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Two long-standing puzzles in the decay of 185Bi, the heaviest known proton-emitting nucleus
are revisited. These are the non-observation of the 9/2− state, which is the ground state of all
heavier odd-A Bi isotopes, and the hindered nature of proton and α decays of its presumed 60-
µs 1/2+ ground state. The 185Bi nucleus has now been studied with the 95Mo(93Nb,3n) reaction
in complementary experiments using the Fragment Mass Analyzer (FMA) and the Argonne Gas-
Filled Analyzer (AGFA) at Argonne National Laboratory’s ATLAS facility. The experiments have
established the existence of two states in 185Bi; the short-lived, T1/2 = 2.8+2.3

−1.0 µs, proton- and
α-decaying ground state, and a 58(2)-µs γ-decaying isomer, the half-life of which was previously
attributed to the ground state. The reassignment of the ground-state lifetime results in a proton-
decay spectroscopic factor close to unity, and represents the only known example of a ground-state
proton decay to a daughter nucleus (184Pb) with a major shell closure. The data also demonstrate
that the ordering of low- and high-spin states in 185Bi is reversed relative to the heavier odd-A Bi
isotopes, with the intruder-based 1/2+ configuration becoming the ground, similar to the lightest
At nuclides.

Proton radioactivity, where the atomic nucleus is ener-
getically unstable to the spontaneous emission of a pro-
ton, is a key, and often the only, source of nuclear struc-
ture and mass-landscape information at, and beyond, the
proton dripline [1–7]. The location of the proton dripline,
and the structure of the exotic nuclei that lie on it, also
constrains the path of nucleosynthesis and the termina-
tion of the rp process in explosive astrophysical environ-
ments, such as X-ray bursts, see, e.g., Refs [7–9].

The phenomenon of proton radioactivity from the
ground state (gs) has been experimentally observed in
the most neutron-deficient isotopes of all odd-Z nuclides
with 53 ≤ Z ≤ 83, see Ref. [2] and references therein,
with promethium (Z = 61) being the only exception.
Proton decay is a quantum-tunnelling phenomenon, but,
in contrast to α decay which requires the consideration
of the formation of an α particle on the surface of the
nucleus, the pre-existence of protons within the nucleus
allows for its simpler theoretical treatment [10, 11]. Fur-
thermore, due to its strong dependence on the proton’s
energy and orbital angular momentum, the proton de-
cay rate is often used to assign specific configurations to
the parent nuclide. Indeed, as shown in e.g. Ref. [12],
several theoretical approaches, applied to spherical pro-
ton emitters (Z = 69–81), provide a fair description of

their half-lives and spectroscopic factors (where the lat-
ter defines overlap between the wavefunctions of the par-
ent and daughter states plus one proton), without much
sensitivity to the specific choice of model parameters.
The situation is more complex for both moderately- and
strongly-deformed proton emitters with Z = 53–67. In
such cases, the proton orbital angular momentum, lp, is
no longer conserved, and different components can con-
tribute to the decay rate [13] producing major changes
in the (predicted) half-life compared to spherical calcu-
lations [12–15]. So far, only one case of proton decay
has been measured involving a daughter nucleus with a
major shell closure, 185Bi (Z=83) → 184Pb (Z=82) the
heaviest known proton emitter [2], which could provide a
fundamental benchmark for modelling the proton decay
process. However, this lp = 0 decay has hitherto been
found to be significantly hindered [16–18] compared to
spherical calculations and the origin of this hindrance
was not yet understood.

The 185Bi nuclide was first observed in 1996 at the
Fragment Mass Analyzer (FMA) at ANL [16], where 7
protons and 1 α-decay event were recorded. In the fol-
lowing decade, improved statistics were obtained in a
further FMA study [17] (23 protons and 5 α decays)
and at the velocity filter SHIP, GSI [18] (214 protons
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and 27 α decays). In all of these studies, only a single
particle-decaying state with T1/2 = 60(3) µs, assigned
as Iπ=1/2+, was observed, decaying predominantly via
a 90(2)% proton-emission branch to the 184Pb gs [19],
with a 10(2)% α-decay branch to the spherical 1/2+ gs
of 181Tl [20]; the branching ratios are taken from [18].

