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New high-spin microsecond isomers, with J™=(31") and J™=(287), have been identified in *°°Bi
at 10170 and 9233 keV, respectively, using y-ray coincidence spectroscopy following deep-inelastic
reactions with the "®Ge+2°®Pb system. Yrast and near-yrast levels populated in the decay of these
isomers have been located and interpreted with the help of shell-model calculations. The states
identified at energies up to approximately 7 MeV can be described well in terms of one-proton-

particle, three-neutron-hole couplings.
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I. INTRODUCTION

As 298Pb is considered to be one of the best doubly-
magic nuclei, the region surrounding this nucleus is a
favorable testing ground for modern shell-model calcu-
lations. The nucleus 2%°Bi, the subject of the present
work, belongs to this region. Of particular interest in
this nuclide are high-spin yrast states. Such excitations
often arise from the maximum spin coupling of the va-
lence particles/holes and are usually rather pure, because
their wave functions involve mostly one well-defined con-
figuration. These states are well suited for comparisons
between experiment and theory since their excitation en-
ergies can be calculated by using only a small number of
diagonal two-body matrix elements.

The 2%Bi nucleus is a one-proton-particle, three-
neutron-hole (1p—3h) system with respect to the doubly-
magic 20%Pb core. Its low-energy yrast and near yrast
structure arises primarily from 1p — 3h couplings in-
volving 1hg/2, 2f7/2, and lijz/, proton particles, and
3p1/2, 2f5/2, 3p3/2, 2f7/2, 1h9/2, and 1i13/2 neutron holes.
The 2%Bi ground state, with spin-parity J"=67, is of
Whg/gyf5712 character, with the isomeric (T;/,=7.7 ps)
J™=4T member of the mwhgy /QUp;/lz multiplet lying only
60 keV above it. At higher excitation energies, two other
isomeric states have been identified in an earlier study

with the 205TI(a,3n7) reaction [1]. These are the 10~
state at 1045 keV with T;/,=0.89 ms and an assigned

(ﬂ'hg/QVZ';31/2)><UJ2 configuration, and the 15T excita-
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tion of 7Th9/21/p1_/12i1_32/2 character located at 3147 keV,

with a 15.6-ns half-life. The highest 2°6Bi yrast states
known thus far; i.e., the 177 and 18T levels at 3604 and
4305 keV, have been located in the 2°°Tl(«,3n7) work as
well [1].

States with higher spin, which can be explained as aris-
ing from the coupling of the valence proton particle and
three neutron holes, are expected to occur in the energy
range up to about 7 MeV. The highest spin and par-
ity available as a result of such a coupling is 23" and
originates from a configuration with the proton particle
and three neutron holes all occupying the 1413/, orbital.
Above 7 MeV, the 296Bi yrast level structure should be-
come more complex as higher lying states have to in-
volve core excitations; i.e., the promotion of neutrons
or protons across the N=126 or Z=82 energy gaps, re-
spectively. These high-lying states in 2°6Bi could not be
reached in previous studies such as with the 2°°T1(a,3n7y)
reaction of Ref. [1].

A successful method for investigating the high-spin
yrast structure of nuclei around 2°8Pb uses deep-inelastic
reactions [2-6] occurring during heavy-ion collisions at
beam energies around 20% above the Coulomb barrier.
In such deep-inelastic processes, the production yield is
spread over many nuclei, but, due to the high resolving
power of modern, large detector arrays, the extraction
of detailed information from coincidence data sets with
large statistics, even for weak reaction channels, is possi-
ble [7].

In the present work, high-spin states in 2°Bi were pop-
ulated in deep-inelastic collisions induced by a "*Ge beam
on a 2%8Pb target. An extensive y-ray coincidence mea-
surement was carried out with the Gammasphere mul-
tidetector array [8]. As a result, additional yrast and
near-yrast levels in 2°6Bi were established extending up



to about 10 MeV. Two new isomeric states were located:
one at about 9 MeV and the second, long-lived, lying at
an excitation energy of ~10 MeV. An interpretation of
the 206Bi level structure above the 10~ isomer will be
presented. For the levels arising from couplings of the
valence particle and holes, the 2°6Bi nucleus offers the
potential of instructive comparisons with shell-model cal-
culations: this will also be discussed. Spin-parity assign-
ments to the newly identified states up to J™=231 will
be presented, based on their decay pattern and compar-
isons with theory. For the levels resulting from core exci-
tations, angular distributions of v rays together with ex-
tracted conversion coefficients provide information about
transition multipolarities as well as firm, relative spin and
parity assignments.

