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Received: 16 December 2002 / Revised version: 26 March 2003 /
Published online: 4 August 2003 – c© Società Italiana di Fisica / Springer-Verlag 2003
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Abstract. Detailed alpha-decay studies have been performed for the neutron-deficient isotopes 191At and
193At. The nuclei were produced in fusion-evaporation reactions of 54Fe and 56Fe ions with a 141Pr target.
The fusion products were separated in-flight using a gas-filled recoil separator and implanted into a position-
sensitive silicon detector. The isotopes were identified using position, time and energy correlations between
the implants and subsequent alpha-decays. Three alpha-decaying states were identified for 193At and two
for 191At. The spin and parity of the initial states in the astatine isotopes were deduced based on unhindered
alpha-decays to states in the bismuth daughter nuclei. In both astatine isotopes the 1/2+ intruder state was
determined to be the ground state and a 7/2− state to be the first-excited state. In 193At the alpha-decay
of the 13/2+ state was observed in coincidence with a previously known gamma-ray transition from the
13/2+ state in the corresponding daughter nucleus 189Bi. In 187Bi and 189Bi low-lying 7/2− states were
observed for the first time via alpha-decay of the mother nuclei.

PACS. 23.60.+e Alpha decay – 27.80.+w 190 ≤ A ≤ 219 – 23.20.Lv γ transitions and level energies –
21.10.Dr Binding energies and masses

1 Introduction

The region of neutron-deficient nuclei far from stability
around the closed Z = 82 proton shell offers an inter-
esting challenge for various theoretical models as well as
experimental instruments. An amazing variety of different
nuclear phenomena can be observed in this very limited
region of the nuclear chart. The great selection of phenom-
ena can be understood by the coupling of the particles and
particle holes to the doubly magic 208Pb core.

Currently, the coexistence of different shapes in an
atomic nucleus is an enthusiastically studied topic in nu-
clear physics. The neutron-deficient lead region offers an
excellent opportunity to study this phenomenon in the
vicinity of the closed proton shell. The even-even platinum
and mercury isotopes are dramatic examples of shape co-
existence just below the Z = 82 proton shell closure [1].
The closed proton shell in lead nuclei favours a spherical
ground state, coexisting with an excited oblate deformed
configuration, associated with the excitation of a proton
pair across the closed-shell gap. Multiparticle and mul-
tihole excitations, associated with strong prolate defor-
mation, were predicted to occur at comparable excitation
energy to the oblate deformed structure near the neutron
mid-shell at N = 104 [2,3]. These specific conditions of
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this particular region of the nuclear chart afford the ex-
istence of probably unique triple coexistence of different
nuclear shapes [4,5].

Competition between different shapes can also be seen
in the neutron-deficient polonium isotopes. Experimental
results indicate that the spherical ground state of heavier
polonium isotopes transforms to a slightly oblate shape
around 194Po (the oblate configuration dominates in 192Po
and 190Po) before a prolate deformed structure was sup-
posed to dominate the ground state of 188Po [6–8]. In a
recent experiment the prolate deformed intruder configu-
ration was observed to become yrast already above I ≥ 4h̄
in 190Po [7]. The properties of neutron-deficient polonium
isotopes are predicted by theoretical calculations in ref. [2].

One of the interesting tasks of the experiments for nu-
clei above the Z = 82 proton shell gap and below the
N = 126 neutron shell gap is to search for a new region of
ground-state oblate deformed nuclei predicted by theoret-
ical calculations [9,10]. Presently available experimental
facilities and recoil-decay tagging techniques [11,12] have
made in-beam gamma-ray spectroscopic experiments pos-
sible in the vicinity of this region of the nuclear chart.
Despite these highly sensitive and sophisticated experi-
mental devices, no clear evidence of the region of ground-
state deformed nuclei above polonium isotopes has been
obtained.
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In radon isotopes 202Rn is predicted to be the lightest
nearly spherical isotope with quadrupole deformation of
β2 = −0.10 before the change in ground-state deforma-
tion takes place in 201Rn with β2 = −0.20 [9,10]. Exper-
imentally this change in the quadrupole deformation has
been investigated in even-mass radon isotopes down to
198Rn using in-beam gamma-ray spectroscopic measure-
ments [13–16]. Although a slight steepening in the decreas-
ing of the excitation energy of the 2+

1 state was observed
starting from 200Rn, no result consistent with theoreti-
cal predictions of a sizeable ground-state deformation was
discovered even in 198Rn [13]. On the other hand, the sud-
den fall of the excitation energies of higher-spin states (4+

1

and 6+
1 ) with decreasing neutron number in radon isotopes

with A ≤ 200 indicates that the spherical structures are
crossed at higher spins by structures similar to the oblate
intruder states in Po isotopes [17].

In the astatine isotopes an even more dramatic change
in the ground-state deformation is predicted to occur
between 199At and 198At isotopes. The quadrupole de-
formation is estimated to change from β2 = 0.08 to
β2 = −0.21 according to Möller et al. [9]. In contradic-
tion to the theoretical calculations, in-beam gamma-ray
spectroscopic measurements of odd-mass isotopes from
209At to 197At [18–23] do not show clear evidence for
ground-state deformation in the neutron-deficient asta-
tine isotopes. However, the decreasing behaviour of the
excitation energy of the 13/2+ state in 199At and 197At
can be interpreted as an indication of increasing collec-
tivity. This interpretation is supported by the observation
of analogous systematics in the polonium isotopes, where
the increase in ground-state deformation was interpreted
to occur around 194Po [6].

The low production rates of more neutron-deficient
astatine isotopes in heavy-ion fusion reactions hin-
der in-beam gamma-ray spectroscopic measurements. At
present, alpha- or proton decays provide the only viable
tools to obtain spectroscopic information about these nu-
clei.

Based on recent alpha-decay studies, a dramatic
change in the decay scheme systematics was proposed to
occur in 195At, when compared to the heavier odd-mass
astatine isotopes [24]. The intruder 1/2+ state, having
a π(4p − 1h) configuration, was observed to become the
ground state. In the heavier odd-mass astatine isotopes,
the ground state is the 9/2− state with the (πh9/2)3 con-
figuration. Also a 7/2− state rather than a 9/2− state
was suggested to be the first-excited state in 195At. The
emergence of the 7/2− state over the 9/2− state can
be understood by assuming a change in deformation of
this three-particle configuration between the 197At and
195At isotopes. As discussed above, no sizeable ground-
state deformation was observed in 197At. Thus, the last
proton in the πh9/2 orbital creates the 9/2− ground state.
If sufficient oblate deformation is assumed in 195At, the
7/2−[514] Nilsson proton state, originating predominantly
from the πh9/2 orbital at sphericity and having a mixed
πf7/2/πh9/2 character at oblate deformations, becomes
available for the 85th proton creating a 7/2− state. It was

concluded, that in 195At the deformed three-particle con-
figuration, driving the last proton to the 7/2−[514] Nils-
son state, becomes energetically more favoured than the
nearly spherical (πh9/2)3 configuration [24].

One motivation of the present work has been to study
the decay schemes of light odd-mass astatine isotopes
(191At and 193At) and investigate whether they are similar
to the proposed decay scheme of 195At [24].

Another aim of the experiment was the search for pos-
sible proton emission in the astatine isotopes. So far the
heaviest known proton emitter is 185Bi with Z = 83 [25,
26]. For 185Bi the proton emission was observed from the
1/2+ intruder state and so far, no evidence for the decay of
the 9/2− state (ground state in heavier bismuth isotopes)
has been observed. In ref. [26] it was speculated whether
the 1/2+ state has become the ground state in 185Bi. For
all known proton emitters above the closed N = 82 neu-
tron shell the ground state is observed to be near spher-
ical (in 185Bi it is not sure whether the 1/2+ state is the
ground state). The decay properties of spherical proton
emitters can be understood very well using various the-
oretical models as shown in ref. [27]. In deformed nuclei,
below the closed N = 82 neutron shell, the very sensi-
tive proton decay can be used to estimate the degree of
nuclear deformation [28,29]. Among the astatine isotopes,
the proton separation energies estimated by extrapolating
the masses tabulated by Audi et al. in ref. [30] indicate
that 191At is a good candidate for the observation of pro-
ton emission. A rough estimate gives a proton separation
energy of approximately −1200 keV for the 191At ground
state. This value starts to be negative enough that pro-
ton emission would compete successfully with the alpha-
particle emission common in this region of the nuclear
chart. In addition, a suitable excited state in 191At could
be even more favourable for proton decay. However, the
masses used for the estimate are based on systematics. By
extrapolating the recently measured atomic masses given
by Novikov et al. in ref. [31], a proton separation energy
of approximately −700 keV can be derived. This value
is obviously less favourable for the observation of proton
emission. All in all, searching for proton emitters above
bismuth will be a very interesting task. These nuclei are
predicted to have a deformed ground state and will thus
offer a challenging test for the theoretical models of proton
emission.

The previous studies of 193At were presented in
refs. [32,33]. However, the complicated level structure of
193At could not be resolved in a satisfactory manner due
to the low statistics obtained for this nucleus.

2 Experimental method

In the present work, the 193At and 191At isotopes were
produced in the 4n-evaporation channels of the complete
fusion reactions of 56Fe and 54Fe ions with a 141Pr tar-
get, respectively. The ion beams were produced by us-
ing the volatile-compounds (MIVOC) method [34] in the
ECR ion source and were delivered to the target by
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the K = 130 MeV cyclotron of the Accelerator Labo-
ratory at the Department of Physics of the University of
Jyväskylä (JYFL). The average intensities for the 56Fe11+

and 54Fe11+ ion beams were 70 pnA and 100 pnA, respec-
tively, measured in a Faraday cup in front of the target.
The total-beam-on-target times for 56Fe and 54Fe beams
were 56 h and 166 h, respectively.

The excitation function for the production rate of
193At was measured at four bombarding energies, vary-
ing from 264 to 272 MeV in the middle of the target.
Eight bombarding energies, varying from 248 to 266 MeV
in the middle of the target, were used in the determina-
tion of the optimum bombarding energy for 191At. The
rolled 750 µg/cm2 141Pr target was placed between two
40 µg/cm2 carbon foils and rotated in the ion beam such
that the rotating axis was approximately 10 mm off from
the primary-beam axis. The fine adjustment of the bom-
barding energies was performed with a set of thin carbon
foils in front of the target. Energy losses in the degrader
foils, in the target and also in the helium filling gas (see
below) were calculated using the SRIM2000 code [35].

Fusion-evaporation residues were separated in-flight
from primary-beam particles and other reaction products
using the JYFL gas-filled recoil separator RITU [36]. Sepa-
rated residues were focused and implanted into a position-
sensitive silicon detector at the focal plane of the separa-
tor. Before implantation the residues passed through two
multiwire proportional avalanche counters, placed 330 mm
and 20 mm in front of the silicon detector, providing en-
ergy loss and time-of-flight signals. Two 60 × 60 mm2

450 µm thick quadrant silicon detectors were placed ap-
proximately 5 mm behind the position-sensitive silicon de-
tector. The position-sensitive silicon detector, of thickness
305 µm and of area 80×35 mm2, was horizontally divided
into 16, 5 mm wide position-sensitive strips. The vertical
position resolution was better than 500 µm in each strip.

The energy loss signals of the gas counters were used
to separate the alpha-particle decays in the silicon detec-
tor from the implantations of scattered beam particles and
evaporation residues. The time-of-flight between the gas
counters combined with the implantation energy of the
recoil in the silicon detector was used to separate the can-
didate fusion-evaporation products from scattered beam
particles and transfer products. The quadrant silicon de-
tectors behind the position-sensitive silicon detector were
used to detect energetic protons and alpha-particles which
were able to punch through the position-sensitive silicon
detector [37,38].