The presently-known decay properties of 185Bi display
a number of puzzling features. Firstly, no 9/2− level has
so far been observed, which is in contrast to all odd-A
isotopes 187−209Bi, with 9/2− [π(h9/2)1] ground states.
In addition, weakly-oblate 1/2+ [π(h9/2)2]⊗ (s1/2)−1])
intruder states have been identified in 187−209Bi [21, 22].

Secondly, as shown in Table 1 of Ref. [18], using the
known proton decay energy, Ep = 1598(16) keV [17],
and spherical WKB tunnelling probability calculations,
the calculated lp = 0 decay half-life is T 1

2 ,WKB = 1.7 µs.
This results in a low experimental spectroscopic factor
T 1

2 ,WKB/T 1
2 ,exp

= 0.025(2), which is comparable to the

experimental values deduced in Refs. [5, 16]. To account
for this strong hindrance, the previous studies suggested
a deformed configuration for the 1/2+ gs in 185Bi, which
would inhibit the decay to the predominantly spherical
0+ gs of 184Pb, albeit different signs of deformation were
proposed - an oblate shape in the FMA works [16, 17]
and a prolate one in the SHIP study [18]. Mixing of the
excited intruder 0+2 level, at 570 keV, and the gs, 0+gs,
in the 184Pb daughter was invoked to account for this
hindrance [16, 17].

Thirdly, previous studies noted that the gs→ gs, 1/2+

→ 1/2+, α decay of 185Bi→ 181Tl was hindered by a fac-
tor 14(3) [18]. This is in stark contrast to the unhindered
1/2+ → 1/2+ and 9/2− → 9/2− α decays observed be-
tween 187−195Bi and their Tl daughters, as summarized
in, e.g., Fig. 4b) of Ref. [18]. This hindrance was inter-
preted as possible evidence for a change in the configura-
tion of the 1/2+ level in 185Bi with respect to the 1/2+

states in the heavier, odd-A Bi isotopes. This was in-
directly supported by extensive potential-energy surface
(PES) and particle-rotor calculations for odd-A 185−195Bi
isotopes presented in Fig. 6 and 7 of Ref. [18].

It is also important to note that the study of Poli et al.
[17] was the first to question whether the 1/2+ state may
lie below the spherical h9/2 orbital and become the gs in
185Bi. This suggestion is in line with a well-documented
experimental downward trend in the excitation energy
of 1/2+ states in the odd-A Bi isotopes approaching the
neutron mid-shell at N = 104 (187Bi). However, no ex-
perimental confirmation yet existed for the swapping of
the 1/2+ and 9/2− states in 185Bi, as the 9/2− state had
yet to be observed. Such a switch has been experimen-
tally observed in the lightest odd-A isotopes 191−193At
(Z=85) [23, 24], where the 1/2+ intruder level becomes
the gs.

Therefore, one of the main goals of this work was to
search for excited states above the presumed 1/2+ gs of
185Bi, which could decay via γ-ray transitions or parti-

FIG. 1: The logarithm of the time difference between a recoil
implantation and a subsequent decay event occurring in the
same pixel of the DSSD as a function of the energy deposited
by the decay event, from the FMA experiment; see text for
details. Some groups are labelled with the isotopes they orig-
inate from. The slope in proton locus is due to the event
being piled-up with the recoil signal, see Fig. 1 of the Supple-
mental Material (SM) for a pile-up corrected spectrum. The
inset shows the proton decay curve obtained by combining
the FMA and AGFA data sets.

cle emission. This is a challenging task due to the dif-
ficulty in producing a sufficient number of 185Bi nuclei,
in a suitable reaction, and separating them from other,
more strongly produced, reaction products.