II. EXPERIMENTAL PROCEDURE AND
RESULTS

A. Construction of the level scheme

The experiment was performed at Argonne National
Laboratory with a "°Ge beam from the Argonne Tan-
dem Linear Accelerator System (ATLAS) and the Gam-
masphere array [8], which consisted of 101 Compton-
suppressed Ge detectors. The 450-MeV beam was fo-
cused on a 56-mg/cm? 298Pb target, placed in the cen-
ter of the spectrometer. Coincidence data were collected
with an event trigger requiring three or more Compton-
suppressed v rays to be measured in coincidence within
a 2 ps time window. The trigger signal was correlated in
time with the first coincident v ray. Each event contained
energy and timing information for all Ge detectors that
fired within 1.3 ps of the trigger signal. A total of 2.1x10°
three- and higher-fold events were recorded. The beam,
coming in bursts with a ~0.3-ns time width, was pulsed
with a 412-ns repetition rate in order to provide clean
separation between prompt and isomeric events. Condi-
tions set on the v time parameter were used to obtain
various versions of prompt and delayed v+ and vy co-
incidence histograms covering ~y-ray energy ranges up to
~4 MeV.

The 2%9Bi decay scheme established in previous stud-
ies [1] is printed in black and white in Fig. 1. In this ear-
lier scheme, the highest yrast excitation is the 18T state
at 4307 keV decaying via a cascade of a few v rays that
feed the 107, 0.89-ms isomer at 1045 keV. The analysis
of the data from the present experiment fully confirmed
this 18" level and transition assignments. Hence, this
information was subsequently used as a starting point
for the delineation of higher yrast excitations. In a first
step, double coincidence gates were placed in the off-
beam cube on various pairs of known transitions at 701,
458, 505, 543, 548, 266, 744, 150, and 595 keV. Many
off-beam coincidence spectra produced in this way - see
Fig. 2 for representative examples - were investigated and
provided clean evidence for new transitions belonging to

206Bj which, apparently, followed the decay of unknown
higher-lying isomers.

As a first step in the analysis, a cascade was identified
consisting of 1152-, 189-, 214-, 304-, and 417-keV ~ rays
feeding the first 16T state at 3652 keV. The ordering of
these transitions was established based on their intensi-
ties and the presence of parallel decay branches such as
the 1234-, 1371-, and 1388-keV lines. This first step pro-
vided the location of new levels at 4805, 4993, 5207, 5511,
and 5928 keV. Further, the first 18T state at 4307 keV
was found to be populated by a sequence of 1485-, 1102-
and 231-keV transitions which identify additional new
levels at 5793, 6895 and 7126 keV. The location of the
highest of these excitations at 7126 keV was confirmed
by the presence of yet another cascade of 777-, 467-, 503-
and 1772-keV ~y rays connecting it to the lower portion of
the scheme via new states at 6349, 5882, and 5378 keV.
Further support for the proposed level arrangement came
from the analysis of weaker transitions found only by
summing the appropriate coincidence spectra. For exam-
ple, levels placed at 4982, 5096, and 5278 keV were found
to be fed by the 1913-231-keV, 513-332-1074-111-keV and
124-110-1234-245-136-keV cascades, respectively. Some
of the low-energy transitions at 110, 111, 118, 124, 136,
and 245 keV were observed only as weak peaks, even in
the summed spectra, most likely because of strong inter-
nal conversion. Furthermore, an addition is proposed to
the structure in the known part of the scheme as a 2951-
keV level was defined by the 196-1162-keV cascade and
confirmed through a 451-keV decay branch.

While performing the y-coincidence analysis described
above, a set of five intense, mutually coincident v rays
with energies of 361, 480, 553, 713, and 937 keV was
found to be present in all spectra. After the construction
of a consistent level scheme up to the 7126-keV level,
it became clear that this new cascade originates above
this state. In addition, since all these new lines appeared
in the off-beam spectra, it became apparent that they
have to belong to a cascade deexciting one or more new
high-lying isomers. This strong cascade was, therefore,
placed at the top of the level scheme of Fig. 1. The
ordering of the 361-, 480-, 553-, 713-, and 937-keV -~y rays
was determined based on the analysis of the transition
intensities measured in both the in- and off-beam spectra
(the ratio of prompt to delayed intensities has to decrease
monotonically with excitation energy, independently of
branching and detector efficiency - see Table I). This part
of the analysis established new levels at 7679, 8159, 8520,
9233, and 10170 keV above the 7126-keV excitation.
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FIG. 1. (color online) Proposed level scheme for the high-spin states in 2°°Bi (left) compared with the results of shell-model
calculations (right). Transitions in red were identified in the present study. Intensities are indicated by the widths of the
arrows. The energies are not excitation energies, but rather binding energies relative to 2°*Pb, but shifted by -18.645 MeV so
that the experimental ground state of 2°°Bi is at 0. Note that the low-spin level structure of 2°°Bi is not shown, but can be
found in Ref. [9]. Note that there is uncertainty of 1% for the spin assignments to the levels located above the 7202-keV state;
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TABLE I: Information on levels and transitions in 2°°Bi from the present

experiment.