The pressure of the helium filling gas in RITU was
0.6 mbar. Instead of using a stationary carbon foil to sep-
arate the high-vacuum beam line from the gas filling of
RITU, a differential pumping system was developed in or-
der to allow the use of the higher beam currents needed.
The common gas volume of the gas counters was filled
with 3.0 mbar of isobutane and was separated from the
separator gas volume and the silicon detectors high vac-
uum by 120 µg/cm2 Mylar foils. The silicon detectors were
cooled to 253 K using circulating coolant.

Table 1. Data used for alpha-decay energy calibration.

Nucleus Alpha-decay energy (keV) Reference

191gBi 6310(3) [39]
190Bi 6429(5) [39]
190Bi 6455(5) [39]
189gBi 6670(15) [40]
189mBi 7300(15) [40]
194Po 6842(6) [41]
193gPo 6949(5) [41]
193mPo 7004(5) [41]
192Po 7167(7) [41]
191gPo 7334(10) [42]
191mPo 7378(10) [42]

Implanted evaporation residues were identified using
the method of position and time correlation with the sub-
sequent mother and daughter alpha-decay chains in the
silicon detector [43,44]. For gamma and X-ray detection at
the focal plane a Compton-suppressed Nordball-type ger-
manium detector with 40% relative efficiency was placed
adjacent to the silicon detector.

The alpha-decay energies observed in the silicon detec-
tor were calibrated using well-known bismuth and polo-
nium alpha-activities produced during the experiments.
The alpha-active nuclei and the corresponding alpha-
decay energies used for the calibration are shown in ta-
ble 1. The energy resolution in the alpha-decay energy
spectrum from the sum of all 16 strips was measured to
be 25 keV for the 7004 keV 193mPo alpha peak.

3 Experimental results

3.1 The alpha-decay of 193At

A part of the alpha-decay energy spectrum from the re-
action 56Fe + 141Pr observed in the silicon detector and
vetoed with the gas counters and the punch through de-
tectors is shown in fig. 1a. The spectrum is strongly dom-
inated by activities produced in fusion-reaction channels
involving the evaporation of charged particles. Figure 1b
shows the same data after requiring a position and time
correlation with the implanted residues within a search
time of 200 ms from the implantation. The requirement
effectively suppresses the longer-living bismuth isotopes,
while the polonium isotopes, having almost equal half-
lives to the search time, are reduced by a factor of ap-
proximately two. Figure 1c shows the data with a fur-
ther requirement that the alpha-decay is followed by an-
other alpha-decay spatially in the correct position within
a search time of 5 s and with an alpha-decay energy be-
tween 6500 keV and 7800 keV. The polonium activities are
now reduced dramatically due to long-living and mostly
beta-active daughter nuclei. Actually, the bismuth and
polonium activities should have been totally suppressed
after the last requirement but the peaks still appear due
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Fig. 1. a) A part of the alpha-decay energy spectrum observed
in the silicon detector in the 56Fe + 141Pr measurement. b) The
same data after requiring a position and time correlation with
the implanted residues within a search time of 200 ms and
c) with an additional requirement of subsequent alpha-decay
in the same position within 5 s search time and with energy
between 6500 keV and 7800 keV.

to the accidental correlations with the most intense alpha
peaks [43,44].

A two-dimensional mother and daughter alpha-decay
energy plot for correlated decay chains of the type evapo-
ration residue–mother alpha-decay–daughter alpha-decay
(ER–αm–αd) is shown in fig. 2. The alpha-decay correla-
tions from astatine isotopes are clearly visible in the region
where the alpha-decay energies of the mother activities are
greater than 7000 keV. The area where the mother alpha-
decay energies are below 7000 keV is strongly dominated
by the accidental correlations from the intense polonium
activities. The fairly large number of accidental correla-
tions in fig. 1c and fig. 2 can be understood by taking into
account the large number of ER–αm correlations in fig. 1b.
Thus, there are many ER–αm correlated pairs available for
ER–αm–αd correlated chains, where the last correlation
can be accidental.

Figure 3 shows a two-dimensional energy plot of coinci-
dent alpha-decay and gamma-ray events. The gamma-ray
events were observed in the focal-plane germanium detec-
tor within a 2 µs time interval after the observation of
the corresponding alpha-decay energy in the silicon detec-
tor. Four groups of previously known alpha-gamma coin-
cidence pairs can be clearly observed and identified. The
most intense alpha-gamma coincident pairs with Eα =
6431(4) keV and Eγ = 293.7 keV are associated with the

Fig. 2. Two-dimensional plot of the mother and daughter
alpha-decay energies for ER–αm–αd correlated events observed
in the reaction 56Fe + 141Pr. Maximum search times for the
ER–αm and αm–αd pairs were 200 ms and 5 s, respectively.

alpha-decay of 190mBi to an excited state at 293.7 keV in
the daughter nucleus 186Tl, decaying by an E1 gamma-
ray transition to the ground state [45]. The coincident
pairs with Eα = 6060(10) keV and Eγ = 185(1) keV
were identified as the alpha-decay of 192mBi to an ex-
cited state at 184.6 keV in the 188Tl, decaying by an
E1 gamma-ray transition to the ground state [45,46].
Two groups of alpha-gamma coincidence pairs were ob-
served for 193Po. The groups with Eα = 6370(7) keV
and Eγ = 637(1) keV and with Eα = 6415(7) keV and
Eγ = 548(1) keV were identified as the alpha-decays of
193mPo and 193gPo, respectively, to the corresponding ex-
cited states in 189Pb [47]. Two clear groups of alpha-
gamma coincidences were observed when the alpha-decay
energies were greater than 7000 keV. These coincidences
are discussed below.

3.1.1 Alpha-decay of the 1/2+ state in 193At

The daughter activity of group A in fig. 2 was assigned
to originate from the 1/2+ isomeric state in 189Bi. The
alpha-decay energy Eα = 7295(5) keV and half-life T1/2 =
(4.6+0.8

−0.6) ms, determined from 55 ER–αm–αd correlated
decay chains, are in good agreement with the decay prop-
erties of Eα = 7292(6) keV and T1/2 = 5.2(6) ms reported
for the alpha-decay of the 1/2+ state in 189Bi [48]. The cor-
responding mother activity with the alpha-decay energy
Eα = 7235(5) keV and half-life T1/2 = (28+5

−4) ms was as-
signed to originate from the equivalent 1/2+ state in 193At
due to the unhindered alpha-decay with a hindrance factor
of 0.69(13) determined according to the method of Ras-
mussen [49] and normalised to the alpha-decay of 212Po.
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Fig. 3. A two-dimensional plot of the gamma-ray energies observed in the focal-plane germanium detector within a 2 µs time
interval after the observation of the corresponding alpha-decay energy in the silicon detector in the 56Fe + 141Pr experiment.

Table 2. The numbers of ER–αm–αd correlated decay chains
(Nobs.) observed in different groups in fig. 2. The maximum
search times used for ER–αm and αm–αd correlation pairs
were 0.2 s and 5 s, respectively. N triple

acc represents the ex-
pected number of accidentally correlated triple chains, where
both ER–αm and αm–αd correlations are random. N

ERαm–αd
acc

represents the expected number of accidental correlations be-
tween the observed ER–αm correlations and candidate daugh-
ter alpha-decays. The reliability of the estimation, calculated
according to ref. [43], was verified by estimating the numbers

of N
ERαm–αd
acc correlated chains on the energy region between

groups B and E and on the upper left quarter of fig. 2. ER–
αm–αd correlated decay chains were not expected to appear in
these regions.

Group Nobs. N triple
acc NERαm–αd

acc

A 55 0.005 0.11
B 69 0.06 1.5
C 549 0.04 2.3
D 11 0.04 0.9
E 39 0.04 1.4

The number of correlated triple chains of the type ER–
αm–αd produced by random correlations in the region of
group A in fig. 2 was estimated to be 0.005. Correspond-
ingly, the number of random correlations between the
found ER–αm correlated pairs and the candidate daughter
alpha-decays was estimated to be 0.11. The estimations of
random correlations, presented also in table 2, were deter-
mined according to ref. [43].

3.1.2 Alpha-decay of the 13/2+ state in 193At

The interpretation of groups B, C and D in fig. 2 is more
complicated. The similarity in the properties of the cor-
responding daughter activities (Eα = 6668(4) keV and
T1/2 = (700+100

−80 ) ms for group B, Eα = 6666(2) keV and
T1/2 = 560(25) ms for group C and Eα = 6668(8) keV
and T1/2 = (560+240

−130) ms for group D) leads to the con-
clusion that all these daughter activities originated from
the decay of the same initial state. The alpha-decay prop-
erties of the daughter activity with Eα = 6667(4) keV
and T1/2 = 580(25) ms determined from the combined
data of groups B, C, and D are broadly compatible with
the previously measured results Eα = 6672(5) keV and
T1/2 = 680(30) ms for the alpha-decay of the 9/2− ground
state in 189Bi [46]. The alpha-decay energy spectrum of the
corresponding mother activities is shown in fig. 4a as the
solid line.

The mother alpha-decay energy Eα = 7106(5) keV and
half-life T1/2 = (27+4

−3) ms were determined from the 69
ER–αm–αd correlated decay chains of group B in fig. 2.
Four of the mother alpha-particles in the decay chains
were observed in coincidence with a gamma-ray event in
the germanium detector with Eγ = 357.6(5) keV and
half-life T1/2 ∼ 550 ns. Without the requirement of the
subsequent daughter alpha-decay one more correspond-
ing ER–αm–γ correlated coincidence was found. All five
alpha-gamma coincidences are clearly observed in fig. 3
marked by B. The properties of the gamma-ray transition
are in good agreement with the previously measured prop-
erties of anM2 transition from the isomeric 13/2+ state to
the 9/2− ground state in 189Bi with a gamma-ray energy
Eγ = 357 keV and half-life T1/2 = 880(50) ns [50,51].
The observation of the coincident gamma-ray transition
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Fig. 4. a) The solid line represents mother alpha-decay en-
ergy spectrum in ER–αm–αd correlated decay chains where
the decay of the 9/2− ground state in 189Bi was observed as a
daughter alpha-decay. The dotted line represents the result of a
Monte Carlo simulation of the summing-up of the alpha-decay
and conversion electron energies in the silicon detector. The
filled area (count scale multiplied by a factor of five) shows the
energy spectrum of the alpha-decays observed in prompt coin-
cidence with the Eγ = 99.6(5) keV gamma-ray events. b) The
solid line shows the time distribution of the mother alpha-
decays in the ER–αm–αd correlated decay chains of group C.
The dotted line represents the time distribution of events in
a radioactive decay [44] with T1/2 = 31.8 ms. The filled area
(count scale multiplied by a factor of five) shows the time distri-
bution for the ER–αm correlated mother alpha-decays observed
in prompt coincidence with the Eγ = 99.6(5) keV gamma-ray
events.

indicates that the alpha-decay of the mother nucleus feeds
the 13/2+ state in 189Bi. It was concluded that the alpha-
decay originates from an equivalent 13/2+ state in 193At
based on an unexpectedly low hindrance factor ∼ 0.24 of
the alpha-decay to the 13/2+ state when a 100% abso-
lute alpha-decay branching ratio is assumed. The reason
for the uncommonly low value of the hindrance factor is
discussed in sect. 3.1.4.

Estimates for the numbers of the correlated decay
chains produced by the random correlations in the energy
region of group B in fig. 2 are presented in table 2.

