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B decay of the ground state and of a low-lying isomer in 2!°Bi
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A detailed B-decay study of the low- and high-spin states in 2!°Bi has been performed at the ISOLDE Decay
Station at the CERN-ISOLDE facility. In total, 48 new levels and 83 new transitions in the S-decay daughter
215pg were identified. Shell-model calculations for excited states in 2!°Bi and ?'°Po were performed using the
H208 and the modified Kuo-Herling particle effective interactions. Based on the experimental observations and
the shell-model calculations, the most likely spin and parity assignments for the S-decaying states in 2'°Bi are

(37) and (87), respectively.
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I. INTRODUCTION

The neutron-rich odd-odd bismuth isotopes (Z = 83) with
one proton above the closed shell at Z =82 and a few
neutrons above the closed shell at N =126 provide an
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exceptional tool for testing shell-model (SM) calculations.
The ground state (g.s.) and the lowest-lying excited states
stem dominantly from the [70hg/» ® v(1g9/2)"lo-,...,0- p-n
multiplet and their ordering may result in the presence of low-
lying B-decaying isomers, as observed in, e.g., 2!%2!2Bi [1,2].
In our recent study, a low-lying (87) isomer was identified
also in 2'*Bi and its B decay to the excited states in >'*Po
was investigated [3]. Two or possibly three 8-decaying states
were proposed also in 2!°Bi in earlier works [4,5], as discussed
further in this section.

The present study aims at the detailed spectroscopic inves-
tigation of the S~ decay of 2!°Bi to excited states in !°Po.
It is a part of our systematic study of the bismuth isotopic
chain including (i) laser-spectroscopy measurements yielding
mean-squared charge radii and magnetic moments [6], and (ii)
investigation of the underlying structure of the yrast states
in 214216218pg (populated in B~ decay of 2'4210218Bj) via
lifetime measurements, which provide transition strengths [7].
The recent B-decay study of 2'“Bi [3] and the present
investigation of 2'°Bi were performed during the latter ex-
periment. As a first step, the level structure and decay
paths in the daughter polonium isotopes need to be un-
derstood. For example, the '“Bi study revealed two new
levels with strong B-decay feeding, one of them only 49
keV above the 8/ state in 2'*Po [3]. This new information
will play a role in the analysis of the mentioned lifetime
measurements.

The >'%Bi (N = 133) isotope was observed for the first time
at ISOLDE (CERN), as an a-decay product of 2°At [8]. A
half-life of 6.6(21) min. was reported, but no details on its
determination were provided. In a later study at the Institut
de Physique Nucléaire d’Orsay [9], >'Bi was produced in a
spallation reaction in 23> Th target induced by 200-MeV proton
beam. A B~ decay of 2'°Bi to 550-keV (2%) and 969-keV
(4™) [spin unknown at the time] levels in 216pg was identified
and a shorter half-life of 3.6(4) min. was determined. Roughly
equally strong B-decay feeding to these two levels hinted at a
low spin of the initial state in 2!°Bi [9].

In the second B-decay experiment performed at ISOLDE
using 1-GeV proton beam and >*?Th target, the population of
the yrast band in >'°Po, up to the (8%) level, and of several
states above it, up to 2.2 MeV, was observed [4]. The feeding
pattern suggested a high spin for the -decaying state in 2!°Bi.
In addition, a half-life of 135(5) s was deduced. These obser-
vations were in contradiction to the previous studies [8,9]. To
explain discrepancies in the observed feeding and determined
half-life values between different measurements, the presence
of two B-decaying states in 2'°Bi, one with a low spin and
one with a high spin, was suggested [4], while different con-
tributions of each state would have been present in respective
measurements. The high-spin state was proposed to be the g.s.
with I™ = (67, 77), but the strong feeding to the (8%) level in
216po, possibly hinting a spin up to (97) for the S-decaying
state in 2'°Bi, was also discussed [4].

The most recent S-decay study of 2!°Bi, performed at the
GSI, employed a fragmentation reaction of a 1-GeV 23y
beam on a beryllium target [5]. The 2!°Bi isotope was pro-
duced both directly and via 8~ decay of 2!°Pb. The decay
scheme of the high-spin state reported in the second ISOLDE

work [4] was confirmed and a similar half-life of 133(15) s
was deduced. Moreover, several new levels deexciting to the
yrast (47) and 2+ states in 2!®Po were identified. It was argued
that, since these new states were not observed in Ref. [4],
where 2'°Bi was produced directly, they arise from the S~
decay of a low-spin, possibly a new I = (0, 1) isomer in >'®Bi
produced indirectly via A~ decay of the 0% g.s. in 2!Pb. A
half-life was not measured for this low-spin isomer [5].

In the most up-to-date NUBASE 2020 evaluation [10], the
low-spin state in 2!°Bi is tentatively assigned as an I” = (37)
isomer with an excitation energy of 24(19) keV. The proce-
dure [11] to deduce this excitation energy used the Q, value
for 2°At [8], and the atomic masses of the 22° At g.s. [12] and
the 2!°Bi g.s. [13]. The tentative spin of (3) was also suggested
in the Evaluated Nuclear Structure Data File (ENSDF) [14]
based on the population of this state in the unhindered « decay
of the g.s. of 2PAt (I = 3).

In the present work, feeding of both low-spin and high-
spin states in >!Po was observed and many new levels and
transitions were identified. It allows us to shed more light
on the uncertain properties of >'°Bi B~ decay and provides
detailed information on excited states in >'°Po. Because of the
large uncertainty of the isomer excitation energy of 24(19)
keV [10], the order of the states in 2'°Bi is not firmly
established, but for simplicity and consistency with the litera-
ture [4,5,10,14], the high-spin state will be further on referred
to as 21%Bi¢. Although Ref. [5] raised the possibility of the
presence of two low-spin isomers in 2'°Bi, our data do not
confirm this suggestion. Therefore, the state feeding low-spin
levels in 2!°Po will be referred to as >'°Bi”. The issue will be
addressed in more detail in Sec. IV C.

II. EXPERIMENT

The 2'°Bi isotope was measured in the same experimental
campaign as described for >'*Bi in Ref. [3]. The nuclei of in-
terest were produced at the ISOLDE facility at CERN [16,17]
in proton-induced spallation reactions in a thick UC, target
(50 g/cm?). A pulsed beam of 1.4-GeV protons was pro-
vided by the Proton Synchrotron Booster. The proton pulses
were grouped into a so-called supercycle, containing typically
around 30 pulses, part of which was delivered to the ISOLDE
target. An average beam intensity was up to 2 pA.

The produced isotopes diffused through the target material
heated to 22300 K and effused into a hot cavity, where they
were subsequently ionized by the Resonance Ionization Laser
Ion Source (RILIS) [18,19]. A three-step resonance ionization
scheme using laser light with wavelengths of 306.9, 555.4,
and 532 nm (the third being nonresonant) [20] was employed
to selectively ionize bismuth isotopes. The frequency of the
first-step laser was set to a specific hyperfine transition for
216Bis. However, the hyperfine components of 2'°Bié™ par-
tially overlap and a broad linewidth of the laser of ~12 GHz
was employed, therefore both 2'°Bi¢ and >'°Bi” were ionized
at the same time. The ions were extracted and accelerated by
a 50 kV potential. Then they were mass-separated by the high
resolution separator according to their mass-to-charge ratio
A/q = 216.
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FIG. 1. A part of (a) the singles y-ray spectrum and (b) the §-gated y-ray spectrum. The peaks marked with (x) and (+4) labels follow
the B8~ decays of 2'Bi¢ and ?!®Bi", respectively. The labels written in bold denote new transitions. Peaks marked with “(sum)” originate from
the summing of transitions in cascades; they are listed in Table II in the Supplemental Material [15]. The remaining peaks highlighted in red
belong to background or contamination in the beam. In cases where the peak is a doublet, only the energy of the dominant transition is stated.

The mass-separated ion beam was delivered to the
ISOLDE Decay Station (IDS) [21] and implanted on an alu-
minized Mylar® tape. Four HPGe clover detectors for y-ray
detection were placed outside the vacuum chamber in close
geometry around the implantation position. A plastic scintilla-
tor for B-particle detection was mounted behind a thin plastic
window of the vacuum chamber at the implantation point. The
detection efficiency of S particles feeding the levels in 2!°Po at
around 2 MeV, for which § electron energy distribution ends
at Eg max = Qp — Eievel ® 2 MeV, was ~14%. The detection
system also included two LaBr;(Ce) detectors for lifetime
measurements of excited states [7], which will be reported
elsewhere [22].

