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Isotope shifts have been measured for the odd-A polonium isotopes 191–211Po and changes in the nuclear
mean square charge radii δ〈r2〉 have been deduced. The measurements were performed at CERN-ISOLDE
using the in-source resonance-ionization spectroscopy technique. The combined analysis of these data
and our recent results for even-A polonium isotopes indicates an onset of deformation already at
197,198Po, when going away from stability. This is significantly earlier than was suggested by previous
theoretical and experimental studies of the polonium isotopes. Moreover and in contrast to the mercury
isotopes, where a strong odd–even staggering of the charge radii of the ground states was observed by
approaching the neutron mid-shell at N = 104, no such effect is present in polonium down to 191Po.
Consequently the charge radii of both isomeric and ground states of the odd-A polonium isotopes follow
the same trend as the even-A isotopes.

© 2013 Elsevier B.V. All rights reserved.
Shape coexistence at low-excitation energy in nuclei is a phe-
nomenon for which interest has been continuously growing on
both the experimental and theoretical fronts [1–5]. Studies of the
polonium isotopes (Z = 84) are required to understand the tran-
sition across the proton shell closure at Z = 82. Earlier theoreti-
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cal studies which used both macroscopic–microscopic approaches
(e.g. [6–9]) and self-consistent Hartree–Fock–Bogoliubov calcula-
tions (e.g. [10,11]) have predicted that, while the heavier 194–210Po
isotopes should remain nearly spherical in their ground states,
a sudden onset of oblate deformation with β2 ∼ −0.20 is expected
around 192Po. Furthermore, an equally abrupt transition to a pro-
late ground state with β2 = 0.3 (see e.g. Refs. [7]) is expected
for the lighter even-A polonium isotopes. These expectations were
confirmed by a large number of recent α-, β- and γ -spectroscopy
studies [12–15], which probed both the ground state (via par-
ticle decay) and low-lying excited configurations. Indeed, several
experimental studies have concluded that while the ground state
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has a spherical shape near the closed neutron shell N = 126, an
excited presumably oblate deformed configuration sharply lowers
its energy in the neutron-deficient polonium isotopes [16–18]. This
leads to a strong spherical-oblate mixing at low excitation energy
in 194Po [15,19,20], with 192Po being the first neutron-deficient
polonium isotope where the oblate deformed configuration be-
comes the dominant component in the ground state, as observed
both by in-beam γ -ray spectroscopy [12] and α-decay studies [13].
In 191Po, it was deduced from the large hindrance in the α-decay
that the high-spin isomer is deformed and possesses a significant,
presumably oblate, intruder component while the low-spin isomer
remains weakly deformed [18]. In 190Po, studied initially via α-
decay [3] first evidence for a presumably prolate intruder compo-
nent in its ground state was suggested. This inference was recently
confirmed by an in-beam study [21], which identified a low-lying
prolate band in this nucleus. Finally, recent α-decay studies of
187,188Po provided evidence for a prolate-deformed configuration
of their ground states [13,22].

These observations should be directly reflected in the ground
state properties such as charge radii, which can be investigated by
means of laser spectroscopy in a nuclear-model-independent way.
Prior to our work, laser spectroscopic studies were limited to the
long-lived nuclides 200,202,204–210Po [23] only. Recent developments
in the highly sensitive in-source laser-photoionization spectroscopy
technique [24,25] combined with the increased accuracy of atomic
calculations for heavier elements, enables the extension of these
measurements towards more exotic nuclei.

In our recent work [26] the charge radii for even-A
192–210,216,218Po were reported. In the present Letter we discuss
the results of the charge radii measurements for the neighbouring
odd-A polonium isotopes obtained during the same experimental
campaign. From the combined analysis of our data for the even-
A and odd-A polonium isotopes we conclude that, when going
away from the N = 126 closed shell towards the neutron-deficient
isotopes, an onset of deformation occurs at 197,198Po, which is sig-
nificantly earlier than has been indicated by previous experimental
and theoretical studies.

