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Hyperfine splitting parameters have been measured for the neutron-deficient odd-mass polonium isotopes
and isomers 193–203 Pog,m , 209,211 Po. The measurement was performed at the ISOLDE (CERN) online mass
separator using the in-source resonance ionization spectroscopy technique. The magnetic dipole moments μ and
spectroscopic electric quadrupole moments QS have been deduced. Their implication for the understanding of
nuclear structure in the vicinity of the closed proton shell at Z = 82 and the neutron mid-shell at N = 104 is
discussed. For the most neutron-deficient nuclei (A = 193,195,197), a deviation of μ and QS from the nearly
constant values for heavier polonium nuclei was observed. Particle-plus-rotor calculations with static oblate
deformation describe the electromagnetic moments for these nuclei well, provided a gradual increase of a mean
deformation when going to lighter masses is assumed for the polonium nuclei with A < 198.
DOI: 10.1103/PhysRevC.89.034323

PACS number(s): 21.10.Ky, 27.80.+w, 29.38.−c, 31.30.Gs

I. INTRODUCTION

The interest in experimental and theoretical studies of shape
coexistence at low energy in nuclei has been continuously
growing [1–5]. The region around N = 104 (neutron mid-shell
between N = 82 and N = 126) and the closed proton shell
at Z = 82 is especially prolific in this respect. From an
experimental point of view the effects of shape-coexistence
and shape-transition are well known for mercury isotopes
(Z = 80) around N = 104. These phenomena are manifested,
among other observables, by the large odd-even staggering in
the charge radii [6]. More recently, the studies in the long chain
of the lead (Z = 82) isotopes revealed that these nuclei remain
essentially spherical in their ground states down to N = 102
[7,8] despite the presence of low-lying states with different
shapes [3].
Low-lying intruder states of a similar nature to those in
the lead isotopes have been previously identified in polonium
[4,9]. In our recent work [10,11] changes in the mean-square
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charge radii δr 2  were measured for a wide range of polonium
isotopes (ground states and long-lived isomers) from A = 191
to A = 218. Combined analysis of the data for the even-A
and odd-A polonium isotopes leads to the conclusion that an
onset of deformation occurs at 197,198 Po, which is significantly
earlier (when going away from magic neutron number N =
126) than has been suggested by previous experimental and
theoretical studies (e.g., Ref. [4]). The extracted charge radii
indicate a deviation from sphericity for ground and isomeric
states of the lightest odd- and even-A polonium isotopes with
A  197, unlike the mercury isotopic chain, where even-A
isotopes remain nearly spherical at least down to A = 182 [6].
A comparison of the relative δr 2  values with those for the
isotones in the lead and mercury isotopic chain (see Fig. 6
from Ref. [11]) shows that deformation sets in much earlier
for the isotopes with extra protons above the Z = 82 closure
compared to their isotones below Z = 82 [10,11].
In this paper, we present the electromagnetic moments
deduced from the same data set as used in our previous work
[10,11] for the extraction of charge radii. These new data will
elucidate the evolution of shape coexistence in this region of
the nuclear chart.
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II. EXPERIMENTAL DETAILS

B. Radioactive beam identification and counting

A. Beam production

After selective laser photoionization in the hot cavity, the
radioactive ions of interest were extracted and accelerated to
30 keV (Run I) or to 50 keV (Run II), mass separated and
subsequently distributed to counting stations (Faraday cup,
Windmill chamber, or tape station) according to beam intensity
and decay mode. More details of different ion-detection
techniques at ISOLDE are given in Ref. [17].

The experiments were performed at the ISOLDE facility
(CERN) [12]. Beams of 193–199 Po were produced in the
first experimental campaign (Run I, 2007) and beams of
193–195,201,203,209,211
Po were produced in the second campaign
(Run II, 2009). The polonium nuclei were produced in
spallation reactions induced by the 1.4-GeV proton beam
(intensity up to 2 μA) from the CERN PS Booster impinging
on a UCx target (50 g/cm2 of 238 U). The spallation products
effused out of the high temperature target (T ≈ 2050 ◦ C) as
neutral atoms into the cavity of the Resonance Ionization
Laser Ion Source, RILIS [13,14]. The polonium atoms were
resonantly ionized within this cavity when the laser beams
were wavelength-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
ultraviolet radiation was obtained by tripling the frequency of
the fundamental dye laser radiation using β-barium borate
(BBO) crystals. Copper vapor 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 transition from the second 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
vapor oscillator-amplifier laser system resulted in an improved
photoionization stability [15]. The photoionization efficiency
for polonium atoms was estimated as 0.5–1%.

