 0.99 for the —, levels

and 0.97 for the —,
+ levels, a remarkable agreement.

Cleary et al. ' designated a level at 3354 keV to be
the (4,h9/2 2 ) state (see also Sec VF). In t. heir. 3+

experiment the 3159 keV-level is buried by the much
stronger 3154-keV doublet and the 3170-keV line.
However, the transition to the 3170-keV state shows
a resonance at the 2 analog state, which with re-
gard to the results from the y transitions, has to be3+
interpreted as due to the —, 3159-keV level.

Nevertheless, the (p,p') work indicates that the
3354-keV level may have some of the (4,h9/2 2 )

. 3+

strength.
5+ 7+ 9+—+,—,and — states. The levels with spins

5 +2 2
1 1 + 2

through —, can decay by El transitions of 2 to
3 MeV to the —, ground state or the —, level at
896 keV. The single-particle estimate gives lifetimes
of —10 ' s for these transitions. On the other
hand, these El decays are forbidden. The competi-
tion between the allowed M1 decays with typically
t&&2 ——10 ' s and the E1 transitions is a stringent
test for the purity of the wave functions. The lowers+

level shows both types of decays, implying a
hindrance of the El transition of 10. For the5+
higher —, level at 3222 keV no high-energy transi-
tion has been seen. It decays to the two levels of the
same configuration for which the model gives the
fastest decay rates, although the branching disagrees

with the model by a factor of 3. The additional
transition to the 2956-keV level having the main
structure (

' Po g.s., d3/2 ') might indicate that the
3222-keV level contains a (

' Po g.s., d5/2 ') com-7+ 9+
ponent. For the —, and —, levels the E1 transi-
tions dominate. However, the allowed M1 decays
are also predicted to be very weak for the lower lev-
els of both spins.

11 + 13 +
and —, levels. These levels can decay by

fast Ml/E2 transitions to the i»/2 single-particle
level at 1608 keV. For the lower levels of both spins
the allowed M1 decays within the multiplet are
predicted to be very weak and we see only high-

13 +
energy transitions. The upper —, level exhibits
three decav branches. The ratio of intensities to thefs+ 11 +(5,h9/2 2 ) and (3,h9/2 2 ) levels is close to
the predictions. Failure to observe the expected

11 +
transition to the —, state at 3133 keV might be
due to another y ray at this energy (see Table I).
The i&3/2 single-particle state is populated most
strongly.

15 + 19+ 19 +
to 2 levels. The —, state at 2987 keV

can only be formed by the (5 h9/2) configuration.
1S +

Due to its low energy it can only decay to the —,

member of the septuplet at 2741 keV. The mean life
is 26 ns and this isomer has been well studied. The

17 + 15 +
and —, levels exhibit decay patterns that agree

approximately with predictions. However, both the

—, + and the —, levels at 3136 and 3154 keV,
respectively, decay more strongly than expected to
the (h9/23 2

+) level. A small mixing (-10%)
of the 2741-keV and 3136-keV —, levels would ac-1S +

count for this; the competing decay modes are verv
15 + 17 +

weak in both cases. The higher-lying —, and —,

states were observed to decay only by the branch
that is predicted theoretically to be strongest.
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(Mev)
3.5— 15/2

11/2

4. Summary of the

(vg9/zpi/2 erh9/2 ) configuration

The combined results of inelastic proton scatter-
ing' and the present study of y transitions have de-
finitely identified the 19 levels of the
(n h9/2 vg9/zp]/2 ') configuration. A shell-model
calculation using empirical matrix elements is
reasonably successful in reproducing the measured
energies and y-ray branching ratios. Mixinz with1+
other configurations is evident for the —, , —, , and

19 +
levels. The use of matrix elements as measured

in neighboring nuclei is extremely helpful for reveal-
ing the main structure of the levels and for estab-
lishing the correspondence between experimental
and theoretical levels. We are aware of only one cal-
culation of these levels, that by Zawischa. ' He esti-
mates that his approach using the Migdal theory
should give the energies of the 5 I8lh9/2 decuplet
within a few keV if the interaction parameters are
correct. A comparison of Zawischa's results with
experiment is given in Fig. 10. The agreement is
indeed good, within 100 keV, except for the —, and
3 5

—, levels and the —, state based on the 4 core state.
This calculation therefore runs into difficulties for

the same levels as does the empirical shell model.
While the Migdal theory takes into account many
more configurations, the basic input data are the
same as for the shell model. In particular, the
neutron-proton interaction, that contributes most to
the splitting of the multiplets, is in both cases taken
from the '08i level scheme. Zawischa does not cal-
culate transition rates.

Iwasaki, Ring, and Schuck calculated the decup-
let and nonet using Dyson's boson expansion. They
achieved good agreement for the energies of the lev-
els that belong to the 5 core state. In particular,3+ &+
the —, and —, states are well reproduced. The en-
ergies of the nonet states do not fit quite as well, and
transition rates for comparison have not been calcu-
lated.

