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The properties of high-spin states in '~~Bi have been studied with the '9~Pt(' B,5n}'97Bi reaction at
' B energies between 50 snd 80 MeV. In-beam measurements of y-ray excitations, y y tc-oin--

cidences, y-ray angular distributions, and pulsed-beam-y timing were performed with Ge detectors
to determine level energies, decay schemes, y-ray multipolarities, J assignments, and isomeric life-
times. Yrast levels up to J=

z were established including four isomers. The nuclear structure

properties of ' Bi are compared with systematic trends for the heavier odd-mass Bi isotopes.

I. INTRODUCTION

Nuclear structure studies af the odd-mass Bi iso-
topes' under the changing stress of the neutron-proton
imbalance provide a sensitive probe into the underlying
physics. The high-spin structure of these isotopes has
previously been explored out to ' Bi (N=116),' ten neu-
trons away fram the closed shell at N =126. The yrast
cascades in these nuclei are understood in terms of one-
and three-quasiparticle states involving the odd-proton or-
bitals coupled to the neutron-hole states in the even-A Pb
cores. The particular states observed, and their systematic
behavior as a function of neutron number, are consistent
with a shell-model weak-coupling interpretation. Elec-
tromagnetic transition strengths (determined from mea-
surements of isomeric lifetimes) imply no more than a
small enhancement of collective effects in the lightest iso-
topes studied thus far.

In this paper, we extend our investigations of the quasi-
particle and collective properties of the odd Bi isotopes to
a greater neutron-proton imbalance with our results for
'978i (N=114). High-spin states have been populated via
the (' 8,5n) reaction; since no prior information on excit-
ed states in ' Bi was available, a clean identification of
the reaction channel was required. The interpretatian of
the experimental results is aided by knowledge of the

Pb core structure. Quasiparticle cluster-interaction
calculations (similar to those discussed previously') are
compared with the observed level scheme of ' Bi. An ex-
amination of the electromagnetic transition strengths is
also made to probe possible changes in the nuclear struc-
ture as a function of neutron deficiency. A further exten-
sion of these studies into ' Bi (N=112) will be presented
in a subsequent paper.

II. EXPERIMENTAL PROCEDURE

High-spin states of ' Bi were populated using the
Pt(' 8,5n) reaction with 50—80 MeV ' 8 beams from

the Brookhaven National Laboratory Van de Graaff ac-
celerator. The target, which was 3 mg/cm thick, was en-
riched ta 57% in ' Pt. Competing reactions induced in
the 40% ' Pt target component were identifiable froin
measurements with a pure ' Pt target made during our
study of the ' Pt(' 8,5n)' Bi reaction. ' The deexcitation

y rays were detected with Ge(Li) detectors having energy
resolutions of 2.0—2.2 keV and efficiencies of 10—20%
(relative ta a 7.6 cm)&7.6 cm NaI detector) at 1.33 MeV.
A 7 mm thick planar intrinsic Ge detector was also used
in the lifetime measurements for increased sensitivity to
low energy y rays.

Excitation functions were measured in 5 MeV steps for
E~,b ——50—80 MeV. Activity spectra were also obtained
over two two-minute periods following each in-beam mea-
surement, to aid in the identification of the reaction prod-
ucts. Gamma-gamma-time coincidence measurements
were performed with Ge(Li) detectors at +90' and —112'
at a beam energy of 72 MeV. The y-ray angular distribu-
tions were measured at seven angles between 75' and 160'
with respect to the beam direction using a detector 18 cm
from the target, while a second detector at —90' served as
a monitor. The function W(e) =Ir(1+AzPz+A4P&)
was fitted to these data to obtain the relative y-ray inten-
sity I& and the Legendre polynomial coefficients A2 and
A4. Mixing ratios were extracted for several M1/E2
transitions using alignments obtained from pure-multipole
transitions following these reactions. Lifetimes of isomer-
ic states were measured using 72 MeV ' 8 beam pulses
having a width of about 10 nsec and a repetition period of
2 lssec. A coaxial Ge(Li) detector and planar intrinsic Ge
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(at+90') were used for these measurements. Additional
lifetime information was extracted from the y —y —t
coincidence data, which were taken with a time range of
500 nsec.
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F&G. ]. Yields of y rays produced by reactions of ' B beams
with a target of 57% ' Pt and 40% ' Pt as a function ofbom-
barding energy, measured in beam and out of beam. The yields,
which are plotted in arbitrary units, have been corrected for
detector efficiency but not for differing branching ratios or
half-lives. The y-ray energies are in keV.

