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A new B-decaying state in 2'“Bi has been identified at the ISOLDE Decay Station at the CERN-ISOLDE
facility. A preferred I™ = (87) assignment was suggested for this state based on the B-decay feeding pattern
to levels in 2'*Po and shell-model calculations. The half-life of the I* = (8~) state was deduced to be Tip =
9.39(10) min. The deexcitation of the levels populated in 2'4Po by the 8 decay of this state was investigated via
y-y coincidences and a number of new levels and transitions was identified. Shell-model calculations for excited
states in 2'*Bi and 2'*Po were performed using two different effective interactions: the H208 and the modified
Kuo-Herling particle interaction. Both calculations agree on the interpretation of the new S-decaying state as an
I™ = 8~ isomer and allow for tentative assignment of shell-model states to several high-spin states in >'Po.

DOLI: 10.1103/PhysRevC.104.054301
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functions stemming from the [70hg» ® v1ge,]o-,...
tiplet. Studying this multiplet gives important information on
the residual proton-neutron interaction, while the specific or-
dering of these states gives rise to isomerism. For instance, in
the isotopes 2!°Bi and *'?Bi, low-lying high-spin isomers with
I" =97 [1]and I = (97, 87) [2], respectively, and low-spin
I =17 ground states (g.s.) have been reported [1,2]. The
order of the states is to some extent reversed in the heavier
isotopes 2!%218Bi, A high-spin, possibly I” = (67,77), g.s.
was observed in 2'%Bi [3] and an I™ = (67,77,87) g.s. was
proposed for 2!8Bi [4]. Moreover, a low-spin isomer was iden-
tified in 2'%Bi [5,6]" with I = (3) suggested in the evaluation
in Ref. [7].

In 2Bi, only the I” = 1~ B-decaying state, presumed to
be the g.s., is known [8]. The states in >'*Bi were previously
studied via the 8~ decay of the I = 0T g.s.in >'*Pb and via
decay of the I = (37) g.s. of 2!8At [8—11]. In these studies,
only low-spin states (I < 4) were populated, and thus high-
spin levels were inaccessible.

Detailed B-decay measurements of the /™ =1~ g.s. in
214Bi were performed over the years and an extensive decay
scheme of populated low-spin levels in 2'*Po was compiled
in the Nuclear Data Sheets (NDS) [8]. A few of the low-
spin states in >'*Po are populated also in the @ decay of the
I™ = 0% g.s. in >'8Rn [8]. However, information on high-spin
(I > 4) levels in >'*Po is scarce and comes from a single
in-beam study [12]. States up to the 127 level at 2734 keV
were identified and I assignments were made for several of
these states based on y-ray angular distributions [12].

The present study reports on the identification of a new,
high-spin B-decaying state in >'*Bi and on investigation of
populated high-spin states in >'*Po.

II. EXPERIMENT

The experiment was performed at the ISOLDE facility at
CERN [13,14]. The isotope 2'“Bi was produced in proton-
induced spallation reactions in a thick UC, target (50 g/cm?).
A beam of 1.4-GeV protons with an intensity up to 2.1 uA
was provided by the Proton Synchrotron Booster. The proton
beam consisted of 2.4-us-long pulses with a 1.2-s period,
which were grouped into a so-called supercycle containing
typically around 30 pulses.

The produced isotopes diffused from the target heated to
~2300 K and effused via the heated transfer line into a hot
cavity, where ionization by the Resonance Ionization Laser
Ton Source (RILIS) [15,16] took place. A three-step reso-
nance ionization scheme using laser light with wavelengths
of 306.9, 555.4, and 532 nm (the third being nonresonant)
[17] was employed to selectively ionize bismuth isotopes. The
hyperfine spectrum of >'*Bi was measured in our preceding
laser-spectroscopy experiment [18]. In the present experi-
ment, the wavelength of the first-step laser was set to the
frequency of specific hyperfine transitions to preferentially
ionize the new B-decaying state in 2'*Bi. However, because of

TAt the time of the studies [5,6], the g.s. was not yet known,
therefore the long-lived state was not discussed as an isomer.

the linewidth of ~12 GHz, the previously known I = 17 8-
decaying state in 2'“Bi [8] was ionized as well. Based on the
numbers of y rays in the singles spectrum in Fig. 1 corrected
for absolute y-ray intensities and efficiencies (325-keV y ray
for the new state and 1120-keV transition for the 7 = 1~
state), the numbers of decayed nuclei in the chamber were
N (new state)= 3.15(9) x 107 and N(I™ = 17) = 2.42(7) x
103, The absolute y-ray intensity for decay of the I™ = 1~
state was taken from Ref. [8]. Despite higher contribution of
the I™ = 1~ state, decays of the new state could be resolved
and studied using y-y coincidences (Secs. III A and III B).

The ions were extracted and accelerated by a 30-kV poten-
tial and sent through the High Resolution Separator, where
selection according to A/g = 214 took place. To suppress
isobaric contamination from a surface-ionized, short-lived
24P [T12(CMFr®) = 5.5(3) ms, Tip(*"*Fr™) = 3.38(5) ms
[81], the beam gate was closed for the first 100 ms after each
proton pulse.

The mass-separated beam was delivered to the ISOLDE
Decay Station (IDS) [19] and implanted on an aluminized
Mylar tape. Four HPGe Clover detectors for y-ray detection
and a plastic scintillator for S-particle detection were placed
outside the vacuum chamber in close geometry around the
implantation position. The energy calibration of the HPGe
detectors was performed with a '3?Eu source, but four crystals
(out of 16) were calibrated by using well-known y -ray peaks
from implanted activity of 2!°Rn and I™ = 1~ state in 2'*Bi
[8], because of slight shift in gains. The energy resolution at
1120 keV was 2.6 keV (full width at half maximum). For the
absolute detection efficiency calibration, intensity-calibrated
sources '?Eu and '**Ba were used.

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 in a standard way by gating on the background on
the left-hand side and on the right-hand side of the peak of
interest.