3.1.3 Alpha-decay of the 7/2− state in 193At

The structure in the mother alpha-decay energy spectrum
of group C in fig. 4a (solid line) can be simply explained
by fine structure in the alpha-decay corresponding to 88%
and 12% branching ratios for the 7345 keV and 7420 keV
alpha-decays, respectively. Also the similar half-lives of
the peaks lend further support to this hypothesis (see the
time distribution of the mother alpha-decays in fig. 4b).
Without any additional information this could be the final
conclusion. However, by considering the observed gamma-
ray events in the germanium detector it was noticed that
the structure in the alpha-decay energy spectrum can
be better explained by the effect of summing of conver-

Fig. 5. a) A part of the energy spectrum for gamma-ray events
observed in coincidence with any event within a 8 µs time
interval in the silicon detector. b) Gamma-ray energy spectrum
of group C in fig. 3.

sion electron energies with the alpha-decay energies (pile-
up of the energy signals in the silicon detector). Similar
summing effects were also observed in the alpha-decay of
195At [24].

Figure 5a shows the low-energy part of the gamma-
ray energy spectrum observed within 8 µs of any event
in the silicon detector. Figure 5b shows the gamma-ray
energy spectrum for the alpha-gamma coincidences of
group C in fig. 3. In total eight gamma-ray events with
an energy Eγ = 99.6(5) keV were observed in prompt
coincidence (T1/2 < 10 ns) with alpha-particles. All of
the coincident alpha-particles with Eα = 7322(10) keV
were correlated with evaporation residues giving a half-life
T1/2 = (34+19

−9 ) ms. The energy spectrum and time distri-
bution of the corresponding mother alpha-decays are pre-
sented in fig. 4a and b as the filled spectra. In addition, five
of the correlated coincidences were correlated with subse-
quent daughter alpha-decays with Eα = 6650(12) keV and
T1/2 = (310+250

−100) ms. The other two peaks in fig. 5b cor-
respond to the K X-rays of bismuth originating from the
internal K conversion of the 99.6(5) keV transition. When
taking into account all of the 36 ER–αm–αd correlated de-
cay chains where the mother alpha-decay was observed in
coincidence with the Eγ = 99.6(5) keV gamma-ray or with
the corresponding bismuth K X-ray, an alpha-decay en-
ergy Eα = 6662(5) keV and half-life T1/2 = (690+140

−100) ms
were obtained for the daughter activity.

The observed gamma-ray energy Eγ = 99.6(5) keV
and half-life T1/2 < 10 ns limit the possible multipolarity
of the transition to E1, M1 or E2. The Weisskopf esti-
mates for the transition corrected for internal conversion
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taken from ref. [52] are: T1/2(E1) = 0.1 ps, T1/2(M1) =
2 ps, T1/2(E2) = 0.1 µs and T1/2(M2) = 1 µs.

The internal K conversion coefficient was determined
from the ratio between the gamma-ray andK X-ray events
after corrections for the gamma-ray detector efficiency.
The value obtained αK = 8.7(20) is in good agreement
only with the value of αK = 8.9 for an M1 transition
taken from ref. [52]. The K conversion coefficients of the
electric transitions are at least an order of magnitude too
low and the coefficients of the other magnetic transitions
are approximately one order of magnitude too large.

The energy of the alpha-decay to the 99.6(5) keV ex-
cited state in 189Bi was determined from eight alpha-
particles in coincidence with the gamma-ray events. The
energy spectrum of these alpha-decays is shown in fig. 4a
as the filled area. The coincidences with the full-energy
gamma-ray events ensures that no additional energy from
electron conversion or subsequent X-ray cascade were
summed to the alpha-decay energy. The alpha-decay en-
ergy to the ground state was determined from the alpha
peak above 7400 keV in fig. 4a. The peak represents both
the energy of the direct alpha-decay to the ground state
and the alpha-decay to the excited state fully summed
with the energy emitted in the conversion electron and
X-ray cascade. The final values Eα = 7325(5) keV for
the alpha-decay energy to the excited state and Eα =
7423(5) keV to the ground state were obtained by tak-
ing into account the 99.6(5) keV excitation energy be-
tween the final states in 189Bi. The corresponding half-life
T1/2 = (31.8+1.5

−1.3) ms of the mother activity was deter-
mined from the 549 ER–αm–αd correlated decay chains
of group C in fig. 2. The half-life is discussed further in
sect. 3.1.6 and fig. 6.

A Monte Carlo simulation program [53] was used to
study the summing process of the conversion electron en-
ergies with the alpha-decay energies in the silicon detector.
In the simulation, realistic physical parameters were taken
into account. These include, for example, the implanta-
tion depth distribution of the evaporation residues in the
silicon detector and the energy resolution of the detec-
tor. In addition, the energy difference between the ground
state and excited state in the daughter nucleus, the alpha-
decay energies and branching ratios to these states, the
conversion electron energies from different atomic shells
and probabilities and ratios of various X-ray yields after
electron conversion were considered. The K, L and M
conversion coefficients needed for the program were taken
from ref. [46].

The dotted line in fig. 4a shows the simulated alpha-
decay energy spectrum. In the simulation 98% and 2%
alpha-decay branching ratios to the 99.6(5) keV excited
state and to the ground state were assumed, respectively.
The alpha-decay branching ratios were deduced using the
simulation program. An M1 character was assumed for
the 99.6(5) keV transition in the daughter nucleus. The
simulated spectrum is in excellent agreement with the
measured spectrum plotted by the solid line in fig. 4a.
If any other multipolarity than M1 between the states
or different alpha-decay branching ratios were assumed in

Fig. 6. The decay of the 13/2+ state in 193At. In the upper
scheme are shown the results observed directly in the mea-
surement. The 7/2− state was assumed to be fed only by the
prompt transitions following the neutron evaporation process.
The absolute alpha-decay branching ratio from the 13/2+ state
is assumed to be 100%. In the lower scheme an E3 transition
between the 13/2+ and 7/2− states is assumed. The branching
ratios of the alpha-decay and E3 transition were estimated by
setting the alpha-decay hindrance factor of the 13/2+ state to
1.0. It was found that as much as 40% of the feeding of the
7/2− state in 193At would go through the 13/2+ state. In the
lower scheme, the effect of the long half-life of the feeding state
is taken into account in the half-life of the 7/2− state.

the simulation, no satisfactory correspondence with the
measured decay spectrum was reached.

After the simulation studies the structure in the
mother alpha-decay energy spectrum is well understood.
The 7345 keV alpha peak in fig. 4a represents the alpha-
decay of 193At to the 99.6(5) keV excited state in 189Bi. A
shift of approximately 20 keV compared to the determined
alpha-decay energy can be explained by the summing of
K conversion electron kinetic energy or the following low-
energy (lower than 20 keV, mainly L and M X-rays) X-
ray cascade with the alpha-decay energy. According to
the simulation, over 90% of the counts in the peak above
7400 keV in fig. 4a originate from the summing process
of the alpha-decay energy to the 7/2− state in 189Bi with
the energies of the following conversion electron and X-ray
cascades. This is estimated from the assumption of a 98%
relative branching ratio of the alpha-decay to the excited
state used in the simulation.
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Based on the half-life, the K conversion coefficient and
the result of the simulation, it was concluded that the
gamma-ray transition from the 99.6(5) keV excited state
to the 9/2− ground state in 189Bi is an M1 transition.
Thus, the character of the excited state has to be 7/2−,
9/2− or 11/2−. The assignments of 9/2− and 11/2− can
be excluded because only an M2 transition with Eγ =
357.6(5) keV has been observed from the 13/2+ state to
the 9/2− ground state in 189Bi [50,51]. If the spin value
of the 99.6(5) keV excited state had been 9/2 or higher,
at least a weak M2 or faster transition with a gamma-
ray energy of Eγ ∼ 257 keV should have been observed
from the 13/2+ state to the excited state. Therefore, the
only possible spin and parity assignment of the state at
99.6(5) keV in 189Bi is 7/2−.

The unhindered alpha-decay to the 7/2− state in 189Bi
indicates that the decay originates from an equivalent
7/2− state in 193At. The corresponding hindrance factor
∼ 1.6, when a 98% relative branching ratio to the excited
state was assumed, is discussed in sect. 3.1.6.

Estimations for the numbers of the correlated decay
chains produced by random correlations are presented in
table 2.

3.1.4 Decay of the 1/2+ state in 189Bi

An alpha-decay energy Eα = 7236(9) keV and half-life
T1/2 = (25+11

−6 ) ms were determined for the mother activ-
ity of group D in fig. 2. The decay properties are similar to
those of the mother activity of group A in fig. 2 between
the 1/2+ states in 193At and 189Bi. However, as mentioned
earlier in sect 3.1.2, the subsequent daughter alpha-decay
was determined to correspond to the alpha-decay of the
9/2− state in 189Bi. The unobserved link between the 1/2+

and 9/2− states in 189Bi could be explained by an E3 tran-
sition from the 1/2+ state to the observed 7/2− state at
99.6(5) keV followed by the M1 transition to the 9/2−
ground state.

Branching ratios of 83(5)% for the alpha-decay and
17(5)% for the E3 gamma-ray transition from the 1/2+

state were estimated from the numbers of ER–αm–αd cor-
related decay chains in groups A and D in fig. 2. The corre-
sponding partial half-lives were approximately 5.5 ms and
27 ms for the alpha-decay and E3 transition, respectively.

The 1/2+ state was observed to be located 187(9) keV
above the 9/2− ground state in 189Bi, based on the mea-
sured alpha-decay energies of the present work and the
previously measured 454 keV excitation energy of the
9/2− state in 185Tl [46] (see sect. 3.1.6). Thus, the energy
of the E3 transition from the 1/2+ state to the 7/2− state
in 189Bi would be 87(9) keV. The Weisskopf estimate for
an 87 keV E3 transition in bismuth isotopes corrected for
internal conversion is approximately T1/2(E3) = 37 ms.
Thus, the strength of the E3 transition from the 1/2+

state to the 7/2− state in 189Bi would be approximately
1.4 W.u.

3.1.5 Alpha-decay of the 9/2− state in 189Bi

The groups marked by E in fig. 2 originate from the same
mother alpha-decay as groups B, C and D, but in this
case, the daughter alpha-decay leads directly to the 1/2+

ground state in 185Tl. The observed daughter alpha-decay
energy of Eα = 7114(6) keV and relative branching ratio
6(3)% are comparable with the results Eα = 7114(15) keV
and 3.1(7)% reported in ref. [48].

The absolute alpha-decay branching ratio of the 9/2−
ground state in the daughter nucleus 189Bi was determined
to be (95–100)%. In the estimation, the numbers of feeding
ER–αm and following ER–αm–αd correlated decay chains
where the mother alpha-decay is observed in coincidence
with the Eγ = 99.6(5) keV gamma-ray or with bismuth K
X-ray, were used. The requirement of coincidences ensures
that especially the ER–αm correlations originated from
the alpha-decay of 193At. Also, a probability of 55% that
the alpha-particle deposits all its kinetic energy in the
silicon detector and the measured 94(3)% relative alpha-
decay branching ratio of the 9/2− ground state in 189Bi
to the 9/2− state in 185Tl were taken into account.

3.1.6 Interpretation of the 193At alpha-decay

The alpha-decay energies of the 9/2− ground state in
189Bi to the 9/2− state with Eα = 6667(4) keV and
Eα = 7114(6) keV to the 1/2+ ground state in 185Tl,
were used to verify the excitation energy of the 9/2− state
in 185Tl. The obtained value of 457(8) keV is in good
agreement with the excitation energy of 454 keV given
in ref. [46]. Using an excitation energy of 454 keV for
the 9/2− state in 185Tl and the alpha-decay properties of
189Bi observed in the present work, an excitation energy of
187(9) keV was obtained for the 1/2+ state in 189Bi. The
value is in good agreement with the result 182(8) keV re-
ported in ref. [48].