III. EXPERIMENTAL RESULTS

The identification of ' Bi is based on the in-beam and
activity y excitation functions and on the observation of
y-x-ray coincidences. The excitation functions show con-
tributions from ' B reactions on both of the dominant tar-
get components, ' 2Pt and ' Pt. Based on Q values, the
evaporation reactions on ' Pt are expected to peak at
bombarding energies -3 MeV higher than the corre-
sponding reactions on ' Pt. The lower portion of Fig. 1

shows the yields of the ground-state transitions in ' Pb
and ' Pb extracted from the out-of-beam measurements.
These y rays can arise solely from the decays of 11.8 min
'ssBi and 4.5 min ' Bi, respectively. The two peaks in
the ' Pb excitation function result from production of

Bi in the ' Pt(' B,4n) and ' Pt(' B,6n) reactions, while
the ' sPb comes from decay of '9sBi produced in the
'92Pt(' B,6n) reaction. These curves indicate clearly that

Bi and ' Bi are being produced and that the cross sec-
tion for ' Bi should peak slightly above 70 MeV. The
in-beam excitation functions (see top portion of Fig. 1)

show the ' Pt('B,5n)' Bi reaction peaking roughly half-
way between the 4n and 6n peaks of the ' Bi yield. A
number of intense y rays, including the 1009 keV transi-
tion, were found to have similar excitation functions, but
peaking a few MeV higher than ' Bi. These y rays were
not observed in similar measurements with an enriched

Pt target, and therefore arise from the ' Pt in the tar-
get. The coincidence measurements (see below) indicate
that they are part of a cascade which is itself in coin-
cidence with the bismuth E x rays, and which therefore is
produced by xn evaporation. The excitation function
then shows that this cascade must be assigned to the

Pt(' B,5n)' Bi reaction. Also shown in Fig. 1 are two
of the strongest charged-particle evaporation channels
identified, ' Pt(' B,p4n)' Pb and ' Pt(' B,a3n)' Tl.
While the pxn and axn cross sections are significant, the
pure neutron-evaporation channels remain the strongest.
On the basis of the excitation functions, 72 MeV was
chosen as the optimum bombarding energy for all other
measurements of ' Bi.

An open-gated coincidence spectrum obtained in the 90'
detector is shown in the top portion of Fig. 2. Also
shown in Fi~. 2 are two Compton-subtracted spectra gat-
ed on the —', ~—,

'
(g.s.) cascade (a total of six transi-

tions) identified in ' Bi. The middle spectrum shows y
rays arriving within +50 nsec of the gating transitions.
The lower spectrum excludes the prompt coincidences,
and shows y rays which preceded the gating transitions by
at least 20 nso:, indicating the presence of at least one iso-
mer. Three gated spectra were obtained for each of the y
rays studied, with prompt, prior-prompt and post-prompt
conditions set on the timing spectrum. These data helped
to locate four isomers in ' Bi, and placed constraints on
the ordering of transitions in the cascade. Note also the
clear presence in the gated spectra of Bi K x rays which
arise in part from internally converted transitions depopu-
lating isomeric states. Lifetime information and prompt
and delayed intensities were extracted from the coin-
cidence data and from pulsed-beam-y timing measure-
ments. Examples of pulsed-beam timing spectra and life-
time fits are shown in Figs. 3 and 4. Transition energies,
relative y-ray intensities, and angular distribution coeffi-
cients for y rays assigned to ' Bi are collected in Table I.
The experimental lifetime results extracted for ' Bi are
summarized in Table II. $pin and parity assignments are
based on the angular distributions, the observed lifetimes,
and conversion-coefficient limits extracted from the rela-
tive y-ray intensities. The level scheme constructed for

Bi on the basis of these experimental results is shown in
Fig. 5.