The energy calibration of the HPGe detectors was per-
formed with a '>?Eu source. The energy resolution for the
223- and 1160-keV y rays following the g~ decay of !°Bi
was 2.0 and 2.5 keV (full width at half maximum, FWHM),
respectively. The uncertainty of the energy calibration is es-
timated to be below 0.2 keV for energies up to ~2.5 MeV
and around 0.3 keV for energies up to ~3 MeV based on
the comparison with the known y-ray peaks in our data
coming from natural background and contamination in the
beam, see Table I and Fig. 1 in the Supplemental Mate-
rial [15] (including Refs. [23-32]). For the absolute detection
efficiency calibration, intensity-calibrated sources of '"*Eu
and '3Ba were used. The absolute detection efficiency

at 223 and 1160 keV was
respectively.

All y-ray spectra were created using add-back for all four
crystals within each clover detector. Background subtraction
for y-y coincidence spectra and for time distribution spectra
was done by gating on the background on the left-hand side
and on the right-hand side of the peak of interest. Extracted
y-ray intensities were corrected for summing of y rays in
cascades.

10.73)% and 4.1(1)%,

III. RESULTS

A. Introduction to the data analysis

Parts of the singles y-ray and B-gated y-ray spectra are
shown in Figs. 1(a) and 1(b), respectively. The -y coinci-
dence time window was |Az(8-y)| < 200 ns. Most of the
dominant peaks in Fig. 1(a) below 700 keV are the known
transitions following the B~ decay of 2'°Bi¢, such as the
223.3-(87) — (67),359.6- (67) — (41),418.8- (41) — 2T
and 549.8-keV 2T — 0% yrast transitions [4]. Moreover, in-
tense transitions following the 8~ decay of 2!°Bi™, identified
in Ref. [5], are also seen, for example, at 758.6, 953.5, and
1160.0 keV. Several new transitions attributed to the 8~ decay
of 21°Bji™ are labeled in bold. The numbers of decayed nuclei
for each of the states were deduced as N(?'°Bi") = 1.45(1) x
107 and N(*'®Bi¢) = 1.51(1) x 107, resulting in the observed
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isomer ratio of 0.96(1). Details on the determination of con-
tribution of the respective state are given in Sec. III E.

Apart from the transitions following the B~ decay of
216Bjs™ 4, rays originating from the natural background (8~
decay of 2'*Bi¢, EC/B™ decay of “°K), intrinsic activity of
the LaBr3(Ce) detectors (EC/B* decay of '*®La [33]) and
contaminants in the beam are present in Fig. 1. Specifically,
transitions following EC/B% decay of ®Br, '¥Cs, and 8~
decay of 3Br, ¥Br, and '**Cs were identified. Isotopes of
bromine most likely passed through the mass separator in the
form of BaBr* molecules with the selected mass [34]. Cesium
isotopes are long-lived nuclides, which were deposited in
the vicinity of the implantation point in one of the previous
measurements. We note that the 614-keV y ray following the
EC/B* decay of "®Br is present also in the B-gated y-ray
spectrum in Fig. 1(b), because the relevant level is dominantly
populated by the B*-decay branch [24].

To reliably distinguish transitions following the 8~ decay
of 21°Bi%™ from the contaminants and to build decay schemes,
y-y coincidence analysis was used. It has a sufficient selec-
tivity, thus, an additional B-gating was not employed. The
prompt coincidence time window was |Af(y-y )| < 200 ns.

Generally, transitions feeding the (67) or (8%) levels in
26po, or feeding the structures on top of these levels, were
attributed to the 8~ decay of the high-spin 2!°Bi¢. The remain-
ing transitions, feeding either directly or via a cascade of y
rays to the (41), 2%, or 0% levels in >'°Po, were attributed to
the B~ decay of the low-spin >!Bi™. Exceptions are discussed
in the sections for 2'°Bi¢ (Sec. III B) and 2'°Bi"™ (Sec. II1 C).
Ambiguity in attributing levels decaying only to the (4) level
or to the structure above this state in the decay scheme of
216Bj™ is discussed in Sec. III C.

Gamma-ray intensities shown in Tables I and II were deter-
mined from the singles y rays, where possible. If the peak was
a doublet with one component being dominant, the intensity
of the dominant y ray was corrected for the contribution of
the smaller component using y-y coincidences or using the
known y-ray intensities in the case of contaminants. Intensi-
ties for the remaining transitions were determined from y-y
coincidences. In these cases, the intensities may be influenced
by angular dependence between y rays. This effect was es-
timated by comparing intensities from singles y rays and
from y-y coincidences for selected intense transitions. Typ-
ically, the discrepancies were up to 15%, thus an additional
systematic uncertainty of 15% was added in quadrature to un-
certainties of the intensities extracted from y-y coincidences.

To calculate the total transition intensities, a correction
for internal conversion had to be employed. However, with
the exception of the four yrast transitions for which an E2
character is assumed, multipolarities of y-ray transitions fol-
lowing the B~ decay of 2'°Bi¢" are unknown. To estimate the
total internal conversion coefficients c,, we used the prompt
character of the y rays to limit their possible multipolarities.
The prompt character was confirmed for almost all of the
relevant y rays by their at least tentative presence in the
B-gated y-ray spectrum. A comparison of the singles and
B-gated y rays is shown for the part of the energy range and
selected intense transitions in Figs. 1(a) and 1(b), respectively.
The only exceptions were the weak 283.3- and 305.2-keV

transitions hidden in the Compton background (Tables I
and II) and the transitions deexciting levels at energies above
3 MeV (Table IV in the Supplemental Material [15]). The
latter could not have been confirmed in the S-gated spec-
trum, because of the weak y-ray intensities and decreasing
detection efficiency for 8 particles with decreasing Eg max =
Qﬂ - Elevel-

For y-ray transition energies below 600 keV we considered
E1, M1, and E2 multipolarities, while for higher energies M2
and E3 multipolarities were also included. The total internal
conversion coefficients oy, were estimated as an average of
the lowest theoretical value [, m(E 1)] and the highest the-
oretical value [either oo ;m(M1) or otor,m(M2)] taken from
Ref. [32]. The uncertainty is the difference between the high-
est and the lowest value divided by two. Specific values of
these o estimates are listed in Tables III and IV in the
Supplemental Material [15]. For the 486.1-keV transition,
CQiot,expt deduced in Sec. IIIB was used. Numbers of counts
for transitions (&;), needed for determination of transition
intensities, were then deduced in a usual way as

Ny = Ny (1 + o), ey

where N, is the number of counts for a given y-ray transition
corrected for detection efficiency.

B. B8~ decay of *1°Bi¢

The decay scheme of 216Bj¢ from Ref. [4] was confirmed
by y-y coincidences and extended by adding 16 new y-ray
transitions and 12 new levels (Fig. 2 and Table I). Level
energies were deduced from y-ray energies. In the case of
parallel decay paths from the specific level, weighted av-
erage of the resulting energies was used, excluding paths
with tentative transitions, where possible. Coincident y-ray
spectra with transitions depopulating high-spin yrast levels,
i.e., the 223.3-keV (87) — (67) and 359.6-keV (67) — (41)
transitions, are shown in Figs. 3 and 4, respectively. The
collected statistics were more than an order of magnitude
higher than in the previous study [4]: there are about 2000
counts in the 223.3-keV peak in the spectrum gated on the
359.6-keV transition in Fig. 1 in Ref. [4], while in our study
there were 5.5 x 10* counts for the same y-y coincidence
shown in Fig. 3(b).

The energies of most y-ray transitions fit within 0.1 keV
with the values from Ref. [4]. Notable exceptions are the
682.8- and 487.3-keV transitions, which were reported with
energies of 682.0 and 486.9 keV in Ref. [4], and no uncer-
tainties were given. However, the 682.0-keV value may be a
graphical error, because the energy values for this transition
given for gates in y-y coincidences in Ref. [4] are 682.4,
682.6, 682.7, and 682.8 keV. The 487-keV peak in Fig. 1 was
in the present work found to be a doublet consisting of the
487.3- and 486.1-keV y rays, which explains the discrepancy
with Ref. [4], where it was considered as a single transition.
The dominant contribution is the 487.3-keV y ray feeding the
1551.5-keV level as reported in Ref. [4]. The energy of 487.3
keV was deduced from the gate on the 223.3-keV transition
in y-y coincidences shown in Fig. 3(a). The energy of the
weaker, newly identified 486.1-keV transition was deduced
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FIG. 2. The decay scheme with levels in 2!®Po populated by the 8~ decay of 2!°Bi¢. The new transitions and levels from the present study
are highlighted in blue, while those in black font were reported in Refs. [4,5]. The half-life of 2!°Bi¢, -decay feeding intensities and log(ft),
log(f'“t) values are from this work. All spin and parity assignments are from this work, with an exception of the yrast levels in >'®Po up to the
(8%) state, which were taken from Ref. [4]. The Qp value was taken from AME 2020 [35]. For display purposes, the levels up to the (61) state
are spaced evenly. Dashed lines denote tentatively placed transitions and levels.

using the gate on the 694.7-keV y ray, see Fig. 2(a) in the
Supplemental Material [15]. We note that the 1950-keV level
in Ref. [4] is presumably a graphical error and corresponds
to the 1979.9-keV level in Fig. 2 based on the energies of
deexciting y-ray cascade.

