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Abstract
Complementary studies of 191Pb have been made in the β decay of 191Bi at
LISOL (CRC) and in the α decay of 195Po at ISOLDE (CERN). Fine structures
in the α decay of the low-spin and high-spin isomers of 195Po have been
fully resolved. Identification of the parent state is made possible via isomer
selection based on narrow-band laser frequency scanning. The α-particle and
γ -ray energies have been determined with greater precision. New α-particle
and γ -ray energies are identified. Branching ratios in the decay of 195Po and
191Pb have been examined.
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Figure 1. Relevant decay schemes of 195Pohs and 195Pols from [7] and this work. Note that the
order and energy difference x and y between the low- and high-spin isomers in respectively 195Po
and 191Pb are not known.

1. Introduction

Shape coexistence is an important phenomenon in the region of neutron-deficient lead isotopes,
and extensive experimental and theoretical studies have been performed [1–15]. With 109
neutrons, 191Pb is located in the heart of this region. In the present study, we report on the
α decay of 195Po and on the β decay of 191Bi, both parents of 191Pb. The fine structure
in the α decay of the low-spin isomer 195Pols and the high-spin isomer 195Pohs has already
been studied in an earlier experiment using the gas-filled separator RITU [7]. An intruder
state was identified at 597 keV, suggested as possibly originating from shape coexistence.
However, limitations in the production mechanism and measuring conditions prevented the
determination of the conversion coefficient of the decay from that level. The observation of
an E0 component in this decay would indicate that the two connected states are of the same
spin and parity.

The ground-state and isomer properties of the polonium isotopes have been studied in
a campaign of experiments at CERN ISOLDE (Run I in 2007 for 193–200,202,204Po and Run
II in 2009 for 191,192,195,196,201,203,206–211,216,218Po) using in-source laser spectroscopy, in an
approach similar to that followed for the neutron-deficient lead isotopes [16, 17]. This study
allowed the fine structure in the α decay of 195Po to be revisited. The relevant parts of the
decay chain at mass 195 are shown in figure 1.
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In a set of complementary experiments, the β decay of the neutron-deficient 191,193Bi
isotopes has been studied at the LISOL facility (CRC, Louvain-La-Neuve, Belgium) as part
of a wider survey of the neutron-deficient bismuth isotopes [18–22]. Comparing the results
from the two decay studies gives an insight into the determination of the spin of several energy
levels in 191Pb.

2. Fine structure α decay of 195Po at ISOLDE and evidence for shape coexistence
in 191Pb

2.1. Experimental procedure

The proton beam from the CERN PS-Booster (1.4 GeV, 1.4 μA on average) impinged upon a
UCx target (50 g cm−2). The proton pulses were separated by an integer number of periods of
1.2 s in a sequence referred to as the supercycle. Nuclei produced in the spallation reaction
diffused out of the target matrix and effused to the high-temperature (≈2300 K) RILIS ion
source cavity. The atoms were then irradiated with three different laser beams to excite the
outer electron resonantly from the polonium atom beyond its ionization potential and thus
create a Po+ ion [23]. The ions were then extracted from the ion source cavity, accelerated
by dc electrical fields to an energy of 50 keV and mass separated in the dipole magnet of
the ISOLDE General Purpose Separator. Note that elements with a low enough ionization
potential, such as thallium, may also be surface ionized. Isobaric contaminants may therefore
be present in the mass-separated beam. Yields of a few ten thousands ions per second were
delivered for both 195Pols and 195Pohs isomers, consistent with those published in [23].

The ions were implanted in one of ten carbon foils (20 μg cm−2) mounted on a rotating
wheel. In Run I, a single Si detector (active area 150 mm2, thickness 300 μm) was mounted
behind the foil at the implantation position. During Run II, that same position was surrounded
by two Si detectors, a circular detector behind the foil (back detector, active area 300 mm2,
thickness 300 μm) and an annular detector in front of the foil (front detector, active area
450 mm2, thickness 300 μm) that let the ion beam pass through. The total solid angle
coverage was improved from 33% to 66% of 4π . The full width at half maximum (FWHM)
energy resolution of those detectors for α particles with Eα = 5.5 MeV was 25 keV, 20 keV and
30 keV, respectively. A coaxial HPGe detector was placed behind the back Si detector outside
the vacuum chamber for Run II. Its energy resolution (FWHM) was 4.3 keV at Eγ = 1.3 MeV.
The wheel was rotated synchronously with every second PS-Booster supercycle to remove the
relatively long-lived bismuth and lead daughter activities.