The ground state of ' Bi almost certainly has spin and
parity J =—', , based on the systematics of the even-even

Pb cores and of the single-proton states in the heavier
odd Bi isotopes. ' The 1001 and 1196 keV ground state
transitions have angular distributions characteristic of
stretched quadrupoles, with attenuation coefficients
ay =

A 2(expt) jA q(theor) of 0.43+0.07 and 0.48+0.05,
respectively. This defines two spin —", states connected by
the 196 keV transition, whose angular distribution is con-
sistent with a pure U=O dipole. The observed y-ray in-
tensities rule out an M1 assignment for this transition
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FIG. 2. y-ray coincidence spectra obtained with the 90' detector from bombardment of an enriched '~Pt target with a 72 MeV ' B
beam A portion of the open-gated coincidence spectrmn is shown in the top figure. Each of the two lour curves is a sum of six
spectra gated on transitions in the ~ ~ z (g.s.) cascade in ' Bi. Compton backgrounds have been subtracted using gates set on

appropriate regions above or below the full energy peaks. The middle spectruin was projected with a wide gate on the prompt peak in

the timing spectnnn ( l
h, t

i
(50 nsec between the times of arrival). The lower spectrum shows only y rays preceding the gated transi-

tions (20 nsec ~ ht ~ 220 nscc). Gamma ray energies are labeled in units of keV.

(since the Ml total conversion coefficient a@i——1.6), thus
indicating opposite parities for the two —, states. The
large negative Aq value for the 1009 keV transition indi-
cates a M= 1 M I/E2 transition with a negative mixing
ratio 5= —0.38+0.14. The 187 keV transition is then a
—", —+ —", dipole, and as the y-ray intensities again rule
out an Ml assignment, the parities of the two —", states
are determined as shown in Fig. 5.

The —", state at 1196 keV is fed through the 405 and
368 keV quadrupole transitions, which are identified as
electric in character since the M2 total conversion coeffi-

cients (a~2-0.7—0.9) would result in total intensities sig-
nificantly greater than the sum of the ground state transi-
tions. Above the 1969 keV —,

'
level, the cascade is again

fragmented, with the main feeding coming through a cas-
cade of three dipole transitions of 295, 486, and 439 keV.
However, the 295 keV y ray is known from the coin-
cidence data to precede the 386 keV transition in time,
corresponding to an isomer of half-life ti&2-60 nsec.
Since the 386 keV transition shows a clear prompt peak in
the pulsed hen data, there must be another transition
depopulating the isomer. This transition could not be
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Fgg. 3. Pulsed-beam timing spectra for the 295- and 161-keV transitions in ' Bi. The single-lifetime fits yield half-lives of
263+13 nsec and 24j+18 nsec, respectively. The 161 keV data ~ere taken ~ith the planar detector. Note that both transitions have
clear prompt peaks. The timing spectra for prompt transitions at nearby energies are shopvn for comparison.

identified in the individual coincidence gates, as would be
expected for a low energy y ray subject to significant con-
version and strong absorption. The pulsed beam y-timing
measurements ~ith a planar Ge detector produced a can-
didate for this transition, at 97 keV, which shows the ex-
pected lifetimes in its decay (see the discussion below).
However, the situation is further complicated by a can-
taminant in the 97 keV photopeak window from unidenti-
fied activity, as can be seen from the fiat, time-
independent background in Fig. 4. An intensity of
I„=12+5 was estimated for the transition of interest
from the pulsed-beam and angular distribution data. The
large uncertainties associated with the Aq and A4 coeffi-
cients (see Table I) reflect the difficulty of extracting peak
areas; this is partly due to the high Compton background
of the Ge(Li) detector at this energy. Nevertheless, the
A2 coefficient is clearly positive while the y-ray intensity
rules out an M2 assignment, but is consistent within the

errors with an E2 assignment (asr2 ——98, aE2 ——7.8). This
identifies the isomer as a —, state. While the identifica-2S +

tion of the 97 keV transition with the isomeric decay must
be considered tentative, the spin assignment is indepen-
dently favored strongly by the systematics of the odd-
mass Bi isotopes.

25 +
Above the —, state, the 295 keV transition is preceded

in time by the 486-439 keV cascade. The upper transi-
tions, which are prompt, feed the 295 keV transition
through an isomer with ti&2 ——263+13 nsec (see Fig. 3).
The prompt peak in the 295 keV pulsed beam spectrum
suggests that the isomer lies just above the 2360 keV level
and is depopulated by an unobserved transition. Only a
low energy (Er (100 keV) El or E2 transition would be
consistent with both the measured lifetime and the ab-
sence of a yak in the coincidence data. An El transition
(—', ~—", ) would be expected from the systeinatics of
the —", isomers observed in the heavier odd Bi isotopes
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FIG. 4. Pulsed-beam timing spectra for the 864- and 97-keV transitions in ' Bi. A single-lifetime fit shown for the 864 keV tran-

sition yields a half-life of 209+30 nsec. The 97 keV transition (observed with the planar detector) is fed through three isomers; see the
text for discussion.