Eini (keV) Ji;

Egn (keV) JE,

E’y (keV) Idclaycd Iprompt Ratio <

Iprompt

delayed

)

1639 11~ 1045
1789 127 1639
1045
2056 137 1789
2500 13~ 1789
2604 14~ 2056
1789
2951 (147) 2500
1789
3147 15t 2951
2604
3606 17t 3147
3652 161 3147
4307 187 3606
4687 (167) 2951
2604
4775 (16™) 3652
4805 (177) 4775
4687
3652
4982 (191%) 4307
4993 (187) 4805
3606
5096 (187) 4805
4307
5207 (197) 4993
5278 (187) 4307
5378 (187) 3606
5402 (197) 5278
5511 (207) 5402
5207
5610 (197) 5096
5793 (197) 4307
5882 (197) 5378
5928 (217) 5511
5941 (207) 5610
6349 (207) 5882
6578 (19%) 5207
6745 (19%) 6578
5511
6888 (20™) 5610
4982
4307
6895 (20") 5793
4982
4307
6990 (20") 6745
5941
5928
4307
7015 (217) 5941
5928
7126 (221) 7015
6990
6895
6888
6349

10~ 594.8(1)* 71(4)
117 149.8(1)* 24(4)
107 744.5(1)* 32(2)
127 266.4(1)* 61(5)
127 711.0(1)* 12(2)
137 548.1(1)* 73(5)
127 814.8(1) 8(1)
137 451.2(1) 12(2)
127 1161.8(2) 9(2)
(147) 196.0(1) 21(2)
147 543.5(1)* 84(7)
157 458.4(1)* 79(7)
151 505.1(1)* 25(2)
17t 701.5(1)* 48(6)
(147) 1735.7(3) 5(1)
147 2083.4(2) 2(1)
167 1121.9(1) 5(1)
(167) (30) "
(167) 118.5(4) <1
167 1152.4(2) 11(2)
187 674.5(1) 14(2)
(177) 188.6(2) 13(4)
17t 1387.9(1) 5(1)
(177) 292.0(1) 9(1)
181 788.9(2) 12(3)
(187) 213.7(2) 16(4)
187 970.4(2) 11(2)
17t 1772.2(2) 8(2)
(187) 124 b
(197) 110 b
(197) 304.3(2) 13(1)
(187) 513.1(1) 14(1)
187 1485.4(2) 7(1)
(187) 503.4(1) 4(1)
(207) 417.0(3) 15(3)
(197) 331.6(4) 5(1)
(197) 466.8(5) <1
(197) 1370.7(5) 3(2)
(19%) 166.6(2) 3(1)
(207) 1234.5(2) 3(1)
(197) 1277.9(5) 2(1)
(19%) 1906.2(2) 2(1)
181 2580.8(3) <1
(197) 1102.0(1) 10(2)
(19%) 1913.4(2) 3(1)
181 2586.6(4) 2(1)
(19%) 245 b
(207) 1049.0(2) 2(1)
(217) 1059.7(2) 2(1)
18t 2683.3(4) 3(1)
(207) 1073.8(2) 4(1)
(217) 1085.2(1) 2(1)
(21%) 111 b
(20%) 136 b
(20%) 230.8(2) 17(3)
(20%) 237.5(2) 8(2)
(207) 777.3(2) <1

712)

(@]
—~
Do
~

0.34(13)
0.74(22)
0.18(6)
0.35(12)
0.78(27)
0.26(8)
0.52(19)
0.39(14)
0.39(11)
0.81(24)
0.39(9)
0.69(17)
0.23(8)
0.80(51)
0.20(7)
0.48(38)
0.06(2)
0.23(11)
0.08(3)



7202 (23%) 7126 (22%) (76 b b
7679 (241) 7202 (23%) 477.4(1) 8(1)  1(0.5) 0.08(3)
7126 (22%) 552.9(1) 71(10) 7(1)  0.10(3)
7770 7202 (23%) 568.3(2) 19(4) 3(1)  0.14(4)
8116 ? 7770 ? 346.4(2) 16(3) 2(1)  0.12(4)
8159 (25%) 8116 ? (43) b b
7679 (247) 480.2(1) 69(6) 5(1)  0.08(2)
8520 (26) 8159 (25%) 361.2(1) 79(10) 6(1)  0.07(2)
9233 (287) 8520 (26%) 713.2(1) 91(5) 4(1)  0.04(1)
10170 (31%) 9233 (287) 937.2(1) 31(5) 0 0
* 7 rays seen also in Ref. [1]
b intensity too weak to be determined
It was noticed by double gating on the 553-, 480-, equal to 1.