Nevertheless, as we can report in this Letter, by per-
forming two complementary experiments exploiting an
advanced fully-digital focal plane detection setup and
pulse-shape analysis, at both the FMA [25] and the Ar-
gonne Gas-Filled Analyzer (AGFA) [26], it was possible
to identify a γ-decaying isomeric state in 185Bi, which is
most probably a (7/2−) or (9/2−) level. In doing so, it
is demonstrated that the previously-known 60(3)-µs half-
life should be attributed to this new excited state, while
a much shorter half-life of 2.8+2.3

−1.0 µs is measured for the
1/2+ gs. This new information confirms the inverting of
high- and low-spin states in 185Bi and brings the proton
spectroscopic factor and reduced α-decay width in line
with the systematics of the heavier odd-A Bi isotopes
and, consequently, leads to a better understanding of the
configuration of 185Bi.

The 185Bi nuclei were produced via the 95Mo(93Nb,3n)
fusion-evaporation reaction, at a beam energy of 424
MeV with ∼ 780 µg/cm2-thick 95Mo targets. In the
first experiment, which lasted ∼105 hours, with an aver-
age beam intensity of 20 pnA, recoiling reaction products
were dispersed according to their mass-to-charge ratio us-
ing the FMA [25] and then passed through a parallel-grid
avalanche counter and a transmission ionization chamber
before being implanted into a ∼100 µm-thick, 64 x 64
mm2, 160 x 160 strip double-sided silicon strip detector
(DSSD). By employing spatial and temporal correlations,
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particle decay events from 185Bi could be cleanly identi-
fied, for events where the decay time is longer than 10
µs, as shown in Fig. 1. A total of 216 185Bi protons and
19 α-decay events were observed with a decay half-life of
58(3) µs, in agreement with previous work [16–18], but,
as we show below, the data obtained here require a new
interpretation of the 185Bi decay properties. The focal
plane setup was augmented by installing the Argonne X-
array [27], which consisted of 5 clover HPGe detectors
in a closely-packed geometry, for measuring delayed and
prompt γ rays correlated with decay events. The data
from each of the channels were recorded independently,
and each event was timestamped with a 100 MHz clock.

In order to benchmark the setup, α-γ coincidences for
the strongly-produced 185Pb isotope (T1/2 = 6.3(4) s)
were investigated. The resulting γ-ray spectra are clean
and are in excellent agreement with earlier work [28],
giving confidence in the analysis procedures and in the
discussion below. These data were also used to improve
the X-array energy calibration at low energies, using Hg
X-rays observed following the α-decay of Pb isotopes,
and as a timing reference for the prompt decay-γ events.

In order to search for γ rays correlated with 185Bi
events at the focal plane, recoil-γ-decay event chains were
studied. The resulting γ-ray spectrum, gated by 185Bi
proton- or α-decays within 300 µs of the recoil implanta-
tion, is shown in Fig. 2. Fifteen events are observed in
an otherwise extremely clean spectrum, including a clear
peak, consisting of 6 counts, at an energy of 74 keV. This
transition represents the first evidence of decay from an
isomeric state in 185Bi and, indeed, the first knowledge
on any excited state in this nucleus.

The energy and timing information of these 74-keV
events is given in Table 1, four of these were followed by
a proton, and one by the emission of an α particle. Based
on a maximum likelihood analysis of the 5 γ-ray events,
a lifetime of 82(33) µs (T1/2 = 57(23) µs) is determined

for the isomeric level and 4.0+3.3
−1.4 µs (T1/2 = 2.8+2.3

−1.0 µs)
for the particle-emitting gs. Importantly, one of these
γ rays is observed in prompt coincidence, within 20 ns,
with another γ ray at 75.0 keV, this pair will be discussed
further later in the text.