III. RESULTS AND DISCUSSIONS

The identification of the new B-decaying state in *'“Bi
raises a question as to whether the /™ = 1~ state in >'“Bi
is indeed the ground state, because the relative position of
these two states could not be experimentally determined in our
study. However, based on the trend in neighboring 2!*-2!2Bi
nuclei, supported by the shell-model calculations discussed in
Sec. IV A, we refer to the I™ = 1~ state as the g.s. (*'*Bi)
and the new f-decaying state as an isomer (>'*Bi"™).

In the singles y-ray spectrum shown in Fig. 1, known
transitions following the 8~ decay of >'*Bif can be readily
identified, for example, the 609- (2 — 07), 1120- 2§ —
21), 1238- (2f — 2{), 1730- 2& — 0f), and 1764-keV
(1?L — OT) transitions [8]. Moreover, the g.s. band cascade
following the deexcitation of the 8/ level in the daughter
nuclide 2'*Po, reported in an in-beam study [12], is present
as well: the 245- (8] — 67), 325- (6] — 47), and 406-keV
(47 — 27) transitions are visible (see the decay scheme in
Fig. 2). These four yrast transitions from the cascade below

054301-2



NEW B-DECAYING STATE IN 2“Bi

PHYSICAL REVIEW C 104, 054301 (2021)

T T T T T T T T T T T T T T T T T T T T T T T T T T T
7 [ [ [ A
10" E o o o = =
- © ¥ o (= - 3
= +T +T +T +T *i\r ~ 7
B © ¢ ¥ o 1 S
L g 0 n  © o I J'g_:’ — +T'_ _
> g % 8§ 8 g o _ R <

Q 6| x hod Y ?N‘- 8 +Tm +°‘- + |
X 10F g . : 4L 5 Y gE*
- c clx o8 ) & ) ES=
=~ - v|Q oN €+ Q & W
(2] r © < NF o« - T N~ ~ 1

=] 0 O T - [} +
c - o © - & & o -

= o - P=1 o 2
3 10° T T S =
o E
10 =

1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
200 400 600 800 1000 1200 1400 1600 1800
E, (keV)

FIG. 1. Singles y-ray spectrum. Peaks without a special symbol in the label belong to transitions following the 8~ decay of 2!*Bi”, with
the exception of the 406- and 609-keV peaks, which follow the 8~ decay of both 2*Bi™ and 2'*Bi¢. The remaining peaks are attributed to the
following decays: (4) B~ decay of 2*Bi¢, (*) EC/B+ decay of '°Rn, (&) EC/B+ decay of **Po, (¢) EC/B* decay of 2!°At, and (o) EC/B*

decay of 2 At.

the 8 state (including the 609-keV y ray) will be collectively
referred to as “g.s. band transitions” in the following text.

Apart from these g.s. band transitions and y-ray peaks
following the B~ decays of '*Bi¢, transitions following
electron-capture and 8+ (EC/B™) decays of 2!°Rn, 21°At [1],
205 At, and 2%5Po [20] are visible in Fig. 1. The nuclides >'°Rn
and 2!°At are present in the decay chain of '*Ra, which is an
isobaric contaminant in the beam decaying into >'°Rn with al-
most 100% «-decay branching ratio [1]. Based on the number
of counts in the 458-keV peak in Fig. 1 (corrected for absolute
y-ray intensity from Ref. [1] and efficiency), 8(2) x 10® nu-
clei of 2!°Rn decayed in the chamber. Isotopes 2°> At and 2*>Po
are members of the decay chain of 2098 which was implanted
in the chamber during previous measurements. Transitions of
interest were distinguished from the contaminants using y-y
coincidences (Secs. IIT A and III B).

It has to be noted that the 245-keV peak in Fig. 1 also
contains 245-keV y rays following the EC/8" decays of
2I0A¢ [1], while the 4% level in *'“Po, decaying via the
406-keV transition, is very weakly populated also after the 8~
decay of 2'*Bi¢ from higher-lying levels [8]. Nevertheless, the
comparable intensities of the 245-, 325- and 406-keV peaks
in Fig. 1 indicate that they originate mostly from the cascade
following the decay of the 8 level in 214po. The presence
of these transitions shows that the g~ decay of 2'Bi has to
feed to the 8] and/or other higher-lying high-spin levels. This
proves the existence of a high-spin ™ -decaying state in 2'*Bi
(*'“Bi™), since the B~ decay of the 1~ state cannot populate
high-spin levels in 2!*Po.

We note that, for the 609- and 406-keV transitions in 2'*Po,
which were observed both after the 8~ decay of >'*Bif [8]
and in the in-beam study [12], the energies given in Ref. [§]
are ~0.3 keV higher compared with Ref. [12]. Similarly,
for all y-ray transitions (with the exception of the 503-
keV line) observed both in our work and in Ref. [12], our

energies are systematically 0.2-0.4 keV higher. The typical
y-ray energy uncertainty was stated to be 0.1-0.5 keV in
Ref. [12].

A. y-y coincidences with the ground-state band transitions

Figure 3 shows the y-y coincidence spectra gated with
the g.s. band transitions below the ST level in 2'*Po, for
events within a time window of |Af(y-y)| < 200 ns. The
240-keV line is in coincidence with all the g.s. band transi-
tions [Figs. 3(a)-3(d)], which is consistent with its placement
as the 8] — 8 transition as suggested in Ref. [12]. The weak
575-keV y ray is seen in coincidence with g.s. band transi-
tions between the 87 and 2] levels [Figs. 3(a)-3(c)], which
is also consistent with Ref. [12], where it was assigned as the
9 — 8] transition (Fig. 2). In the coincidence spectrum of the
609-keV (2;r — 01+) y ray [Fig. 3(d)], the 575-keV peak is not
resolved due to the higher level of background and the partial
overlap with the 572.77(7)-keV transition following the 8~
decay of 214Bis [8].

Additionally, we identified new y rays in coincidence with
all g.s. band transitions [Figs. 3(a)-3(d)], which places them
above the 8T state in the decay scheme (Fig. 2). Their energies
are 49.1, 335.5, 384.7, 426.1, 475.1, 564.0, 613.2, and 741.9
keV.

The 613-keV peak is resolved only in Fig. 3(d), because of
the proximity to the much stronger 609-keV peak in the other
panels [Figs. 3(a)-3(c)]. However, fitting the structure around
the 609-keV peak with two Gaussian functions in Fig. 3(b)
allowed the energy and intensity of the 613-keV transition to
be extracted.