361-, and 713-keV lines in the prompt-delayed-delayed
cube that the 937-keV transition is clearly visible and
must be preceding in time this cascade. This observation
pointed to the existence of yet another isomeric state at
9233 keV decaying via the 713-keV line. Gates placed
on various combinations of the 744-, 595-, 266-, 548-,
543-, 458-, and 701-keV ~ rays displayed also other tran-
sitions belonging to the structure above the 7126 keV-
state. These were the 477-keV line (parallel to the 553-
keV ~ ray) and a cascade consisting of 346- and 568-keV
transitions which connects the 8159- and 7202-keV lev-
els. From the differences in energies of the levels, the
existence of two unobserved, low-energy transitions (76
and 43 keV for the 477-keV transition and 346-568-keV
cascade, respectively) was inferred. Their placement is
tentative and will be also discussed in Sec. ITII. The con-
nection of the 8159- and 7126-keV levels by a 346-568-
119-keV cascade was excluded because a required 119-
keV transition was not present in the spectra.

The intensities of the identified v rays were obtained
from double-gated coincidence spectra in the off-beam
data. At first, the intensities of the 744-, 595-, and 150-
keV transitions at the bottom of the scheme were estab-
lished relative to each other from the spectrum gated on
the 266- and 548-keV lines. The next step was to calcu-
late the intensities of the 815-, 548-, 1162-, and 711-keV
~ rays from the 595-713 keV gated spectrum assuming
that their sum is equal to the sum of intensities measured
for the 744- and 595-keV transitions. The intensities of
stronger lines were calculated relative to the 548-keV line
from the same spectrum. In the case of weaker transi-
tions, the intensities were obtained from the sum spectra;
for example, in the spectrum gated on every pair among
the 361-, 595-, 713-keV transitions, the intensities of lines
such as those at 1906, 1913, 2581, 2587, and 2683 keV
were calculated relative to the 458-keV yield. The inten-
sity of the 713-keV line was obtained from the 266-361-
keV gated spectrum, relative to the 543-keV transition.
All the intensities were normalized to that of the 713-keV
line (after the inclusion of the contribution from internal
conversion, its intensity was defined as 100). A similar
analysis was made for the prompt transitions assuming
that the prompt/delayed intensity ratio for the 595-keV
line deexciting the lowest observed level (1639 keV) is

The delayed intensity of the higher, strong transition
at 713 or 361 keV is equal to the sum of the yields for
the 744- and 595-keV ~ rays. However, in the medium
part of the scheme, below the 7126-keV level, up to 74%
of the intensity is missing. This observation indicates
that (a) many decay branches remain unobserved, due
to their weak intensity, and that (b) the level structure
in this region is even more complex than deduced in the
present study.

A detailed analysis of the intensity balance for the lines
above the 7126-keV level was performed in order to ob-
tain information on the total conversion coefficients of
some of the transitions of interest. For example, the co-
efficient for the 361-keV line, 0.26(2), was obtained by
comparing its intensity to the sum of the intensities of the
477- and 553-keV transitions (the strong 553-keV v ray is
an E2 transition and has a small conversion coefficient)
in the spectrum gated on pairs of lines with the 480-keV
~ ray and any of the 266-, 458-, 543-, 701-, 744-keV tran-
sitions. A similar analysis carried out for the 480-, 553-,
and 713-keV ~ rays resulted in the determination of their
conversion coefficients as well (Table II).

As stated above, the 9233-keV level is an isomer fed
by a 937-keV transition. Its half-life could then be deter-
mined from a spectrum of time differences between the
detection time of the 937-keV v ray with respect to the
361-, 458-, and 480-keV transitions that deexcite the iso-
mer. The analysis yielded T;,,=155(15) ns (Fig. 3). In
addition, the 937-keV line deexcites a level at 10170 keV,
which is also an isomer. In order to estimate T, for
this long-lived state, a time spectrum started by the RF
signal of the accelerator and stopped by the detection of
the 937-keV transition was constructed while requiring in
addition a coincidence between this line and other strong
~ rays in the decay cascade (Fig. 1). In the electronics
setup used here, this spectrum only covers effectively a
400-ns range which was sufficient only to establish that
the associated T/, value must be larger than 2 ps.

The information on all the transitions and energy levels
deduced in the present work is summarized in Table I.
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FIG. 2. Representative off-beam coincidence spectra: (a) sum spectrum double-gated on every pair of transitions at 150, 266,
543, 548, and 595 keV, (b) spectrum gated on the 361- and 713-keV transitions.

TABLE II. Total conversion coefficients asot-exp, angular-distributions coefficients A2 and A4, and mixing ratios §. The second
column gives the measured delayed intensity, while the third provides the total intensity as expected from the decay scheme.
Specific set of gates was applied to reduce the intensity uncertainties. Column 4 presents the deduced from the missing y-ray
intensities total conversion coefficient and column 5 the theoretical value for the assigned multipolarity. The last 3 columns
provide the measured angular-distribution coefficients and the ensuing mixing ratios.

