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Configuration assignments and spectroscopic factors are deduced from angular distribution data on 22
levels or level groupings in Bi using the reaction ' Bi (d, t) Bi at E„=17 MeV. Transitions to levels in

Bi between 2.6 and 6.0 MeV are observed and these levels are interpreted in terms of the coupling of the
pure ~h 9/2g 9//~9- target state with neutron holes in ' 'Pb. The j values of the transferred neutron are
determined through comparison of the measured angular distributions and energies with angular
distributions and energies for the corresponding single-hole states in ' 'Pb. Levels below 5.0 MeV are
assigned p»2, p»„or f„, neutron hole parentage while the levels above 5.0 MeV all have f7/2 neutron hole
parentage. The results complement and extend previous inelastic scattering and analog resonance studies on
levels below 4.0 MeV excitation in ' 'Bi, In particular, the summed spectroscopic strength for the p, &,

neutron hole parentage states agrees well with the theoretical sum rule limit and measured single-hole
strength in ' 'Pb. The microscopic shell model (in contrast to the weak-coupling model) successfully predicts
the observed splitting of spectroscopic strength among the members of the (~h 9/2g 9/2(9 — /s/ p', ,", )
multiplet.

NUCLEAR REACTIONS Bi (d, t) Bi, Ed=17 MeV. ~&ab=12.5', 20', 27.5",
35', 42.5', 50, 57.5, 72.5', 87.5', 100, 115 . Measured cr(8) for E*( +Bi)

= 2700—6000 keV. Deduced E" ", spectroscopic factors.

I. INTRODUCTION

The single-particle structure of Bi, with one
proton beyond the double closed shell nucleus Pb,
has been studied ' extensively. These studies
demonstrated that the '"Bi levels can be almost
completely described in terms of the simple shell
model. More recent experimental efforts3 have
investigated the next level of shell model structure
in Bi—the two particle-one hole configuration.
In this paper we report on results obtained from a
study of the Bi (d, t) reaction. This reaction is
highly selective in the states that can be excited
and this has permitted the 2p-1h structure of many
levels in ~ Bi to be identified.

States of 2p-1h character are excited in direct
inelastic scattering on Bi; however, these re-
actions are most sensitive to the collective excita-
tions of the Pb core and thus emphasize the par-
ticle-vibration structure of Bi. Through studies
of this type a multiplet of levels near an excitation
energy of 2.6 MeV in Bi has been associated with
the weak coupling of an 69&2 proton to the 3 state
of Pb. The success of this weak-coupling or
particle-vibration model ' in describing these
states has led several groups ' ' to search for
multiplets built on other excitations of the Pb
core. %hile experimental evidence does exist for
structure in Bi based upon couplings to the high-

er excited states of Pb, it was pointed out"
that, for levels in the energy region from 2.8 to
3.6 MeV in Bi, an alternate description in terms
of the coupling of a neutron hole to the low-lying
states of ' Bi provides an equally valid account
of the experimental data; The properties of the
levels in this energy region were more fully ex-
amined by means of isobaric analog studies in-
volving the sssBi(P, P') reaction, s and it was shown
that a consideration of the underlying microscopic
2p-1h structure provides a rather complete de-
scription of the observed properties of these lev-
els.

The existence of a ' Bi target provides a
means of testing in a definitive way the micro-
scopic model' proposed for the levels in "'Bi
from g.8 to 3.6 MeV and of extending our know-
ledge of the microscopic structure of levels as-
sociated with a particular class of 2p-1h config-
urations. Since the target exists in the 9 meta-
stable state at an excitation energy of 0.271 MeV,
the (d, t) reactions should populate states in ' Bi
that can be described as a neutron hole coupled to
a 9 Bi core state. Moreover, abundant theoret-
ical' ' and experimental evidence strongly
suggests that this 9 state is a very pure two par-
ticle state whose wave function is dominated by
the ~hats, gs~s

~

component. Thus the present ex-
periment explores states in Bi with the ~hs&„
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g», te S,(l&)
" configuration in their structure

where (l, )
'" specifies the neutron hole orbital.

These neutron hole orbitals are determined for
many transitions observed in the ' Bi (d, t) re-
action from both the measured triton angular dis-
tributjons and the regj.ons of the triton spectra at
which single-hole transition strength is expected
based upon results from a 'O~Pb(d, t) reaction
study. 2 Since this latter reaction on Pb wa, s
performed at the same incident deuteron energy
as the present measurement, a detailed compari-
son of the single-hole transition strength is pre-
sented. The present results are employed in a
critical evaluation of the microscopic 2p-1h and
weak-coupling descriptions of levels in 'Bi below
3.5 MeV excitation.