The α-particle energy spectra are shown in figure 2, in which only α particles emitted
in the decay of 195Po and of the daughters 191Pb (after α decay) and 195mBi (after β+/EC
decay) can be seen. The 194Po peak in the spectrum originates from mass contamination of
A = 194 in A = 195 due to the tail of the mass line of that isotope. No 195Tl contribution
can be directly observed in this spectrum as it is a pure β+/EC-decaying isotope. A very
intense γ -ray transition at 384 keV, coming from the internal decay of 195mTl [24], is however
observed in the γ -ray energy spectrum shown in figure 3.

2.2. Features of the α spectra

Several features are observed in the α-particle energy spectra in figure 2, in addition to the
main peaks. Let us consider first the low-energy tails observed on the α peaks, which are
most visible on the two main transitions at Eα = 6606 keV and Eα = 6699 keV. These two
tails are labelled a and b in the second spectrum and can be explained by the energy loss of
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Figure 2. α-particle energy spectra measured at mass number 195 while ionizing polonium
(Run II) using the front detector (top) and the back detector (bottom) over a period of 4 h. The
peaks are labelled in the top spectrum with their assignments. The low- and high-energy tails of
the two main α lines, indicated by the dotted arrows in the bottom spectrum, are labelled for the
discussion in the text.

the α particles emitted through the carbon foil. Calculations indicate that at a beam energy
of 50 keV, the polonium isotopes are implanted at a depth of 25 nm [25] compared to the
90 nm thickness of the foil. This tail has a cut-off due to the limited angular range covered
by the detectors and allowed by the foil mount geometry, and is more pronounced in the back
detector.

A high-energy tail is also present and is attributed to the random summing of the energy
of an α particle from the decay of 195Po with that of a positron from the β decay of 195Tl. The
maximum β summing for the two main peaks in figure 2, corresponding to the energy loss of
a β particle in a Si detector, is indicated by d and e.

Another feature of the α-particle energy spectrum, labelled c in figure 2, is a broad shoulder
on top of the high-energy tail from β summing. This extra shoulder has been identified through
α–γ coincidences. Figure 4 shows the energy of the α particles as a function of the α–γ time
difference �t for events in coincidence with the 384 keV γ -ray transition from the internal
decay of 195mTl (see the inset in figure 3). The two broad bands at an α energy of 6606 keV and
6699 keV are due to random coincidences with the 384 keV transition. Both bands exhibit a
side structure that seems to vanish at �t ≈ 1200 ns. This is attributable to the true coincidence
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Figure 3. γ -ray energy spectrum measured at mass number 195 while ionizing polonium
(Run II), in coincidence with any decay event in the Si detectors. The γ rays that are not
labelled are all attributed to the β decay of 195gTl. Inset: decay scheme of 195mTl [24].
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Figure 4. Energy of the α particles as a function of the α–γ time difference �t for events in
coincidence with the γ -ray transition at 384 keV from the internal decay of 195mTl (Run II). The
y axis shows the energy recorded in the Si detector, while the x axis shows the time difference
between the Si detector and the Ge detector.

between the 384 keV γ ray and the strongly converted (αtot = 161 [26]) transition at 99 keV
in the decay of 195mTl. The energy of the electron emitted by the latter sums with the energy
of the α particles randomly. The observed time dependence of the side structure is due to the
integration time of the amplifier. For this setup, complete integration is achieved in 1000 ns,
beyond which partial summing occurs.
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Figure 5. From top to bottom: background- and random-subtracted γ -ray energy spectra in
coincidence with the α particles with energy around 6399 keV (top), and 6047 keV, 6027 keV or
5985 keV (bottom) from the fine structures in the decay of 195Po (Run II). The γ rays are labelled
according to their energy in keV.