Ew (keV) Iw Lot Qtot-exp Qtot-theor Az As 0

118 0.8(4) 7.0(3) 8(0) 6.35(M1) = = =

361 79.4(11) 100.0(12) 0.26(2) 0.28(M1) —0.14(1) —0.01(2) —0.08(2)
458 0.21(6) —0.03(8) 0.0

480 68.6(11) 81.0(14) 0.18(4) 0.13(M1) —0.22(5) 0.06(7) —0.20(9)
543 —0.18(4) —0.02(5) 0.0

548 ~0.33(3) 0.02(4) —0.14(3)
553 70.9(12) 73.0(16) 0.03(4) 0.02(E2) 0.13(1) —0.05(1) 0.0

701 —0.34(5) 0.00(6) —0.15(5)
713 90.9(13) 100.0(13) 0.10(3) 0.12(M2) 0.14(2) 0.00(3) 0.03(5)

B. Angular distributions and multipolarity
determinations

As mentioned earlier, the yrast cascade above the long-
lived 10~ isomer extending up to an 181 level was es-
tablished and the spin-parity of the states determined
with the help of y-ray angular distributions following
the 295T1(a,3n7)?%Bi reaction by Lonnroth et al. [1].
The question arose whether the levels populated in the

76Ge+298Pb experiment exhibit sufficient spin alignment
to use y-ray angular distributions for multipolarity as-
signments. In order to check this possibility, the angular
distributions for low-lying, intense v rays in 2°6Bi were
first investigated by applying the following procedure.

The Gammasphere detectors were grouped into six
rings around the beam axis with the following average
values of the angle 6: 17.3°, 35.5°, 52.8°, 69.8°, 79.9°,
90.0°. Their equivalents for backward angles rings were
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FIG. 3. Summed time distribution between the 937-keV ~ ray,
and any of the 361-, 480-, or 458-keV lines.

available as well. The intensities of the lines observed in
these rings can be used to construct the angular distribu-
tions of the v rays. A cube was constructed for each ring
from prompt triple coincidence events. The v rays de-
tected in a specific ring were allocated to one axis and the
two other coincident photons from any detector in other
rings to the other two axes. Spectra for the rings were
then generated by double gating on any pair of the 361-,
480-, 553-, 970-, 701-, 458-, 543-, 548-, 266- and 744-keV
lines. The counts in various rings were normalized using
the isotropic distribution of the 516-881-803-keV cascade
deexciting the 125-ps isomer in 2°°Pb [9]. Sample an-
gular distributions obtained in this way are presented in
Fig. 4.

As the direction of the products of deep inelastic reac-
tions are not measured in a thick target experiment, the
only definite axis in the laboratory is the beam direction.
This is the same situation as in fusion-evaporation reac-
tions and the familiar formalism for the angular distribu-
tions can be applied [10, 11]. The angular distribution is
parameterized by the two coefficients As and Ay of the
Legendre polynomials P, (cosf) in

W(0) = Ap[l + Az Pa(cos @) + Ay Py(cosb)].

These coeflicients depend on the angular momentum
alignment of the nucleus resulting from the reaction, the
spins of the two levels involved in the v decay, as well as
on the multipolarity and mixing ratio of the transition.
For lack of more detailed information, the occupation
of the m-states of the nucleus is usually described by a
Gaussian distribution. The width of this distribution is
the single free parameter determining the alignment, and
it can be extracted from the attenuation of the Ay coeffi-
cient determined for a known transition. This then also
determines the attenuation of the A4 coefficient.
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FIG. 4. Angular distributions for known (a) and four new,
strong v rays (b) in 206Bj. Measured points are shown to-
gether with the fitted curves and the corresponding A, and
Ay coefficients.

The 458-keV (17t — 15%) transition is of pure E2
character while the 543-keV (157 — 147) v ray is a pure
E1 transition. The attenuation of the former transition
was measured to be 0.54(15) and agrees with that in-
ferred from the latter of 0.64(14). The attenuation of
the A, coefficient resulting from this analysis is then
0.6(1) [10]. A similar analysis carried out for the Ay
coefficient shows that its attenuation is 0.2(6). These at-
tenuation coeflicients do not change significantly over the
full cascade. Measured As and Ay coefficients together
with deduced 0 mixing ratios can be found in Table II
for relevant transitions. The other two transitions on the
left section of Fig. 4; i.e., the 548- (14~ — 137) and 701-
(18" — 177) keV lines are of dominant M 1 multipolar-
ity. The Aj coefficient results in the F2/M 1 mixing ratio
0 given in Table II. A second solution of § ~ —5 would
be possible for the measured A, value in both cases, but
would give too large an A4 coefficient: 0.11 for both the
548- and 701-keV transitions, clearly outside of the ex-
perimental errors. The results of the present analysis for
the known 458-, 543-, 548- and 701-keV transitions in
Fig. 4 are in agreement with the multipolarities assigned
in the work of Lonnroth et al. [1]. From the newly estab-
lished transitions, only the four with energies of 361, 480,
553, and 713 keV are sufficiently intense to obtain angu-
lar distributions (Fig. 4) and provide information on the
associated multipolarities. The spin alignment gained in
deep-inelastic collisions does not survive the T4 ,,>2ps
isomer, but the analysis of the angular distributions of
prompt ~y rays from levels located below this 10170-keV
long-lived state was possible due to the presence of strong
prompt side feeding to the levels at 9233, 8520, 8159,
and 7679 keV. The 361- and 480-keV lines are character-