II. EXPERIMENTAL PROCEDURES

The fabrication of the '~Bi target was carried
out using the Florida State University Isotope Sep-
arator and has been described in detail in Ref. 18.
Briefly, an ultrapure sample of ' Bi was exposed
to a high flux of neutrons at the Savannah River
Laboratories of the U. S. DOE. After the five-
day ground state of ' Bi had decayed out, the 2.6
~10' year 9 isomer was initially separated at the
Oak Ridge Calutron. The resulting separated ma, -
terial consisted of 1.39 mg of ' Bi with an iso-
topic abundance of 2.5 at.%%uo ino~Bi . Thi smaterial
mas then placed in the ion source of the Florida
State University Isotope Separator which had been
designed'8 to accomodate extremely small amounts
of material. Following retardation, the target
(with 99%%uo isotopic purity) was deposited on a 60
tLg/cm carbon backing with a maximum density
of material in an oval spot 4 mm &2 mm.

In the present experiment the ' Bi™target was
bombarded by a 17 MeV deuteron beam from the
Yale MP tandem accelerator and the reaction pro-
ducts analyzed by a multigap spectrograph. The
technicaI. aspects of this magnet are discussed in
Ref. 29. Data were recorded at 22 angles on Ilford
50 p, m thick nuclear emulsion plates with the ex-
posure lasting for approximately 50000 p, C of col-
lected charge. A surface barrier detector, located
at a, laboratory angle of 75, mas used to monitor
deuterons elastically scattered from the target
and this provided a means of locating the position
of maximum Bi thickness on the target. The
field of the spectrograph was selected in order to
allow tritons and deuterons associated with tran-
sitions to levels from 2.5 to 6.0 MeV in Bi and
from 0.0 to 3.0 MeV in ' Bi, respectively, to fall
on the focal plane of the magnet.

Data for 11 angles from 12.5 to 115'were ana-
lyzed in detail. The plates were scanned in 0.5
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FIG. 1. Triton spectrum from 2t Bim(d, t) measure-
ment. Excitation energies of corresponding states in

Bi are indicated and arrows shoe& the locations of the
unperturbed single-hole transition strength based upon
the states of 'Pb.

mm steps in the vicinity of the peaks and in 1.0
mm steps over the background region. Since the
magnetic field varies slightly from gap to gap in
the spectrograph, a peak in each spectrum which
could be identified with the 2.987 MeV transition
in Bi mas used to compute the effective field for
each gap. The 2.987 MeV transition therefore
served as a reference energy4 for the calibration
of the spectra. The effective fields and experi-
mentally measured calibration curves which re-
late the distance along the plate to the radius of
curvature of the magnet were then used to convert
plate distance into Q value.

A typical spectrum from the Bi (d, t) mea-
surement is shown in Fig. 1. For ease of presen-
tation, the spectrum is plotted in bQ steps of -6
keV although the data. were actually analyzed in
steps of -3 keV. The full width at half maximum
(FWHM) for peaks in the spectra varies from -15
keV at more forward angles to -30 keV at more
backward a,ngles. However, for any given spec-
trum the resolution was relatively constant over
the entire energy range of interest. Excitation
energies were obtained from the positions of the
—, heights of the peaks and intensities mere ex-
tracted by summing the counts over the appropri-
ate bQ interval and separating overlapping peaks
by making use of the peak shape for the 2.987 MeV
transition. Reproducibility of the level energies
from angle to angle and the rea, sonableness of the
angular distributions give us confidence in the
results in spite of the very thin target. The ener-
gies of many transitions in 20'Bi have already been
measured in inelastic scattering experiments
with an uncertainty. of less than 5 keV and transi-
tions measured in the present experiment can
readily be identified with those derived from the
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FIG. 4. Triton angular distributions for mixed transi-
tions in Bi. See text for discussion.
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tions in Bi.

previous work.
Since the amount of target material relative to

the carbon backing foil was quite small, reaction
products from the foil and the impurities contained
in the foil could give rise to rather large peaks in
the spectra. While every attempt was made to
identify each of these contaminant peaks, it is
possible that not all were identified and some of
the large deviations in certain isolated data points
in the angular distributions could be a reflection
of this problem. The measured angular distribu-
tions for the 'oBi(d, t) reaction are shown in Figs.
2-4.