We suggest that the 74-keV transition is most likely a
γ ray as it is distinct from the Bi Kα1 X-ray energy (77.1
keV [29]) while Kα2 X-rays (74.8 keV in Bi [29]) are less
intense (60% of the Kα1 intensity). However, with the
present statistics we cannot completely rule out the pos-
sibility that a subset of the observed 74-keV γ rays cor-
responds to Bi Kα2 X-rays from converted transition(s).
For example, one of the γ rays in the coincident event
could be a 74-keV transition, while the second is a Bi K
X-ray from a coincident, converted one. Therefore, we
suggest that the observation of delayed γ rays should be
interpreted as the de-excitation of a long-lived isomeric
state in 185Bi (T 1

2
= 57(23) µs), which is responsible for

FIG. 2: The γ-ray spectrum obtained with the X-array for
events where an implant is followed by either a proton or α
decay from 185Bi, in the same pixel of the DSSD, within 300
µs of the recoil. The inset shows the same spectrum zoomed
in on the low-energy region of interest.

Event Eγ (keV) rec-γ time (µs) γ-p time (µs)
1 75.1 56.86 4.68
2† 74.1, 75.0 10.85 3.67
3 74.3 56.88 3.66
4 74.0 80.19 4.34

Event Eγ (keV) rec-γ time (µs) γ-α time (µs)
5 74.3 209.24 4.02

TABLE I: Energy and timing information for events in the
74-keV peak. The γ-decay times are determined relative to
the prompt peak, as shown in Fig. 2 of the SM, while the rec
- γ time is determined indirectly from the measured particle
decay times. †coincident event, the 74.1- and 75.0-keV γ rays
are separated by 20 ns.

the previously-reported ground-state half-life of 60(3) µs
[18].

In order to confirm the short-lived nature of the gs,
a follow-up experiment was performed with AGFA, with
the aim of observing possible fast protons events where
the isomeric state is bypassed. The use of a symmetric
reaction presented a challenge in suppressing the beam
at the AGFA focal plane and, thus, the beam intensity
was limited to ∼ 10 pnA. It also prohibited the use of
the X-array due to the large random rate. However, de-
spite twice lower beam current than was used in the FMA
experiment, the larger transport efficiency of AGFA re-
sulted in a ∼50% higher 185Bi rate (139 protons and 11
α particles in ∼ 92 hours, see Fig. 3 of the SM). Combin-
ing the recoil-particle decay data from both experiments
yields a 185Bi half-life of 58(2) µs, as shown in the in-
set of Fig. 1, which is herewith shown to belong to the
newly-identified isomeric level.

Information on <10 µs particle decays can be obtained
by investigating pile-up waveforms. In the AGFA experi-
ment, waveforms were readout spanning 1.7 µs and start-
ing 0.5 µs before the leading edge of the signal; the high
event rate at the focal plane prevented the recording of
longer waveforms.
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FIG. 3: Example waveforms for recoil (r) - proton (p) decay
events, where the recoil is followed by a 184Pb α decay in
the same DSSD pixel. The inset shows the energy spectrum
obtained by extracting the proton-decay energies from the
six pile-up waveforms. A matrix of 185Bi(p)-184Pb(α) decay
events is shown in Fig. 4 of the SM.

To focus the pile-up waveform analysis on candidate
185Bi fast proton events, the waveforms for chains of
events where a recoil was followed by an α decay from
the daughter nucleus, 184Pb, in the same DSSD pixel
were investigated. The candidate waveforms had to yield
consistent signals from the front and back of the DSSD.

In total, six waveforms were observed within the 1.7-
µs long window with an extracted proton energy within
∼500 keV of the known 185Bi proton energy of 1598(16)
keV [17], see Fig. 3 for examples of fast-proton wave-
forms and the extracted energy spectrum. An upper limit
of only one event would be expected, within the 1.7 µs
window, assuming a 58(2) µs half-life (this upper limit is
determined from an analysis of the recoil - 185Bi proton
- 184Pb α decay event chains). Decay times of 0.20, 0.30,
0.55, 0.65, 1.50 and 1.60 µs were obtained from the wave-
forms, which is consistent with the short half-life deduced
from the FMA data.