The experiments were performed at the ISOLDE facility [27].
Beams of 193–199Po were produced in the first experimental cam-
paign (Run I, 2007) and beams of 191–195,201,203,209,211Po were pro-
duced in the second campaign (Run II, 2009). The polonium nuclei
were produced in spallation reactions induced by the 1.4 GeV pro-
ton beam (intensity up to 2 μA) from the CERN PS Booster imping-
ing on a UCx target (50 g/cm2 of 238U). The spallation products
diffused out of the high temperature target (T ≈ 2050 ◦C) and ef-
fused as neutral atoms into the cavity of the Resonance Ionization
Laser Ion Source, RILIS [28]. The polonium atoms are resonantly
ionized within this cavity when the laser beams were frequency
tuned to the three-step polonium ionization scheme (see Fig. 1).

Laser light for the resonant excitation of the first two atomic
transitions was provided by two tunable pulsed dye lasers. The ul-
traviolet radiation was obtained by tripling the frequency of the
fundamental dye laser radiation using BBO crystals. Copper vapour
lasers (CVL) operating at a pulse repetition rate of 11 kHz (Run I)
and a Nd:YAG laser operating at 10 kHz (Run II) were used to
pump the dye lasers and to perform the excitation from the sec-
ond excited state into the continuum (the third step). The use of
a single powerful Nd:YAG laser (total power of 100 W) instead of
the copper vapour oscillator-amplifier laser system provided better
photoionization stability.

For the atomic-spectroscopy measurements, a narrow linewidth
laser (1.2 GHz) was used for the second excitation step, while the
laser linewidth for the first step laser was more than 20 GHz.
Whilst counting the mass separated photoions, the frequency νL

of the second step laser was scanned. The laser power for the sec-
Fig. 1. The three-step laser-ionization scheme for polonium [29]. The electronic
configurations for the levels involved and the laser wavelengths for each step are
shown. The hyperfine structures for the 13/2+ , 3/2− and 1/2+ states of odd-A
polonium isotopes are shown schematically (not on scale). The hyperfine lines ex-
pected for I = 13/2 (five groups), I = 3/2 (four groups) and I = 1/2 (two groups)
are also shown.

Fig. 2. The α-decay spectrum accumulated at A = 191 while scanning the laser
frequency through the resonance region. The inset shows an enlargement of the
spectrum around the two α-lines of 191Po (low-spin (ls) and high-spin (hs) iso-
mers).

ond excitation step was reduced to avoid line broadening caused
by saturation.

The short-lived α-decaying isotopes 191–197,211Po were im-
planted and detected via their characteristic α-decay at the wind-
mill system, a rotary sample holder hosting ten thin carbon foils
(20 μg/cm2) in front of a Si detector (described in Ref. [30]).
The dominantly β-decaying isotopes 199–203Po were detected via
their β-decay and the subsequent characteristic γ -ray emission
at the ISOLDE tape station. The decays of the ground and iso-
meric states of polonium isotopes could be clearly distinguished
based on the difference in their α-particle or γ -ray energies down
to the extremely exotic 191Po isotope produced with a yield of
∼ 0.01 ions/s (see Fig. 2).

The higher yield for longer-lived 209Po enabled it to be mea-
sured directly in a Faraday cup. More experimental details are
given in Refs. [26,31]. The optical spectra obtained are shown
in Figs. 3 and 4. The atomic spectroscopic measurements were
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Fig. 3. Typical examples of the optical spectra of ground and low-spin states of polo-
nium isotopes collected in individual scans. Here the dependence of the number of
the detected photoions (deduced from the number of α-particle or γ -rays) on the
laser frequency detuning is shown. Frequency detuning is shown with respect to
the resonance frequency of 196Po. Solid lines represent a fit to the data (see text).
The calculated positions and relative intensities of the individual hyperfine compo-
nents are also shown with vertical bars, the positions of the hfs centroids (ν0) are
shown with vertical dashed lines.

Fig. 4. The same as Fig. 3, but for the high-spin states. For 191Po the combined
statistics obtained during the scans is displayed. For 191Po the fits with B > 0 and
B < 0 are shown by the solid and dashed lines, respectively.