Data for 2'OBi(d, d) scattering could only be ex-
tracted for angles greater than 110 . However,
by comparing the results obtained at these angles
with similar data from elastic deuteron scattering
on Pb and Bi, an absolute cross-section nor-
malization was established. As an additional check
on the normalization, the elastic deuteron counts
obtained with the monitor detector were compared
with values for the differential cross section cal-
culated from the deuteron optical potential of Ref.
30. The two methods yielded a consistent value
for the target thickness of 3.0+0.3 p. g/cm at the
beam spot used in this experiment. An uncertainty
of 10/p is therefore assumed for the absolute
cross-section normalization in this work.0.02-

0.0 I-
-OOI-

III. ANALYSIS
I I I I
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FIG. 3. Triton angular

distributions

for l = 3 transi-
tions in Bi.

The solid curves in Figs. 2-4 are distorted-
wave Born approximation (DWBA) calculations
based upon the optical potential used in Ref. 30
and corrected for Q-value dependence. These
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same parameters were used in the analysis of the
208Pb(d, t) data of Moyer et al.28 The DWBA code
DWUCK ' was used in the present calculations.

Since the shapes of the angular distributions in-
volving spin transfers of j =l+ ~ and j=l -~ are
indistinguishable, the angular distributions alone
do not permit the identification of the orbital from
which the transferred neutron has been picked up.
The triton spectrum in Fig. 1 is displayed as a
function of reaction Q value and corresponds to an
excitation energy region from 2.6 to 6.0 MeV in

Bi. The arrows along the upper part of the fig-
ure indicate the expected location of single-hole
transition strength based upon the energies of the
single-hole states of 7pb. If the fragmentation
of single-hole strength caused by the presence of
the extra-core neutron and proton in the ' Bi (d, t)
reaction does not spread out the population over
too great an energy range, then the single-hole
strength should lie close to the unperturbed posi-
tions and thus identification of both the l and j of
the transferred neutron should be possible.

The energy separation of the f»2 and f, &2 neutron
hole states is quite large, approximately 2 MeV,
and therefore multiplets in 0 Bi associated with
these two orbitals should be well separated. In
the case of the p&» and pz&2 orbitals, though, the
energy separation is small (0.85 MeV) and the
corresponding multiplets in Bi could overlap in
energy and indeed by admixed thus causing diffi-
culty in assignment. Fortunately, however, res-
onance studiess of the 'O'Bi(p, p') reaction have
already suggested assignments for many of the
levels in Bi with structure involving the p& &2

hole orbital; three of these levels are populated
in the present experiment. These suggested as-
signments are discussed in terms of the present
experimental results in Sec. IV.

The results of the present analysis are summa-
rized in Table I. The l and j values for the trans-
ferred neutron have been determined from the
angular distributions and the unperturbed positions
of the single-hole strength. The corresponding
values for the spectroscopic strength are also tab-
ulated. The spectroscopic factors were derived
using the normal definition

d(7 3e33
dg (2

~ l) SoDwBA(~) t

where j is the total angular momentum of the
transferred neutron. &he spin assignments for the
six lowest levels have been taken from Refs. 3
and 4.

Finally, the spectroscopic sums and energy
centroids are compared with the values for the
single-hole states obtained in the '0 Pb(d, t) reac-
tion. The energy centroids were calculated using

TABLE I. Summary of results for the 2' Bi (d, t} Bi
reaction.

2.741

2.987

3.135

3.154

3.212

3.469

3.597

3.735

3.764

J" Ref. b

~+
2

2

M+
2 0 2

~+ tL+
2 & 2

~+
2

~2' Ref. d

~+
2

E, Ref. c

0.14

0.98 P&/2

0.61

0.48

0.27

Pi/2

Pg/2

f 5/2

1, 3 0.17, 1.95 Ps/2, f5/2

1, 3 0.25, 0.94 Ps/2, f,/,

3.818

3.912

3.960

4.002

4.021

4.065
, 4.084
4.122

4.225

4.263

4.349

4.417

5.058

5.256

5.367

5.402

5.464

5.657

5.924

1.58

0.35

0.92

0,14

0.21

0.97

0.14

0.15

0.32

0.56

0.83

0.43

0.28

f 5/2

P3/2

PS/2

PS/2

P3/2

PS/2

PS/2

Ps/2

f 7/2

f 7/2

f 7/2

f 7/2

f 7/2

f 7/2

f 7/2

the formula

Qli @i

g gi

where 3', and E' are the spectroscopic factor

' Energies are derived from present study with 2.987
Me V level as a reference energy. Energy uncertainties
are 5 keV for levels below 3.60 MeV and 10 keV for
levels above 3.60 Me V.