According to NDS [8], two y-ray transitions, at the
426.5(5) keV (unplaced in the decay scheme) and at the
474.43(5) keV are reported in the §~ decay of 214Bie. How-
ever, these transitions are different from the 426- and 475-keV
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FIG. 2. The decay scheme with levels in 2'*Po populated by
the B~ decay of 2“Bi". Transitions, levels, and spin and parity
assignments written in blue italics are from the present study, while
those in black normal font were reported in Refs. [8,12]. For display
purposes, the spacing of the g.s. band levels is compressed and not
scaled according to their energies. Level energies are deduced from
y-ray energies listed in Table I. In the case of parallel decay paths
from the level, the path with the smaller number of y-ray transitions
was used. As a result of the systematic shift in energy calibration,
discussed in Sec. III, there may be a difference of up to 2 keV in the
level energies compared with Ref. [12]. Apparent 8-decay feeding
intensities and resulting log(fo), log(fi?) values are included, see
details in Sec. IIIE.

y rays shown in Fig. 3, since the new transitions have to be
depopulating high-spin levels, as mentioned above.

Finally, a weak 503.1-keV y ray is seen in coincidence
with all transitions decaying from the 6] state [Figs. 3(b)—
3(d)], while there are no coincidences with the 81* — 6T
transition [Fig. 3(a)]. This pattern is consistent with the 503-
keV y ray feeding the 6] level observed in Ref. [12].

There seem to be self-coincidences of gating transitions in
Figs. 3(a)-3(d). The 245-keV peak in Fig. 3(a) is caused by
a small overlap of the energy gate with the 240-keV y ray,
which is in coincidence with the 245-keV transition (Fig. 2).
The weak, broad structures close to 325 keV in Fig. 3(b) and
406 keV in Fig. 3(c) stem from polonium K,; x rays (E =
79.3 keV [21]) summed with the 245- and 325-keV transi-
tions, respectively. The 609-keV peak in Fig. 3(d) comes from
the two sources. First, there is a small overlap of the energy
gate with the 613-keV y ray. Second, the y-y-y coinci-
dences with the requirement of two ~609-keV y rays revealed
coincidences with the 665-, 720- and 1385-keV transitions
known from the B~ decay of 2'“Bi¢ [8]. They depopulate
the 1995-keV I™ = 1~ state in 2'*Po [8]. The latter state can

be populated from the 2605-keV I™ = (27) level [8] by a
610-keV transition, which was not observed so far, giving
rise to the 610-1385-609-keV and 610-720-665-609-keV cas-
cades. For simplicity, these levels populated in the 8~ decay
of 21*Bi¢ are not shown in Fig. 2.

To test the prompt character of the newly identified y-ray
transitions, B-y coincidences were used. All of these tran-
sitions have prompt coincidences with Af(8-y) < 200 ns,
which limits their possible multipolarities to E1, M1, or E2.
The prompt character of the 613-keV y ray, largely hidden
by the 609-keV peak, was confirmed by time differences of
609-613-keV y-y coincidences.

The list of y-ray transitions following the 8~ decay of
214Bi™ is given in Table I and the list of summing peaks
present in Fig. 3 is shown in Table II. To calculate transition
intensities I;, three approaches to obtain the total internal-
conversion coefficients ¢ were used and they are noted in
the last column of Table I. Experimental values of oy, were
used for the 49- and 240-keV transitions. For transitions with
known E?2 multipolarity, the corresponding oo ¢, Were taken
from Ref. [22] and “E2” is noted. For transitions with un-
known multipolarities, a range of oy, was used. The range
was calculated as the average of lower [oor 1 (E'1)] and upper
[, (M 1)] limit from Ref. [22], with the uncertainty taken
as the difference between the upper and the lower limit divided
by two.

Apart from the 609-keV (2] — 07) transition, which is
used to normalize the reported intensities, no other transitions
feeding the g.s. were observed. Since only the high-spin levels
are directly fed in the f~ decay of 2'*Bi™, the intensities
I; in Table I are directly equal to the absolute transition
intensities per 1008~ decays of >'“Bi”. To obtain absolute
y-ray intensities per 1008~ decays from I, the latter needs to
be multiplied by a factor 1/[1 + oo (609 keV)] = 0.9800(3),
where oo 1 (609 keV, E2) = 0.0204(3) [22] was used.

B. y-y coincidences with transitions above ground-state band

Figure 4 presents coincidences with transitions from ex-
cited states above the 8;’ level in '*Po. The 426-keV y ray
[Fig. 4(a)] is, apart from the g.s. band transitions, only in
coincidence with the 49-keV y ray. Similarly the 49-keV
transition [Fig. 4(b)] is only in coincidence with the 426-keV
y ray and the cascade below the ST level, which establishes
a cascade of 426-49-keV y rays decaying to the 8/ level.
The energy sum of the cascade is 49.1(2) 4+ 426.1(2) keV =
475.2(3) keV which suggests that the 475.1(2)-keV y ray
identified in Sec. IIT A is a crossover transition. Together with
the fact that the 475-keV transition is only in coincidence
with the g.s. band transitions up to the 8? level [Fig. 4(c)] it
establishes a new level at 2059.5(4) keV (Fig. 2). We note that
a few y-ray transitions following the EC/B* decay of *!°Rn
are visible in Fig. 4(c). This is caused by the partial overlap of
the energy gate with the 472.80(7)-keV y ray from the EC/8"
decay of 2'%Rn [1].