In Ref. [5], a 304-keV y ray was suggested to be in co-
incidence with the 359.6-keV transition. However, we could

not confirm the 304-keV y ray despite orders-of-magnitude
higher statistics. For example, the 359.6-keV peak contained
1.1 x 10° counts in y-ray singles in the present work (Fig. 1),
while in the y-ray spectrum in Fig. 7 in Ref. [5] it contained
~600 counts. It has to be noted that Fig. 7 in Ref. [5] showed
B-gated y rays tagged on subsequent « decays of the -decay
daughter 2'°Po, where the « particle detection efficiency was
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FIG. 3. Lower-energy part of the background-subtracted spectra of y rays in coincidence with (a) the 223.3-keV (87) — (61) and (b) the
359.6-keV (61) — (41) transition. The peaks marked with the (x) and (+) labels follow the 8~ decays of 215Bi¢ and >'°Bi", respectively. The
223-keV peak is a doublet, see text for details. The labels written in bold denote new transitions. Peaks marked with “(sum)” are caused by
summing transitions in cascades; they are listed in Table II in the Supplemental Material [15]. The broader peak-like structures with depressions
in the background around them are artificial peaks caused by Compton scattering.

claimed to be close to 100%, however, the S-particle detection
efficiency was not stated.

While gating on the 523.9- or 694.7-keV y rays, the inten-
sities of the decays from the subsequent cascade (the 359.6-,
418.8-, and 549.8-keV transitions) are higher than the inten-
sity of the 486.1-keV y ray (spectra of y rays gated by the
relevant transitions are included in Fig. 2 in the Supplemental
Material [15]). This could hint that the 486.1-keV transition
feeds from the top, and the populated level then decays via
parallel 523.9- and 694.7-keV y rays. However, the total
intensity of the 486.1-keV y ray determined as the difference
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FIG. 4. The same as Fig. 3, but higher-energy part of the spectra.
The peaks marked with “C” are caused by the Compton scattering of
the 1461-keV line from the decay of °K.

in the intensity of the unresolved peak around 487 keV in the
singles y-ray spectrum, containing both contributions to the
doublet, and the intensity of the 487.3-keV y ray determined
from the 223.3-keV gate in y-y coincidences, is 2.2(7) (Ta-
ble I). This value is higher than the sum of the total 523.9- and
694.7-keV y-ray intensities of 1.09(5). Therefore, the 523.9-
and 694.7-keV y rays were placed as feeding the 1814.3-keV
level, which deexcites via the 486.1-keV transition (Fig. 2).
The 523.9-keV y ray then matches the energy difference
between the 2338.2- and 1814.3-keV levels.

The relatively low intensity of the 486.1-keV y ray com-
pared with subsequent transitions in the gates on the 523.9-
and 694.7-keV y rays can be explained by a high total conver-
sion coefficient. To obtain the same transition intensity for the
486.1-keV decay as for the subsequent yrast band transitions,
an Qo expt (486.1 keV) = 1.1(4) is needed. The value was
obtained as the weighted average of the results of following
equation for the two gates in y-y coincidences:

N, (subseq.) — N, (486 keV)
N, (486 keV)

ot expt (486keV) = s 2

where N, (subseq.) is the weighted average of counts of
the 359.6-, 418.8-, and 549.8-keV transitions obtained using
Eq. (1). In this case, N, used in Egs. (1) and (2) is the
efficiency-corrected number of counts of the specific y ray
in the respective gates on the 523.9- and 694.7-keV y rays.
Considering only multipolarities for prompt transitions (up
to AL = 2), the highest theoretical conversion coefficient for
the 486.1-keV transition is only o m(M2) = 0.4 [32] and
thus the experimental value suggests an M1 (+E?2) character
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TABLE I. A list of y-ray transitions following the 8~ decay of
26Bis. E;, E r» and E, are the respective energies of the initial and
final levels and of the y-ray transition connecting the levels. 7, and I,
are the y-ray and transition intensities, relative to the intensity of the
359.6-keV y ray and transition, respectively. Correction for internal
conversion needed to calculate /; is explained in Sec. III A. Tentative
levels or transitions are written in italics. Double dagger (}) marks
values, which were deduced from y-y coincidences.

E (keV)  E;(keV) E, (keV) I, I
549.8(2) 0 549.8(2)
968.6(3) 549.8(2)  418.8(2)
13282(3)  968.6(3)  359.6(2) 100 100
1551.5(4)  1328.23)  223.3(2)  74.4(5) 91.5(7)
1611.5(3) 13282(3)  2833(3)  0.72) 0.8(3)*
968.6(3) 64292  1.0(2)* 1.12)¢
1699.3(4)  1551.5(4)  147.8(2) 4.05(6) 11(7)
1785.7(4)  13282(3)  457.5(2) 0.87(4) 0.88(7)
1802.7(4)  1551.54)  251.2(2)  19.07(12) 25(7)
1814.3(4)  13282(3)  486.1(3)F  2.2(7) 4.4(16)"
1873.9(4)  1551.5(4)  322.4(2) 4.82(6) 5.5(9)
1890.2(4)  1328.2(3)  562.12F  1.5(3) 1.5(3)
1979.9(4)  1551.5(4)  428.4(2) 1.91(7) 1.96(17)
13282(3)  651.6(4)F  021(11F  0.21(11)}
2038.8(4)  1551.5(4)  487.3(2)F  4.6(7) 4.6(8)*
2182.1(5)  1551.5(4)  630.6(Q2  2.5(4) 2.5(5)¢
2234.2(4)  1551.5(4)  682.8(2)  11.62(11)  11.6(8)
2271.1(3)  1611.5(3)  659.6(2)%  0.69(10))  0.69(11)
1551.5(4)  719.8(4)F  0.34(12)F  0.33(12)
2338.2(4)  18143(4)  523.9(2) 0.49(4) 0.48(4)
1802.7(4)  5355(3)  0.54(15)¢  0.53(15)
2508.9(5) 1814.3(4)  694.7(2)F  0.60(3)° 0.60(5)
2613.6(5) 1551.5(4)  1062.13)f  0.36(12)F  0.35(11)
2727.5(4)  1551.5(4)  1176.03)¢  047(12f  0.44(11)}
2761.3(5)  1551.5(4)  1209.8(4)F  0.35(11)F  0.33(11)¢
2850.3(5)  1551.5(4)  1298.9(3) 0.29(4) 0.27(4)
36043 0.7(3) 0.7(3)*

2See Sec. III B for details.
bCorrected for the contribution from the 695-keV y ray following the
EC/B* decay of ®Br [24].

with an £0 component. Such a character would point to an
I = (6™) assignment for the 1814.3-keV level.

There is a structure in the decay scheme in Fig. 2 in-
volving the 2271.1- and 1611.5-keV levels and the 283.3-,
642.9-, 659.6-, and 719.8-keV y rays. Although these de-
exciting transitions are present in some of the coincidence
spectra in Figs. 3 and 5, y-y coincidence analysis is hindered
by the weak character of the transitions or by overlap with
the more intense peaks, such as the 658.5-keV transition at-
tributed to the B~ decay of 2!*Bi” and the 642-keV summing
peak (223.3 + 418.8 keV). Thus, the placement in the decay
scheme cannot be confirmed by all the relevant gates and
is considered as tentative. However, it is supported by the
matching energy sums for parallel decay paths within the
structure: 283.3(3) + 359.6(2) = 642.9(4) keV is equal to
the energy of the crossover 642.9(2)-keV y ray; 223.3(2) +
719.8(4) = 943.1(5) keV is equal to the sum for the parallel
path of 283.3(3) + 659.6(2) = 942.9(4) keV (Fig. 2).