Based on the alpha-decay properties of 193At and the
187(9) keV excitation energy of the 1/2+ state in 189Bi
measured in the present work, the 1/2+ state was de-
termined to be the ground state in 193At. The 7/2−
and 13/2+ excited states were discovered to be situated
5(10) keV and 39(7) keV above the ground state, respec-
tively. The excitation energy difference of approximately
34 keV between the 7/2− and 13/2+ states, along with
the fairly long half-life (T1/2 = (27+4

−3) ms) of the 13/2
+

state, lead to the possibility of an E3 transition from the
13/2+ state to the 7/2− state in 193At. The Weisskopf es-
timate for a 34 keV E3 transition corrected for internal
conversion taken from ref. [52] is T1/2(E3) = 107 ms. The
unexpectedly low hindrance factor ∼ 0.24 of the alpha-
decay of the 13/2+ state with Eα = 7106(5) keV also
supports the assumption of an additional decay branch
from the 13/2+ state.

Because the direct observation of the inferred E3 tran-
sition from the 13/2+ state to the 7/2− state was not
possible in the present work, the following estimate was
made to illustrate the situation. If a common unhindered
alpha-decay with ∆� = 0 is assumed, the hindrance factor
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of the alpha-decay should be about unity. If a hindrance
factor equal to unity is assumed for the Eα = 7106(5) keV
alpha-decay in 193At the partial half-life of the alpha-
decay is 112 ms. The 112 ms partial half-life from the
27 ms half-life gives approximately 24% branching ratio
for the alpha-decay. The 76% branching ratio corresponds
to a 36 ms partial half-life for the other branches. If it
is supposed that the only other significant decay branch
from the 13/2+ state is an E3 transition, it would be ap-
proximately 3.0 times faster than the Weisskopf estimate
given above.

The assumption of a branching ratio of 76% for the E3
transition from the 13/2+ state to the 7/2− state in 193At
would indicate that 40% of the feeding of the 7/2− state
proceeds through the 13/2+ state. The feeding 13/2+ state
with a half-life almost equal to the initial 7/2− state af-
fects the observed half-life of the initial state. When 40%
feeding through the 13/2+ state with 27 ms half-life was
taken into account in the measured 31.8 ms half-life a
corrected value of 21 ms was obtained for the half-life of
the 7/2− state. These two different feeding paths of the
7/2− state could generate a two-component structure to
the decay time distribution presented in fig. 4b. However,
any structure or even clear widening was not observed in
the distribution. This is actually expected, because nor-
mally even a factor of two difference in the half-lives is not
enough to be seen in the decay time distribution at this
level of statistics. The corrected half-life gives hindrance
factors of 1.1(3) and 64(64) for the Eα = 7325(5) keV
and the Eα = 7423(5) keV alpha-decay branches from
the 7/2− state, respectively. The effect of the possible E3
transition from the 13/2+ state to the 7/2− state in 193At
is illustrated in fig. 6.

Since the energy difference between the lowest-lying
1/2+ and 7/2− levels in 193At is only 5(10) keV and the
measured half-lives of the states are also almost equal,
one may consider if there is just one state which decays
with three alpha-decay branches. This assumption would
correspond to alpha-decay branching ratios of approxi-
mately 2(2)% for the Eα = 7235(5) keV, 89(2)% for the
Eα = 7325(5) keV and 9(2)% for the Eα = 7423(5) keV
alpha-decay to the 1/2+, 7/2− and 9/2− states in the
189Bi daughter nucleus, respectively. By assuming a half-
life of 21 ms for the state (discussion would be the same
with a half-life of 28 ms) and ∆� = 0 for the alpha-decays
in 193At, the hindrance factors of approximately 5.8(15),
1.17(10) and 110(110) were obtained for the alpha-decay
branches. The alpha-decay with Eα = 7325(5) keV to
the 7/2− state in 189Bi clearly represents an unhindered
alpha-decay between states with the same spin and parity
assignments. Also the alpha-decay with Eα = 7235(5) keV
to the 1/2+ state gives a low hindrance factor most likely
corresponding to a ∆� = 0 transition. If ∆� ≥ 1 transi-
tions are assumed, hindrance factors of approximately 5
or less are obtained. These values are too small to cor-
respond to typical ∆� ≥ 1 transitions. The alpha-decay
with Eα = 7423(5) keV to the 9/2− state in 189Bi clearly
shows a hindered character and can be associated with
∆� ≥ 1 transitions. If a ∆� = 2 transition corresponding

to an alpha-decay from the 7/2− state to the 9/2− state
is assumed a hindrance factor of 64(64) is obtained. This
value is in agreement with a ∆� = 2 transition. As a con-
clusion the alpha-decay branches with Eα = 7325(5) keV
and Eα = 7235(5) keV show an unhindered character as-
sociated with ∆� = 0 transitions. However, these tran-
sitions were observed to feed the 1/2+ and 9/2− states,
respectively in the daughter 189Bi nucleus. Based on the
spins and parities of the fed states in the daughter nucleus
and the definition of the unhindered alpha-decay, these
two alpha-decays cannot originate from the same state in
193At. Therefore, the natural explanation of the proper-
ties of the observed alpha-decays is that they originate
from two different states in 193At. The alpha-decay with
Eα = 7235(5) keV originates from a 1/2+ state in 193At
feeding the 1/2+ state in the daughter 189Bi nucleus via
unhindered alpha-decay with hindrance factor of 0.69(13)
(see sect. 3.1.1). The alpha-decays with Eα = 7325(5) keV
and Eα = 7423(5) keV originate from a 7/2− state in
193At feeding the 7/2− and 9/2− states, respectively in
the daughter 189Bi nucleus via unhindered and hindered
alpha-decays with hindrance factors of 1.1(3) and 64(64),
respectively.

3.1.7 The production cross-section of 193At

The total production cross-section of 193At was deter-
mined to be σ ∼ 40 nb at the bombarding energy
E = 266 MeV in the middle of the target for the reac-
tion 56Fe(141Pr, 4n)193At. The production ratios of various
states can be estimated from table 2, where the numbers
of ER–αm–αd correlated decay chains of various groups
in fig. 2 are presented. If the E3 transition between the
13/2+ and 7/2− states were taken into account in the
feeding process, the production ratios of 1/2+, 7/2− and
13/2+ states would be 10%, 50% and 40%, respectively.

3.2 The alpha-decay of 191At

The alpha-decay energy spectrum from the 54Fe + 141Pr
reaction observed in the silicon detector and vetoed with
the gas counters and the punch through detectors is shown
in fig. 7a. Several activities produced in the evaporation
of three or four particles involving one or two charged
particles dominate the energy spectrum. In fig. 7b the
same data is shown after demanding position and time
correlation with the implantation of evaporation residues
within a 25 ms time interval. The requirement effectively
suppresses the longer-living bismuth activities. Figure 7c
shows the data with the additional requirement that the
alpha-decay be followed by another alpha-decay spatially
in the correct position within a search time of 500 ms
and with an alpha-decay energy between 6600 keV and
8000 keV. The polonium and bismuth activities are now
totally eliminated due to the long-living and mostly beta-
active daughter nuclei.

In fig. 8 is shown a two-dimensional mother and daugh-
ter alpha-decay energy plot for ER–αm–αd correlated de-
cay chains observed in the 54Fe + 141Pr measurement.
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Fig. 7. a) A part of the alpha-decay energy spectrum ob-
served in the silicon detector in the 54Fe + 141Pr measurement.
b) The same data after requiring position and time correla-
tion with the implantation of the evaporation residues within
a 25 ms time interval and c) with an additional requirement of
subsequent alpha-decay in the same position within a 500 ms
search time and with alpha-decay energy between 6600 keV
and 8000 keV.

Fig. 8. Two-dimensional display of the mother and daughter
alpha-decay energies for ER–αm–αd correlated events observed
in the reaction 54Fe + 141Pr. Maximum search times for the
ER–αm and αm–αd correlated pairs were 25 ms and 500 ms,
respectively.

Table 3. The numbers of observed ER–αm–αd correlated de-
cay chains (Nobs.) in different groups in fig. 8. The maxi-
mum search times used for ER–αm and αm–αd correlated pairs
were 25 ms and 500 ms, respectively. N triple

acc represents the ex-
pected number of accidentally correlated triple chains, where
both correlations ER–αm and αm–αd are random. NERαm–αd

acc

represents the expected number of accidental correlations be-
tween the observed ER–αm correlations and candidate daugh-
ter alpha-decays. The estimates were calculated according to
ref. [43].

Group Nobs. N triple
acc N

ERαm–αd
acc

A 7 2 · 10−6 3 · 10−4

B 13 1 · 10−4 6 · 10−3

Two groups of correlations with mother alpha-decay en-
ergy between 7200 keV and 7500 keV and daughter alpha-
decay energies approximately 7000 keV and 6800 keV, re-
spectively, were identified as originating from the alpha-
decay of a new isotope 192At [54]. The identification of the
isotope was based on the observation of the alpha-decay
properties of the daughter nucleus in agreement with the
alpha-decay properties of 188Bi reported in ref. [45]. Sev-
eral decay chains originating from 193At can also be iden-
tified in fig. 8.

3.2.1 Alpha-decay of the 1/2+ state in 191At

The daughter activity of group A in fig. 8 was assigned
to originate from the alpha-decay of the 1/2+ state in
187Bi. The alpha-decay energy Eα = 7714(11) keV and
half-life T1/2 = (310+190

−90 ) µs were determined from 7 ER–
αm–αd correlated decay chains. The measured properties
are in good agreement with the previously reported values
Eα = 7721(15) keV and T1/2 = (290+90

−50) µs for the decay
of the 1/2+ state in 187Bi [55]. The corresponding mother
activity with an alpha-decay energy Eα = 7552(11) keV
and half-life T1/2 = (1.7+1.1

−0.5) ms was assigned to origi-
nate from the equivalent 1/2+ state in 191At due to the
unhindered alpha-decay with a hindrance factor of 0.4(3),
determined according to ref. [49] (see also table 4 below).

The estimates for the numbers of the correlated decay
chains produced by the random correlations in the energy
region of the group A in fig. 8 are presented in table 3.

3.2.2 Alpha-decay of the 7/2− state in 191At

The daughter activity of group B in fig. 8 was assigned to
originate from the alpha-decay of the 9/2− ground state
in 187Bi. The alpha-decay energy Eα = 6994(8) keV and
half-life T1/2 = (35+14

−8 ) ms determined from 13 ER–αm–
αd correlated decay chains are in good agreement with
the previously measured results Eα = 7000(8) keV and
T1/2 = 32(3) ms reported for the alpha-decay of the 9/2−

ground state in 187Bi [55].
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Fig. 9. a) The solid line represents the energy spectrum of
ER–αm correlated alpha-decays (the same as in fig. 7b). The
result of the Monte Carlo simulation of summing-up the con-
version electron energy with alpha-decay energy in the silicon
detector is plotted by the dotted line. The filled area repre-
sents the energy spectrum of the ER–αm–αd correlated mother
alpha-decays followed by a daughter alpha-decay with energy
between 6950 keV and 7050 keV (see fig. 8). b) The solid line
shows the distribution of the decay times for ER–αm correlated
alpha-particles with decay energy greater than 7640 keV. The
filled area shows the same but now for ER–αm–αd correlated
mother alpha-decays (see fig. 9a). The dotted line represents
the density distribution of events in a radioactive decay [44]
with T1/2 = 2.1 ms.