From Table I of Ref. 4.' Orbital and total angular momentum of transferred
neutron.

Possible doublet. See text for discussion.
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and excitation energy in Bi, respectively, cor-
responding to the pickup of a neutron with orbital
and total angular momentum l;.

IV. CONFIGURATION ASSIGNMENTS

The ptoilj(9-)@pi)I I configuration

From angular momentum coupling considera-
tions, the

~

Bi(9 )CIPt~f2
~

configuration is ex-
pected to give rise to two states of spin-parity-

and —. Thirteen transitions with l =1 angular
distributions are observed and these correspond
to the population of states at excitation energies
between 2.5 and 4.5 MeV in Bi. The states at
2,987, 3.154, and 3.212 MeV have been identified
in previous wor& with the

~

"Bx(9 ) SP, 'f,
~

con-
figuration with suggested spin assignments of -'

'&', and —", respectively. These results have
been used to separate the p&» l =1 transitions
from the P3&2 l =1 transitions listed in Table I.
The energy centroid position and total spectro-
scopic strength for these three transitions are
found to be in remarkable agreement with the ex-
perimental results for the p&&2 hole state transi-
tion derived from the Pb(d, t) reaction (see
Table'II). In summary, the interpretation of the
2.987, 3.154, and 3.212 MeV states in terms of
the

~

' Bi(9 )CSPt&2
~

configuration is strongly sup-
ported by the present results.

TABLE H. Comparison of single-particle transitions
for the 0 Pb(d, t) and OBi(d, j) reactions.

Energy centroids Spectroscopic strengths
E» Ref. a E Sn, Ref. a QSl„.

Pc/2f s/2

P3/2
Zi3/2 .f 7/2

3.080
3.650
3.930
4.720
5.420

3.088
3.691
4.050

5.467

2.1
6.8
4 0

14.5
7.1

2.07
4.74
4.0

2.98

Aside from E& and S,z for the P&/2 transition, the
single-particle results are from the 8Pb(d, g) reaction
study of Ref. 28.

From study of Ref. 30.

B. The j Bi(9 )p3&2 j configuration

The states identified with the
~

Bi(9 )I3 p3&2 j

configuration include all the levels excited by l =1
transitions which have not been associated with
the

~

Bi(9 }SPt~f2
j

configuration. The spin-
parity values expected on the basis of the j

'Bi(9 )
IS'Pqgq

j
configuration are 2, 2, 2, andiP ~ ~ f 5+ 17+ 19+ 2k+

Aside from the level at 2.741 MeV excitation en-
ergy, all these levels lie at energies greater than
3.450 MeV. From the angular distribution data it
is found that eight of the level groupings (the

2.741, 3.912, 4.002, 4.065-4.122, 4.225, 4.263,
4.349, and 4.417 MeV levels) are excited by I =1
transitions while two (the 3.597 and 3.764 MeV
levels) are populated by mixed I = 1 and l = 3 tran-
sitions. The 3.764 MeV peak could be resolved
from the 3.735 MeV peak at only a few angles and
they were, therefore, analyzed together. At the
most forward angles, the cross section for the
3.764 MeV transition is much larger than that for
the 3.735 MeV transition and this leads to the
identification of the 3.764 MeV transition as the
l =1 component of the doublet. The results are
summarized in Table I. The listed levels can ac-
count for 100% of the spectroscopic strength ob-
tained for the P3&2 single-hole transition in Pb207

and their energy centroid is only 120 keV above
the unperturbed position for the

~

'OBi(9 ) SP3~$2
~

configuration. The angular distributions for the
mixed transitions are consistent with the data and
this suggests that no serious misassignment of
strength has occurred.

The association of the ten groups discussed
above with the ~"'Bi(9 ) SPP$2

~

configuration is
consistent with the total transition strength and
energy centroid for-these levels and provides ad-
ditional support for the division of p«, and p3&2
l = 1 transitions assumed in this analysis.