(see Sec. IV). A search for low energy delayed y rays with
the planar Ge detector produced no candidates for this
transition, suggesting that E& &40 keV. Above the iso-
mer, the large negative Aq coefficients for the 486 and
439 keU transitions indicate M=1 M 1/E2 transitions
with negative mixing ratios (5= —0.33+0.18 and
—0.37+0.21, respectively).

Finally, the most probable spin and parity of the 2929
kcV isomeric lcvcl ls sllggcstcd to bc ( I ). Tllc pulsed
beam timing spectrum for the 864 keV transition (see Fig.
4) shows that it depopulates an isomer of half-life

tl qq 209+30 ns——ec. This half-life for such a high energy
transition, when combined with the positive Aq coeffi-
cient, indicates a high rnultipolarity, namely M2 or E3.

An M2 assignment would be unlikely since a considerably
shorter half-life would be expected based on known
B(M2) values in this region [e.g.n ti~q =8 nsec would be
predicted using the measured B(M2) for the —",

transition' in 'At]. On the other hand, an E3 assign-
ment gives a transition probability which hes within the
expected range of values. The nature of the two closely
spaced ( —", ) states at 2846+ b, and 2929 keV will be dis-

cussed in Sec. IV.
Half-lives of five isomeric states in ' Bi have been ob-

tained from the pulsed beam and coincidence measure-
ments. One isomer, which could not be placed in the level
scheme, was observed through its feeding of the 2129 keV
(
—", ) state, as seen in the pulsed beam spectruin of the
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». DISCUSSION

The discussion below is divided into two subsections.
Subsection A deals with the identification of the quasipar-
ticle configurations, the extension of the odd-mass Bi
excitation-energy systematics, and a compairson of the ob-
served level energies with the results of quasiparticle
cluster-interaction calculations. Subsection B includes our
results for electromagnetic transition strengths in ' Bi,
and a discussion of the systematics of these strengths
throughout the neutron-deficient odd-mass Bi isotopes.

FIG. 5, Energy level scheme for ' 'Bi determined in the
present work. Energies are given in keV. Tentative assignments
are enclosed in parentheses. The four isomeric levels are indi-

cated by thick lines.

161 keV transition shown in Fig. 3. The half-life deter-
mined from the fit is ti&z ——240+18 nsec. The half-lives
of two other isomers were determined from single lifetime
fits to the 295 and 864 keV transitions, as shown in Figs.
3 and 4 and previously discussed. The 97 keV —",

transition is fed through these latter two isomers

(ti(z ——263+13 nsm and 209+30 nsec, respectively)& while

depopulating a third isomer. A value for the —', half-

life of t, &z
——60+22 nsec was determined from fits to the

coincidence timing spectrum taken between the 368 and
295 keV transitions, which is infiuenced only by that one
hfetime. Then the 97 keV pulsed beam data were fit us-

ing the known lifetimes, feeding patterns, and intensities,
and varying the prompt sidefeeding and a background
term. The resulting fit (see Fig. 4) shows the consistency
of the pulsed beam data with the proposed level scheme.
Due to the uncertainties in all of the input parameters and
to the complexity of the decay scheme, the coincidence
data constrain the lifetime more stringently than the
pulsed beam data, and therefore we adopt the half-life
quoted above.

The lowest isomer in the decay scheme is the —", state
at 1601 keV, which is fed by all four of the other isomers.
The pulsed beam y-timing spectrum for the 405 keV tran-
sition [see Fig. 6(a)] is correspondingly complicated, but
an accurate half-life can be obtained from the coincidence
timing data. Figure 6(b) shows the timing spectrum gated
on the 368 and 405 keV transitions, which clearly shows
only a single lifetime, the fit corresponding to ti&z
=16.8+1.9 nsec. When combined with similar fits to the
368—1001 keV and 368—1009 keV timing spectra, a final
result of ti~z 16.2+1.7 nsec is ob——tained. Shown in Fig.
6(a) is a fit to the pulsed-beam data using this value and
the previously determined lifetimes and feeding patterns

A. Excitation energies and configuration assignments

The experimental level scheme of ' Bi has been
presented in Fig. 5. The interpretation of the yrast states
in the heavier odd-mass Bi isotopes in terms of quasiparti-
cle excitations has been discussed in detail previously. '