The interpretation of the corresponding mother ac-
tivity originating from the alpha-decay of 191At is more
complicated due to the summing effect of the conversion
electron energy with the alpha-decay energy. This phe-
nomenon was discussed in detail in the previous sect. 3.1.3,
when the alpha-decay of the 7/2− state in 193At was stud-
ied. An expansion of the ER–αm correlated alpha-decay
energy spectrum of fig. 7b is shown in fig. 9a as a solid line.
The filled area represents the energy spectrum of mother
alpha-decays in ER–αm–αd correlated decay chains with
daughter alpha-decay energy between 6950 keV and
7050 keV and within a 500 ms time interval after the ob-
servation of the mother alpha-decay (see fig. 8).

Two previously known activities are also identified
in the ER–αm correlated alpha-decay energy spectrum
in fig. 9a. The 190Po isotope is produced via the p4n-
evaporation channel and 187Bi can be produced directly
via the α4n-evaporation channel or as an alpha-decay
product of 191At. Although the 187Bi events had origi-
nated from the alpha-decay of 191At, in the analysis it
might look as if they correlate directly with the implan-
tations of the evaporation residues, if the alpha-particles
from the decay of 191At escape from the silicon detector.

The possibility that the mother alpha-particle may es-
cape from the silicon detector was taken into account es-
pecially when the alpha-decay energy distribution above
7640 keV in fig. 9a was analysed. If the alpha-particle
from the decay of the 1/2+ state in 191At escapes and
the alpha-particle from the daughter decay (1/2+ state

in 187Bi) does not escape, one may find an ER–α corre-
lation with Eα ∼ 7714 keV and T1/2 ∼ 2 ms. To avoid
this contamination in ER–αm correlated decay chains, es-
caped alpha-particles were also searched for in the analy-
sis. For additional confirmation, the properties of mother
alpha-decays in ER–αm–αd correlated decay chains with
daughter alpha-decay energy in the range 6950–7050 keV
are also presented as a filled spectra in figs. 9a and b.
The mother alpha-decay energy and decay time distri-
butions in the ER–αm and ER–αm–αd correlated decay
chains show the same behaviour.

The width of the ER–αm correlated alpha-decay en-
ergy distribution assigned to 191At in fig. 9a (correspond-
ing to group B in fig. 8) is too large to originate from a sin-
gle alpha-decay transition. The width of the distribution
can be compared to the width of the 190Po alpha-decay
peak. The decay scheme of 191At can be based upon that
of 193At presented in sect. 3.1.3. Thus, the 7/2− state in
191At alpha-decays to the equivalent excited 7/2− state in
187Bi decaying by an M1 transition to the 9/2− ground
state. The summing effect of the conversion electron en-
ergy with the alpha-decay energy causes the widening in
the alpha-decay peak. Contrary to the case of 193At, no
gamma-ray events were observed in coincidence with the
alpha-decays of 191At mainly due to the poor statistics and
low gamma-ray transition energy. Therefore, the excita-
tion energy of the 7/2− state in 187Bi could not be directly
measured in the present work. However, the excitation en-
ergy can be estimated from the width of the alpha-decay
energy distribution. The full width of the structure is ap-
proximately 80 keV. When the resolution of the silicon
detector is taken into account, it can be estimated that
the excitation energy of the 7/2− state in 187Bi would be
approximately 60 keV.

As a verification a Monte-Carlo–type program (see
sect. 3.1.3) was used to simulate the observed energy spec-
trum. In the simulation, the 7/2− state in 191At was as-
sumed to alpha-decay to a 63 keV excited 7/2− state in
187Bi, with a 98% relative alpha-decay branching ratio
and alpha-decay energy Eα = 7653 keV. The 2% rela-
tive alpha-decay branching ratio with alpha-decay energy
Eα = 7715 keV was assumed to lead directly to the 9/2−
ground state in 187Bi. The alpha-decay energies and rela-
tive branching ratios were estimated using the simulation
program. The excited 7/2− state in 187Bi was assumed to
decay to the ground state by an M1 gamma-ray transi-
tion. The L and M conversion coefficients needed for the
program were taken from ref. [46].

The result of the simulation is shown in fig. 9a as a
dotted line. The simulated spectrum is in good agreement
with the measured spectrum. If the use of different alpha-
decay energies and branching ratios or any other multipo-
larity thanM1 for the transition between the excited state
and the ground state in 187Bi were attempted, no satisfac-
tory correspondence between the simulated and the mea-
sured spectrum would be reached. The result of the sim-
ulation supports the estimation of approximately 60 keV
excitation energy of the 7/2− state in 187Bi. The width of
the simulated distribution is comparable to the measured
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spectrum, and the conversion coefficients, corresponding
to a 63 keV M1 transition, can create the correct shape
of the energy distribution. For gamma-ray energies lower
than 80 keV the L conversion coefficient depends strongly
on the transition energy. Therefore, even a small change
in the estimated excitation energy of the 7/2− state would
change the shape of the simulated spectrum dramatically.

A half-life T1/2 = (2.1+0.4
−0.3) ms was determined for

the 7/2− state in 191At from 42 ER–αm correlated decay
chains with an alpha-decay energy greater than 7640 keV
in fig. 9a. The corresponding time distribution of mother
alpha-decays is shown in fig. 9b as solid line. The dotted
line represents the density distribution of decay times in
a radioactive decay with a half-life of 2.1 ms. The com-
patibility of the distributions agrees with the assumption
that the alpha-decays in the correlated decay chains orig-
inate from the same initial state. As an additional con-
firmation, the time distribution of ER–αm–αd correlated
mother alpha-decay times of group B in fig. 8 is shown
as the filled spectrum in fig. 9b. The corresponding half-
life T1/2 = (1.8+0.7

−0.4) ms is comparable with the half-life
obtained from the ER–αm correlated decay chains.

The alpha-decay energies Eα = 7653(15) keV with
98(2)% relative alpha-decay branching ratios to the
63(10) keV excited 7/2− state and Eα = 7715(15) keV
with 2(2)% relative branching ratios to the 9/2− ground
state in 187Bi, were extracted based on the shape of the
alpha-decay spectrum, a result of the simulation and sys-
tematics observed in the heavier odd-mass astatine iso-
topes 193At and 195At [24]. The unhindered alpha-decay
to the excited state with a hindrance factor of 1.1(3) sup-
ports the interpretation of the similar decay scheme of
191At and 193At.

The 1/2+ state was observed to lie 112(20) keV above
the 9/2− ground state in 187Bi based on the results
measured in the present work and the previously mea-
sured 625(17) keV excitation energy of the 9/2− state in
183Tl [55]. The result is in good agreement with the value
reported in ref. [55]. Based on this excitation energy of
the 1/2+ state in 187Bi and the alpha-decay properties
deduced for 191At in the present work, the 1/2+ state
was observed to be the ground state and the 7/2− state
50(30) keV above the ground state in 191At.

Estimates for the numbers of correlated decay chains
produced by random correlations in the energy region of
group B in fig. 8 are presented in table 3.

3.2.3 Alpha-decay of the 13/2+ state in 191At

The possible alpha-decay of the 13/2+ state in 191At could
be obscured by the correlated alpha-decay chains of 192At
in fig. 8 (compare to group B for 193At in fig. 2).

The group with five ER–αm–αd correlated decay
chains with mother and daughter alpha-decay energies ap-
proximately Eα = 7530 keV and Eα = 7000 keV, respec-
tively most probably originates from the decay of 192At.

An alpha-decay energy Eα = 7608(16) keV and half-
life T1/2 = 80+120

−30 ms were obtained for the daughter activ-
ity of three decay chains right below group A in fig. 8. Even

though the half-life obtained is approximately a factor of
two too long, the activity could represent the alpha-decay
of the 9/2− state in 187Bi to the 1/2+ state in 183Tl, as re-
ported in ref. [55] with Eα = 7612(15) keV and a 8.0% rel-
ative alpha-decay branching ratio. Two of the chains with
mother alpha-decay energy Eα = 7688(19) keV and half-
life T1/2 = 2.6+6.0

−1.1 ms can originate from the decay of the
7/2− state in 191At as discussed above. This would give a
13(8)% relative branching ratio for the alpha-decay of the
9/2− state in 187Bi to the 1/2+ state in 183Tl. One chain
with a mother alpha-decay energy Eα = 7446(25) keV and
decay time of 360 µs (corresponding T1/2 = 250 µs) could
represent the alpha-decay of the 13/2+ state in 191At (see
fig. 2 for 193At). The alpha-decay energy of the mother ac-
tivity would support the assumption of the hidden group
of 191At decay chains under the decay chains of 192At. An
unhindered alpha-decay with decay energy Eα = 7446 keV
in 191At would represent approximately a 8.8 ms half-life
if a hindrance factor equal to unity is assumed. Thus, the
observation of one decay with 250 µs half-life is unlikely
but nevertheless possible. See also the excitation energy
discussion in sect. 4.3.5.

3.2.4 Alpha-decay of the 9/2− state in 187Bi

The absolute alpha-decay branching ratio of the 9/2−
ground state in 187Bi can be estimated from the numbers
of ER–αm and ER–αm–αd correlated decay chains orig-
inating from the alpha-decay of the 7/2− state in 191At
(events above 7640 keV in fig. 9a). In the estimation, a
probability of 55% that the alpha-particle deposits all its
kinetic energy in the silicon detector and a relative alpha-
decay branching ratio of 87(8)% (see sect. 3.2.3) for the
decay of the 9/2− ground state in 187Bi to the 9/2− state
in 183Tl are taken into account. The obtained result of
65(30)% for the absolute alpha-decay branching ratio of
the 9/2− ground state in 187Bi is surprisingly low. The
branching ratio of the competing beta-decay should be on
the order of 2%, if the beta-decay half-life of 2.4 s given
in ref. [56] is assumed. Of course, the statistics are very
low for the determination of these alpha-decay branching
ratios. Also, the ER–αm correlated decay chains may in-
clude a few decay chains where the alpha-decays of the
1/2+ state in the daughter nucleus 187Bi are correlated
directly with evaporation residues, if the alpha-particle of
the mother decay (1/2+ state in 191At) escapes. This pos-
sibility was discussed earlier in sect. 3.2.2. Due to these
uncertainties, an absolute alpha-decay branching ratio of
100% was used in the analysis.

3.2.5 Production cross-section of 191At

The total production cross-section of 191At was deter-
mined to be approximately σ ∼ 300 pb at the bombarding
energy E = 260 MeV in the middle of the target for the
reaction 141Pr(54Fe, 4n)191At.

The production ratios of different states can be es-
timated from table 3, where the numbers of ER–αm–αd
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Table 4. The measured alpha-decay properties for 191At and 193At and also for the corresponding daughter nuclei. The
literature values and assignments for 187Bi and 189Bi are taken from refs. [55,46,48]. The hindrance factors and reduced widths
are calculated from measured values using the method of Rasmussen [49] and normalised to the alpha-decay of 212Po. In the
calculation, the ∆
 values of the transitions were taken into account.