2.3. Fine-structure α decay and branching ratio determination

The fine-structure decays of 195Po have been investigated using the α–γ coincidence data.
The γ -ray energy spectra in prompt coincidence with the α-decay peaks of 195Pols,hs identified
around Eα = 6000 keV and Eα = 6400 keV are shown in figure 5. Two previously observed
transitions at 597.2(5) keV and 669.6(5) keV [7] can be seen. Additional transitions at 143(1),
214.8(5), 383(1), 427(1) and 483(1) keV are identified for the first time. The energy of the
transitions at 214.8 and 383 keV add up to 597.8(12) keV and are therefore consistent with a
cascade that decays from the 597.2 keV level.

The energy of the α particles populating each state can be determined by gating on
the γ -ray transitions separately to produce γ -gated α-particle energy spectra, as shown in
figure 6. The two known α decays around 6050 keV can be cleanly identified as (1) an α

decay with energy Eα = 6047(5) keV in coincidence with the 669.6 keV γ -ray transition
and (2) an α decay with energy Eα = 6027(5) keV in coincidence with the 597.2 keV γ -
ray transition. This 6027 keV α decay is also observed in coincidence with the 383 keV and
214.8 keV γ -ray transitions. Also in coincidence with the 214.8 keV γ -ray transition are α de-
cays at energies 5985(10) keV, 6047 keV and 6399(10) keV. The α particles at energy 5985 and
6399 keV are observed for the first time in the α decay of 195Po. In the spectrum of the
427 keV γ transition, the new α-decay peak at an energy of 5985 keV is also observed and
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Figure 6. (i)–(viii) Background- and random-subtracted γ -gated α-particle energy spectra (Run
II). The α-particle energies are labelled in keV. The intensity fluctuations around 6.6–6.7 MeV arise
from the very intense α decays at 6606 and 6699 keV and do not represent true α–γ coincidences.
(v) The summed α-electron energies are observed due to the proximity of the 384 keV γ -ray from
the internal decay of 195mTl. (viii) Similarly, the highly converted 99 keV transition from the
internal decay of 195mTl results in coincidences between the x rays and the summed α-electron
events.

suggests therefore a second cascade with the transitions at 214.8 and 427 keV. The new energy
level populated by this α decay is then at 642(1) keV. The presence of the 6047 keV α-decay
peak in coincidence with the 214.8 keV transition shows that there is a possible connection
between the high-spin and the low-spin structures. The two γ rays with energy 143 keV and
483 keV, showing a coincidence with the fine-structure α decay at 6047 keV from the decay
of the high-spin isomer 195Pohs, are possible candidates for this connection. However, since
no γ –γ coincidences are available, those transitions remain unplaced in the level scheme of
191Pb.

The assignment of the different components to the decay of the low- or high-spin isomer
of 195Po has been discussed in [7] in terms of the Qα value, from which it was concluded
that the 6027–597.2 keV decay comes from the low-spin 195Pols isomer while the 6047–
669.6 keV decay comes from the high-spin 195Pohs isomer. The same technique confirms
that the new decays 5985–427–214.8 keV and 6399–214.8 keV arise from the decay of the
low-spin 195Pols isomer.

Using the different atomic hyperfine profiles of the two nuclear states in 195Po, it is also
possible to enhance the production of one of the isomers over the other. The use of such
isomeric beams has already been demonstrated for other elements [27]. The hyperfine spectra
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Figure 7. Hyperfine structure of 195Pols (full triangles, black line) and 195Pohs (open triangles,
grey line) using the atomic transition at 843.38 nm from the ionization scheme of polonium (Run
I). The range used to study 195Pols is limited by the red dot-dashed lines while those for 195Pohs are
limited by the blue dashed lines. The background (off-resonance) range is taken on the far right
(Frequency > 4.5 GHz) of the spectrum.

Table 1. Properties of the fine-structure decays of 195Pols and 195Pohs: α-particle energy Eα and
relative intensity Iα , hindrance factor with respect to the ground-state-to-ground-state α decay of
the neighbouring even-A nuclei HF, energy of the excited state in the daughter nucleus E∗ and
conversion coefficient α of the direct decay of that excited level to the isomer in 191Pb.