Table 1
Measured values of the isotope shifts δν , deduced values of the mean-square charge
radii changes δ〈r2〉 and estimation of the deformation parameter β2 based on the
charge radii. The spin assignments of the isomer and ground states in 191–199Po
isotopes could not be determined in this work, hence shown in brackets in the
table and Figs. 3 and 4. They are based on the systematics of allowed α-decay to
the states in the corresponding lead daughter isotopes, for which spins have been
determined.

Isotope Iπ δνA,196

(GHz)
δ〈r2〉A,210

a

(fm2)
〈β2

2 〉1/2

191hsPo (11/2+ − 15/2+)b −3.24(45)c −0.350(40)c 0.27
191hsPo (11/2+ − 15/2+)b −0.82(45)d −0.553(40)d 0.23
193lsPo (3/2−) −0.59(15) −0.576(13) 0.21

193hsPo (13/2+) −1.11(15) −0.532(13) 0.22
195lsPo (3/2−) −0.29(15) −0.604(13) 0.18

195hsPo (13/2+) −0.61(15) −0.575(13) 0.18
197Po (3/2−) 0.30(15) −0.657(13) 0.13

197mPo (13/2+) 0.12(15) −0.642(13) 0.13
199Po (3/2−) 0.11(15) −0.644(13) 0.09

199mPo (13/2+) −0.72(15) −0.574(13) 0.12
201Po 3/2− −1.51(15) −0.510(13) 0.10

201mPo 13/2+ −2.20(15) −0.452(13) 0.12
203Po 5/2− −2.56(15) −0.425(13) 0.08

203mPo 13/2+ −3.43(15) −0.352(13) 0.11
209Po 1/2− −6.75(10) −0.0813(10) 0.09
211Po 9/2+ −8.99(10) 0.104(10) 0.12

a The errors reflect only the experimental uncertainties. Systematic uncertainties
arising from electronic factor and specific mass shift calculations of a magnitude
similar to the experimental uncertainties should also be considered.

b Spin values from 11/2 to 15/2 have been proposed [32]. The isotope shift in
the next column has been deduced assuming 11/2+ , but this assumption does not
influence the isotope shift extracted.

c Result of the fit with B > 0.
d Result of the fit with B < 0.

performed using the 6p37s 5S2 −→ 6p37p 5P2 transition (λ =
843.38 nm, second excitation step, see Fig. 1). For this transition
the position of the hyperfine structure (hfs) components ν F ,F ′

0 is
determined by:

ν F ,F ′
0 = ν0 − A

K

2
− B

3
4 K (K + 1) − I(I + 1) J ( J + 1)

2(2I − 1)(2 J − 1)I J

+ A′ K ′

2
+ B ′

3
4 K ′(K ′ + 1) − I(I + 1) J ′( J ′ + 1)

2(2I − 1)(2 J ′ − 1)I J ′ , (1)

where ν0 is the position of the centre of gravity of the hyper-
fine structure, K = F (F + 1) − I(I + 1) − J ( J + 1), F is the total
angular momentum of the atom (F = I + J), A and B are the mag-
netic dipole and electric quadrupole hyperfine coupling constants
respectively. The prime symbol denotes the upper level of the tran-
sition.

The experimental optical spectra were fitted with a convolu-
tion of a Gaussian Doppler profile, corresponding to the ion source
temperature, and a deformed Lorentzian profile representing the
laser lineshape. For more details see Refs. [25,26]. The parame-
ters ν0, A and B were varied during the fit, the ratios A′/A and
B ′/B were fixed. More details on evaluation of the A′/A and B ′/B
ratios will be given in the forthcoming article on the polonium
electromagnetic moments [33]. To take into account the satura-
tion of transitions, pumping processes between hyperfine structure
(hfs) components and a population redistribution of the hfs levels
the number of photoions for each frequency step was calculated
by solving the rate equations for the given photoionization scheme
(a similar method is described in details in Ref. [34]). The isotopic
change of the charge radius δ〈r2〉A,A′ was evaluated in the same
way as in our previous work [26].