Nucleus Eα (keV) T1/2 (ms) Irel. (%) HF δ2(keV) ∆
 Assignment

This work Lit. This work Lit. This work Lit.
191gAt 7552(11) 1.7+1.1

−0.5 100 0.4(3) 150(100) 0 1/2+ → 1/2+

191mAt 7653(15) 2.1+0.4
−0.3 98(2) 1.1(3) 59(13) 0 7/2− → 7/2−

191mAt 7715(13) 2.1+0.4
−0.3 2(2) 50(50) 1.3(13) 2 7/2− → 9/2−

193gAt 7235(5) 28+5
−4 100 0.69(13) 93(17) 0 1/2+ → 1/2+

193mAt 7325(5) 21(5)(a) 98(2) 1.1(3) 60(15) 0 7/2− → 7/2−
193mAt 7423(5) 21(5)(a) 2(2) 64(64) 1.0(10) 2 7/2− → 9/2−
193mAt(b) 7106(5) 27+4

−3 100 1.0(4) 64(30) 0 13/2+ → 13/2+

187gBi 6994(8) 7000(8) 35+14
−8 32(3) 87(8) 88.3 0.8(3) 80(30) 0 9/2− → 9/2−

187gBi 7605(16) 7612(15) 35+14
−8 25+9

−5 13(8) 8.0 40(30) 1.7(13) 5 9/2− → 1/2+

187gBi(c) 7367(30) 21+29
−8 3.7 9/2− → 3/2+

187mBi 7714(11) 7721(15) 0.31+0.19
−0.09 0.29+0.09

−0.05 100 100 1.3(8) 52(30) 0 1/2+ → 1/2+

189gBi 6667(4) 6672(5) 580(25) 680(30) 94(3) 95(2) 0.89(6) 73(5) 0 9/2− → 9/2−
189gBi 7114(6) 7114(6) 580(25) ∼ 1000 6(3) 3.1(7) 40(20) 1.7(9) 5 9/2− → 1/2+

189gBi(c) 6550(15) ∼ 1000 1.2(9) (9/2− → 11/2−)
189gBi(c) 6833(7) 1400+1000

−800 1.3(6) 9/2− → 3/2+

189mBi(d) 7295(5) 7292(6) 4.6+0.8
−0.6 5.2(6) 100 88(3) 1.2(3) 55(10) 0 1/2+ → 1/2+

189mBi(e) 7114(7) 8(4) 12(3)

(a) This is the corrected value (measured value without correction is (31.8+1.5
−1.3) ms). See text and fig. 6 for more details.

(b) The absolute alpha-decay branching ratio was estimated to be 24(10)% using hindrance factor. See text and fig. 6 for more details.

(c) These transitions were not attempted to be identified in the present work (see sect. 4).

(d) The absolute alpha-decay and E3 transition branching ratios were estimated to be 83(5)% and 17(5)%, respectively.

(e) This transition was not detected in the present work (see sect. 4).

correlated decay chains for different groups in fig. 8 are
presented. If the absolute alpha-decay branching ratios of
the daughter nucleus 187Bi are assumed to be 100%, the
production ratios for 1/2+ and 7/2− states in 191At are
estimated to be 32% and 68%, respectively.

4 Discussion

The results obtained in the present work are shown in ta-
ble 4. The decay properties of the daughter nuclei 187Bi
and 189Bi are compared with the previous experimental re-
sults. The assignments shown for the alpha-decays of 187Bi
and 189Bi are taken from refs. [55,48]. Some of the weakest
alpha-decay branches reported in refs. [55,48] were not ob-
served. In most of the cases this was due to the low statis-
tics obtained for these nuclei produced via alpha-decay in
the present work.

The results obtained for 187Bi are in good agreement
with the previous experimental results, though the weak-
est alpha-decay branch from the 9/2− ground state to the
3/2+ state in 183Tl was not observed.

In the case of 189Bi two clear alpha-decay branches
were detected from the 9/2− ground state being in

agreement with previous results. Two other alpha-decay
branches with relative branching ratios of approximately
1.3% [48], could not be detected so clearly. The reported
alpha-decay energies 6550(15) keV and 6833(7) keV [48]
would appear in the ER–αm–αd correlated events in the
region where some accidentally correlated decay chains
could also be expected in fig. 2. Therefore, the identifi-
cation of these weak branches was not attempted. The
alpha-decay energy Eα = 7295(15) keV for the decay of
the 1/2+ state in 189Bi is in good agreement with the
result reported in ref. [48]. Another alpha-decay branch
with branching ratio of 12(3)% and alpha-decay energy
Eα = 7114(7) keV from the 1/2+ state reported in ref. [48]
was not detected in the present work, although it should
have been clearly observed. Instead of the 12(3)% alpha-
decay branch, a 17(5)% E3 gamma-ray transition branch
from the 1/2+ state to the 7/2− state in 189Bi was deduced
(see fig. 10).

4.1 The decay schemes

The proposed alpha-decay schemes of 191At and 193At
with the observed decay properties of the corresponding
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Fig. 10. Proposed alpha-decay schemes of 191At and 193At. The decay properties of the 13/2+ state shown for 189Bi were taken
from refs. [50,51]. a: this is the corrected value (measured value without correction is (31.8+1.5

−1.3) ms). See text and fig. 6 for
more details.

daughter nuclei 187Bi and 189Bi are shown in fig. 10. The
observations that led to the presented interpretations are
discussed in detail in sects 3.1 and 3.2. The alpha-decay
schemes are very similar to the decay scheme of 195At,
which was suggested to differ dramatically from the sys-
tematics seen in heavier odd-mass astatine isotopes [24].
In 195At the intruder 1/2+ state was observed to become
the ground state and the first-excited state was suggested
to be a 7/2− state. In heavier odd-mass astatine isotopes
between 197At and 211At the 9/2− state was seen to be
the ground state and a low-lying 7/2− state has not been
observed in astatine isotopes between 197At and 203At.

4.2 Mass excess

A mass excess of −250(110) keV is given for 193At by
Novikov et al. in ref. [31]. This value is derived from the
previous results presented for the alpha-decay of 193At
in refs. [32,33]. Using the decay properties presented for
193At in fig. 10 and the mass excess of −10170(110) keV
given for the daughter nucleus 189Bi in ref. [31], a mass ex-
cess of −170(110) keV is obtained for 193At in the present
work.

The mass of 187Bi is needed to estimate the mass of
191At. However, there is no measured information about
the mass of 187Bi so far. Also, the extrapolated masses for
the lightest (A < 193) odd-mass bismuth isotopes given by
Audi et al. [30] differ increasingly with decreasing neutron
number from the measured masses given in refs. [31,57].

Therefore, the mass of 187Bi is approximated from the
measured results of the closest odd-mass bismuth isotopes.
Since the proton binding energy of the 1/2+ state in 185Bi
is known [25,26] and the corresponding binding energy
in the heavier odd-mass bismuth isotopes starting from
189Bi can be calculated using the measured masses [31,
57], the mass of 187Bi is approximated from the behaviour
of the 1/2+ state in odd-mass bismuth isotopes. A mass
excess of −6450(120) keV is estimated for the 9/2− ground
state in 187Bi after the approximation. Using the alpha-
decay properties presented for 191At in fig. 10 and the
mass excess derived for the daughter nucleus 187Bi above,
a mass excess of 3800(120) keV is obtained for 191At. It
must be noted, however, that a use of the approximation
covers and hides interesting and unexpected details within
the systematics.

4.3 Systematics

The systematics of low-lying states in light odd-mass as-
tatine isotopes compared to the ground states is shown in
fig. 11. Data for isotopes from A = 195 to 207 were taken
from refs. [24,23,21,58,22,59,46].

The 9/2− state, associated with the (πh9/2)3 configu-
ration coupled to the 0+ lead core, was determined to be
the ground state in odd-mass astatine isotopes from 211At
to 197At. The excitation energy of the isomeric 13/2+ state
drops increasingly when moving from the closed N = 126
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Fig. 11. Systematics of low-lying levels in odd-mass astatine
isotopes. The states linked with dotted lines have the same
spin and parity assignments.

neutron shell towards the N = 104 neutron mid-shell re-
gion. Between the 197At and 195At isotopes the ground
state changes from the 9/2− state to the intruder 1/2+

state. The 9/2− state has not been observed in the light
odd-mass (A < 197) astatine isotopes so far.

The change in the character of the ground state to
which the excitation energy of the other states are com-
pared may be misleading when studying the behaviour of
the excited states. For example in 193At the 9/2− state
may be located above the 13/2+ state, which would mean
an even deeper drop of the 13/2+ state than that expected
from fig. 11.

In order to study the behaviour of the states in light
odd-mass astatine isotopes, proton binding energy system-
atics are constructed and shown for light bismuth and as-
tatine isotopes in fig. 12. The masses needed for the plot
were taken from the recent atomic mass measurements [31,
57,30], updated with the new results for 191At, 193At and
187Bi presented in sect. 4.2. An overall accuracy of ap-
proximately 100 keV was given for the measured masses.

The behaviour of excited states was obtained by simply
adding the excitation energy to the corresponding bind-
ing energy of the ground state in fig. 12. The excitation
energies for astatine isotopes from mass number A = 195
to 211 were taken from refs. [24,23,21,58,22,59,46] and
for bismuth isotopes from refs. [51,48,50,60,61,24,46] and
from the present work. The positive binding energies in
fig. 12 indicate that the states are not any more proton
bound compared to the ground state of the corresponding
daughter nucleus.

For a more illustrative view of the systematics, the
graphs in fig. 12 are presented again in fig. 13, but now the
energies are compared to the 9/2− ground state in bismuth
isotopes. This was done to get a better idea about the
behaviour of the states in light odd-mass astatine isotopes
where they cannot be compared to the 9/2− state as in the
heavier odd-mass astatine isotopes starting from 197At.

Fig. 12. Proton binding energies of odd-mass bismuth and as-
tatine isotopes. The energies of the excited states were obtained
by simply adding the excitation energies to the corresponding
binding energy of the ground state.

Fig. 13. The same data as in fig. 12 but now normalised to the
9/2− ground state in bismuth. The plot was done to visualise
the behaviour of the states in light astatine isotopes where the
9/2− state is not known. See text for more details.

As can be seen in figs. 12 and 13, the proton bind-
ing energy of the 9/2− state in astatine isotopes follows
smoothly the corresponding binding energy of the 9/2−
state in bismuth isotopes. The only differences between
the binding energy curves are a shift and a small slope
difference. If it is assumed that the 9/2− state in asta-
tine isotopes follows the 9/2− ground state of bismuth
isotopes in the same way also in the lightest isotopes (as
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an extended dotted line in fig. 13), it would be straight-
forward to estimate the behaviour of the 1/2+, 7/2− and
13/2+ states compared to the 9/2− state also in these light
astatine isotopes.

4.3.1 The 9/2− states

The 9/2− ground states in bismuth and astatine isotopes
are associated with nearly spherical configurations with
the last proton occupying the πh9/2 orbital. As mentioned
above, the proton binding energies of the 9/2− states in
bismuth and astatine isotopes show similar behaviour up
to 197At, until the 1/2+ state crosses the 9/2− state in
astatine isotopes as shown in fig. 12. The 1/2+ state can
be associated with a slightly oblate π(4p − 1h) configura-
tion analogous to the bismuth isotopes. The 7/2− state,
also with a slightly oblate deformed configuration (see
sect. 4.3.2 and ref. [24]), closely follows the 1/2+ state
in light astatine and also in light bismuth isotopes. The
crossing of the two different configurations in astatine iso-
topes (in 197At) creates a very clear and understandable
bend to the ground-state proton binding energy curve de-
rived using the measured masses from refs. [31,57,30]. It
is surprising that a similar bend appears also in the pro-
ton binding energy curve of the 9/2− ground state and
also in the curves of the 1/2+ and 13/2+ states shown
for bismuth isotopes in fig. 12. If the bend in the astatine
isotopes can be interpreted as originating from the change
of the nuclear shape from spherical to slightly oblate, the
corresponding bend in the bismuth isotopes may indicate
a similar change in the nuclear structure. Since the bend
of each curve shown for bismuth occurs in the same 193Bi
isotope, it may be due to a systematic error in the atomic
mass data. However, the bend in the light bismuth and
astatine isotopes is hundreds of kiloelectronvolts from the
behaviour expected based on the systematics in the heav-
ier isotopes. On the other hand, an overall accuracy of ap-
proximately 100 keV was given for the measured masses
presented in refs. [31,57,30]. It was also checked that the
structures in the proton binding energies are due to the
changes in the systematics of bismuth and astatine masses
rather than in the respective lead and polonium daughter
nuclei.