Isotope Eα (keV) Iα [%] HF E∗ (keV) α

195Pols 6606(5) [28] 99.56(2) 1.6(1) 0
6399(10) 0.054(12) 465(114) 214.8(5)

6027(5) 0.34(3) 2.0(2) 597.2(5) 0.6(3)

5985(10) 0.036(3) 12(2) 642(1)
195Pohs 6699(5) [28] 99.83(1) 1.6(1) 0

6047(5) 0.17(1) 2.1(2) 669.6(5) 0.8(3) [7]

for both nuclear states using the second transition of the ionization scheme at 843.38 nm,
as described in [23], is shown in figure 7. The regions enhancing the production of each
isomer with respect to the other are highlighted. The background-substracted α-particle
energy spectra for each laser frequency range are selectively combined to create isomerically
pure α-particle energy spectra, as shown in figure 8. The fine-structure α particles can then
be unambiguously assigned to the decay of one or the other isomer of 195Po. Note, however,
that other isotopes of polonium can be identified in those spectra due to the poorer mass
resolution in Run I (as compared to Run II) and to their dependence on the laser frequency.
The transitions, their assignments, energies and relative intensities are summarized in table 1.

Combining the relative intensities with the partial information available in [7], we can
extract the conversion coefficient of the transition at 597.2 keV in two ways. First, the relative
intensity of the 6027 keV α decay of 195Pols, Iα = 0.34(3)%, measured in this study, can be
compared with the known contribution from the α–γ chain, Iαγ = 0.17(5)%, given in [7],
yielding a conversion coefficient α = 0.9(6). Alternatively, we can rescale the known value
of α = 0.8(3) for the 669.6 keV transition in 191Pbhs from [7] by comparing the α branching

8



J. Phys. G: Nucl. Part. Phys. 37 (2010) 125103 T E Cocolios et al

Figure 8. Background-substracted isomerically purified α-particle energy spectra of 195Pols (red,
bottom) and 195Pohs (blue, top) using the ranges indicated in figure 7 (Run I). The α-decay peaks
from 195Po are labelled according to their energy in keV while the peaks not directly associated
with the decay of 195Po are labelled according to the decaying isotope. The α particle with energy
of 6399 keV cannot be seen in this spectrum because it lies under the low-energy tail of the more
intense 6606 keV α-particle energy peak.

ratios and γ intensities in the decay of 195Pols,hs, yielding a value of α = 0.5(3). In both
cases, the influence of the 382.8 keV transition from that level is also taken into account.
Note that the coincidence between the α decays at 6027 keV and 6047 keV with the lead x
rays (figure 6(viii)) confirms that the transitions at 597.2 and 669.6 keV have a significant
conversion coefficient. From the weighted average between those two independent estimates,
a conversion coefficient of 0.6(3) is found compared to the calculated values αtot(E2) = 0.019,
αtot(M1) = 0.068 and αtot(E1) = 0.007. From this we conclude that the 597.2 keV transition
has a large E0 contribution, confirming the matching spin and parity assignments for the
low-spin isomer and the 597.2 keV level in 191Pb. Based on the spin assignment, this level is
a good candidate for a state with a different shape than the low-spin isomer, as suggested in
[7]. Moreover, such a large E0 component to its decay is only possible if the two connected
levels have similar configurations and indicates that the two shape-coexisting states are also
considerably mixed [2]. A quantitative determination of the amount of mixing cannot be based
on this result alone and requires additional experimental information (e.g. the excited state
lifetime).

We now consider the α-decay branching ratios of 195Pols and 191Pbls. Accounting for
the different lifetimes and the fraction of the implants that recoil out of the carbon foil after
emitting an α particle [29], accurate branching ratios for the low-spin states can be extracted.
The α branching ratio for 191Pbls is found to be bα = 0.051(5)%. The beta-decay branch of
195Pols can be estimated by looking at the α decay of its daughter nucleus 195mBi. Although the
precision on its branching ratios is limited [19], the fraction of 195Pols that β decays is small

9
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Table 2. Branching ratios in the decay of 195Pols and 191Pbls from this work and the literature.

Isotope bα [%] blit
α [%]

195Pols 94(4) 63(25) [28]
191Pbls 0.051(5) 0.013(5) [30]

Table 3. List of γ -ray energies Eγ and relative intensities I ls,hs
γ in the α decay of 195Pols,hs,

respectively, observed in the excited structure of 191Pb from the α decay of 195Po and the β decay
of 191Bi.