C. The j Bi(9-)(3) f&&2 j configuration

j +
Six states with spin-parities —' through

2

' are
expected for the

~

Bi(9 ) I3 f5~", configuration.
From the angular distributions for transitions to
levels below 4.5 MeV, it is found that the 3.469
and 3.818 MeV levels are excited by l =3 transi-
tions and the 3.597 and 3.735 MeV levels by mixed
l = 1 and 3 transitions. The 3.735 MeV transition
is the second member of the 3.735-3.764 MeV
doublet discussed above and it is identified as the
l =3 component in this unresolved transition. The
1.770 MeV energy separation of the f, ,2 and f»2
single-hole states (see Fig. 1) suggests that the
corresponding levels in Bi can be associated
with the

(
'OBi(9 )IN f~&2

~

and
~

' Bi(9 ) ref, && j
con-

figurations on the basis of energetics.
For levels associated with the

~

"DBi(9 )Sf, ~2~
configuration, the resulting energy centroid
is 41 keV higher than the unperturbed value and
the total spectroscopic strength is about 30% below
the single-hole value obtained from ~Pb. From
the 209Bi(p,p') data of Ref 3, the ex. citation func-
tion for a transition leading to a level at 3.465
MeV is fo~nd to exhibit resonance structure at the
6 analog state and much weaker resonance struc-
ture near the 9 . This level can probably be iden-
tified with the 3.469 MeV transition observed in
the present measurement. The excitation of this
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level at the 9 analog state is consistent with its
population in the present (d, f) experiment; how-
ever, the present assignment of the 3.469 MeV
level as a member of the

I
Bi(9 }8f5/2 I

multiplet
is in conflict with the '2 spin assignment derived
in Ref. 3. This conflict could be resolved if this
level is actually a doublet with one member as-
sociated with the I2'OBi(6 )8 pp/",

I
configuration

and the other with
I

' Bi(9 )8 f&/2 I.
Within the assumptions of the present analysis,

the description of all the levels below 4.400 MeV
excited by l = 3 transitions in terms of the

Bi(9 ) 8 f~/2 I
configuration provides a consis-

tent explanation of the experimental results.

D. The
~

~ Bi(9 ) f7/2~ configuration

Seven levels above an excitation energy of 5.0
MeV are identified in Table I with the

I

' Bi(9 )
8 fv/2 I

configuration. Eight states are predicted
for this configuration with spins from '2' to
The transitions associated with the configuration
account for only 40% of the predicted single-hole
strength and the energy centroid for the levels is
47 keV above the unperturbed position. These re-
sults indicate that the f»2 single-hole strength is
quite fragmented. Some f», strength might reside
in transitions to levels above 6.000 MeV in Bi;
however, this region of the energy spectrum was
obscured at most angles jn the present measure-
ment by contaminant peaks.

E. The P&0Bi(9 ) ip3/2 ~
configuration

Angular momentum coupling suggests that 14
states are expected from the configuration

Bi(9 ) 8 i&3"/2
I

with spin-parities from -' to -' .
Based on the location of the i&3/2 hole state in

Pb, we may expect most of the strength from
the

I
Bi(9 ) 8 i&3"/2

I
configuration to lie in the en-

ergy region from 4.5 to 5.0 MeV (see Fig. 1).
However, the fragmentation of the strength into a
minimum of 14 states combined with the intrinsi-
cally lower i&3&2 single-particle cross section
makes it very difficult to observe the individual
transitions. There are a number of extremely
weak fluctuations in the background in the excita-
tion region from 4.5 to 5.0 MeV (see Fig. 1). An

attempt was made to extract a summed angular
distribution of all of these fluctuations between 4.5
and 5.0 MeV to see if the integrated yield exhibited
an l =6 distribution. This effort was inconclusive
possibly because of the presence of many other
weak non-i&3&2 transitions in this region of the
spectrum. Therefore, more sensitive experiments
are required to locate the

I
Bi(9 }8i]3/2 I

con-
figuration.

V. DISCUSSION

The configurational structure of the Bi target
state does permit the direct excitation of the As&2

ground state of Bi via pickup of age&2 neutron;
however, only the region of excitation above 2.5
MeV in Bi was explored in the present experi-
ment. No other single-particle states of Bi are
expected to be strongly excited in the energy range
studied in the present measurement and indeed no
evidence is found for such excitations.