The 642.9-keV transition is placed as feeding the (4T)
state, and by itself it would be attributed to the S~ decay of
2I6Bjm  However, the 283.3-keV transition, which deexcites
the same 1611.5-keV level as the 642.9-keV decay, feeds the
(6™) state. The 2271.1-keV level decays via parallel transi-
tions to the (8%) state and the 1611.5-keV level. Thus, the
642.9-keV y ray was tentatively attributed to the S~ decay
of 2°Bis.

In the 359.6-keV gate shown in Fig. 3(b), there is a peak
at 360.4(3) keV, which is seemingly a self-coincidence. How-
ever, as no such self-coincidences are present in gates on the
other intense transitions in Figs. 3(a), 5(a), and 5(b), there is
most likely a real 360.4-keV transition above the (61) level.
As it overlaps with much more intense 359.6-keV (61) —
(4%) y ray in other coincidence gates, it cannot be placed into

the decay scheme, but it can be assigned to the B~ decay of
216R;
Bié.

C. B~ decay of >'Bi"

A similar analysis as for *'°Bi¢ was performed also
for 21Bi”. Coincidences with transitions depopulating two
lowest-lying yrast levels, i.e., with the 418.8-keV (47) — 2+
and the 549.8-keV 2+ — 07 transitions, are shown in Figs. 5
and 6 and Fig. 3 in the Supplemental Material [15]. We
assigned 66 new transitions and 36 new levels to the g~
decay of >'Bi”. The bottom part of the decay scheme and
corresponding transitions are presented in Fig. 7 and Table II,
the remaining levels and transitions can be found in Figs. 4, 5
and Table IV in the Supplemental Material [15].

The significant extension of the decay scheme was possi-
ble because of the orders-of-magnitude higher statistics than
in the previous study [5]; for example, the intense 758.6-
keV peak contained 8.7 x 10* counts in y-ray singles in the
present work (Fig. 1), while in the g-gated y-ray spectrum
in Fig. 7 in Ref. [5] it contained ~45 counts. As noted in
Sec. III B, the B particle detection efficiency was not stated
in Ref. [5].

A systematic shift in y-ray energies by up to 1 keV be-
tween this work and Ref. [5] was observed. However, since
the energies were rounded to full keV and no uncertainty was
given in Ref. [5], this issue cannot be assessed further.

Despite the high statistics, we could not confirm the 187-,
198-, and 349-keV y rays visible as weak peaks in Fig. 7 in
Ref. [5]. As aresult, we removed the 2359-keV state proposed
to be depopulated by the latter transition [5]. We note that
a 304-keV y ray and the 304-360-keV coincidence were re-
ported in Ref. [5]. Although we observed a weak 305.2-keV
y ray in y-y coincidences, gated on the 854.7-keV transition,
considering its low intensity (Table II) and position in the
decay scheme (Fig. 7), it cannot correspond to the 304-keV
y ray from Ref. [5].

There was a 225-keV y ray listed in coincidence with the
534-keV transition in Ref. [5], but not placed in the decay
scheme. This may correspond to the 223.7-keV transition that
we placed as connecting the 1727.1- and 1503.3-keV states
shown in Fig. 7. However, we note that a coincidence with
the 953.5-keV y ray depopulating the same 1503.3-keV level,
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FIG. 5. The low-energy part of the background-subtracted spectra of y rays in coincidence with (a) the 418.8-keV (4*) — 2% and (b) the
549.8-keV 2+ — 07 transition. The peaks marked with (x) and (+) labels follow the 8~ decays of 215Bi¢ and 2'°Bi”, respectively, transitions
with labels in bold are new. Peaks marked with “(sum)” are caused by summing of transitions in cascades, they are listed in Table II in the

Supplemental Material [15].

while being much stronger than the 534.9-keV transition (Ta-
ble II), was not reported in the previous study [5].

Although we confirmed the 581-keV transition [5] (with
the energy of 580.9 keV), we moved its position in the decay
scheme from feeding the (4™) state to feeding the 2" state
(Fig. 7). The peak close to 580.9 keV in the gate on the
418.8-keV (47) — 27 transition [Fig. 5(a)] has both the en-
ergy [582.8(2) keV] and the intensity [1.29(20)x 10° counts]

matching the expected values for the summing peak of tran-
sitions in the cascade above the (4T) state (Fig. 2): E =
223.3(2) +359.6(2) = 582.9(3) keV and N = 1.06(16) x
10°. The rest of the previously reported decay scheme from
Ref. [5] was confirmed.

The numbers of counts of the 549.8- and 418.8-keV tran-
sitions, needed to deduce the transition intensities listed in
Table II, were corrected for indirect feeding from the B~
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FIG. 6. The same as Fig. 5, but for y rays between 730-1480 keV.

064321-8



B DECAY OF THE GROUND STATE AND OF A ... PHYSICAL REVIEW C 109, 064321 (2024)

(37) 3.3(3) min.

216py =M
Bi _

83 B Q, = 4116(15) keV

R
< O ©
7.06(5) 8.22(6) 5.5(3) (2-4) ¢ %%Im 1792.2(2)
6.66(5) 7.85(6) 15.1(8)  (2-4) N 22 - - o 1727.1(2)
[ N R P I R
6.69(5) 7.88(6) 14.6(8) 2,3) ; :f:—gfg—g—g—g—gg 1709.7(1)
754(8) 8.748) 22(3) (1-3) ! | | 2;:: - 1676.0(3)
| I I 0
7.55(9) 8.77(9) 2.3(4) (2-5) | I I P8 1627.1(4)
| [l [l i
I I I !
| I I ! o
7.83(11) 9.08(11) 1.4(3) (2-5) | I I ! 8T wo o 1525.4(4)
| | | ! 8BS
7.14(7) 8.40(7) 7.1(9) (1-3) , v L 28865 1503.3(2)
| | | T T
I |
I | I
| I ~
l ! ! | | <
7.53(5) 8.82(5) 3.35(19) (2-5) I ! vy i | 82 1404.5(3)
T t [
761(5) 8.91(6) 3.02) (1-3) v ! v : : 2% 1363.8(2)
T
| |
| . .
| | I
| | |
| | | o
1 1 Q
7.44(15) 8.81(16) 6(2) (2-4) vy | il | , il ] 1130.6(3)
| |
| . .
| | I
| | |
| | | )
| | ®
7.41(9) 8.82(9) 8.0(13) C) v v ' v Ll vy i | v < 968.6(3)
| |
| . .
| | I
| | |
| 1 1 ©
| | =2
775(15) 926(15) 6(2) 2+ A4 A4 : A4 | A4 ] A4 A4 YyYvy % 5498(2>
| |
| . .
| | |
| | |
| | |
I
0+ ¢ v L v v 0.0
logft logf't A 216 E (keV)
5P O

FIG. 7. The first part of the decay scheme with levels in 2'*Po populated by the 8~ decay of 2!Bi”. The new transitions and levels from the
present study are highlighted in blue, while those in black font were reported in Ref. [5]. The half-life of 2'°Bi", 8-decay feeding intensities
and log(ft), log(f'“t) values are from this work. All spin and parity assignments are from this work, with an exception of the yrast levels in
26po up to the (47) state, which were taken from Ref. [4]. The Qg value was calculated as the difference between the atomic mass excesses of
216Bi™ and 2'®Po taken from NUBASE [10]. For display purposes, the levels up to the 1130.6-keV state are spaced evenly. Dashed lines denote
tentative transitions.

decay of ?'°Bi¢, corresponding to the sum of counts of the Fig. 2. The corrected numbers of counts of the 549.8- and
359.6- and 642.9-keV transitions feeding the (47) state' in 418.8-keV transitions were then also converted to numbers of

'"The number of counts of the 549.8-keV transitions originat-
ing from the B~ decay of >'®Bi” is M, 550 kev(*'®Bi") = N, 550 kev — equation are obtained using Eq. (1). The analogous correction was

N, 360 kev — Ni.6a3 kev, Where N; values on the right-hand side of the applied to the 418.8-keV transition.
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TABLE II. y-ray transitions present in the first part of the g~-
decay scheme of 2!°Bi” (Fig. 7). For a detailed explanation of the
table, see the caption of Table I. Intensities /, and I, are relative to
the intensity of the 549.8-keV y ray and transition, respectively. The
y-ray and transition intensities of the 549.8- and 418.8-keV decays