The intensity of the 426-keV y ray in Fig. 4(b) is ap-
parently much weaker (note the logarithmic scale of the Y
axis) compared with g.s. band transitions. The conversion
coefficient for any possible multipolarity is small at 426 keV,

054301-4



NEW B-DECAYING STATE IN 2“Bi

PHYSICAL REVIEW C 104, 054301 (2021)

106 E_. e L e o e e e e L e oo e e I L e e e e e e e LE
E - (a) 245-keV o g 8 % é g 2 % E
10° £ SQ gate N ® < < b © N
£ g i i
E x .
10* — r
10°

(b) 325-keV
gate

>

Q

X

-

~

[} 3

b= E

= r (c) 406-keV

8 - _ gate
10°

0
E I ' ' T
[ (d) 609-keV
L gate
10°F N P!
F i N
0L

FET

L P I B
100 200 300

S . A
400 500 600

E, (keV)

FIG. 3. Background-subtracted spectra of y rays in coincidence with the following g.s. band transitions: (a) 245 keV (8] — 6]),
(b) 325 keV (6] — 47), (c) 406 keV (4?r — 2?’), and (d) 609 keV (2?’ — 07). Peaks labeled only by energies belong to transitions following
the B~ decay of >'*Bi”, transitions with labels in blue italic are new. Peaks marked by bullets are caused by summing of transitions in cascades
(the list of these peaks and the relevant cascades are given in Table II), peaks marked by plus signs belong to transitions following the 8~
decay of >'*Bi¢ [8]. The broader peak-like structures with depressions in the background around them are artificial peaks caused by Compton

scattering.

so if the gating 49-keV y ray was the first in the 426-49-keV
cascade, the 426-keV transition would have to have the same
intensity as the subsequent g.s. band transitions. Therefore,
the 426-keV y ray has to be the first in the cascade and
we establish a 1633.5(4)-keV level decaying via the 49-keV
transition to the 8/ state (Fig. 2). Conversely, the low intensity
of the 49-keV peak compared with the g.s. band transitions
in Fig. 4(a) is caused by the high conversion coefficient

of this low-energy transition, which is further discussed in
Sec. III C.

The 240-keV y ray is only in coincidence with the g.s.
band transitions [Fig. 4(d)]. Particularly, no coincidences with
the 49-keV y ray were observed. The relative y-ray intensity
I, of the 240-keV transition is higher than /,, of the 426-keV
transition (Table I), for which strong coincidence with the
49-keV y ray was identified [Figs. 4(a) and 4(b)]. Thus, the
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TABLEL y-ray transitions following the 8~ decay of *'*Bi™. E,, stands for y-ray energy, E; and E are the respective energies of the initial
and the final level of the y-ray transition, I, is the y-ray intensity relative to the intensity of the 609-keV y rays, and I, is the transition intensity
relative to the intensity of the 609-keV transition. The energy and intensity for the 325-keV transition are deduced from y-y coincidences
gated on the 245-keV y ray [Fig. 3(a)], while for the rest, the values are from y-y coincidences gated on the 325-keV y ray [Fig. 3(b)]. Total
internal-conversion coefficients used to calculate /, are in the column labeled ¢, and the last column notes different approaches to obtain or
estimate o, see text for details. The uncertainty in the y-ray energy calibration is 0.2 keV, statistical uncertainties are negligible.

E, (keV) E; (keV) E; (keV) 1, (%) I, (%) Qior Note
49.1 1633.5 1584.4 1.22(9) 26(3) 20.6(17) This work
240.1 1824.5 1584.4 12.8(6) 21.3(16) 0.7(1) [12]
244.5 1584.4 1339.9 83(4) 101(4) 0.239(4) E2
324.8 1339.9 1015.1 95(4) 102(4) 0.0999(14) E2
335.5 1969.1 1633.5 0.59(6) 0.70(12) 0.20(17) MI1-E1
384.7 1969.1 1584.4 2.18(12) 2.4(3) 0.14(12) M1-E1
405.8 1015.1 609.3 97(4) 100(4) 0.0542(8) E2
426.1 2059.5 1633.5 9.5(4) 10.2(10) 0.11(9) MI1-El
475.1 2059.5 1584.4 8.1(4) 8.6(7) 0.08(7) M1-E1
503.1 1843.0 1339.9 0.47(6) 0.50(6) 0.07(6) M1-E1
564.0 2197.6 1633.5 1.31(7) 1.35(9) 0.05(4) MI1-El
574.6 2159.0 1584.4 0.24(4) 0.25(4) 0.05(4) M1-E1
609.3 609.3 0 100 100 0.0204(3) E2
613.2 2197.6 1584.4 4.04(19) 4.1(2) 0.04(3) MI1-E1
741.9 0.92(6) 0.92(6) 0.025(20) M1-E1

placement of the 240-keV transition as feeding directly the
8;’ state (Fig. 2) suggested in Ref. [12] is confirmed.

There is also a &564-keV peak visible in Fig. 4(d), but it
cannot be the 564-keV transition identified in Sec. III A be-
cause its intensity is too low.? Instead, it belongs to a broader
structure caused by Compton scattering of the 804-keV y rays
from the EC/B" decay of 2!°Rn and 806-keV y rays from
the B~ decay of >'*Bi¢ [8]. Transitions following the EC/8*
decay of 2!°Rn are visible in Fig. 4(d) because of the overlap
between the energy gate and the 238.1(1)-keV transition from
the EC/B™ decay of *!°Rn [1].

Due to the high conversion coefficient of the 49-keV tran-
sition (see Sec. III C), it is not possible to confirm or rule out
its coincidences with a number of weaker transitions (336,
385, 564, 613, and 742 keV). However, the energy of the
384.7(2)-keV vy ray fits the energy sum of 335.5(2) + 49.1(2)
keV, thus we propose a 1969.1(4)-keV level decaying via
the 385-keV transition to the 1584-keV state and via the
336-keV y ray to the 1634-keV state. Similarly, the energy
of the 613.2(2)-keV y ray is equal to the energy sum of
564.0(2) + 49.1(2) keV, therefore we suggest a 2197.6(4)-
keV level decaying via the 613- and 564-keV transitions into
the 1584- and 1634-keV states, respectively (Fig. 2). The
564-49-keV cascade is also supported by a hint of the 564-keV
peak in the 49-keV gate in the y-y coincidences [Fig. 4(b)].

2If the 564-keV transition was feeding into 85 level, the intensity
of the ~564-keV peak in Fig. 4(d) would have to be the same as
the intensity within gates on the subsequent transitions. After cor-
rection for efficiency and conversion of respective gating transitions,
N(564 keV) = 9.5(9) x 10* in the 240-keV gate, while within the
325-keV gate N(564 keV) = 2.34(12) x 10*.

The remaining 742-keV transition may be feeding either the
1584- or the 1634-keV level.