Isotope Eγ (keV) I ls
γ [%] I hs

γ [%] Origin Coincident γ -ray

191Pb 143(1) 3.5(10) α, β

214.8(5) α, β 383, 427
383(1) 9(2) α 214.8
427(1) 7(2) α 214.8
483(1) 13(3) α

597.2(5) 100 α

669.6(5) 100 α, β

708.26 β

820.2 β

954.7 β

1082.3 β

1117.71 β

enough that a good accuracy for bα(195Po) may still be achieved. A value of bα = 94(4)% is
found, assuming that the β decay of 195Pols only populates the I = (

1
2

+)
state in 195Bi. Those

values are consistent with the previous literature values [28, 30], as shown in table 2, but are
more precise, thanks to larger statistics. No new branching ratios could be determined in the
decay of 195Pohs or 191Pbhs as the α decays of the high-spin 195Bi and 191Pbhs are not observed.

Using the formalism of Rasmussen [31], hindrance factors (HF) in the decay of 195Po with
respect to 194,196Po [28], assuming no change in angular momentum (�l = 0), are calculated
and given in table 1. Most of the HF values in the main component and in the fine structure
decay of 195Pols and 195Pohs are low (1–3). This means that those α decays are unhindered
and that the spin and parity of the mother and daughter states are the same. The conclusions
presented in [7] are thus all confirmed. The high HF value (465(114)) of the 6399 keV α

decay, however, indicates a change in spin or configuration between 195Pols and the 214.8
keV excited level in 191Pbls. In the case of the 5985 keV α decay, the slightly higher HF
value (12(2)) points to a different nature of the 642 keV level in 191Pbls compared to the
195Pols isomer but nonetheless with a likely spin assignment

(
3
2

−)
. Finally, the HF in the

decay of 191Pbls with respect to 190,192Pb [32] shows also a small value of 0.46(7), consistent

with an unhindered decay to the Iπ = 3
2

(−)
isomer 187mHg [33]. This offers an experimental

confirmation, according to the �l = 0 α-decay strong rule, that the spin assignment of the
191Pbls isomer is indeed Iπ = 3

2
(−)

, and thus similarly for the excited state at 597.2 keV and for

the 195Pols isomer. Similarly, by combining the spin assignment 13
2

(+)
in 191Pbhs [34] with the

identification of an E0 component in the decay of the 669.6 keV level [7], a spin assignment
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Table 4. List of γ -ray energies Eγ and relative intensities Iγ with respect to the 174.5 keV
transition observed in the excited structure of 193Pb from the β decay of 193Bi. The proposed
cross-over transitions are based on summed γ -ray energies matching an observed γ -ray energy
with too large relative intensity to be attributed to summing effects in the detector.

Isotope Eγ (keV) Iγ [%] Possible cross-over

193Pb 174.5 100
196.8 5.4
290.6 7.8
320.1 7.7
354 8.7
505.9 5.2
554.2 38
621.2 9.2
681.1 48
687.2 12.4
711.1 48.8
739.1 13.5
750.1 6.3 196.8 + 554.2
818.5 14.2 196.8 + 621.2
861.8 20 174.5 + 687.6
873.9 29.4 320.1 + 554.2
995.7 23.8

1022.3 12.8
1049.1 9.9 174.5 + 873.9
1116.1 8.4
1124.7 5.2
1171.6 10.1 174.5 + 995.7

354 + 818.5
1630.6 0.4 505.9 + 1124.7

13
2

(+)
is confirmed for that excited state. The spin assignment 13

2
(+)

of the high-spin 195Pohs

isomer is also confirmed through the low HF (1.6(1)/2.1(1)).

3. β decay of 191,193Bi in LISOL and migration of the ν2f5/2 single-particle energy level
in neutron-deficient lead isotopes

The α and β decays of the neutron-deficient 192–196Bi isotopes were studied at the LISOL
facility (CRC, Louvain-La-Neuve, Belgium) in the 1980s [18–22]. The radioactive nuclei were
produced in fusion–evaporation reactions using 14N, 16O and 20Ne beams on natural Ir (37.3%
191Ir, 62.7% 193Ir), natural Re (37.4% 185Re, 62.6% 187Re) and 181Ta targets, respectively.
The radioactive recoils were subsequently ionized in a plasma ion source, mass separated and
implanted in an aluminized mylar tape. Single γ -ray energy spectra were recorded with two
coaxial HPGe detectors.