4.3.2 The 7/2− states

So far, a low-lying 7/2− state has not been observed
in neutron-deficient odd-mass astatine isotopes between
197At and 203At. Correspondingly, the 9/2− state has not
been observed in the light (A < 197) astatine isotopes.
As already mentioned in sect. 1, the emergence of the
7/2− state over the 9/2− state can be explained by a
change in the deformation of this three-particle config-
uration between 197At and 195At isotopes. Since no size-
able ground state deformation was observed in 197At [23],
the odd proton in the 1h9/2 orbital creates the 9/2−

ground state, associated with the (πh9/2)3 configuration.

According to the Nilsson diagram a 7/2− state, associ-
ated with an oblate 7/2−[514] Nilsson state, originating
predominantly from the πh9/2 orbital at sphericity and
having a mixed πf7/2/πh9/2 character at oblate deforma-
tion, becomes available for the last 85th proton in odd-
mass astatine isotopes if sufficient oblate deformation is
assumed. Based on the results obtained in the present
work and in ref. [24], it is proposed that the deformed
three-particle configuration, driving the last proton to the
7/2−[514] Nilsson state, is energetically more favoured
than the nearly spherical (πh9/2)3 configuration in light
A < 197 odd-mass astatine isotopes. A sudden change
in the ground-state deformation from a nearly spherical
shape to an oblate shape is theoretically predicted to hap-
pen between 199At and 198At by Möller et al. in ref. [9].

In relation to astatine isotopes, the existence of a low-
lying 7/2− state in bismuth isotopes can be understood by
the single-particle 7/2−[514] Nilsson proton state. In fact,
the 7/2−[514] state is the only simple possibility to gener-
ate a low-lying 7/2− state in bismuth isotopes. The iden-
tification of this state in light bismuth isotopes in ref. [24]
and the present work is a very good example of the power
of the combined alpha-decay and gamma-ray transition
measurements to study low-lying non-yrast states in ex-
otic heavy nuclei.

The strength of the deduced E3 transition from the
13/2+ state can be used to probe the configuration of the
final 7/2− state in 193At. The 13/2+ state can be thought
of as consisting of an admixture of a πi13/2 orbital coupled
to the 0+ lead core and a πf7/2 orbital coupled to an oc-
tupole excited 3− lead core [62]. Thus, the E3 transition
may correspond to orbital transitions of the type πi13/2 →
πh9/2 or πi13/2 → πf7/2, respectively, where the latter one
would be considerably enhanced by the collective 3− → 0+

core transition. The similar E3 transitions are discussed
in refs. [63,64], where the typical E3 transition strengths
of 3 W.u. and over 20 W.u. were reported for the orbital
changes of the type πi13/2 → πh9/2 and πi13/2 → πf7/2,
respectively, in the trans-lead region. The observed E3
transition strength of 3.0 W.u. (highest limit 4.0 W.u.)
would be consistent with a πi13/2 → πh9/2 orbital tran-
sition. The value would indicate, that the dominant com-
ponent of the final 7/2− state would come from the πh9/2

orbital and that the deformation of the states would not
be very strong [64]. On the other hand, it should be no-
ticed that in the E3 transition strength systematics shown
in refs. [63,64], the transition energies were all above
300 keV, while in the present case the transition energy is
only approximately 34 keV. So it is not so clear if the E3
transition strengths would behave the same way for lower
transition energies than those presented in refs. [63,64].

4.3.3 The 1/2+ state in bismuth isotopes

The parabolic behaviour of the 1/2+ intruder state is
a well-known feature in the odd-mass bismuth isotopes
shown in fig. 13. The downward trend of the state com-
pared to the 9/2− ground state is observed to continue up
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to 187Bi at the neutron mid-shell (N = 104) without any
sign of levelling off [55]. In ref. [55] it is speculated that the
continuation of the downward trend could originate from
a crossing of two different 1/2+ states. A weakly oblate
deformed intruder π(2p − 1h) configuration would create
the parabolic behaviour in the heavier odd-mass bismuth
isotopes. In the lighter isotopes the prolate 1/2+ state —a
prolate 1/2+[660] Nilsson proton orbital was suggested in
ref. [55]— would cross the oblate configuration and con-
tinue the downward trend of the 1/2+ state. The assump-
tion was based on the coexistence of oblate, prolate and
also spherical shapes observed in lead isotopes [4].

The strength of the E3 transition from the 1/2+ state
to the 7/2− state in bismuth (see sect. 3.1.4 and fig. 10)
can possibly be used to deduce the properties of the initial
and final states. In 189Bi the strength of 1.4 W.u. is de-
duced for the E3 transition as mentioned in sect. 3.1.4, but
in 191Bi a strength of only 0.09 W.u. was obtained [24].
The latter value represents a typical single-particle E3
transition strength in this region of the nuclear chart. The
first value indicates that the corresponding transition in
189Bi could include collective components. This sudden
increase in the strength of the transition would suggest a
change in the configuration of the initial 1/2+ state or the
final 7/2− state between 191Bi and 189Bi isotopes.

The 1/2+ state is associated with the weakly oblate de-
formed π(2p−1h) configuration originating mainly from a
proton hole in the s1/2 orbital. The 7/2− state can be asso-
ciated with an oblate 7/2−[514] Nilsson proton state orig-
inating predominantly from the πh9/2 orbital at spheric-
ity and having a mixed πf7/2/πh9/2 character at oblate
deformations (see also sect. 4.3.2). Thus, the E3 tran-
sition between the states would mainly be of the type
πs1/2 → πf7/2/πh9/2, depending on the deformation of
the final 7/2− state. If the main component of the final
state originated from the πh9/2 orbital, the E3 transi-
tion could be considered as a normal single-particle orbital
change. This would be consistent with the deduced tran-
sition strength of 0.09 W.u. reported for 191Bi in ref. [24].
On the other hand, if the main component of the final
state originated from the πf7/2 orbital, the strength of
the E3 transition could be enhanced. As mentioned ear-
lier, the main component of the 1/2+ state probably orig-
inates from a single πs1/2 proton coupled to the 0+ lead
core. One component of the state might originate from
the πf7/2 proton coupled to an octupole excited 3− lead
core [65]. Thus, the initial 1/2+ state and the final 7/2−
state would consist of a component from the same πf7/2

orbital coupled with the lead core. The de-excitation of the
collective 3− core would explain the sudden increase in the
strength of the E3 transition in 189Bi. This explanation
would, however, require an unexpected sudden change in
the structure of the 7/2− final state between 191Bi and
189Bi. The h9/2 and the f7/2 orbitals are located so close
to each other (especially when Woods-Saxon or Yukawa
single-particle levels are used) that the mixing of the or-
bitals should change very smoothly over a wide range of
oblate deformations.

Another explanation for the increased E3 transition
strength could be the sudden change in the structure of the
initial state. If the initial 1/2+ state turned into a prolate
1/2+[660] Nilsson proton state in light bismuth isotopes
as suggested in ref. [55], it could consist of an admixture
of a πi13/2 orbital coupled to the 0+ lead core and a πf7/2

orbital coupled to an octupole excited 3− lead core. Since
the 7/2− final state is πf7/2/πh9/2 of parentage, the ini-
tial state may contain a component of the final state cou-
pled to an octupole excited core. Thus, in addition to the
single-particle E3 transition, de-excitation of the collec-
tive core from the 3− state to the 0+ state would enhance
considerably the strength of the E3 transition. This tran-
sition would belong to the same category as the enhanced
πi13/2 → πf7/2 transition discussed in sect. 4.3.2.

However, the 1/2+ state should not be the lowest mem-
ber of the states originated from a prolate 1/2+[660] Nils-
son proton orbital due to the Coriolis interaction in de-
formed nuclei. The Coriolis effect is observed to be very
large for single-particle orbitals with K = 1/2 and high
j as in the case of the 1/2+[660] orbital [66]. This would
cause among other things that the 13/2+ state is one of
the lowest (or the lowest) lying levels and the 1/2+ level
would lie somewhere higher in energy.

Although the strength of the enhanced E3 transition
in 189Bi is somewhat lower than the values presented
in refs. [63,64], the transition is approximately 15 times
faster than the corresponding transition in 191Bi. This dif-
ference cannot be explained by an uncertainty in the con-
version coefficients or something similar because the en-
ergies of both transitions are almost exactly 90 keV. A
satisfactory explanation for the enhanced (collective) E3
transition in 189Bi is difficult to give based on the present
data. Further studies like in-beam gamma-ray spectro-
scopic measurements would give direct knowledge about
the structure of the 7/2− and 1/2+ states in light odd-
mass bismuth isotopes.

4.3.4 The 1/2+ state in astatine isotopes

The 1/2+ state is observed in light odd-mass astatine
isotopes starting from 197At with 52(10) keV excitation
energy compared to the 9/2− ground state [58]. In the
lighter isotopes the 1/2+ state is observed to become
the ground state and the 9/2− state is not observed any
longer. If the behaviour of the 9/2− state in astatine iso-
topes is assumed to be smooth, as sketched by the dot-
ted line in fig. 13, the 1/2+ state drops deeply, approxi-
mately 330 keV, 410 keV and 400 keV below the assumed
9/2− state in 195At, 193At and 191At, respectively. The
behaviour of the 1/2+ state in the astatine isotopes fol-
lows the behaviour of the corresponding 1/2+ state in the
bismuth isotopes, until it seems to level off in 191At. Of
course, it should be remembered that the accuracy of the
masses is approximately 100 keV and that the mass of
191At is derived from the approximated mass of 187Bi (see
sect. 4.2). Thus, it is not so clear if the 1/2+ state in asta-
tine isotopes continues the downward trend as it does in
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bismuth isotopes or whether it starts to level off near the
mid-shell region (see fig. 13).

4.3.5 The 13/2+ state

The general behaviour of the 13/2+ state in odd-mass as-
tatine isotopes resembles the behaviour of the correspond-
ing 13/2+ state in odd-mass bismuth isotopes. The new
result for the excitation energy of the 13/2+ state in 193At
follows the corresponding systematics in bismuth isotopes
in fig. 13.