C. Multipolarity of the 49-keV transition

The total internal-conversion coefficient oo exp Of the
49-keV transition, depopulating the 1634-keV level, was de-
termined from the spectrum gated by the 426-keV y ray
[Fig. 4(a)]. As the 426-keV transition is feeding into the
1634-keV level (Fig. 2), the 49-keV and the subsequent
transitions have to have the same intensity after correc-
tion for conversion and efficiency within the 426-keV gate
[Fig. 4(a)]. By comparing the efficiency corrected number
of counts in the 49-keV peak with the number of counts
in the 325-keV peak corrected for oo (325 keV, E2) [22]
and efficiency, an oer,exp(49 keV) = 20.6(17) was deduced.
This value corresponds to a dominant M1 multipolarity
[oor,n (49 keV, M1) = 16.92(24) [22]] with the possibility
of a small E2 [aor, (49 keV, E2) = 208(3) [22]] and/or EO

TABLE II. List of summing peaks present in Figs. 3 and 4 and
summed y or x rays forming these peaks.

Egum (keV) E of summed y or x rays (keV)
485 240 + 245

406 + 79 (x rays)
570 245 4 325
646 240 + 406
650 245 4 406
671 245 + 426
688 609 + 79 (x rays)
720 245 4 475
731 325 + 406
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FIG. 4. Background-subtracted spectra of y rays in coincidence with (a) 426 keV, (b) 49 keV, (c) 475 keV, and (d) 240 keV. Peaks labeled
only by energies belong to transitions following the 8~ decay of 2'*Bi", transitions with labels in blue italics are new. Peaks marked by bullets
are caused by summing of transitions in cascades (a list of these peaks and relevant cascades is given in Table II), peaks marked by asterisks
belong to transitions following the EC/A™* decay of >'°Rn [1]. The broader peak-like structures with depressions in the background around

them are artificial peaks caused by Compton scattering.

admixture. The possible spin and parity of the 1634-keV level
decaying via the 49-keV transition into the 8] state can thus
be constrained to values I = (7, 8%, 97).

D. Half-lives of 2Bi” and >'Bi¢

A specific experimental setting was used to determine
the half-lives of 2'“Bi” and 2'“Bi¢. After implanting a

sample of A/q =214 ions onto the tape, the beam gate
was closed and the y-ray activity was monitored for about
two hours. In the case of >'*Bi™, the intensity variation of
the 325-keV transition as a function of time was used to
determine its half-life. This 6] — 4] transition is not fed
in the B~ decay of 2*Bi¢ and the y-y coincidence anal-
ysis revealed no contamination of the 325-keV line. The
resulting time distribution is shown in Fig. 5(a) and from
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FIG. 5. Background-subtracted time distributions for (a)
325-keV y ray and (b) 1764-keV y ray, obtained when the beam
gate was closed. Each distribution was fit (solid red line) by an
exponential function (dashed blue line) plus constant (dotted black
line). The corresponding normalized residuals of the fits are plotted
below each time distribution, dashed lines in these plots mark values
of —10, 00, and lo.

the fit the half-life of 2'*Bi” was deduced to be T; 2=
9.39(10) min.

To obtain a clean time distribution of 2'“Bi¢, a gate on the
1764-keV y ray from a relatively high-lying low-spin level
(1764 keV 17 — 0 keV 07 [8]) was used. The distribution is
presented in Fig. 5(b) and yields a T;» = 19.9(2) min., which
is consistent with the literature values of 77, = 19.71(2) min.
[23] and 77/ = 19.9(4) min. [24].

The excellent description of the time distributions in
Figs. 5(a) and 5(b) by a single exponential function indicates,
that regardless of the relative position of 2*Bi” and 2'*Bi¢
states, there is no strong internal decay between them. Other-
wise, the time distribution of the lower-lying level would be
distorted by the growth and decay curve caused by internal
decays of the higher-lying level. If 2'*Bi¢ were indeed the
g.s., the match of the measured 7j (?'Bi®) with the literature
values would further support the absence of a strong internal
decay branch for 2"Bi™.

E. Spin and parity of >"*Bi"

The apparent B-decay feeding intensities shown in Fig. 2
were estimated as differences between transition intensities

depopulating and transition intensities feeding the specific
level (the transition intensities are listed in Table I). Using
these values, the half-life determined in Sec. IIID and the
Q value for B decay Qg = 3269(11) keV [25], the log(f?)
values were determined by employing the NNDC log(f?)
calculator [26]. Different Fermi integrals need to be used to
calculate log(fot), corresponding to allowed or first forbidden
nonunique decays (both types change spin by Al =0, 1), and
log(f1t), corresponding to first forbidden unique decays (with
Al = 2). To distinguish which types of 8 decays are feeding
the levels observed in our experiment, both the log(fyt) and
the log(fit) values were calculated and are shown in Fig. 2.

The excitation energy of >'*Bi” needed as an input to
log(ft) calculation is unknown, but based on systematics
it is expected to be small. The high-spin [/* =9~ and
(97, 87)] isomers in lighter isotopes 2'°Bi and 2'’Bi have
excitation energies of 271.31(11) keV (*'°Bi”) [1] and about
240-250 keV (*'’Bi™) [27,28], respectively. In the heavier
isotopes 2'®Bi, 2'°Bi, high-spin g.s. with I” = (6=,7,87)
[4] and I" = (67,77) [3,7]), respectively, were proposed.
Moreover, a low-spin I = (3) isomer is present in 21685, but
because of its low excitation energy with a large uncertainty
E* =24(19) keV [7], the order of the two long-lived states in
216B; is not firmly fixed. Nevertheless, the excitation energy of
the high-spin states decreases when going from 2!°Bi to >'*Bi
and thus it can be assumed that '*Bi"™ has an excitation energy
below 250 ke V. The two shell-model calculations discussed in
Sec. IV A are in line with this trend, thus a rounded average of
100 keV from these calculations was used for the excitation
energy for the log(ft) determination. For the latter, the same
value of 100 keV was taken as an uncertainty of the excitation
energy to cover most of the energy region where the isomer
could be expected. Note that using a significantly higher exci-
tation energy of, e.g., 500 keV would only increase the log(f?)
values by 20.5-0.6 and the conclusions drawn below would
not be altered.