Due to the large number of valence particles involved (1
proton particle and 12 neutron holes in the case of ' Bi),
a shell-model description relative to a Pb core is not
tractable. However, the excited states in the odd Bi iso-
topes can be described as arising from weak coupling of
the valence proton with the predominantly two-
quasiparticle (neutron-hole) states in the even- A Pb
cores. ' Under this assumption, the states are of the
form

l
J,"+'Bi)=

l
vI, "Pb) N

l J, ),
where J is the spin of the state in the odd "+'Bi nucleus,
I is the spin of the core state in the even "Pb nucleus, and

j~ refers to the valence proton orbital. The excitation en-

ergies of the corresponding states in the "+'Bi and "Pb
nuclei can then be related by

E(J,"+'Bi)=E(I,"Pb)+E(jp)—b(IIgwjp, J),
in which the last term is called the cluster interaction en-

ergy. ' For states involving the lowest energy proton orbi-
tal nh9&z, for which we take E(j~)=0, the cluster interac-
tion energy is given by

b(IS nh9(z,'J) =E(I,"Pb) E(J,"+'Bi) . —

To the extent that the neutron-hole configurations in
the core excitations remain constant from one Pb isotope
to the next, the interaction energies should also remain
constant. In this case, the systematics of the levels in the
odd Bi isotopes would just follow the behavior of the core
states. In some cases, the core configurations are expected
to change in moving towards the lighter isotopes, as the
Fermi level drops progressively further into the neutron
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TABLE I. Properties of y rays assigned to transitions in ' 'Bi from the ' Pt{' 8,5n)' Bi reaction.

160.7

187.0

195.6

255.2

294.9

367.6

404.7

438.9

485.6

623.2

628.8"

864.0

1000.8

1009.2

1196.2

Iy {%)

12'

33

13

21

A2

0.36(11)

—0.08(2)

—0.04(1)

0.19(2)

—0.19(6)

—0.12(1)

0.10(3)~

0.14(1)

—0.38{3)

—0.38(2)

—0.24(5)

0.08(3)

0.19(3)'

—0.37(1)

0.21(2)

A4

—0.13(16)

—0.02(3)

—0.02(2)

0.00(2)

—0.01(1)

—0.01(2)

0.00(4)~

—0.02(1)

0.02(5)

—0.04(2)

—0.02(9)

—0.03(4)

—0.07(5)'

0.03(2)

0.04(3)

25 + 21 +
2 2

23 21 +
{—)~—

2 2

13 + 11—
2 2

13 + 13
2 2

(—2)~( 2 )
2S 23

27 (+ ) 2S +
2 2

21 + 17 +
2 2

17 + 13 +
2 2

{2 )~{2 )
33 31

31 29

27 2S +
2 2

~{2 )
31

31 2S +
( —)~—

2 2

13 9
2 2

11 9
2 2

13+ 9
2 2

'Energies obtained from angular distribution and coincidence measurements; accurate to +0.2 keV ex-
cept where noted.
y-ray intensities normalized to the 404.7 keV yield, accurate to +10%%uo for E„&200 keV, +20% for
E„&200 keV except where noted.
Estimated from pulsed beam data. Contaminated by an activity line in singles. See the text for discus-

sion.
dThe errors have been increased by a factor of 2.7 to reduce p2/N to 1.
'I„estimated from coincidence data.
Includes contribution from an unidentified contaminant with I„=20.

~Includes contribution from unresolved 367 keV (' Tl) activity with I„=40.
"Energy accurate to +0.5 keV; line unresolved from the neighboring contaminants in singles.
'Includes a small contribution from the 1002 keV ('~Bi) stretched quadrupole.

shell. Then the cluster interaction energies should vary
smoothly for slowly changing configurations. Further-
more, the signs of the variations should be understandable
on the basis of the known proton-neutron hole interaction
energies for the particular orbitals involved.

In a previous paper, ' cluster interaction energies ex-
tracted from ' Bi were used along with the yrast spec-
tra of ' ' Pb to calculate the expected locations of the
three-quasiparticle states in ' Bi. Good agreement
was obtained with the empirically determined level
schemes. To extend these calculations to ' Bi, the cluster
interaction energies and their variations have been extract-
ed from the four heavier odd-A isotopes ' Bi. ( Bi
was generally not used due to the strong influence of the

p&&z neutron-hole orbit. ) The cluster interaction energies
are listed in Table III. The values used for the ' Bi cal-
culation were obtained either from the mean of values ex-
tracted from the heavier isotopes, or from a linear extra-
polation when systematic variations were observed. In
some cases the behavior of the interaction energies versus
mass is not well defined, and there is some arbitrariness in
the extrapolations. In roost cases, however, the uncertain-

ties in extrapolating to values for ' Bi are believed to be
less than +50 keV.