The identification of a 58-µs isomeric state and the
new half-life of 2.8+2.3

−1.0 µs for the proton-emitting gs of
185Bi have several implications for understanding past
work and for proposing a new decay scheme.

The ground-state half-life fits well with the theoretical
value of 1.7 µs, determined from spherical WKB calcu-
lations for lp = 0 decay performed for 185Bi (see Table 1
of Ref. [18]), giving an experimental spectroscopic factor
of ∼0.6, close to unity. Such a value signifies unhindered
proton decay from 185Bi to the 0+ gs of 184Pb and firmly
establishes the Iπ=1/2+ assignment for the gs.

In the previous studies [16–18], a low spectroscopic
factor of 0.025 was deduced, based on a ∼60-µs half-
life value, which demanded a strong difference between
the parent and daughter configurations. In contrast, our

new, much larger, spectroscopic factor demonstrates the
closer matching in the wavefunctions of the parent and
daughter systems. The PES calculations, presented in
Fig. 7a) and 8 of Ref [18], clearly indicate the possible
presence of several low-lying 1/2+ states in 185Bi, with
different deformations, including a mixed oblate-prolate
configuration with β2 ∼0.15 and a strongly-prolate de-
formed one with β2 ∼0.29. The calculations predict that
the latter becomes the gs. However, this configuration
has to be ruled out due to its i13/2 nature (leading to lp=6
decay), which would result in very large hindrance, con-
trary to the deduced spectroscopic factor close to unity.
Therefore, our data establish that the gs of 185Bi orig-
inates from a mixed prolate-oblate configuration based
on the s1/2 orbital, with a relatively small deformation
of β2 ∼0.15. We refer the reader to Sec.IV.F of [18] for
a discussion of this state’s mixing properties. The un-
hindered character of the proton decay is explained by
the mixed nature of the 184Pb daughter gs. This was
demonstrated in [19], and is due to the presence of a,
presumably, prolate-deformed excited 0+ state in 184Pb,
see Fig. 4. We also note that the shape change does not
hinder the 185Bi gs to spherical 181Tl gs α decay. The
newly-determined reduced width value, δ2α = 64+61

−21 keV,
now fits well with the systematics of unhindered 1/2+

→ 1/2+ α decays observed between deformed intruder
states in 187−195Bi and spherical gs in the Tl daughters,
see Fig. 4 of [18].

The data also enable relative populations of ∼80% and
∼20% for the isomeric level and the gs, respectively, to be
estimated, for this reaction. Higher-spin states are gen-
erally observed to be produced more strongly, following
heavy-ion fusion-evaporation reactions, for heavier iso-
topes in this region [28, 30]. The larger population of
the 58-µs isomeric level, therefore, suggests that it is a
high-spin state.

To assist with the interpretation of the isomeric state,
it is useful to examine the systematics for 1/2+, 7/2−

and 9/2− levels in the neutron-deficient odd-A Bi and At
isotopes. Namely, the 187−209Bi and 197−211At nuclides
have 9/2− [πh9/2] ground states, and excited intruder
1/2+ configurations. However, the 1/2+ level becomes
the gs in 191,193,195At with a 7/2− first excited state [23,
24].