As it is not possible to rule out the presence of a Pandemo-
nium effect [29], the quoted apparent S-decay feedings have
to be considered as upper limits and the log(ft) values as
lower limits. However, the feeding of the 87 and 87 levels
is so strong [37(5)% and 21.3(16)%, respectively], that even
if we assume the real direct S-decay feeding to be only 1/2
of the values from Fig. 2, the resulting log(fi¢) values are
still well below the log(f1#) > 8.5 limit for the first forbidden
unique decays [30,31]: 7.50(16) for the 81+ level and 7.39(17)
for the 82+ state. Thus, the log(fi¢) and log(fyt) values for the
feeding of the 8T and 8; levels are consistent only with the
first forbidden nonunique or allowed decays with Al =0, 1
[30,31]. Considering, that only negative-parity states are pre-
dicted at low excitation energies (<500 keV) for 24B; (see
Sec. IV A), the decays can be further limited to first forbidden
nonunique type and the spin and parity assignments for 2'4Bi"
can be constrained to I = (77,87,97).

No evidence of direct feeding of the 1340-keV 67
state was found: when gating in y-y coincidences on the
325-keV 67 — 4Ty ray, the transition intensities of the 245-
keV 8] — 67, the 406-keV 4+ — 27 and the 609-keV 2+ —
0" transitions are the same within the uncertainties (Table I).
If there was a strong direct feeding of the 67 level, it would
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cause higher transition intensities of the 406- and 609-keV
y rays compared with the 245-keV y ray within this gate
[Fig. 3(b)]. Moreover, no feeding of the 107 states reported in
Ref. [12] was observed and only a weak feeding of one of the
two I = 9 states from Ref. [12] was found (Fig. 2). Although
the possibility of I™ = (77, 97) for 2'*Bi” cannot be strictly
excluded, based on this S-decay feeding pattern and based on
the comparison with shell-model calculations in Sec. IV A, we
propose I™ = (87) as a preferred assignment. This assignment
is consistent with the neighboring isotope 2!*Bi, where an
I =(97,87) isomer is present [2] and for which ™ = 8§~
was suggested based on comparison of experimental data with
shell-model calculations and predicted S-decay rates [32].

We note, that an isomer in 2'*Bi with an excitation energy
of 539(30) keV and a half-life of >93 s was identified in
Ref. [33]. This isomer was suggested to have I = 8~ in the
NUBASE evaluation [34] based on the trend in neighboring
nuclei. Although it is not possible to directly confirm or dis-
prove if 2'4Bi™ discussed in the present work is the same state
as the one identified in Ref. [33], the trend in excitation ener-
gies of isomers and ground-state /™ assignments for 2!%218Bj
discussed above, and the shell-model calculations presented
in Sec. I'V A strongly indicate that such high excitation energy
could not correspond to 2'*Bi™ identified in our study. Fol-
lowing this conclusion, the isomer from Ref. [33] cannot be
explained as an I” = 8~ isomer analogous to isomers in 2!°Bi
and 2!?Bi.

F. Constraints on spins for levels in 2*Po

Log(fit) values from B-decay feeding of all newly identi-
fied levels in 2'*Po (Fig. 2), ranging from 6.8 to 7.7, exclude
the possibility of first forbidden unique decays (Al =2)
[30,31]. Therefore, we assume that these 8 decays correspond
to first forbidden nonunique or allowed decays (Al =0, 1).
Considering the preferred I” = (87) for 2*Bi™, the possible
spins of populated states then range from 7 to 9. As only
positive-parity states with these spins are expected below
2.5 MeV (see Sec. IV B), the possible assignments are con-
strained to I = (77, 8%, 9™).

The I™ = (71) assignments for the new levels can be ruled
out by investigating expected y -ray intensities for unobserved
M 1 transitions from these levels to the 67 state (Fig. 2). Inter-
nal conversion is not taken into account, because corrections
for conversion would cancel out in the end when evaluating
the hindrances. For example, the 49-keV M1 transition from
the state at 1634 keV would compete with the 294-keV M1
transition feeding the 6 level. Assuming that both transitions
had the same reduced M 1 transition probability B(M 1), the ra-
tio of their y-ray intensities depopulating the 1634-keV level
would be I, 1o 11(294 keV)/I, re1,(49 keV) = 214. Using the
measured y-ray intensity of the 49-keV transition from Table I
to scale I, r1,n (294 keV), the estimated y-ray intensity of
the 294-keV transition would be I, 1, = 261%. However, the
experimental limit of I, o, < 0.20% was determined for the
unobserved 294-keV y ray, which means that this transition
would have to be hindered by a factor of 1300 (Table III)
compared with the B(M 1) of the 49-keV transition.

TABLE III. Hindrance of unobserved M1 transitions from new
levels in 2'*Po to the 6% state based on theoretical intensities, see
text for details. E, stands for the energy of unobserved y ray, E; is
the energy of initial level, I, 4 is estimated y-ray intensity relative
to I, (609 keV) and I, ., is the experimental limit of y-ray intensity
relative to I, (609 keV).

E, (keV) E; (keV) L, o (%) L, exp (%) Hindrance
293.6 1633.5 261 <0.20 1304
629.2 1969.1 9.5 <0.13 73
719.6 2059.5 28.1 <0.20 141
857.7 2197.6 11.1 <0.14 79

The same procedure was used for parallel observed and
unobserved M1 transitions to the 8/ and 6™ states from the
rest of the new levels at 1969, 2060, and 2198 keV (Fig. 2),
assuming their 7% character. The resulting hindrances are
shown in Table III. All of the unobserved M1 transitions
would have to be hindered by a factor of 70 or higher, and
therefore the I = (77) assignment is unlikely for all of the
levels in Table II1.