TABLE III. Half-lives deduced from measurement runs for "*Br,
216Bi¢, and 2'°Bi" and their weighted averages (A, ). Uncertainties of

weighted averages were multiplied by the square root of the reduced

x>

were corrected for the indirect feeding from the 8~ decay of *'°Bi¢, Ti2("*Br) Ty, (*'°Bi®) T, 2 (*'°Bi™)
see Sec. III C for details. Run no. (min.) (min.) (min.)
E(eV) E (eV) E, (keV) I, I 130 7.22(79) 2.147(45) 3.70(33)
132 6.08(81) 1.974(37) 3.07(26)
549.8(2) 0 549.8(2) 100 100 A, 6.7(6) 2.04(9) 3.3(3)
968.6(3) 549.8(2) 418.8(2) 43.7(7) 44.7(8)
1130.6(3) 549.8(2) 580.9(2)¢ 12.2(19)* 12.6(20)*
136382)  S4982)  SIAIQF 3060) - 312D ey qum: 1308.2(3) 4 580.2(3) = 1908.4(5) keV (sce Fig. 4
0 1363.8(3) 2.08(6) 2.05(6) in the Supplemental Material [15]).
1404.53) 249.8(2) 854.72) 3.87(7) . 3.93(16) It has to be noted, that there are eight levels decayin,
1503.3(2) 1130.6(3) 372.6(2)* 0.82(12)% 0.91(17)* T ’ & . . ymg
968.6(3) 534.9(3)F 133(13) 1.37(15) only to the (4™) sztlaﬁte or to' structure abgve this state in the
decay scheme of “"°Bi" (Figs. 4 and 5 in the Supplemental
549.8(2) 953.5(2) 7.78(9) 7.81(22) y_ L
0 1503.4(2) 0.20(3) 0.19(3) Material [15]). However, considering that the prompt y-ray
1525.4(4) 968.6(3) 556.8(2)" 1.44(25)} 1.53)¢ transitions may have multipolarities changing spin by two, or
1627.1(4) 968.6(3) 658.5(2)" 2.3(4) 2.4(4) even three for higher y-ray energies, spins of up to / = 6 or
1676.0(3) 549.8(2)  1126.2(2) 1.7(3)* 1.7(3) even up to / = 7 cannot be ruled out for these eight levels. In
0 1676.1(2) 0.52(3) 0.51(3) the case of such high spins, the levels would in fact have to
1709.7(1)  1503.3(2) 206.4(3)* 0.96(23)* 1.6(7)* be fed by the 8~ decay of 216Bj8 At the same time, for levels
1404.5(3) 305.2(2)* 0.38(7)* 0.47(12) with spins I = 6, 7, a parallel deexcitation path to the (61)
1363.8(2) 345.7(2)* 0.76(11)* 0.88(17)* state would be expected and was not observed for the levels in
1130.6(3) 579.1(2)* 1.6(3)* 1.7(3)* question. To conclude, the assignment of these levels into the
968.6(3) 741.1(2) 3.32(5) 3.43(19) B-decay scheme of 216y ig only tentative but more probable
549.3(2)  1160.0(2) 7.05(8) 7.00(14) than the possibility that they belong to the decay scheme of
0 1710.0(2) 0.13(2) 0.13(2) 21658,
1727.1(2) 1503.3(2) 223.7(2)* 0.82(16)* 1.3(5)
1130.6(3) 596.8(2) 1.12(6) 1.14(7) . 21612 216qpsm
968.6(3)  758.6(2)  12.23(12)  12.6(6) D. Half-lives of “"Bi and "B
549.8(2)  1177.3(2)* 0.55(22)* 0.54(22)* During the experiment, the beam was continuously im-
1792.2(2)  1363.8(2) 428.4(3) 0.24(5)* 0.26(6)* planted on the tape and no dedicated measurement of the
968.6(3) 823.6(2) 4.02(6) 4.10(17) decay curves was performed. However, the experiment was
549.8(2)  1242.5(2)* 1.7(3)* 1.73) divided into several runs, each roughly one hour long, and the

2Corrected for the contribution from the 1365-keV y ray following
the 8~ decay of 1**Cs [26].

y rays by expressing N,, from Eq. (1) in order to deduce y-ray
intensities following the 8~ decay of 2!°Bi".

We assigned the 1363.8-, 1503.4-, 1676.1-, 1710.0-, and
1875.9-keV transitions, which are seen in the singles and S-
gated y-ray spectra in Fig. 1, as directly decaying to the g.s. of
216po (Fig. 7 and Fig. 4 shown in Supplemental Material [15]).
It was possible to confirm the placement of the 1363.8-keV
transition by y-y coincidences, because the respective level is
populated by the 345.7-keV y ray. The remaining four cases
were assigned only tentatively based on the matching energy
with a level established in y-y coincidences by a parallel
cascade.

A weak 580.2-keV peak was observed in the gate on the
359.6-keV (617) — (4™) transition in Fig. 3(b). It is not pos-
sible to set a gate in y-y coincidences on this 580.2-keV y
ray because it overlaps with much stronger 580.9-keV transi-
tion. However, it was tentatively assigned as connecting the
1908.2(2)- and 1328.2-keV levels based on the matching en-

tape was moved to remove longer-lived activities before each
new run. Therefore, we deduced half-lives of 2'°Bis" by using
the grow-in parts of time distributions in the beginning of the
runs. This method relies on the assumption of the constant
production rate, which makes it prone to systematic errors
because the proton beam intensity was not logged. Moreover,
there are additional effects which may influence the grow-in
curve or the production rate, such as a change in the distribu-
tion of proton pulses within the supercycle, fluctuations of the
target temperature, and so on.

To check the stability of the conditions and usability of
each run for half-life determination, we also deduced half-life
of Br, which was present as a molecular contamination in
the beam (Sec. III A and Fig. 1). It has a known half-life of
6.45(4) min. [24], which is of the same order of magnitude as
half-lives of 2!°Bi#™. The gate on the 614-keV transition was
used to obtain the time distributions for this isotope. Only the
runs, where the deduced half-life for 7*Br was consistent with
the literature value were considered (Table III).

Additionally, the time distributions for 2168 were used for
selection as well because it had an order-of-magnitude higher
statistics than 2'°Bi” or "®Br, and thus it could also hint at
the stability of the measurement. The time distributions for
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FIG. 8. Background-subtracted time distributions from run 132
for (a) the 223.3- and 359.6-keV y rays and (b) the 758.6-, 953.5-,
and 1160.0-keV y rays. The line shows the fit to the data. The
corresponding normalized residuals of the fits are plotted below each
time distribution, dashed lines in these plots mark values of —20,
Oco, and 20.

216Bi¢ were obtained from sums of the gates on the 223.3-keV
(8F) — (6™) and the 359.6-keV (67) — (4T) transitions. To
obtain time distributions for 2°Bi”, sums of gates on the
intense 758.6-, 953.5-, and 1160.0-keV transitions were used.
Examples of the time distributions for 2!°Bi®” are shown in
Fig. 8 and the half-lives deduced from two runs selected as
suitable for half-life determination are listed in Table III. More
details on the selection procedure, time distributions from
other runs, fitting and deduced values are given in Sec. I in
the Supplemental Material [15].

The half-life for 2'°Bi¢ of 2.04(9) min. is consistent with
literature value of 2.22(25) min. [5] and within 1.30 it is also
consistent with the value of 2.25(8) min. from Ref. [4]. The
half-life for 2'°Bi” of 3.3(3) min. is in agreement with the
value of 3.6(4) min. from Ref. [9], while there is seemingly
a large discrepancy with the value of 6.6(21) min. reported in
Ref. [8]. However, the latter value has a large uncertainty and
all three results are consistent within 1.4c.

E. Log(ft) values

To determine apparent S-decay feeding intensities, the
transition intensities were normalized to the number of S
decays of the specific state (either 2'°Bi¢ or 2'Bi™). The

apparent 8-decay feeding was then deduced as the difference
of y-ray transition intensities per 1008 decays feeding and
depopulating the specific level.

For 2'°Bi¢, the total number of B decays was assumed
to be equal to the sum of total intensities of the 359.6-keV
(67) — (47) transition and the 642.9-keV transition bypass-
ing the (67) state in the B-decay scheme of 2'°Bi¢ (Fig. 2).
Strong B-decay feeding of the (8") state was observed for
216Bi¢ already in the previous study [4], thus a sizable B-decay
feeding of the states with lower spins than / = 6 is unlikely.
At the same time, the intensities of the 359.6- and 642.9-keV
transitions should not be affected by feeding from the 8~ de-
cay of 2!%Bi™,? for which a low spin of I = (3) was suggested
in evaluations [10,14].