While the spins of 203–211Po are known (see Table 1), the spins
of 191–197Po are not confirmed experimentally. The tentative values
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Fig. 5. Changes in mean-square charge radii for the polonium isotopes compared
with the predictions of the droplet model [35] for various deformations. The data
were normalized by using 〈β2

2 〉1/2
208 = 0.086, evaluated from the energy of the first

excited 2+ state in 208Po [36]. Our data (including data from Ref. [26]) are shown
with filled symbols. Recalculated (by using King plot) charge radii based on isotope
shifts from Ref. [23] are shown with open symbols. For 191Po results of the fits with
B > 0 and B < 0 are shown with the filled and opened up-triangles, respectively.

quoted in the literature are based on systematics of hindrance fac-
tor values from α-decay studies. For the polonium isotopes with
A > 195, based on the number of observed hfs components (see
Fig. 3), we can exclude I = 1/2 for low-spin states. Obtained hfs
spectra of the low-spin states of 193,195Po can be equally well-fitted
with I = 1/2 or I = 3/2. However, the isotope shift deduced from
the fit has little sensitivity to the nuclear spin. Assuming a spin
1/2 or 3/2 for 195lsPo gives a difference in the isotope shift less
than 5 MHz while the statistical error is 150 MHz. The same is
true for the high-spin state: the spectra of high-spin state 193hsPo
were fitted with spin values ranging from 13/2 to 9/2 yielding iso-
tope shift values of −1.11(15) to −1.09(15) GHz respectively, thus
identical within quoted uncertainties.

For the α-decaying polonium isotopes with A � 193, the decay
of the high-spin and low-spin isomeric states towards their respec-
tive counterparts in the lead daughter nuclei is only hindered by a
factor between 1.9 and 2.6 and can be considered as favoured α-
decays according to the classification given in Ref. [37]. However,
in contrast to the heavier polonium isotopes, the α-decay from the
high-spin isomer of 191Po towards spherical 13/2+ state in 187Pb
is hindered by a factor of 30 [18]. In the original paper [18], it was
concluded that the α-transition between high-spin isomers was a
strongly hindered 	I = 0 transition and a spin 13/2+ was pro-
posed for 191hsPo. The strong hindrance was assumed to be caused
by a difference in configuration between mother and daughter nu-
clei giving rise to a large difference in deformation between the
ground and isomeric states in 191Po, a phenomena similar to what
was observed in the lightest mercury isotopes. A subsequent com-
bined in-beam and decay study performed by the same group,
however, did not firmly fix the spin of the 191hsPo and a range
from 11/2+ to 15/2+ was proposed [32]. It was nonetheless con-
cluded that a large change of deformation occurred in 191Po. We
stress that the spin assumption does not strongly influence the ex-
tracted isotope shift: the isotope shifts extracted for I = 9/2 or
13/2 for 191hsPo differ less than the quoted uncertainty values.
However, because of the low statistics obtained for the 191hsPo
data, an ambiguity exists with respect to the sign of the elec-
tric quadrupole hyperfine coupling parameter B . The data can be
equally well-fitted with a positive or a negative B-parameter. Both
fits are shown in Fig. 4 and resulting values are shown in Fig. 5 and
Table 1. A full discussion on the final spin and parity assignments
Fig. 6. Relative 〈r2〉 for the even-Z 80Hg [38], 82Pb [24,39] and 84Po (this work and
Refs. [23,26]).

will be subject of a forthcoming paper where also the magnetic
and quadrupole moments extracted from the present experiment
will be discussed [33].

The isotope shifts and the deduced values of the mean-square
charge radii changes are reported in Table 1 along with the values
of the deformation parameter β2, which were estimated using the
expression:

〈
r2〉

A ≈ 〈
r2〉sph

A

(
1 + 5

4π

〈
β2

2

〉
A

)
, (2)

where 〈r2〉sph
A is the mean-square radius of a spherical nucleus

with the same volume. For the evaluation of 〈r2〉sph
A , the droplet

model with a revised parametrization (second parameters set) [35]
was used. The charge radii variations for the polonium isotopes
and the droplet-model predictions for various deformation values
(see Eq. (2)) are shown in Fig. 5.