ized by a negative Ao value and, therefore, are of AJ=1
character. The positive Ay value for the 553-keV line in-
dicates a stretched-E2 transition (note that M2 or E3
possibilities would be isomeric) whereas the 713-keV line
below the 155-ns isomer must be of M2 or E3 charac-
ter. Mixing ratios for the 361-, 480-, and 713-keV ~ rays
were derived from their A, coefficients, assuming that
the 553-keV line is a pure AJ=2 E?2 transition.

IIT. SPIN-PARITY ASSIGNMENTS

Considering the spin-parity assignments for the newly
identified excitations in 2°°Bi, one has to remember that
deep-inelastic reactions strongly favor the population of
yrast and near-yrast levels. Thus, level sequences are
mostly characterized by a monotonic rise of spin with ex-
citation energy. This consideration provides input com-
plementary to firm experimental information in the form
of selection rules, conversion coefficients, and angular dis-
tributions. Only E1, M1, and E2 multipolarities were
considered for prompt transitions. In addition to the
experimental information, the results of shell-model cal-
culations were used to interpret the new levels of 2°6Bi.
The calculations, performed with the OXBASH code [12],
allowed one proton particle and three neutron holes rel-
ative to 2°8PD in the space of Z>82, N<126 comprising
the orbitals py2, p3j2, f5/2, fr/2, hoso, and i13/5. The
single-particle energies were taken from experiment as
summarized in Ref. [13]. The residual interaction of Kuo
and Herling [14] was used, but with the modifications ap-
plied in Ref. [15-17]. In addition, the (viyy),[H|vij,),)
matrix elements for J™ 10", 127 and <7Ti13/2|H|Ui1_31/2>

for 12%, 13" have been adjusted to fit the experimental
levels [4, 5].

The results of the calculations for 2°6Bi, including only
yrast and near-yrast states in the spin range 10-23, are
compared with the data in Fig. 1 and Table III. The
calculated energies of all low-lying states with J=10-
18 agree well with experiment. Above the 18T state
at 4307 keV, the density of states increases. Neverthe-
less, there is a clear similarity between the experimen-
tal and calculated level structures in the energy range
4.3-7.1 MeV. Only two states, 20 and 21} at 6685 and
6872 keV respectively, stayed without experimental coun-
terparts (Table III). The decay proceeds through many
branches resulting in a rather complex structure in this
part of the level scheme. For example, five 197 states at
energies of 5207, 5402, 5610, 5793 and 5882 keV were
identified. At 7118 keV, the calculations predict the
state with J7=23" arising from the maximally-aligned
spin coupling of the valence proton particle and three
neutron holes, miy3/01i1, /2 This calculated state is as-
sociated with the experimental level at 7202 keV; i.e.,
with the highest excitation in the 4.3- to 7.2-MeV range.
Consequently, a state identified at 7126 keV is a good
candidate for the 227 excitation. The 76-keV M1 transi-

tion between these two states is not observed due to high
conversion probability and the low detection efficiency of
Gammasphere at this energy. Tentative spin-parity as-
signments have been proposed for the levels located in
this part of the level scheme; i.e., between the yrast 181
and 23T states, based on their decay pattern and the re-
sults of shell-model calculations. It is worth noting that,
all but three of the newly found states have their the-
oretical counterparts within 80 keV and, except for one
level, have the same ordering. The proposed spin-parity
assignments are given in Fig. 1. and are listed in Table I.
However, it should be emphasized again that the spin
assignments rely heavily on comparison with calculation
and, in view of the calculated high level density in parts
of the spin range, remain tentative.

The levels located above the 7202-keV state with J>23
have to originate from neutron and/or proton excitations
across the N=126 and Z=82 shell gaps, respectively.
Since the decay of the isomeric state at 9233 keV pro-
ceeds mostly through a single cascade, the intensities of
~ rays belonging to this 713-, 361-, 480-, and 553-keV
sequence are sufficiently strong to deduce their angular
distributions and conversion coefficients. As stated ear-
lier, the angular distribution (Fig. 4) and conversion co-
efficient (Table II) for the 553-keV v ray uniquely point
to its stretched-E2 character. Assuming that this tran-
sition directly feeds the 2271 state, a spin-parity of 247
can be assigned to the 7679-keV level. In turn, results of
a similar analysis for the 480- and 361-keV lines (nega-
tive Ay and conversion coefficients of 0.18(4) and 0.26(2),
respectively), are compatible with their M1 and AJ=1
character. This results in respective quantum number
assignments of 257 and 26T for the 8159- and 8520-keV
states.