The 13/2+ state has not been observed in 195At so
far, but fig. 13 offers a possibility to estimate the exci-
tation energy and the decay properties of this state. It
can be assumed that the 13/2+ state would lie approx-
imately 280 keV and 250 keV above the 1/2+ ground
state and the 7/2− state in 195At, respectively. If the
9/2− state lies above the 13/2+ state as can be esti-
mated from fig. 13, the most probable decay modes of the
13/2+ state would be an E3 transition to the 7/2− state
and an alpha-decay to the corresponding 13/2+ state in
191Bi. By using the excitation energy of 429 keV reported
for the 13/2+ state in 191Bi [61] and the results of the
present work, the alpha-decay energy of the 13/2+ state
in 195At to the corresponding 13/2+ state in 191Bi would
be approximately Eα = 7045 keV. The alpha-decay en-
ergy corresponds to a half-life of approximately 168 ms if
an unhindered alpha-decay with a hindrance factor equal
to unity is assumed. Correspondingly, the Weisskopf esti-
mate for a 250 keV E3 transition from the 13/2+ state
to the 7/2− state in 195At corrected for internal conver-
sion is T1/2 = 3 ms. In addition, it can be assumed that
the strength of the E3 transition would be approximately
3 W.u., as deduced for the corresponding transition in
193At in sect. 3.1.4 (see also sect. 4.3.2 above). This would
mean that the branch of the alpha-decay from the 13/2+

state would be too small for the detection in 195At. Even
if the 13/2+ state laid only 30 keV above the 7/2− state,
the E3 transition would be approximately 20 times faster
than the alpha-decay to the 13/2+ state in 191Bi. In ad-
dition, the alpha-decay energies of the other states could
obscure this tiny alpha-decay branch. In that case, obser-
vation of the subsequent gamma-rays from the 13/2+ final
state in 191Bi (Eγ = 429 keV [61]) would be needed to en-
sure that the preceding alpha-decay originated from the
13/2+ state in 195At (see the corresponding situation for
193At in sect. 3.1.2). In 193At the alpha-decay energy of
the 13/2+ state is not obscured by the alpha-decay ener-
gies of the other states, as can be seen in fig. 2.

Observation and identification of the possible E3 tran-
sition between the 13/2+ and 7/2− states will also be a
great challenge if the half-life of the transition is of the
order of 1 ms or longer. The task would be easier if the
9/2− state would lie below the 13/2+ state. Thus, the de-
excitation of the 13/2+ state could proceed via the 9/2−
state to the 7/2− state with the gamma-ray transition
half-lives well below 1 µs.

The possible alpha-decay energy of 7446(25) keV from
the 13/2+ state in 191At (see sect. 3.2.3) to the 252 keV

Fig. 14. Qα values for neutron-deficient astatine isotopes. The
open circles represent experimental data, including the Qα val-
ues of 191At and 193At determined in the present work. The
filled triangles and squares represent Qα values calculated us-
ing the mass tables of Liran and Zeldes [67] and Möller et
al. [9], respectively.

excited 13/2+ state in 187Bi [51] would indicate that the
excitation energy of the 13/2+ state in 191At would be
30(30) keV. This would mean that the 13/2+ state would
lie even below the 7/2− state in 191At. However, it should
be remembered that this speculation is based on only
one decay chain. More statistics is needed for further
discussion.

4.3.6 Qα values and proton separation energies

In fig. 14 the experimental alpha-decay Qα values of as-
tatine isotopes, including the Qα values for 191At and
193At obtained in the present work, are shown along with
the values calculated using the mass tables of Liran and
Zeldes [67] and Möller et al. [9]. The experimental data
presented for heavier astatine isotopes were taken from
refs. [33,24,46].

The alpha-decay Qα values obtained using the re-
sults of the semiempirical shell-model formula of Liran
and Zeldes fit rather well to the experimental results.
In light astatine isotopes the formula overestimates the
alpha-decay Qα values, since the systematic increase of
the experimental Qα values slows down after 197At, as
can be seen in fig. 14. In odd-mass isotopes the slowing-
down is due to the change of the character of the ground
state between 197At and 195At from a spherical 9/2− state
to a slightly oblate 1/2+ state, while the daughter nuclei
stay almost spherical. In 194At the drop in the experi-
mental alpha-decay Qα value [33] compared to the sys-
tematics trend is even larger. This may indicate a similar
change in the ground-state structure of even-mass astatine
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isotopes as observed in odd-mass astatine isotopes. How-
ever, it should be remembered that the alpha-decay prop-
erties of 194At are not very well known.

The alpha-decay Qα values obtained using the results
of the macroscopic-microscopic calculation of Möller et
al. [9] differ considerably from the experimental results.
In the heavier astatine isotopes the increase in the alpha-
decay Qα values with decreasing mass number is overesti-
mated up to 199At. After 199At the alpha-decay Qα value
stays almost constant until there is a slight increase in
191At and then a decrease again. These changes in the
systematic trends of the calculated alpha-decay Qα values
occur in the places where the quadrupole deformation of
the astatine isotopes were predicted (by Möller et al.) to
change from nearly spherical in 199At with β2 = 0.08 to
an oblate in 198At with β2 = −0.21 and from oblate 191At
with β2 = −0.22 to prolate 190At with β2 = 0.3, while the
daughter nuclei (bismuth) were predicted to stay almost
spherical [9].

Figure 15 shows the proton separation energies for
odd-mass Ir, Au, Tl, Bi, At, Fr and Ac isotopes. The neg-
ative separation energies indicate that the nucleus is not
proton bound compared to the ground state of the daugh-
ter nucleus (compare to fig. 12). The filled circles denote
energies derived from the measured atomic masses pre-
sented in refs. [57,31], except the points shown for Ac and
Fr isotopes and for Tl, Au and Ir isotopes below the dot-
ted line. Masses for these proton separation energies were
taken from ref. [30], which contains measured and also ex-
trapolated atomic masses. The open circles represent the
measured proton separation energies for ground-state–to–
ground-state proton decays [68,69]. Correspondingly, the
open triangles represent the measured proton separation
energies, but in these cases the proton decays most prob-
ably originate from excited states [25,26].

As can be seen in fig. 15, the use of the extrapolated
masses of ref. [30] tend to overestimate the decrease of the
proton separation energy, especially in Au and Tl isotopes.
In light Tl isotopes the systematics of the separation en-
ergy behaves unexpectedly when the measured point is
taken into account. In bismuth and astatine isotopes the
masses for 187Bi and 191At are not well known. For these
nuclei the masses approximated in sect. 4.2 were used.

The proton separation energies of astatine isotopes de-
crease smoothly with decreasing mass number until the
first clearly proton-unbound isotope 195At [24] is reached.
The graph behaves as if the two curves would cross be-
tween 197At and 195At. This is indeed true, since the
ground-state change from a 9/2− state to a 1/2+ state (see
fig. 12) causes the bend in the proton separation energy
systematics. A similar, but weaker, behaviour can also be
seen in bismuth isotopes (see sect. 4.3.1). Proton separa-
tion energies of approximately −560 keV and −1020 keV
can be estimated for 193At and 191At, respectively. For
191At this would correspond to a partial half-life of ap-
proximately 57 s for an unhindered proton decay from
the πs1/2 orbital. This is calculated using the WKB bar-
rier transmission approximation through the real part of
a Becchetti-Greenlees optical potential [70]. Although the

Fig. 15. Proton separation energies for odd-mass Ir, Au, Tl,
Bi, At, Fr and Ac isotopes. The filled circles denote ener-
gies derived from the measured atomic masses presented in
refs. [57,31], except for Ac and Fr isotopes and for Tl, Au and Ir
isotopes below the dotted line the masses presented in ref. [30]
were used. The open circles represent the measured proton
separation energies for the ground-state–to–ground-state pro-
ton decays [68,69]. The open triangles represent the measured
proton separation energies, but in these cases the proton decay
most probably originates from an excited state [25,26].

WKB approximation is very rough and works mainly for
spherical nuclei, it shows that the branching ratio of the
proton decay compared to the alpha-decay with a half-life
T1/2 = (1.7+1.1

−0.5) ms would be too small for detection, es-
pecially if the spectroscopic factor of the proton decay is
taken into account in the half-life approximation. By ex-
trapolating the systematics of the proton separation en-
ergies of the astatine isotopes, it can be estimated that
the proton separation energy of the next odd-mass asta-
tine isotope 189At would be approximately −1500 keV,
which would surely be negative enough for proton decay
to compete successfully with alpha-decay.

5 Conclusion

The alpha-decay properties of the new isotope 191At were
investigated for the first time and the decay properties
of 193At were studied with improved accuracy. New in-
formation about the corresponding daughter nuclei 187Bi
and 189Bi was also obtained.

Three alpha-decaying states were identified for 193At
and two for 191At. In both isotopes the 1/2+ intruder state
was determined as the ground state, though in 193At also
the 7/2− state with 5(10) keV excitation energy could
represent the ground state within the accuracy of the
measurement. The alpha-decay of the excited 7/2− state
in 193At was observed to feed an excited 7/2− state at
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99.6(5) keV in 189Bi. The spin, parity and excitation en-
ergy of the final state in bismuth were determined using
the properties of gamma-ray transitions observed in coin-
cidence with the alpha-decay of 193At. Identification of the
13/2+ state in 193At was also based on the alpha-gamma
coincidences. In 187Bi the existence of the excited 7/2−
state at 63(10) keV was deduced from the shape of the
alpha-decay energy spectrum of 191At and the systematics
observed in the heavier odd-mass bismuth isotopes. A pos-
sible observation of the alpha-decay from 13/2+ state in
191At was also discussed. The unhindered alpha-decays to
the final states in bismuth were used to determine the as-
signments of the initial states in 191At and 193At isotopes.

The level schemes obtained for 191At and 193At in the
present work are similar to the previous level scheme of
195At, which was suggested to differ from those observed
in the heavier odd-mass astatine isotopes. It was also pro-
posed that the deformed three-particle configuration, driv-
ing the last proton to the 7/2−[514] Nilsson state, is ener-
getically more favoured than the nearly spherical (πh9/2)3
configuration in these light (A < 197) odd-mass asta-
tine isotopes. The existence of the corresponding low-lying
7/2− state in bismuth isotopes was also explained by the
single-particle 7/2−[514] Nilsson proton state.

Finally, the proton binding energies of the odd-mass
bismuth and astatine isotopes were discussed. Based on
the observed systematics, it was predicted that the next
odd-mass astatine isotope 189At would be a potential can-
didate for the observation of proton emission.

The crossing of the 1/2+ and 7/2− states with the
9/2− state in 197At was observed as a bend in the proton
binding energy systematics. The bend can be understood
by the crossing of two different nuclear shapes. The 9/2−
state is associated with the spherical shape and the 1/2+

and 7/2− states are associated with the slightly oblate
shape. It was surprising that a similar bend was observed
in bismuth isotopes. In analogy to astatine isotopes it may
indicate a change also in the structure of bismuth isotopes.
In future the comparison of the precise nuclear-mass in-
formation with the ground-state deformation information
will be very interesting if it is true that the changes in
ground-state deformation could be seen also in the sys-
tematics of the ground-state masses.

This work was supported by the Academy of Finland under the
Finnish Centre of Excellence Programme 2002-2005 (Project
No. 44875, Nuclear and Condensed Matter Physics Programme
at JYFL). A.K. would like to acknowledge financial support
provided by a Marie Curie Fellowship of the European Com-
munity program “Improving Human Research Potential and
the Socio-economic Knowledge Base” Contract No. HPMF-
CT-2000-01115.

References

1. J.L. Wood, K. Heyde, W. Nazarewicz, M. Huyse, P. Van
Duppen, Phys. Rep. 215, 101 (1992).

2. F.R. May, V.V. Pashkevich, S. Frauendorf, Phys. Lett. B
68, 113 (1977).

3. R. Bengtsson, W. Nazarewicz, Z. Phys. A 334, 269 (1989).

4. R.G. Allatt, R.D. Page, M. Leino, T. Enqvist, K. Eskola,
P.T. Greenlees, P. Jones, R. Julin, P. Kuusiniemi, W.H.
Trzaska, J. Uusitalo, Phys. Lett. B 437, 29 (1998).

5. A.N. Andreyev, M. Huyse, P. Van Duppen, L. Weissman,
D. Ackermann, J. Gerl, F.P. Heßberger, S. Hofmann, A.
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J. A 9, 307 (2000).

23. M.B. Smith, R. Chapman, J.F.C. Cocks, O. Dorvaux,
K. Helariutta, P. Jones, R. Julin, S. Juutinen, H.
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