A log(fit) value of 8.69(17) for the S-decay feeding of
the 1843-keV level (Fig. 2) is above the limit for first for-
bidden unique decays [log(fi?) > 8.5 [30,31]], thus this type
of decay cannot be excluded. The 1843-keV level could then
have an I™ = 61-10". However, the specific decay pattern
of the level (only the 503-keV transition to the 6T state is
observed), gives further constraints on the spin for this state.
An I"™ = 7" assignment is consistent with the nonobservation
of the M1 transition to the 81+ state, because of the lower
energy of such transition (£, = 259 keV). Similarly, an I" =
6" option agrees with the nonobservation of the 259-keV y
ray and the 828-keV transition to the 4;“ level, because they
would have E2 characters and could not compete with the
503-keV M1 transition. This conclusion follows from Weis-
skopf estimates [21], assuming the same B values of 1 W.u.
for these transitions. Even the higher energy 828-keV E2
y ray, to compete with the 503-keV M1 transition (having
50% : 50% relative intensities), B(E2, 828 keV) would have
to be enhanced ~120x compared with B(M 1, 503 keV). For
an ™ = 8% assignment, the 259-keV M1 transition to the 8T
state would be dominant compared with the 503-keV E?2 y ray
to the 67 state, based on Weisskopf estimates assuming the
same B values of 1 W.u. for both transitions. To compete with
the 259-keV M1 transition, the B(E2, 503 keV) would have
to be enhanced ~300x compared with the B(M 1, 259 keV)
value. Finally, the assignments of 9% or 10" for the 1843-keV
level would lead to an unrealistic M3 or E4 character, respec-
tively, for the 503-keV y ray. Therefore, the I™ = (6T, 71)
assignment is suggested for this level.

IV. COMPARISON WITH THEORY

A. Levels in “Bi

To get a deeper insight in the nature of *'*Bi” and of
the populated states in 2'*Po, shell-model (SM) calculations
using two different effective interactions were performed and
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FIG. 6. The calculated energies of yrast and yrare states below
700 keV in 2“Bi using KHPE (blue symbols) and H208 (red sym-
bols) interactions are shown together with the experimental energies
(black circles) from Refs. [10,11]. Yrast SM states stemming from
the 7w0hy/» ® v1go,, multiplet are connected by solid lines. Labels
indicate dominant configurations of the odd proton and odd neutron.

compared with our measurements. Both calculations used the
large particle model space spanning across Ohg >, 1f7/2, 15,2,
2p3j2, 2p1y2, 0i13/2 orbits for protons, and 1892, 0i112, 1872,
2ds 2, 2d32, 3512, 05,2 orbits for neutrons, lying energeti-
cally above the Fermi surface of the 2°*Pb closed core.

One of the SM calculations was based on the well-known
modified Kuo-Herling particle interaction (KHPE) [35] and
employed the SM code KSHELL [36]. The other SM calcula-
tion used the new H208 effective interaction [37,38], which
was derived by way of many-body perturbation theory of the
effective Hamiltonian at second-order of the Q-box folded-
diagrams [39], starting from a low-momentum two-body
potential derived from the CD-Bonn potential [40]. Some
adjustments of the monopole component have been fine-tuned
to reproduce the proton and neutron single-particle energies
of the N = 126 and 127 isotonic chains, respectively. The
diagonalization of the Hamiltonian of the nuclei of interest
was carried out using the ANTOINE SM code [41,42].

Results for yrast and yrare (the second lowest-lying level
with a given spin) states in 2'*Bi with excitation energies be-
low 700 keV are presented in Fig. 6, along with experimental
levels from Refs. [10,11]. In the used model space, 2l4Bj s
described by one valence proton and five valence neutrons,
although mostly the odd proton and odd neutron determine
the dominant SM configurations based on the multiplets of
proton-neutron matrix elements. The yrast states from 0~ to
9~ have a dominant 7 0hg/, ® vigg,, configuration. On av-
erage, three neutrons are located in the 1go/> orbital, while
the remaining pair is scattered to higher-lying orbitals such
as 07y1/2, 0j15/2 or sometimes 1g7,,. The remaining states in-
clude configurations with the odd proton or neutron occupying
other orbitals such as w0hg/» ® V0iy1/2, w1f72 ® vigy,2, and
well-mixed w0hg/, ® v1gy,» + m1f72 @ vigg). The two SM

calculations predict the same first positive-parity state (31)
with a configuration of 70k, ® V05,2 at 572 keV (KHPE)
and 538 keV (H208), all the other states in Fig. 6 have negative
parities.

For the yrast states, there is a good agreement between the
calculations and available experimental energies. In the case
of yrare states, there is ~200 keV shift in energies from the
two calculations (Fig. 6). Both calculations support I* = 1~
g.s., while higher-spin yrast states roughly follow a flattened
downward concave parabola up to /™ = 8~ level, which re-
sults in the prediction of an /™ = 8~ isomeric state with an
excitation energy of 83 keV (KHPE) and 109 keV (H208).

The observed parabolic trend in level energies from
proton-neutron multiplets in odd-odd nuclei is a well-known
phenomenon discussed in Ref. [43], where also an analytic ex-
pression for calculation of these level energies was introduced.
The latter approach was applied in Ref. [3], assuming the case
of pure 70hg/» ® v1g9,>» multiplets in the heavy bismuth iso-
topes. Downward concave parabolas of the excitation energy
versus spin for 21%2!2Bi supported the particle-particle char-
acter of the 7w0hg/» ® v1gy,, multiplet, which was to a large
extent consistent with the /" =1~ gs.and/ =97,(87,97)
isomers in 2'%212Bi, For 2'*Bi, a monotone increase of level
energies with increasing spin was predicted [3], pointing to a
transition towards the proton particle-neutron hole nature of
the multiplet. However, the known energies for yrast states
from I = 17 to I = 47, the observation of the 8-decaying
isomeric state [/* = (87)] and the large-scale SM calcula-
tions (Fig. 6) suggest that the multiplet appears to partially
retain its particle-particle character also in 2'*Bi. This fol-
lows from the delayed filling of the v1gg/, orbital predicted
by the SM calculations, which is caused by the scattering
of neutron pairs to higher-lying orbitals mentioned above.
Furthermore, the effect of mixing with states belonging to
the proton-neutron multiplet 70k, ® v0ij1/, (I™ from 17 to
107), and to lesser extent w1 f7,» ® v1go/» (I from 17 to 87)
and others, additionally modifies the simple picture of one
multiplet.