For 2'Bi™, the total number of B decays was estimated
as the sum of intensities of transitions feeding the g.s. of
216Po, that is the sum for the 549.8-, 1363.8-, 1503.4-, 1676.1-,
1710.0-, and 1875.9-keV transitions (see decay schemes in
Fig. 7 and Fig. 4 in the Supplemental Material [15]). A di-
rect § decay to the g.s. was considered negligible because
of the expected spin of (3) for 2!°Bi” [10,14]. The intensity
of the 549.8-keV transition was corrected for indirect feeding
by the B~ decay of >'9Bi¢, see Sec. III C for details.

As noted in Sec. III C, there are eight levels in the S-decay
scheme of 2°Bi™, for which it cannot be ruled out that they in
fact belong to the B-decay scheme of 2!°Bié. However, these
levels deexcite via relatively weak transitions (see Table IV in
the Supplemental Material [15]). Even if they were assigned
to the B~ decay of 2!°Bi¢ and intensities were recalculated
according to the modified decay schemes, it would result in a
small (*9%) decrease of apparent -decay feeding intensities
for levels in the 2!1°Bi¢ B-decay scheme and ~12% increase
for levels in the 2!°Bi” B-decay scheme. The relative change
in the B-decay intensities is roughly the same for both 2!°Bi8
and 2'°Bi”, because the observed 2'°Bi” to 2!°Bi$ isomer ratio
was 0.96(1). The effect of the change in the intensities on the
deduced log(ft) values would be negligible.

The log(ft) values were deduced using the NNDC log(f?)
calculator [36]. The Qg value of 4092(11) keV was taken
from AME 2020 [35] and for 2!®Bi”, an excitation energy
of 24(19) keV from NUBASE 2020 [10] was used. The S~-
decay branching ratios of both states were assumed to be
100% [14]. For half-lives, our values reported in Sec. III D
were taken. Different Fermi integrals, denoted as f lu " are
needed to calculate log(f'“¢) values for first forbidden unique
(FFU) B decays, than those used to calculate log(ft) values
for allowed (AL) or first forbidden nonunique (FFN) 8 de-
cays. Therefore, for B-decay feeding of each level, log(ft)
values, to be compared with systematics for AL and FFN g
decays, and log(f'“t) values, to be compared with systematics
for FFU B decays [37], were calculated. The results are shown
in Figs. 2, 7, and Figs. 4, 5 in the Supplemental Material [15].

2The possible indirect feeding of the (6F) state by the 580.2-keV
transition following the 8~ decay of 2!°Bi” was neglected because
of its weak intensity and tentative character. The transition is shown
in Table IV and Fig. 4 in the Supplemental Material [15].
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Although the decay schemes for both states were built up
to relatively high excitation energies in 2!°Po (2.9 MeV for
B~ decay of *'°Bi¢ and 3.4 MeV for 8~ decay of *'°Bi”,
in comparison to Qg ~ 4.1 MeV [35]), the presence of the
pandemonium effect [38] cannot be ruled out. Therefore, the
apparent 8-decay feedings should be considered as upper lim-
its and the deduced log(ft), log(f'“t) values as lower limits.

IV. DISCUSSION
A. Spin and parity of *°Bi¢

Similarly to the previous study of *!°Bi¢ [4], we ob-
served strong apparent B-decay feeding of the (8%) level at
1551.5 keV (Fig. 2), resulting in log(f?) = 6.31(17), which
is a typical value for AL or FEN decay, while log(f'“t) =
7.54(17) is well below the recommended lower limit for FFU
decays of log(f'“t) >8.5 [37]. Considering that only negative-
parity states are expected at low excitation energy in >'®Bi
(Sec. V A), parity-conserving AL decays can be disregarded.
Therefore, log(f1), log(f'”t) values for the (8%) level con-
strain the I” assignment of 2'°Bi¢ to (7=, 87, 97).

Direct feeding of the (6™) level at 1328.2 keV was not ob-
served, but considering uncertainties of transition intensities
feeding and deexciting the level, an upper limit for the direct
feeding of 1.5% was deduced. Therefore, the (77) assignment
for 219Bi¢ is unlikely, because both the (6™) and (8*) levels are
yrast states, for which a very similar structure can be expected.
The I™ = (77) parent state would decay to both of these
yrast levels by FEN decays with Al = 1, thus a comparable
B-decay feeding to both of them would be expected.

Taking the upper limit of 1.5% as the feeding of the (61)
level, the resulting log(f'“¢) > 9.0 value is in the region typi-
cal for FFU decays (Al = 2). The I of >'%Bi¢ would be then
further constrained to (87). Considering that the feeding of
the (6) level may be weaker or nonexistent, the (97) option
(requiring Al = 3 for direct 8 decay to the (61) level) cannot
be fully ruled out. However, the (87) assignment for 2!°Bi¢ is
also supported by SM calculations (Sec. V A).

B. Spin and parity of '*Bi"

Two states with at least tentatively known spin and parity,
the yrast 2% and (4™) states, are populated in the 8~ decay
of 2!1°Bi™. Apparent S-decay feeding of these two levels is
roughly comparable (Fig. 7) and yields log(ft) values of
7.75(15) and 7.41(9), respectively, which are consistent with
AL or FFN decays. At the same time, both log(f!'“t) values
of 9.26(15) and 8.82(9), respectively, are consistent with FFU
decays [37]. Considering that only negative-parity states are
expected at low excitation energy in 2'°Bi (Sec. V A), the
assignment for 2l6Bim s constrained to I* = (27,37,47).
However, using similar arguments as for 2!°Bi¢ (Sec. IV A),
the most likely assignment is I” = (37): the 2% and (4T)
states are yrast levels with similar structure, thus compara-
ble B-decay feeding suggests the same type of 8 decay into
these states. This condition is fulfilled only for an I = (37)
assignment of the parent state, resulting in FFN decays with
Al =1 to both of the daughter states. This assignment is

consistent with spin (3) suggested in ENSDF evaluation [14]
and /™ = (37) in NUBASE 2020 evaluation [10].

C. Possible second isomer

Reference [5] suggested, that the low-spin, presumably (0,
1) isomer in 2'°Bi was populated in A~ decay of 0 g.s. in
216ph_ This was based on the fact, that decays of this state were
not observed in direct production in the study [4] at ISOLDE.
Although they discussed that the states populated in the S~
decay of 2'°Pb would internally deexcite and populate the
low-spin isomer in 2!Bi, the (37) state in 2!°Bi is treated as
another f-decaying state as can be seen in the decay scheme
in Fig. 11 in Ref. [5].

However, in our opinion, another low-spin isomer is not
necessary to explain the experimental data. If there was a
significant indirect production by the 8~ decay of >'°Pb, the
populated spin O, 1 states would deexcite to the I™ = (37)
isomer, unless there was an additional 0~ spin trap. A state
with I™ = 17 is not considered for a possible spin trap, since
it would readily deexcite to I™ = (37) isomer via an E2
transition. However, such an additional 0~ spin trap is not
supported by the SM calculations discussed in Sec. VA,
where the 0~ state is predicted a few hundred keV above
the I = 17,27 levels. More importantly, the present study
was also performed at ISOLDE and we observed the same
transitions as Ref. [5] (with the exception of four weak y
rays suggested to belong to S~ decay of 2'°Bi in Ref. [5], see
Sec. IIIC). Thus the seeming discrepancy between the two
types of experiments disappeared, and it is not necessary to
invoke a second isomer.

It is unclear why the levels fed by the 8~ decay of 2!°Bi™
were not observed in Ref. [4], but it might have been caused
by a combination of a few factors. The relative y-ray inten-
sities reported in Ref. [4] suggest little or no direct S-decay
feeding to the 2% and (4T) states, which means a much less
favorable isomer ratio for 2!°Bi” than in our study. Even if
216Bi™ was weakly present in work [4], it would be difficult
or impossible to identify it, because its B-decay scheme is
fragmented and contains many transitions with relatively low
intensities, as was shown in the present high-statistics study.
The time structure of the measurement in Ref. [4], consist-
ing of sequences of a 28.8-s-long implantation and 56-s-long
beam-off period followed by moving the implantation tape,
would also favor shorter-lived 2!°Bi¢. If the original isomer
ratio in the ion beam was 1 : 1, the observed isomer ratio
under such conditions would shift to 1.5 : 1 in favor of 2'°Bis.