E. High-spin states

The results on high-spin states are summarized in
Fig. 11. We also show the results of a ' Bi™(d,t)
experiment5 that selectively populates levels consist-
ing of a neutron hole coupled to the
(vg9/2 irh 9/2 9 ) level of ' Bi. The column marked
Theory shows the energies of the highest spin
members of the indicated configurations as calculat-
ed with experimentally determined two-particle in-
teraction energies. The lowest three levels have
been discussed in the previous section.
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FIG. 10. Comparison of experimental level energies of
the 5 (3)h9/2 and 4 (3)h9~& multiplets with the calculation
by Zawischa (Ref. 17).

FIG. 11. High-spin levels in 2Bi. Levels with spin
& —as established in this experiment and their y decay

are shown. For comparison corresponding states seen in
' Bi (d, t) and the transferred angular momentum are

given. On the right calculated levels are indicated; the
upper four levels are from Ref. 25.
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19 +
ray that populates the 2987-keV —, level and the
246-keV y ray that depopulates it clearly establish
this level [Figs. 6(a) and (e)]. The angular distribu-
tion of the 826-keV line shows this transition to be a
stretched E2 and determines the 3812-keV state to
have J"=—, . There is only one low-lying configu-

23+
ration that gives —, , namely an f&/i neutron hole

coupled to the 9 state in ' Bi. The measured and
calculated energies agree perfectly. The

'OBi (d, t) reaction also populates a level with I=3
at this energy. Furthermore, the most favorable de-

cay mode is the single-particle E2 transition

f5/2~p]/2 that is indeed found experimentally.
19 + 21 +

—,+ and —, leuels. Our understanding of these
states is not clear. The expected lowest-lying high-
spin levels of the (n.h 9/2 vi ]]/2p]/2 ') and
(n.h9/iyvg9/2f5/2 ') configurations do not corre-
spond well with the experimental level scheme. In

19 +
particular three levels with spin —, have been
found at -3.5 MeV while only one is expected; the

1 19+
(nh9/2vg9/2f5/2 g ) state should be above the

state at 3.6 MeV. The (d, t) experiment shows

that the l=1 strength is split between the 3987- and
3597-keV states and the l=3 strength is distributed
between the latter and the 3468-keV level. This in-
dicates considerable configuration mixing. Cleary
et al. also found in (p,p') that l=5 strength is

19 +
missing in the —, , 2986-keV level and suggested
that the missing strength is found in the 3597-keV
state. We tentatively identify the 3487- and 3578-
keV levels with the (mh9/2 vl]]/2p]/2 ') configura-
tion, since they are not present in the (d, t) experi-

21 +ment. It is not certain if the —, level at 4142 keV
can be identified with the (4122+10)-keV state that
is excited by pickup of a pq/q neutron in ' Bi~(d, t).
For a p3/2 hole, an allowed M1 transition to the cor-
responding p&&2 hole state at 2987 keV should dom-
inate, but it is absent in the experiment. We might
conclude that the structure of the high-spin states is
characterized by appreciable configuration mixing
and therefore the gamma transitions cannot be easily
explained. The measurements give, however, firm
spin assignments by which shell model calculations
can be tested.

F. Levels of unknown structure

The previous discussions left out 14 levels seen in
this experiment about which little is known. These
states are listed in Table IV. All levels belonging to
the Pb (3,5,4 )h9/2 configurations have
been found. The next expected multiplets are
3 f7/i at an unperturbed energy of 3.5 MeV
and 52 eh9/2 at 3.7 MeV. They split, respectively,

TABLE IV. Levels of unknown structurein ~Bi. Energies areinkeV. Spin/parityassign-
ments are discussed in the text.

Level energy

3197.38(15)

3269.57(10)

3311.2(3)

3354.7(4)

3362.0(4)

3393.3(2)

3490.3(2)

3541.6(3)

3601.8(2)

3703.4(6)

3719.6(4)

3783.6(4)

3853(2)

3979.5(6)

352

424

2415

588

2466

1785

3490

2594

2645

2706

3703

(665

3719

2887

3853

3979

Branching
ratio

30(15)

70(15)

Final state

2845—
2845—
896—

2

2767—
896—

2

1608—
9—0—
2

896—
2

896—
2

896—
29—0—
2

3038 — )

9 +
2

896—
2
90—
2
90—
2

Tentative spin

1+ 3+ (5+)
2 '2 ' 2
1+ 3+ (5+)
2 '2 7 2

(7+ 9+)
2 '2

(
5+ 7+ 9+)
2 s2 '2

(—)
15 +
2

(
7+ 9+)
2 '2

(
7 +
2

(5+
2

(—
2

(
7 +
2 t

9+ 11+)
2 7 2
7+ 9+)
2 '2
9+ 11+
2 ' 2
9+ 11+

)2 s 2

(
5+ 7+ 9+)
2 s2 s2
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1+ 13+
into seven levels with spins from —,

+ to —, and

ten levels with spins from —, to —, . Zawischa
19 +

calculated the energies of these states in Migdal
theory. He finds that the 3 f7/g multiplet ex-
tends from 3.25 to 3.76 MeV and the Sq (369/2 mul-
tiplet from 3.35 to 3.75 MeV. Since little is known
experimentally about spins we cannot compare ex-
periment and theory. As already seen for the high-
spin states, strong configuration mixing is likely for
the levels at -3.5-MeV excitation energy. The only
firm theoretical prediction is that only positive-
parity states occur. All the low-lying levels in SPb
have negative parity, and the two lowest orbitals for
the additional protons in Bi, h9/2 and f7/2 also have
negative parity.