Since the structure of the Bi target state is
dominated by the Ih9/2, gs/2 I

configuration, the
(d, t) reaction should preferentially excite the '2p-
1h states of Bi possessing the (Ih9/2, g»2 Is-
8 (l&) ) configuration in their wave functions. The
present results, the'refore, provide an extremely
sensitive test of the microscopic or shell model
description of Bi.

The lowest level in Bi excited in the present
Bi™experiment is the 2.741 MeV level. This

level has been identified in several experi-
ments ' ' ' as the spin —'+ member of a septup-
let of states based upon the coupling of an hs&2 pro-
ton to the 3 core state of 'pb at 2.615 MeV.
This latter model assumes that the coupling be-
tween the valence particle and the core vibration
is weak and thus neglects the microscopic struc-
ture of the core state. From the l =1 nature of
the angular distribution shown in Fig. 2 and total
angular momentum coupling considerations, the
excitation of this level must proceed via pickup of
a P3&2 neutron. The spectroscopic factor asso-
ciated with the transition to this level provides a
measure of the amplitude of the ( Ih9/2, gs/2 Is-
8P3 / 2) configuration in the wave function of this
level. On the basis of the weak-coupling model
and the random-phase approximation (RPA) wave
functions for the 208pb 3 state calculated by Qillet
et al. , it is possible to derive a theoretical value
for the spectroscopic factor. With an amplitude
for the Igz/2, p3'/2

I
component in the Pb 2 wave

function of 0.42 and employing Racah coefficients
to recouple the microscopic orbitals (see Ref. 9),
it can be shown that

I&' I"9/»gs/219-8»/2 I
b(2 }8@9/,&,», I' =0.147.

This overlap squared times the statistical factor
of (2J/+ I)/(2J; + 1), where 8; and J/ are the target
and final state spins, respectively, leads to a
weak-coupling model prediction of 0.123 for the
spectroscopic factor for the '2' state. This result
is in excellent agreement with the measured value
of 0.165 determined for the 2.741 MeV level.

The next three levels strongly excited in the
' Bi (d, f) experiment are identified as members

of the
I

Bi(9 )8P&'/"2
I

multiplet. In Ref. 2 the
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spin assignments for these levels (at 2.987,
3.154, and 3.212 MeV) are given as —,~~', and
17+

, respectively. These assignments are consis-
tent with the spin-parities allowed for the

I

' Bi(9 )
IEP(f&

I
configuration and are supported by the

present experimental results. It is important to
note that these spins are in disagreement with
spins derived for these same levels in several di-
rect inelastic scattering measurements on Bi.
In these studies13 '5 a weak-coupling model based
on the coupling of an h9/2 proton to the 5 state of

8Pb was assumed. There are ambiguities inher-
ent in this method of determining spins and the
present results strongly suggest that some of the
spins derived in these studies' ' are incorrect.
The spin of

2
for the 2.987 MeV level has also

been confirmed by the y-branching observed in the
Pb( Li, o2ny) reaction.
The existence of two —" levels is experimentally

2

supported by the strong excitation of each of these
levels both in inelastic scattering experiments
and in the present ' Bi (d, t) measurement. Since
only one &' state should be strongly populated in
the present experiment via pickup from the p1/2
orbital, the excitation of a second -" indicates ad-

2

mixture of the
I

' Bi(9 )sp, /"~
I

configuration with
another configuration. Indeed, the calculations of
Ref. 3 predict almost complete admixture of the
I"'»(9 )m pi/2I11/2+ a"' I"'»(8 )m p~'/"~ I~~/~ c'"-
figurations. In these calculations the microscopic
2p-1h structure of Bi was derived for configura-
tions involving the g&/2, h9/2, and p1/2 orbitals by
considering the individual two-body interactions
between the various particles and holes. The the-
oretical energies and spectroscopic factors de-
duced from the calculated wave functions as ex-
pressed in the Bi representation are compared210

with the experimental results for the 2.987, 3.154,
and 3.212 MeV levels in Table III. In view of the
restricted model space considered, the theoretical
results provide a remarkable reproduction of the
experimental energies and spectroscopic factors
and support an interpretation of these levels in
terms of their 2p-1h structure. Weak-coupling
calculations have been performed by Arita and
Boric' in which the levels in the energy region
from 3.0 to 3.5 MeV in Bi are interpreted as
members of a multiplet built on the coupling of an

h&/2 prOtOn tO the 5 State Of Pb. In marked
contrast to the microscopic calculations, the
weak-coupling calculations are not able to account
for either the experimental energies or the frag-
mentation of the ~ member of the multiplet.
Arita and Horie also present a shell model analy-
sis which more accurately accounts for the ener-
gies of the —'' and lowest -" states but fails to

17+predict the presence of a second T state.