Although both the present work and study [4] were per-
formed at ISOLDE, different proton beam energies, targets,
and ionization methods were used: 1-GeV beam, 232ThC2
target and hot plasma ion source were employed in Ref. [4],
while 1.4-GeV beam, >*®UC, target and laser ionization by
RILIS were used in our study. As mentioned in Sec. II, a
broad linewidth of the laser was used for the ionization, thus
our ionization method is assumed not to be isomer selective.
The hot plasma ion source used in Ref. [4] was not isomer
selective either. However, different beam energy and target
combinations may strongly affect the production of nuclides,
as shown for example for francium isotopes [39]. The effects
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on production of different isomers in the same isotope are
uncertain, but cannot be ruled out. Moreover, higher in-target
production of 2!°Pb, B-decaying into low-spin states in >'°Bi,
should lead to an increased yield of 2!°Bi"™, even if considering
that a significant portion of >!°Pb may escape the target before
the decay occurs (7} /2(216Pb) ~99 s [40]). Higher yields of
neutron-rich lead and bismuth isotopes with increased beam
energy are expected based on simulations [41].

D. Constraints on spins for levels in >'*Po populated
in the 8~ decay of 2'°Bi¢

Apart from the 1328.2-keV (67) and 1551.5-keV (8%)
states with tentative I” assignments from literature [4], spins
and parities of the remaining levels populated in the 8~ de-
cay of 2'°Bi¢ are unknown. Assuming I” = (8~) for 2!°Bi¢
(Secs. IV A and V A), we may constrain the possible spins of
the levels based on f-decay feeding intensities and resulting
log(f1), log(fl"t) values shown in Fig. 2.

There are three levels, at 1699.3, 1802.7, and 2234.2 keV,
with high B-decay feedings of Iy > 10% and consequently
low log(ft) values in the range of 6.2-6.6, while log(f'“t)
values are in the range of 7.1-7.8. These values correspond
to AL or FFN g decays and thus limit the spins of the levels
to a range of (7-9). Moreover, these levels decay via a single
intense transition to the (8%) state (Table I). In the case of
I = 7 for an initial state, a relatively intense parallel decay to
the (6) state can be expected. Therefore the possible spins of
these three levels are suggested to be I = (8, 9).

For the 1611.5-, 1785.7-, and 1890.2-keV levels, FFU
B decays cannot be excluded because of log(f'“s) values
(Fig. 2) above or at the recommended lower limit of
>8.5 [37]. However, taking into account the deexcitation
paths from these levels, spins of (6, 7) for the former and
(6-8) for the two latter states can be tentatively proposed.
The same assumption as for conversion coefficient estimates
in Sec. Il A was used: y-ray transitions with energies up
to 600 keV were assumed to change spin by Al < 2, and
transitions with energies above 600 keV were expected to
change spin by Al < 3.

The aor,expt = 1.1(4) deduced for the 486.1-keV transition
in Sec. III B suggests an £0 component for this decay, which
in turn hints at the I™ = (61) assignment for the 1814.3-keV
level. Although the deduced log(f'“t) = 8.2(2) (Fig. 2) is
below the recommended lower limit for FFU decays, it is close
to it. Even a small unobserved S-decay feeding of ~0.5%
would result in log( f'“t) = 8.27(25), which is consistent with
the limit. Moreover, there are a few known exceptions in
the systematics, where FFU decays had log(f'“¢) below the
recommended limit [37]. Therefore, we will not draw conclu-
sions from the log(f'“t) value for the 1814.3-keV level.

All the remaining levels have log(f'“t) <8.5 and their
spins can be tentatively constrained to I = (7-9). States with
spins (7-9) can be populated either by AL or FFN decays,
therefore the parities were not proposed. However, the spin 6
options can be reached only by FFU decays and would have
positive parities.

E. Constraints on spins for levels in 2!°Po populated
in the 8~ decay of 2'*Bi"

The B-decay feeding pattern of >'Bi” (Fig. 7 and Figs. 4
and 5 in the Supplemental Material [15]) is much more
fragmented compared with 2'°Bi¢ (Fig. 2). Nevertheless, in
addition to the 2% and (4™) levels discussed in Sec. IV B,
there are five more levels, at 1130.6, 1503.3, 1709.7, 1727.1,
and 1792.2 keV, with relatively strong f-decay feeding of
Ig > 5%. The log(f1), log(f'“t) values for the three higher
lying levels are consistent with AL or FFN g decays, and
assuming I™ = (37) for 2!°Bi” (Sec. IV B), we may suggest
spins of I = (2—4) for these levels. Using the same constraint
on multipolarities of y-ray transitions deexciting the level as
in Sec. IV D, the spin of the 1709.7-keV state may be limited
to I = (2, 3). For the 1130.6- and 1503.3-keV states, feeding
via FFU B decay cannot be excluded, because log( f'“t) values
are above or almost at the recommended limit of >8.5 for FFU
decays [37]. Their spin assignments will be explained below
with the rest of the levels, for which feeding by FFU decays is
possible.

All the remaining states (Fig. 7 and Figs. 4 and 5 in the
Supplemental Material [15]) are tentatively proposed to have
spins of I = (2—4), if the respective log(f'“t) value was below
the limit of >8.5 [37]. In the case the respective log(f'“t)
value was above or very close to this limit, the possible range
of spins is I = (1-5). However, FFU decays would feed 1™
states, for which strong M1 y-ray transitions to the g.s. could
be expected. If no transition to the g.s. was observed, the
spin range for the level was further constrained to I = (2-5).
Additionally, for the levels at 1130.6, 1363.8, 1503.3, 1525 .4,
1676.0, 1875.8, and 1908.2 keV, the possible spins were fur-
ther limited based on deexciting transitions, in the same way
as in Sec. IV D.

Analogously to high-spin states in Sec. IV D, the parities
for levels with possible spins reachable by AL or FEN decays,
that is spins I = (2-4), were not determined. However, spin
options 1 and 5 can be reached only by FFU decays and would
have positive parities.

V. COMPARISON WITH THEORY

To discuss the nature of the states in 2'°Bi and 2!°Po, two
SM calculations were carried out by employing two effective
interactions: the H208 [42,43] and the well-known modified
Kuo-Herling particle interaction (KHPE) [44]. Both calcula-
tions were developed for a large valence space composed of
the Ohg/z, 1f7/2, Oi13/2, 1f5/2, 2p3/2, 2p1/2 proton orbitals and
the 1g9/2, Oill/z, 0j15/2, 2d5/2, 3S1/2, 1g7/2, 2d3/2 neutron or-
bitals above the closed core 2?*Pb. The single-particle energies
for neutrons and protons were based on experimentally known
data of 2”Pb and **Bi nuclei, respectively [45]. The H208
effective interaction was widely described in Refs. [42,43]. It
was successfully used as a reference to interpret several exper-
imental data obtained from the region beyond 208pp, [3,46,47).
Both the H208 and KHPE interactions were used to describe
the new levels identified in >'#Po populated by the 8~ decay of
isomer in 2'*Bi [3] in the same context as in the present work.
The full calculations are considered in the studied systems,
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FIG. 9. The calculated energies of low-lying states (<500 keV)
with spins up to I = 9 in *'Bi obtained using the KHPE interaction
(open blue diamonds for negative-parity states, full blue diamond for
positive-parity state) and the H208 interaction (open red squares for
negative-parity states). The states stemming from 7 0hg;, ® v1gy)»
multiplet are connected by a line. The black triangle marks the energy
of I = (37) isomer from NUBASE evaluation [10].

and were performed using ANTOINE [48,49] and KSHELL [50]
SM codes.

A. Levels in >'°Bi

The calculated energies of low-lying states in >'°Bi, along
with a point for /™ = (37) isomer at 24(19) keV taken from
NUBASE 2020 evaluation [10], are displayed in Fig. 9. Most
of the yrast states up to the 9~ level, specifically the 37— 67,
87, and 9~ states, have a dominant 70hg/» ® v1gg» config-
uration. Either all seven valence neutrons are occupying the
vlgo,, orbital, or a pair is scattered to higher-lying orbitals,
such as 0ijy/, or 0jjs/2. In addition to the previous configu-
ration, the 07—27 and 7~ states have strong admixtures. For
the 7~ level, the admixture of 7 1f7,, ® vlgg,, configuration
is dominant. The admixtures in the 07—27 levels are charac-
terized by the occupation of six neutrons in the 1g9> and one
neutron in the 0iy /, orbital, whereas the valence proton occu-
pies the Ohg/, (17 level) or 1f7,, orbital (0~ and 27 levels).