The cluster interaction energies from Table III were
used together with the level scheme of ' Pb to calculate
the excitation energies of three-quasiparticle states in

Bi. The calculated values are compared with experi-
ment in Fig. 7. Only calculated states predicted to lie
near the yrast line are shown; in almost all cases these in-
volve coupling of the valence proton in the h9/2 orbital to
the core excitations. The spins and parities and the order-
ing and spacings of these levels are similar to those ob-
served experimentally. Identifying the calculated three-
quasiparticle excitations with the empirical states, a mean
deviation (rms deviation) of —45 keV (83 keV) from the
experimental level energies is found. These values are
comparable with the results obtained for ' ' 'Bi. Thus,
as expected, the accuracy of the method is not strongly
dependent on the number of valence nucleons, as will be
further shown in a subsequent report on ' Bi. The sys-
tematics of the excitation energies for ' Bi are shown
in Fig. 8, where the states are identified according to the
quasiparticle interpretation. The new states observed in
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E {keV)

2360+6

17 +
2

25+
2

(—, )

)

t 1/2 (nsec}

16.2+ 1.7

60 +22

263 +13

209 +30

TABLE II. Lifetime results for ' Bi obtained both from y-
y-t coincidence data (500 nsec time range) and from pulsed-
beam-y timing data (2 @sec repetition period).

Bi generally fit well into the systematics. The excita-
tion energies follow the energies of the core excitations in
most cases, and obey the semiempirical J,„-l rule ' (with
the exception of the h9&2!3!2+ multiplet).

A striking feature of the systematics is the very rapid
decrease in energy of the —, state. This state, which in-
volves the odd proton orbital n.i»&2 coupled to the 0+
ground state of the Pb core, drops lower in energy than
expected from the calculation in ' Bi. This is probably
due to an accelerated (rather than linear) increase of the
population of neutron holes in the vi~3~2 orbital. The



138 T. CHAPURAN et al. 33

TABLE III. Cluster-interaction energies of
~
J,"+'Bi)=

I
VI,"Pb)s

~ j~) quasiparticle states in odd

Bi isotopes.

Jp
20781 2058i

5(Ijp;J) keV
2038 201B1 199B'

0+ ~ 13/2
13 +
2 +17 +48 + 107 + 213 + 250

14+

A 9/2

h9

~9/2

~ 9/2

A 9/2

11
2

13
2

15
2

17
2

17 +
2

21 +
2

25+
2

27+
2

29—
2

31
2

33
2

35
2

+ 133 + 103

+ 38 + 105 + 135

+ 217

+ 200 + 217

—842

+ 80 + 137

—552

—533 —347

—471

—284

—580

—370

+ 139 + 169 + 214

+ 63

+ 60

+ 157

+ 222

= + 240

= —350

= +200

= —290

= —575

= —110

+30

+ 175

+ 245

+ 188

—305

+ 158

—337

—720

( —260)

+ 10 ext

+ 80 ext

+ 120 m3

+70 m2

+170 m

+ 260 ext

+ 230 ext

—100 ext

+180 m

—310 m4

—800 ext

—250 m3

~9/2
37
2

—159 + 280 (+ 102) ( -+100)

'Values used for the ' Bi calculation. Obtained from heavier isotopes as follows: m is the mean of all

values; mN is the mean of N adjacent isotopes; ext is the linear extrapolation.

expt.

l97
l

3285+6 (33/2 )

2360+6
2360
2065

l 969

(29/2 )

27/2'+'

25/2
2I /2+

2929 ( 3 I /2 )

2846+g (3I/2 )

theory

-3800 37/2 ~
-3650 35/2

3460 33/

-3050 3I/
2970

2480 29/2
2405 27/2

2075 25/2

l9 I 0 2 I/2

9/2 I4, I6
v

1T I I3/2

Yrh9/2 vl

vrh9/2 S v9-
77 h 9/2 S v7-

mean lri13/2vl 13/2 interaction is less repulsive than for the
other ni, 3/2v

' pairs, while the mean lrh9/2vl 13/2 interac-
tion is the most repulsive of the m.h9/2V pairs. This ex-

plains the rapid drop of the —", energy relative to the —',

state. The systematics imply that in ' Bi the —", state
will drop below the —,

' and —,
' states from the

h9/22+ configuration and become yrast; this has in fact
recently been observed in ' Bi.