The lists of observed γ -ray energies in the β decay of 191,193Bi are given in tables 3 and 4.
For 193Bi, relative efficiencies Iγ are also given. By matching the summed energies of several
γ -ray transitions with observed γ -ray energies, possible cross-over transitions in the decay
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Figure 9. Systematics of the lowest lying energy levels with spin and parity 1
2

−
, 3

2
−

, 5
2

−
and

13
2

+
in neutron-deficient odd-A Pb isotopes. These levels are dominated by one-quasiparticle

excitations of the ν3p1/2, ν3p3/2, ν2f5/2 and ν1i13/2 orbitals, respectively. This extends the

previous systematics presented in [21]. Note that the order of the lowest energy states ( 3
2

(−)
, 13

2
(+)

)
in 191Pb and their relative excitation energy y are not known.

of some excited levels are proposed. Note that true summing in the γ detectors alone cannot
explain the observed relative intensities and that those transitions are therefore real.

From the study of the decay of the isotopes 195,197Bi [21, 22], it has been observed that the
most intense transition leading to the low-spin isomer in the lead daughter isotope is the decay
of the 5

2

−
excited state to the 3

2
−

state and this was interpreted as the transition between the
ν2f5/2 and ν3p3/2 quasiparticle states. By comparing the relative intensities of the different
transitions presented in table 4, the 174.5 keV level in 193Pb is therefore a good candidate for
a similar configuration, dominated by a quasiparticle excitation in the ν2f5/2 level. In the case
of 197Pb [22], a calculation using a surface delta interaction [35] concluded that these levels
had actually almost 100% one-quasiparticle character. A similar behaviour might be expected
for 193Pb.

In 191Pb, the 214.8 keV level is populated both by the β decay of the high-spin Iπ = (
9
2

−)

state in the 191Bi isotope and in the α decay of the low-spin Iπ = 3
2

(−)
state in the 195Pols

isotope. Considering the high HF in the α decay, only spin assignments of I = 5
2 or 7

2 are
possible. Based on the systematics of the low-excitation energy levels in the neighbouring
odd-A Pb isotopes, a spin assignment

(
5
2

−)
is proposed, corresponding similarly as before

to a mostly one-quasiparticle ν2f5/2 level. The systematics of the lowest energy levels with

spin 1
2

−
, 3

2
−

, 5
2

−
and 13

2
+

are shown in figure 9. Since no data can yet assert for the purity of
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the wavefunctions of these levels far from stability, the single-particle energy levels cannot be
directly deduced from these systematics. Note, however, that they mostly arise from a single
neutron particle or hole in the ν3p1/2, ν3p3/2, ν2f5/2 and ν1i13/2 orbitals.

4. Conclusion

In conclusion, using resonant laser ionization, a new study of the α decay of 195Po was made.
α-particle and γ -ray energies in the α decay of the low-spin and high-spin isomers, branching
ratios and a conversion coefficient have been extracted with better precision. HF values for the

α decay confirm the spin assignments Iπ = 3
2

(−)
for the low-spin isomers 191Pbls and 195Pols.

Using the fine structure decay of 195Pols, the conversion coefficient for the decay of the 597.2
keV energy level to the lowest energy state in 191Pbls is measured for the first time, confirming

the spin assignment Iπ = 3
2

(−)
. The large value of the conversion coefficient confirms the

presence of a strong E0 component in the 597.2 keV transition and makes the 597.2 keV
3
2

(−)
level a good candidate for a shape-coexisting state, as observed in the neighbouring Pb

isotopes. A new level is found at 214.8 keV and is also observed in the β decay of 191Bi,
allowing a spin assignment of Iπ = (

5
2

−)
. It is a good candidate for the one-quasiparticle

excitation ν2f5/2 level and extends the systematics of low-lying energy levels in the neutron-
deficient lead isotopes down to 191Pb. Finally, a new level is also found at 642 keV. A tentative
spin assignment Iπ = (

3
2

−)
is proposed based on the evaluated HF.
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