TABLE III. Comparison of theoretical and experi-
menta1 results for P~OBi(9 ) p&P&] states in Bi.

Energy
(Meg

Experiment ' Theory
Energy
(Me V) 3P f/2

2.987

3.154

3.212

~+
2

~+
2

~+
2

0.98

0.61

0.48

2.07

2.892

3.171

3.264

1.053

0.495

0.452

2.000

From Table I.
From Cleary et al. , Ref. 3.

VI. CONCLUSION

The
I

~'oBi(9 )I8I (I,) i"
I

configurational structure
of 0~Bi was examined by means of the '~Bi (d, t)
reaction. Twenty-eight levels from 2.7 to 6.0
MeV excitation energy in Bi are noted as having

parentage in the 9 state of ' Bi. Based on the
triton angular distributions and the unperturbed
energies of the single-hole states derived from

Pb, the neutron hole structure for all of the
strongly excited levels was suggested. These re-
sults are summarized in Table I. A comparison
of the total spectroscopic strength and the energy
centroids for the various hole state transitions for
' Bi (d, f) and Pb(d, t) reveals that most of the

P, /~, f»» and Ps/~ transition strengths have been
identified. The existence of a total of 20 states is
predicted from coupling the ' Bi 9 state to the

P«~, f, /» P»~, and f, /~ neutron hole orbitals.
Since experimentally only 25 levels are associated
with these neutron hole transitions and because
the transitions to these levels account for approxi-
mately 70% of the expected hole strength, the
fragmentation of strength caused by the presence
of the extra-core neutron and proton is not large.

It is of course clear from Table II that -60% of
the f, /& and -30% of the fs/~ neutron hole strengths
have not been observed. Some fraction of the fY/&
strength could lie above the 6.0 MeV excitation
energy which was the upper limit of this experi-
ment. The intrinsically weaker cross section for
the l =3 vs l =1 strength could result in some mis-
assignment of strength through the presence of
unresolved transitions and the existence of single
transitions with mixed l transfers. Within the
limits of the present data, some l =3 strength
could be present in some of the angular distribu-
tions identified as l =1 transitions and thus be un-
accounted for. While such situations would affect
the total l =3 strength, it would have little effect
on the assignment of l =1 strength. Since the en-
ergy centroids lie quite close to the unperturbed
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values, it is probable that the loss of strength
through mixed or unresolved transitions is small.
Finally, the missing strength could well be an in-
dication of the breakdown of the simple description
of the levels of Bi in terms of the

~

' Bi(9 )
IS I; '

~

configuration. In this instance, the transi-
tion strength would be distributed over many more
transitions than the 6 for the f, t2 and the 8 for the

f7&2 transfers expected on the basis of angular
momentum coupling. Considering the 3.0 pg/cm
target thickness, it is possible that such weak
transitions would not be observed above the back-
ground in the present spectra. Indeed, in the light
of the great density of levels in Bi above an ex-
citation energy of 3.0 MeV, it is surprising that
the description of Bi in terms of the coupling
of a neutron hole to the 9 state of ' Bi works as
well as it does in explaining the results from our
measurements.

Transitions involving transfer of an ii3&2 neutron
are not seen in the present experiment. This is
consistent with the relatively weak cross section
observed for this transition in the Pb(d, t) re-
action and with the prediction that this small
transition strength should be distributed over a
minimum of 14 states arising from the

~

~OBi(9 )
8i&'3&2

~

configuration.

Finally, the excitations of the 2.987, 3.154, and
3.212 MeV levels in the present measurement by
transfer of a pi &2 neutron are consistent with the
spin assignments of —, , 2, and 2, respective-is+ i 7+ i 7+

ly, given in Refs. 3 and 4, and in disagreement
with the assignments of Refs. 13-15 in which a
weak-coupling model was assumed in the spin de-
termination. Indeed, a comparison of the spectro-
scopic factors and energies predicted by the mi-
croscopic shell model with the experimental re-
sults for these three levels strongly supports the
2p-1h description of the levels in this energy re-
gion.
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