It should be acknowledged, however, that one cannot
definitely rule out that all three 480-553, 477-76, and 346-
568-keV branches feed the 23* state which then in turn
would decay to the 227 level by a low-energy, E, <80 keV,
unobserved M1 transition. In such a scenario, the order-
ing of the 76-keV ~ ray in the cascade would be uncertain
as well. Furthermore, the spin assignments for the core-
excited states, described below, would change and all the
values would be larger by 1h.

Next, for the 713-keV transition deexciting the 155-ns
isomer, the angular distribution limits the spin change
AJ to 2 or 3, whereas the conversion coefficient, 0.10(3),
clearly indicates an M2 character. Therefore 28~ quan-
tum numbers are assigned to the isomer at 9233 keV.

An analysis of the angular distribution or conversion
coefficient for the 937-keV line connecting the two iso-
mers could not be performed. However, by considering
that the half-life of the 10170-keV isomer is significantly
longer than 2 ps and by taking into account the half-lives
of isomers existing in this region of the nuclear chart,
an assignment of E'3 multipolarity to the 937-keV ~ ray
would appear to be most probable. It follows then that
the 10170-keV level would have tentative J™= 31" quan-
tum numbers.



TABLE III. List of yrast and near-yrast states up to spin
J=23 in 2°°Bi. Spin-parity values, main configurations, and
calculated energies are given in the first three columns and
compared with experimental energies in the fourth column.
The last column provides the probability of the main config-
uration.

J™ Main configuration Calc. Exp. Prob. of the main
energy energy configuration (%)

(keV) (keV)
107 wh9/2yp;/22';31/2 1084 1045 55.37
117 7rh9/21/f5/2p1/2 ae 1716 1639 58.00
127 7rhg/2yfd/2pl/2 iy 1752 1789 75.93
137 7rh9/21/fd/2p1 (2o 2065 2056 92.63
135 mhosav f5 3, 12 2551 2500 45.72
147 hesavfy 5ivs) 2585 2604 85.31
14y whopav fs 5py gy, 2971 2951 71.32
155 who oy )yita) 3180 3147 87.57
175 whojav f3 5iteys 3622 3606 97.01
167 whg/zyf;/;‘;3 ) 3675 3652 72.14
181 mhg)ovfs /2015 4276 4307 97.48
167 mhosovfy 5 fsnita, 4415 4687 89.93
165 Ti1s/20P; nitay 4844 4775 75.29
17 Tira oy jyitay 4858 4805 80.53
197 whg/wg/;i;%z 4978 4982 98.15
187 Ti13/20P) hitay 5041 4993 66.58
18; 7hoyavity), 5128 5096 97.26
197 ingjav [y 5itay 5232 5207 49.39
185 mirs/aV [y 5ita) 5334 5278 70.90
187 mirs 2V f 5ita) 5485 5378 81.13
195 ivg/av [y 5i1a) 5447 5402 51.00
207 mirs/oV Sy hiays 5541 5511 97.50
195 whoaviyy), 5619 5610 94.03
197 mirg/av Sy 5itay 5743 5793 97.29
195 m13/2yf5712i;32/2 5941 5882 90.97
215 Tirsjav s yitay 5857 5928 98.62
205 mirsoV Sy yins s 5984 5941 94.85
205 mhoaviyy), 6272 6349 98.06
195 whojav fz 5i1ss 6653 6578 68.84
207 mhosavhy yivs) 6685 ~ — 97.73
195 mirg avils, 6757 6745 91.39
205 mho/avhg it 6844 6888 90.23
211 mivg iy, 6872  — 98.87
205 Tiiz/avily ), 6942 6895 88.91
205 mitgavils, 7007 6990 92.90
213 mirs iy, 7054 7015 97.29
22 Tiiz0vis ), 7063 7126 100.00
23] mirs/avisy), 7118 7202 100.00

IV. DISCUSSION

Because of remarkably large energy gaps separating
both proton and neutron shells at Z=82 and N=126, re-
spectively, the 2°8Pb nucleus is often considered to be
one of the best doubly-magic nuclei in nature. As a