The tentative spin assignments in Table IV are
based on this assumption of positive parity and on
the restriction that only E1, M1, and E2 transitions
compete. This limits the spin of a state decaying to
the —, ground state or the —, first excited state
within +1'. The parity-changing M2 or E3 transi-
tions should, of course, be much slower. It should
be understood that this procedure gives only the
most reasonable estimates of the spins.

The two new low-spin levels at 3197 and 32691+ 3+
keV probably have spin —, or —, . For the same
reasons as discussed in Sec. VD, E2 transitions
should be much weaker than M1. This makes5+. 5+J = —, improbable for these levels. Also, —, lev-

els could decay to many more levels, including the
, 896-keV state. Cleary et al. '~ gave —, for the

3311-keV state since (p,p') resonates at the 4 ana-
log resonance. This agrees with the y decay which,9+
however, does not rule out —,

The 3355 and 3362 levels have not previouslv3+
been resolved. One of these levels has to be the —,

state that was observed in the (p,p') reaction and
was assumed to belong to the (n.h9/g vg9/+i/2 ')
configuration. ' While, as shown in Sec. VD, a
better candidate for this has been found, the 3355-
keV state must contain some of this configuration.
The y transition to the 2767-keV (5 sh9/2),
state supports this conclusion. The 3362-keV level

5+ 7+ 9+
is —,+, —, , or —, by our general arguments.

Most angular distributions are not very pro-
nounced and are subject to large errors due to the

13 +
small intensities. The 3393—+(1608 keV, —, ) y ray
of 1785 keV has /12 ———0.21(4). This is typical for
(I~I—1, Ml, or El). Therefore this level has
I =( —, ). The 2706-keV transition from the 3602-

15 +

keV level to the 896-keV —, level shows a similar
angular distribution with A2 ———0.29(8). For this9+ 7—
parity-changing transition, — ~—,E1 is strongly7+ 7 — '2 2

favored over —, ~—, , M2. The 665-keV line with

A2 ———0.25(10) could not be uniquely assigned to
the level at 3703 keV. However, if our assignment is
correct, the angular distribution of the 665-keV y
ray and the branch to the ground state require a7+
spin/parity of —, for the 3703-keV state. For all
other levels in Table IV no information, other than
the selection rules governing y-ray transitions and
the structure argument for positive parity, is avail-
able for use in assigning spins.

VI. CONCLUSEONS

In-beam y-ray spectroscopy with the Pb(t, 2ny)
reaction has revealed many new y-ray transitions in

Bi. The good energy resolution of germanium
diodes gave level energies with one to two orders of
magnitude higher precision than charged-particle
work has previously provided. In turn some doub-
lets could be clearly resolved and new levels estab-
lished. The selection rules for y-ray transitions and
the angular distributions have also led to many firm
spin assignments.

For the 3 Sh9/2 septuplet the mixing of the
2493-keV —, level with the (

' Po g.s., d3/2 ') state
at 2956 keV has been verified by y-ray transitions.
Also, a new branch from the 2493-keV state to the
(

' Po g.s., si/2 ') level and an Ml transition be-5+ 3+
tween the —, and —, members of the multiplet
have been found. The sigmficance of these findings
is that the septuplet is the standard text book exam-
ple for particle-vibration coupling, and that it is
very often used to test new theoretical approaches.

The main result of this experiment concerns the
19 levels from the (nh9/2 vg9/xpi/2 ') configura-
tion. The combined evidence from inelastic proton
scattering and the present experiment identifies all
19 levels unambiguously. A simple shell model cal-
culation that includes configuration mixing indirect-
ly by using experimental matrix elements from two-
particle states reproduces the energies very well. It
also gives branching ratios, which are very sensitive
to structural details, that agree with the experimen-
tal data quite well. Exceptional agreement is1+ 3+
achieved for the —, and —, levels. In this case the
wave functions could be determined from the mea-
sured branching ratios in a second independent way.
The overlap with the wave functions calculated
from the Hami)tonian is ~97%. Still, there are
many points that require better theoretical under-
standing, as, e.g., the transitions to the single-
particle states.

The high-spin states above -3.5 MeV show ap-
preciable configuration mixing. Three levels of spin

19 +
occur close to 3.5 MeV, whereas only one is ex-

pected below 3.6 MeV. This is yet to be understood.
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The structure of 14 more levels for which approxi-
mate spins have been determined is completely open.
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