In 187,189,191,193Bi, several low-lying states have been
identified [31] and the most relevant for this study, the
9/2−, 1/2+, 7/2− and 13/2+ levels, are presented in Fig.
5 of the SM. The 1/2+, 7/2− and 13/2+ states show a
strong downward trend in excitation energy, relative to
the gs, approaching the neutron mid-shell at N = 104
(187Bi). In 187Bi, these 4 states are actually the lowest-
lying single-particle proton levels, with all of them being
observed within 250 keV. Based on these systematics,
and by analogy with the At data mentioned above, it is
plausible to expect both 7/2− and 9/2− levels close to
the 1/2+ gs.
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In order to reconcile the small number of observed γ
rays, accounting for an X-array efficiency of ∼25% at
74 keV, with the number of protons registered in the
FMA experiment, it is necessary that the transition en-
ergy is below the Bi K-shell binding energy of 91 keV
[32]. Consequently, L-shell conversion dominates pro-
ducing X-rays (Lα1 = 10.8 keV) that are below the en-
ergy threshold of the X-array. Weisskopf estimates then
indicate that an isomeric state with a half-life of 58 µs
can only be explained by an M2 decay. Indeed, for a
γ ray with an energy of 74 keV the calculated half-life
is ∼15 µs. In contrast, an E3 decay, of comparable en-
ergy, would have a half-life that is 4 orders of magnitude
longer and an E2 transition would have to be unusu-
ally hindered to account for the experimentally observed
half-life.

Based on these arguments, we propose the new decay
scheme shown in Fig. 4, where an excited 7/2− or 9/2−

level is situated above the 1/2+ gs in 185Bi and decays
via an M2 transition. The observation of a γ-γ coinci-
dent event (event 2 in Table 1) means that both scenarios
require one or possibly two intermediate states, as shown
schematically in Fig. 4. We note that low-lying 3/2+ and
5/2+ excited levels, built on top of the 1/2+ intruder
state, have already been observed in 191,193Bi [33, 34].
While a strongly-coupled rotational band is observed in
193Bi [33], the situation in 191Bi is more complex with
a 3/2+ and two 5/2+ levels observed within 370 keV of
the 1/2+ state [34]. This suggests that, moving towards
185Bi, the low-lying level structure becomes more com-
plex again with a number of low-spin states (1/2+, 3/2+

and 5/2+) expected at very low excitation energies. This
is supported by the theoretical calculations presented in
Fig. 8 of Ref. [18]. The most plausible scenarios, there-
fore, are that, in the event of a 7/2− isomeric level, the
decay proceeds via an M2 transition towards a low-lying
3/2+ state, followed by an M1 decay to 1/2+ gs, whereas
for a 9/2− isomer the M2 decay is to a 5/2+ level, fol-
lowed by a single γ ray or by a cascade to the gs.

In summary, in complementary experiments with the
FMA and AGFA, a long-lived, 58-µs, isomeric state in
185Bi has been identified, which is likely a 7/2− or 9/2−

level, which decays via a delayed cascade of γ rays to-
wards the newly-established 2.8+2.3

−1.0-µs gs. This half-life
is consistent with lp = 0 decay from an s1/2 orbital and,
consequently, both the proton- and α-decay of 185Bi are
now shown to be unhindered.

These results clearly motivate further dedicated decay
spectroscopy studies of 185Bi, in order to examine the γ
decay of the isomeric level in detail. Such experiments
will require intense beams and would, ideally, make use
of Ge detectors at the focal plane of a separator that
are highly-sensitive at low energies see, for example, Ref.
[35]. In addition, it will be important to perform in-
beam spectroscopy, employing the recoil-decay tagging
technique (e.g. [36]), in order to search for excited levels

FIG. 4: The proposed decay pattern of 185Bi. The excita-
tion energy of the 58-µs isomeric state is not yet known. The
most likely spin-parity assignment is 7/2− or 9/2−, with dif-
ferent decay paths towards the 3-µs 1/2+ gs, depending on the
specific assignment, see text for details. The nature of the in-
termediate level(s), shown with a dashed line, is discussed in
the text. The branching ratios, bp and bα, are determined in
the present work and the energy of the excited state in 184Pb
is given in keV.

on top of states observed in this work, which might allow
for a better determination of their underlying configura-
tion.
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