The results of SM calculations are in agreement with the
B-decay feeding pattern observed for 2'*Bi” in our experiment
(Sec. IITE) and with the I™ = 1~ assignment for 2'*Bi¢ from
the literature [8]. They also fit into the trend of decreasing
excitation energies with increasing neutron number observed
for the low-lying isomers in 210.212.216B6 11,2.7] (discussed
in Sec. III E). Moreover, both calculations are consistent with
the experimental nonobservation of an internal decay branch
between 2“Bi” and 21Bi¢ (see Sec. III D) as the spin gap for
the internal decay of the 8~ state is Al > 4 with an energy
difference of a few dozens of keV.

B. Levels in ?*Po

Shell-model calculations were also performed for levels in
214Po using the two SM approaches introduced in Sec. IV A.
The calculated level energies are compared with the experi-
mental results in Fig. 7. To simplify Fig. 7 and to focus the
discussion on the higher-spin states, observed in the present
work, only a limited number of states is displayed. For spins
below I = 6, only 0], 2{, 41 are included, while for I =
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FIG. 7. Comparison of levels in 2Po from experiment and from SM calculations based on KHPE and H208 interactions. Experimental
levels drawn by solid lines are from the present work, with two additional levels with spin 7 and 9 taken from Ref. [12] and drawn as dashed
lines. From SM calculations, only levels with spins and energies relevant for comparison with the current experiment are displayed (see
Sec. IV B). All of these SM levels have positive parities. Spins are given on the left sides of the levels, energies in keV are given on the right

sides. Levels with the same spins are highlighted in the same colors.

6, the four lowest-lying levels are presented. In the case
of higher-spin levels with / =7,8,9, all SM states below
2.5 MeV are shown. All of the calculated levels within this
spin and energy range have positive parities.

The two calculations are in a good agreement with each
other, although a systematic shift of up to 50-100 keV to
higher energies is observed for the most of the states from
the KHPE calculation compared with the H208. We use
the calculated energies to guide the identification of the ex-
perimentally observed levels in this work. In the following
text, the levels from the SM calculations will be denoted
by the abbreviation SM and corresponding I* value, for
example SM ST state. When discussing consistency of exper-
imental levels with specific SM states, the states from both
calculations are considered at the same time if not stated
otherwise.

Overall, the agreement between theory and experiment for
the members of the g.s. band (0], 2,4, 61, 8]) is very good.
The next experimental level at 1634 keV, with I = (8%, 91),,
is close in energy to the SM 8] state. However, given the
range of spins, the SM 97 level ~120 keV higher might be
another possible interpretation for the (8%, 9%); state. The
experimental 87 state lies in between the SM 8] and SM 87
states, thus there is no clear preference to which of the two
states it corresponds, unless the SM 8;’ were already assigned
to the aforementioned (8", 9%); level.

The state at 1843 keV with a proposed I = (61, 7) as-
signment (Fig. 2) is in excellent agreement with the SM 77
state (within 2240 keV). At the same time, this I” = (67, 7T)
level lies between the SM 6] and SM 6 states. Although
the energy differences between the experimental state and
these 6 levels are somewhat larger (mainly in H208 with
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AE > 100 keV), the interpretation of the I = (61, 71) level
as the SM 6] or SM 6/ state cannot be excluded. The [ =7
level at 1982 keV from Ref. [12] agrees within 3 keV with the
SM 77 state from KHPE. Despite almost ~2100 keV discrep-
ancy with the SM 75 from the H208, the SM 75 state remains
to be the most plausible interpretation of this experimental
level considering its spin assignment.

In spite of the larger energy difference of up to 150-250
keV, the two I = 9 states at 2159 (Fig. 2) and 2272 keV [12]
can be associated only with the SM 95 and 97 states (Fig. 7).
It is worth noting that, although the SM level energies are
shifted to higher values, the energy differences between the
SM 97 and 9§ levels of ~100 keV (H208) and ~80 keV
(KHPE) are consistent with the difference of ~110 keV for
the two experimental / = 9 states.

The three remaining experimental states at 1969, 2060, and
2198 keV with I™ = (8%, 97) identified in the present study
(Fig. 2) can then be explained as 8% states from the group
of the SM 87 -8 levels (Fig. 7). There is a particularly good
agreement in energies of the (8", 97), level with the SM 87
state and the (8%, 9%); level with the SM 8 state. However,
if the SM 87 state would be associated with the experimental
87 state, as discussed above, then these (8+,9%),-(8%,91),
levels would be from the group of the SM 8/ -87 levels.

V. CONCLUSIONS

The new B-decaying state in 2'*Bi (denoted >'*Bi™) and
populated states in >'*Po have been studied at the ISOLDE
Decay Station. Based on the observed B-decay feeding pattern
to states in 2'*Po, deduced lower limits of log(f?) values and
comparison with shell-model (SM) calculations, a spin-parity
assignment of I” = (8~) was proposed for >'*Bi”. A half-
life of 712 = 9.39(10) min. was measured for 214Bim  while
for the previously known I” = 1~ B-decaying state in >'“Bi
(*"Bi®) a half-life of 7; > = 19.9(2) min. was deduced, which
agrees with previous value of 71,5 = 19.71(2) min. [23].

The decays of excited states populated in 2'*Po via the
decay of 2*Bi™ were investigated using y-y coincidences.

Several new levels and y-ray transitions were identified and
placed into the decay scheme. Possible spins of the new levels
were proposed based on deduced log(f?) values and compari-
son of the observed deexcitation pattern with theoretical y -ray
intensities for depopulation of the states.

Experimental results were compared with two different SM
calculations for excited states in *'“Bi and *'*Po based on
the H208 interaction [37,38] and the modified Kuo-Herling
particle interaction (KHPE) [35]. Both SM calculations inter-
pret 2'4Bi"™ as an I” = 8~ isomer and 2'*Bi¢ (I” = 17) as
the ground state. Tentative assignments of SM states from
the calculations to several high-spin states in 2'*Po were pos-
sible. Namely, the three highest-lying (8%, 9") states from
the present work may be interpreted as 8% states from the
group of the shell-model 87 -8 levels, and the experimental
I = 9 levels reported in Ref. [12] can be associated with the
shell-model 97, 95 states, respectively.
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