The charge radii of the polonium isotopes follow the spherical
droplet-model predictions rather closely down to 200Po (N = 116).
However, in the region 191 � A � 199 a gradually increasing de-
viation is observed. The same trend is also clearly seen in the
behavior of the deformation parameters 〈β2

2 〉1/2, deduced by using
Eq. (2). For example, the deformation parameter 〈β2

2 〉1/2 increases
gradually from ∼ 0.1 (201Po) to ∼ 0.2 (193Po) and ∼ 0.23–0.27
(191Po).

The similarities and discrepancies between the different iso-
topic chains in the lead region can be elucidated by comparing
relative changes in mean-square charge radii δ〈r2〉 according to
the formalism introduced in Ref. [40] and thoroughly described
in Ref. [41]. The values of δ〈r2〉N,124 are normalized within each
isotopic chain to δ〈r2〉122,124 in order to allow a comparison be-
tween the isotopic chains. Fig. 6 shows the relative changes in
δ〈r2〉 for the mercury, lead and polonium isotope chains. Com-
paring lead with mercury shows, with the exception of the large
isomer shift of the most neutron-deficient mercury isotopes, a re-
markably similar trend. The same is true for the polonium and
lead isotopes between N = 126 and N = 116. However, the lighter
even- and odd-A polonium isotopes depart drastically from the
systematic trend of the heavier isotopes and show also a devia-
tion compared to the lead and mercury isotopes and to the ground
states of the platinum isotopes (the latter are not shown in Fig. 6).
This clearly indicates a strong onset of collectivity for the lightest
polonium at N = 114, far earlier than for the mercury and plat-
inum isotopic chain. Moreover, again in contrast to the mercury
isotopic chain, where strong odd–even staggering is present (the
ground states (I = 1/2) of the odd-A isotopes with N � 105 are
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strongly deformed, while the even-A isotopes and 185mHg isomer
(I = 13/2) remain nearly spherical or weakly deformed), no strong
odd–even staggering of the charge radii of the ground states of
the polonium isotopes is observed and for the lighter odd-mass
isotopes (N < 114), both the ground and isomeric state have sim-
ilar charge radii that deviate strongly from sphericity. It therefore
appears more likely that the strongly retarded α-decay of the high-
spin isomer in 191Po is due to a configuration and spin difference
between the two connected states and that 191Po is indeed a tran-
sitional nucleus between the heavier presumably oblate deformed
(A � 192) and lighter more strongly deformed presumably prolate
(A � 190) polonium isotopes [12,20,21]. The enhanced collectiv-
ity of the polonium isotopes (Z = 84) compared to the mercury
(Z = 80) might be due to the filling of similar high- j single-
particle orbitals for protons and neutrons (82 � Z , N � 126) by
approaching N = 104. Further studies of the lighter radon and ra-
dium isotopes should be pursued to further clarify this issue.

In conclusion, isotope shifts for odd-A polonium isotopes have
been measured for the isomers and ground states of
191–203,209,211Po. The extracted charge radii show a strong devia-
tion from sphericity for both isomeric and ground states in the
lightest polonium isotopes with A = 197 onwards. A comparison
of the values of the relative δ〈r2〉 with the isotones in the lead
and mercury isotopic chain shows that when going from spherical
nuclei in the neighbourhood of doubly magic 208Pb towards very
neutron-deficient isotopes, deformation sets in at a much earlier
stage for the isotopes with extra protons above the Z = 82 clo-
sure compared to the isotones below Z = 82. In this sense, the
concept of intruder-analog states that should give rise to similar
properties of the intruder states of the mercury and polonium iso-
topes, as introduced in Refs. [42,43] does not appear to be valid
in the lead region. Extracting the magnetic and quadrupole mo-
ments from the present data and comparisons with the available
results from in-beam spectroscopy should shed more light to this
particular problem and will be discussed in a separate paper.
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