result, nuclei located in its immediate vicinity are usu-
ally described rather well within the shell model (SM).
With a single proton particle and three neutron holes
outside 20%Pb, the 2°6Bi nucleus belongs to this category
of “shell model nuclei” and its yrast structure is expected
to be described well in terms of valence particle-hole cou-
plings computed within this SM framework. As indicated
above, the spin-parity assignments to states within the
4-7 MeV excitation range in 2°°Bi were heavily based on
comparisons with SM results. Hence, the choice of an
interaction providing reliable predictions in this instance
becomes important. In the present study, an improved
version of the Kuo-Herling interaction [14] was selected in
view of its success in describing recent, extensive results
n 205:204pp (18, 19], 208Bi [5], 2°3Hg [4] and 2°4T1 [3].
As can be seen from Fig. 1, the lower part of the
206Bj level scheme up to the 18+ level at 4.3 MeV, where
spin-parity assignments are firm, is described well by the
calculations, inspiring confidence in their ability to ac-
count for the higher excitations. Indeed, the experimen-
tal ground-state binding energy of 18.645(8) MeV relative
o0 208Pb is calculated to be 18.685 MeV reproducing it to
within 40 keV. The success of the calculations can also
be realized from the fact that the well-established 227
state at the high end of the spin-energy range under con-
sideration has a calculated binding energy within 63 keV
of experiment (see Table III).

In the 4.3- to 7.1-MeV range, the yrast and near-yrast
structures are rather complex with a large number of
states and a multitude of decay paths. Despite this ap-
parent complexity, the comparison between the newly-
established data and the calculations in this range is
rather striking and the agreement is satisfactory.

The following general features can be highlighted from
comparisons between experiment and calculations. The
states immediately above the 10~ isomer are character-
ized by a negative parity and are understood as arising
from excitations involving a proton particle occupying
the hg o orbital while the neutron holes occupy the op-
posite parity fs/2, p1/2 and ii3/o states. Moving up in
excitation energy above the 147~ levels, a parity change
occurs and the dominant sequence takes place between
the 15.6-ns, 151 isomer and the 197 level at 4982 keV.
As seen in Table ITI, the calculations indicate that these
states involve the dominant mhg v f57122;32/2 configura-

tion, with the exception of the 3147-keV, 15T level with
a dominant mhg /2Vp;/12i;32/2 component in its wave func-
tion; i.e., the f5/o neutron hole is being replaced by the
p1/2 one located close in excitation energy. Starting from
an energy of ~4.6 MeV, most of the states are of negative
parity, an observation accounted for in the calculations
by the proton occupying preferentially the ;3,5 orbital
while two neutron holes are in the corresponding i3/2
state with the third occupying either the p;,5 or fs5/o
state. The members of the 7ri13/2uf5:/12i1_32/2 multiplet

“terminate” in a calculated 5857-keV 21~ state resulting
from the maximal alignment of all spins in this configura-



tion. The associated experimental level is located 71 keV
higher, at 5928 keV. For the highest valence excitations,
above ~6.7 MeV, another change in parity is observed
and the levels have a miq3 /QUifgg/Q main configuration,
which terminates in a maximally-aligned, “terminating”
237 state computed at 7118 keV and associated with the
7202-keV level in the data.

Of particular interest are the two isomers located at
9233 (with the half-life T/,=155 ns) and 10170 keV
(T} /2>2ps) with probable spin-parity 28~ and 31", The
second of these belongs to a very restricted group of
states with lifetimes of one microsecond or longer that
have such a high spin. It is quite certain that these
two isomeric states, as well as other yrast excitations
located above spin 231 in 2°6Bi, have to involve excita-
tions across the shell gaps at N=126 and/or Z=82; i.e.,
core excitations. There is, however, no obvious guidance
about which of the low-lying states in 2°Bi and which
of the core excitations in 2°®Pb would couple to give rise
to isomers. Indeed, such couplings on the one hand in-
volve one-proton-particle and three-neutron-holes config-
urations and, on the other, neutron or proton particle-
hole excitations which are too complex to evaluate ex-
citation energies from first principles. In order to de-
scribe these levels, the appropriate shell-model calcula-
tions would have to be carried out, but these are presently
difficult to perform due to limitations imposed by the
large model space. Thus, the levels located in 2°°Bi above
spin 237, can serve as a suitable testing ground for future
large shell-model calculations that involve particle-hole
excitations near doubly-magic 2°%Pb.

V. SUMMARY

Extensive y-ray coincidence data acquired with Gam-
masphere for the system 7Ge+20%Pb have provided

10

much information about yrast and near-yrast excitations
in 296Bi, above the previously established 10~ isomer.
Angular distributions of = rays from the spin-aligned
states in 296Bi products were instrumental in proposing
spin-parity assignments. The interpretation of medium-
energy 2U6Bi excitations was facilitated by detailed com-
parisons with results from shell-model calculations per-
formed with a recently developed empirical interaction.
States identified at energies up to about 7 MeV can be
described satisfactorily in terms of one-proton-particle,
three-neutron-hole couplings.

The new findings include two high-spin isomers arising
from 2°8Pb core excitations. Spin-parity values of 31F
have been tentatively assigned to a microsecond isomer
located at 10170 keV; the state with the highest spin
observed in deep-inelastic reaction studies and with one
of the longest lifetimes known at a spin above 30h.
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