The mi&3&z orbital is also apparently responsible for a
second —, level in ' Bi lying less than 80 keV above the

(1rh9/2 12+) state seen in all the odd Bi isotopes.
The new level, which has a half-life of 209 nsec, is sug-

gested to have the configuration

l60 I !7/2 I 630 I 7/2~
I 620 l5/2

TFh9/2 v5
h 9/2 v4+ 31 ~ —1 ~ —1

2 2 ) 1t77113 6/2f5 2 /1 13)/2&92

I I96

I 009
IOO I

I3/2

I I/2
l3/2

l 040

970

l3/2

I I/2 I

I3/2

9/2

7T I I3/2 VO
wh v2+

h 9/2 Is) 0+

FIG. 7. Comparison of the calculated excitation energies
with the experimental values for ' Bi (see the text for discus-
sion).

2 } 31—++I lx
~
'lrl13/2V(f 7/21 13/2)9 —10—& 2

In the heavier isotopes, the 9 core excitation is believed
to arise predominantly from the vf 5/2vi13/2 configuration,
as the vf 7/2 is a deep-lying hole orbit. However, the exci-
tation energy of vf2/z relative to vf »2 decreases rapidly'
to approximately 1 MeV in ' Pb, and therefore the —',
component involving this orbital may well be significant.
If only the vf 5/2 component were considered, theJ,„—I = —, state of that multiplet should come lower

in energy, but such a state has not been observed. A com-
parison of the energy difference between the —,2 and
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are from Refs. 1—7. States interpreted as having similar configurations are connected with dashed lines. The circles, squares, and
triangles represent the energies of the corresponding excitations in the lead cores.

25+ states (predominantly nii3/289 and nh9/289
respectively) with that between the —", and —,

' states
(nrii3/$80 and 7TA9/280+) also requires over 300 keV
more attraction for the n.ii3/2 proton in the —", z state.
The inclusion of the v(f 7/2l 'j3/2)& 10 configurations

7

should give additional attraction. First, since this is not a
stretched configuration, there are contributions from the
intermediate J,„—1 parts, which are less repulsive.
Second, although the mi 13/2vf 7/2 interaction energies are
not known, the high- J states involve a spin-triplet interac-
tion which should give additional attraction relative to
that for mi ii/zvf 5/2, which is in a spin-singlet configura-
tion. Finally, it is known' that the mit3/p vi &3/2 and
vf 7/2 orbitals couple to the collective octupole vibrations
in the lead cores. The effective interaction of the octupole
phonon with the valence nucleons in small, ' thus further
reducing the repulsion in these configurations. The vf7/i
component in the —", state would thus tend to lower the
excitation energy, as is required. The proposed configura-
tion is also consistent with the observed transition rate, as
will be discussed below.

B. Electromagnetic transition strengths

Further information about the nuclear structure of ex-
cited states in the odd-A Bi isotopes can be extracted from
the electromagnetic transition rates determined from
isomeric lifetimes and branching ratios. Four isomeric

levels were identified in ' Bi. One of these, the —",
2

state, has been observed only in ' Bi, while the others
correspond to isomers previously observed in the heavier
odd-A Bi isotopes. The systematics of these transition
strengths are collected, along with selected strengths for
the even-A Pb cores, in Table IV.

The two —, states in ' Bi are separated by less than
about 80 keV, and show very little mixing. The lower
state and the —", state which it feeds are believed to be
members of the mh9/&812+ multipiet observed in the
heavier odd-A Bi isotopes. The —,2 state has no ob-
served branch to the —", , but rather decays predominant-

ly to the —", (mh9/i89 ) state via an E2 transition. The
—", 2 half-life of 209 nsec corresponds to a reduced transi-
tion probability 8(E3)=5.3 W.u. This is comparable to
the mean value of about 3 W.u. found' for nine transi-
tions of the type ~i/3/$~7TIl9/i in the lead region. These
observations along with the excitation energy considera-
tions discussed in Sec. IV A lead to a suggested configura-
tion of irii3/$89, 10, for the second —', state. Decay
of this state to the —", level would then be forbidden in
first order since the corresponding configurations cannot
be connected via one-body operators.