Both calculations show similar trends and energies (Fig. 9),
where all states from 1~ up to 8 are compressed below 90
keV. In contrast with this, the 0~ and 9 states are significantly
higher in energy, which hints against a long-lived character for
these states. The first positive-parity state, 3%, is also located
at a relatively high energy of 381 keV (KPHE) and 797 keV
(H208).

Both calculations suggest the existence of two long-lived
states, a high-spin state with /¥ = 8~ and a low-spin state: in
the case of the H208 calculation it has /™ = 1, while for the
KHPE interaction it has /™ = 3~. The order of the long-lived
states is reversed in the two calculations, KHPE suggests the
8~ state as the g.s., while in the H208 calculation the 1~ level
is the g.s.

The 8~ assignment for the high-spin long-lived state is
consistent with the B-decay feeding pattern of 2'°Bi¢ both re-
ported in literature [4] and observed in our study (Sec. IV A).

Therefore, the I™ = (87) is proposed as the most likely spin
and parity of 2'°Bis.

The H208 calculation suggests /™ = 1~ for the low-spin
long-lived state, which is inconsistent with the observed
B-decay feeding pattern (Sec. IV B). However, the energy
differences between the levels are very small and even a
small change would cause reordering of the levels. Neither
of the calculations suggests the existence of a second low-
spin long-lived state. Thus, based on the availability of only
negative-parity low-lying states and based on the observed
B-decay feeding pattern (Sec. IV B), I™ = (37) is suggested
as the most likely assignment for >'Bi”. This assignment
is consistent with the KHPE calculation and with evalua-
tions [10,14].

As noted in Sec. I, the order of 2'°Bi¢” is not firmly
established, because the excitation energy of 2!°Bi” of 24(19)
keV from evaluation [10] is low and has a large uncertainty.
In Ref. [4], 2'°Bi¢ was suggested as the g.s. only based on the
implications from the parabolic rule [51]. In the present work,
this assignment is supported only by one (KHPE) of the two
SM calculations. Whether 2!°Bi¢ is in fact the g.s. remains an
open question.

B. Levels in ?'°Po

Shell-model calculations were also performed for the levels
in 2'®Po using the two SM approaches introduced in Sec. V.
The calculated level energies relevant for the = decay of
216Bi¢ are compared with the experimental results in Fig. 10
and an analogous comparison for 2'°Bi” is shown in Fig. 11.
The two calculations are mostly in a good agreement with
each other, although the levels in KHPE are typically system-
atically shifted by 100-200 keV to higher energies than the
levels in H208. The shift is much more pronounced in the case
of 97 levels, where only the 9T state from KHPE is within the
displayed energy range, while there are levels up to the 9;
state from H208.

The agreement of the H208 calculation with the experi-
mental yrast 2% state and presumably yrast (4), (61), and
(8%) levels is mostly good. However, for KHPE there is again
an apparent shift to higher energies for the 2, 41, and 67
states by 100-200 keV compared with the experimental levels.
In the H208 calculation, the 8] state is also close in energy to
the experimental (8%) level.

The density of nonyrast levels is very high and there are
usually at least a few suitable SM states which may corre-
spond to a given experimental level. Therefore we refrain from
suggesting any firm assignments. Nevertheless, in the case
of high-spin states in Fig. 10, the lowest-lying experimental
1612-keV (6, 7) and 1699-keV (8, 9) levels might correspond
to the SM 6; and 8;’ states, respectively. The two higher-lying
strongly populated states with suggested spins of (8, 9) have
several candidates for interpretation among the SM 8%, 9
states or even the 9~ level in the case of KHPE. For the states,
where suggested spins include / = 6 or 7, there are also SM
levels with spins 6 and 7 available.

In contrast with this wider range of spins, to interpret
the experimental low-spin states in Fig. 11 there are mostly
only SM 2% and 47 states available. All the SM states with
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FIG. 10. Comparison of levels in *'Po from the experiment and from SM calculations based on the KHPE (left) and H208 (right)
interactions for the spin range 6-9, relevant for the S~ decay of 2!°Bi. We note that for the H208 interaction, only five lowest states for
a given spin and parity were calculated. Experimental states with strong B-decay feeding (Ig > 10%) are highlighted by thicker lines, while
only states up to the highest of these strongly fed levels are displayed. All of the SM levels have positive parities, except for the lowest-lying
67, 77, and 9~ states from the KPHE calculation at 2261, 2275, and 2342 keV, respectively. Spins are given on the left sides of the levels,
energies in keV are given on the right sides. SM levels with the same spins are highlighted in the same colors. Spins of the 1328- and 1552-keV

experimental levels were taken from literature [4].

spins of 1, 3, or 5 are predicted above ~1.69 MeV. The
strongly populated 1131-keV (2—4) level might be then in-
terpreted as the SM 2 state, while the next strongly fed
level at 1503 keV with suggested spin of (1-3) could corre-
spond to one of the higher-lying SM 27 states. However, in
the neighboring 2'*Bi isotope, the first 3~ state lies already
at 1.3 MeV [23]. Therefore, the 3~ option cannot be ex-
cluded even for the relatively lower-lying experimental states
in Fig. 11. For the strongly populated experimental states

at E > 1.7 MeV, the SM 2%, 3%, 3=, and where relevant
for the suggested spins ranges, also the SM 4% levels are
available.

The parity of most of the experimental levels discussed in
Secs. IVD and IV E could not be deduced. However, almost
all available SM states in the displayed energy ranges in
Figs. 10 and 11 have positive parities. Therefore, most of the
experimental levels included in Figs. 10 and 11 can also be
expected to have positive parities.
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FIG. 11. Comparison of levels in *'Po from the experiment and from SM calculations based on the KHPE (left) and H208 (right)
interactions for the spin range 1-5, relevant for the 8~ decay of 2'Bi”. Experimental states with strong B-decay feeding (Ig > 5%) are
highlighted by thicker lines, while only states up to the highest of these strongly fed levels are displayed. All of the SM levels have positive
parities, except for the 3~ state from the KPHE calculation at 1907 keV. Spins are given on the left sides of the levels, energies in keV are
given on the right sides. SM levels with the same spins are highlighted in the same colors. Spins of the 550- and 969-keV experimental levels
were taken from literature [4].

VI. CONCLUSIONS consistent with the literature value of 2.22(25) min. [5] and
roughly agrees with the value of 2.25(8) min. [4]. For 2!°Bi",
a half-life of 3.3(3) min., consistent with the value of 3.6(4)
min. from Ref. [9], was deduced. With the literature value of
6.6(21) min. from Ref. [8] it agrees within 1.40.

Excited states in >'®Po populated in the B~ decay of
216Bjs™ were studied via y-y coincidences. There were 48
new levels and 83 new transitions identified in 2'®Po and the
B-decay schemes of both 2'°Bi¢ and 2'°Bi” were extended.
Possible ranges of spins were suggested for the levels based
on deduced log(ft) values and for some cases also based on
the observed deexcitation pattern.

A detailed B-decay study of two states in 2'°Bi was per-
formed at the ISOLDE Decay Station. The states are denoted
as 21°Bi8 and 2'°Bi™. However, it has to be noted that their
order is not firmly established, since the excitation energy of
24(19) keV for 2'°Bi" from evaluation [10] has large uncer-
tainty. The most likely spin and parity assignments of I* =
(87) for 2'%Bi¢ and I = (37) for 2'°Bi" were proposed based
on the observed f-decay feeding pattern, deduced log(ft)
values and comparison with shell-model (SM) calculations.
A half-life of 2.04(9) min. was measured for 2'°Bi#, which is
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Two different SM calculations, based on the H208 interac-
tion [42,43] and the modified Kuo-Herling particle interaction
(KHPE) [44], were performed for the excited states in 2!°Bi,
216po and compared with the experimental results. Both cal-
culations interpret 2'°Bi¢ as an I” = (87) state, albeit in
the KHPE approach it is a ground state, while in the H208
calculation it is an isomer. For 2'®Bi™, its character is inter-
preted either as an /™ = (37) isomer (KHPE) oran /™ = (17)
ground state (H208), where only the former is consistent with
the observed B-decay feeding pattern and the evaluations in
literature [10,14].

There is a relatively good agreement between SM cal-
culations and the experiment for the yrast levels up to the
presumed (81) state. In the case of nonyrast levels, both the
SM calculations and the experimental results show a very high
density of states. There are typically several SM states suitable
for interpretation for any specific experimental level.
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