The —, ~—, transition was unobserved, but a limit29 27 +

of Ez & 40 keV can be set from the experimental data (see
Sec. III). Combined with the measured —", half-life of
263 nsec, this leads to the range of strengths listed in
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Table IV for this transition, which is interpreted as
irh9/212 ~irh9/29 . The —, ~—, transition is+ 25 + 21 +

believed to be essentially a 9 —+7 core transition, with
the mh9/3 valence proton acting as a spectator. The mea-
sured half-life ti/3 ——60+22 nsec yields a 8(E2) of 1.8
W.u. Finally, the —", isomer has a half-life of 16.2+1.7
nsec. The —", ~—", E2 decay is hindered by a factor of
more than 20. A direct transition between the dominant
configurations

~

frit 9/lv5 i i )~
~

lri i3/lv0 j i )

is forbidden. The transition can proceed, however, via an
admixture of

~

n.ii3/pv2 'l ) in the initial state. The
hindrance for the —", ~—", transition is roughly a fac-
tor of 3 smaller in '9 Bi than has been found' in ' Bi.
This again indicates the increasing importance of configu-
rations involving the mi J3/2 orbital as the neutron number
decreases.

The systematics of transition strengths collected in
Table IV show a modest but consistent increase in the E2
enhancements for the —", ~—", transitions in the lighter
Bi isotopes. A similar increase is also observed for the
underlying 9 ~7 core transitions' in going from Pb
to ' Pb. These enhancements are consistent with small
admixtures of the v2+ state assuming reasonable 2+~0+
8 (E2) strengths. In contrast, the vi i3/3 12+~10+
strengths ' are roughly constant or slowly decreasing,
due to quenching related to the increasing vi i3/2 popula-
tion.

Also shown in Table IV are the systematics for several
El transitions in the Bi and Pb isotopes. A typical El
strength in the lead region is of the order of 0.2X 10
W.u. The reduced transition probabilities for the 5 ~4+
transitions in the even Pb isotopes are somewhat enhanced
relative to this, particularly for the case of ' Pb. A simi-
lar effect is seen in the estimates listed for the

transition rates in the odd Bi isotopes.
13 + 13 11

The lifetimes of the —", states were too short to be direct-
ly measured (t, /2 (5 nsec). Instead, estimates of the par-
tial El lifetimes were extracted in ' Bi using the observed
branching ratios and assuming that the B(M2) value for13+ 9the —, ~-, transition is the same as that recently mea-
sured for the corresponding lri i3/2~trit 9/2 transition in
'93Bi [B(M2)=2.7+0.2 pN fm ]. However, the
(nii3/21TJl9/2)»'/2+~(nb 9/2)9/z transition in 'At shows

a considerably larger strength' [8(M2)=14+1 ittw fml];
if this 8(M2) were used in the calculation, the resulting

8 (E 1) estimates would be more than a factor of 5 larger
than those listed in Table IV. In the case of ' ' 'Bi, not
all of the —", decays were sufficiently strong to be clearly
observed in the coincidence gates. The transition energies
are known, however, and it is possible to extract relative
intensities from the singles data. Using these intensities,
the estimates listed in Table IV were made, based on the
8 (M 2) value from ' Bi. Again, much larger El
strengths would be obtained if the 'At B(M2) value
were used. The —, ~—, ,—, El transitions connect13 + 13 ll

the predominantly single-proton state ~i/3/2(3)0+ with theJ,„and J —1 members of the n.h9/32+ multiplet,
and thus their relatively large 8(E1) values are surpris-
ing. However, the —, state can contain admixtures (in
addition to irf7/z3 ), and one possible particle-core
coupling candidate would be ~i»&2(32 . The excitation
energy of the vari»/3 state is quite high' at 7.6 MeV.
Starting from this component, however, the decays would
proceed as allowed non-spin fiip lri, i/z~lrh9/3 transi-
tions.

V. CONCLUSION

The high spin yrast states observed in ' Bi can be in-
terpreted in terms of the weak coupling of a valence pro-
ton to the predominantly two-quasiparticle (neutron-hole)
states in the ' Pb core. The excitation energies of these
states fit well into the systematics for the heavier odd-A
bismuth isotopes, and can be well reproduced by the
cluster-interaction calculations described in Sec. IV. Con-
figurations involving the xi i3/3 orbital play an increasing-
ly important role as the excitation energy of this orbital
drops with increasing neutron deficiency. No collective
structures were observed in the yrast cascade. While there
is a trend towards enhanced E2 transition probabilities as
the neutron number decreases, no large increase in the col-
lectivity would be required to explain these results. Thus,
even 12 neutrons away from the closed shell, the observed
states can be understood in terms of the shell model and
weak coupling. In a subsequent paper, a further exten-
sion of these studies to ' Bi will be reported. Preliminary
accounts of these results have been presented, ' and are
superceded by the present work,
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