Continuum

IP = 8.42 eV

λ3 = 510.6 nm (CVL) or 535 nm (Nd:YAG)

Hyperfine splitting

6p37p 5P2 2

2

F

= 843.38 nm

6p37s 5S2 1

1

17/2
15/2

7/2
5/2

13/2
11/2
F=9/2

3/2
1/2

π

π

I = 13/2+
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FIG. 1. The three-step laser-ionization scheme for polonium [16].
The electronic configurations for the levels involved and the laser
wavelengths for each step are shown. The hyperfine structures for
the 13/2+ and 3/2− states of odd-A polonium isotopes are shown
schematically (not to scale). The hyperfine lines expected for I =
13/2, I = 3/2 are also shown.

1. Faraday cup

Direct ion-counting with a Faraday cup is, in general,
the simplest and most universal way of detecting photoions,
provided the ion beam is intense and isobarically pure. The
ion beam intensity of 209 Po was sufficient (∼1 pA) to be
measured directly with a Faraday cup after the mass separator,
but surface-ionized isobaric 209 Fr was also present in the beam
and prevented the direct counting of the polonium ions. A
large fraction of the polonium beam originated from the decay
of 209 At which was also produced in the spallation reactions
and trapped in the target material. The francium isobar has no
long-lived precursor in the target and releases completely from
the target material in a few minutes. This allowed 209 Po to be
studied in a pseudo-offline mode, whereby the proton-beam
irradiation was stopped once the target had been sufficiently
long (several hours) irradiated to provide a usable sample of
the precursor isotopes.
2. Windmill

The short-lived α-decaying isotopes 193–197,211 Po were
detected using their characteristic α decay. The mass-separated
beams were sent to the Windmill chamber, where the ions
were implanted into one of ten carbon foils (20 μg/cm2 ) [18]
mounted on a wheel. An illustration of the Windmill setup is
shown in Fig. 2. The implantation site was surrounded by two
circular silicon detectors, one of which was of an annular type
that allowed the beam to pass through. The annular detector
with an active area of 450 mm2 , thickness of 300 μm, and
a central hole with a diameter of 6 mm, was positioned at
a distance of ∼7 mm upstream; the standard detector with
active area 300 mm2 and thickness 300 μm was placed ∼4 mm
downstream of the foil. The total detection efficiency of the
detectors setup was estimated to be 51% for α particles. The
second detector pair was located at off-beam-axis position and
used for detection of α decays of previously implanted ions.
A typical α-decay energy spectrum obtained at A = 197 is
shown in Fig. 3. The α decay of the isomer and ground state of
197
Po can be observed. The peak full width at half maximum
(FWHM) is 30 keV. For 193–197,211 Po by using α-decay analysis
it was possible to identify the isotopes, to discriminate possible
isobaric contaminants, and to discriminate the low-spin and
high-spin isomers.
The Windmill can also be surrounded by two high-purity
germanium detectors, placed behind and to the side of the vacuum chamber, allowing charged-particle–γ -ray coincidences
to be studied [19].
The low background and high efficiency of the α-particle
detection at the Windmill station enabled laser-spectroscopy
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FIG. 3. Example of α-decay energy spectrum for 197 Po collected
at the Windmill decay station. Decay spectra for 191 Po are in Ref. [11]
and for 195 Po in Ref. [19].
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60 keV X+ beam

(b)

E

detector (for the detection of β particles) and a single highpurity germanium detector. This setup is well suited for the
study of isotopes with half-lives from tens of seconds to several
minutes.
A typical γ -ray energy spectrum collected using the
Ge detector at the tape station is shown in Fig. 4. The
application of the high-resolution germanium detector allowed
the identification of γ rays specific to the decay of the low-spin
and high-spin isomers.

G
C2

F

B

C1

FIG. 2. (Color online) Schematic of the Windmill detection
chamber: (a) frontal view, (b) top view. The beam is implanted into
one of 10 carbon foils A (20 μg/cm2 ) mounted on a rotating wheel D
which is controled by a stepper motor F. The α decay is monitored
using silicon detectors, either at the implantation site C or at the
decay position B. The implantation site has annular detector C2 with
a hole (hole diameter of 6 mm) in the middle to allow the beam to
pass. A retractable, secondary-electron-suppressed Faraday cup E is
used for beam tuning and monitoring. Detector C2 is protected by a
collimator G. The reference 241 Am α sources (<50 Bq) H are placed
between two foil positions on either side of the wheel to monitor the
performance of the silicon detectors at the positions B and C in the
course of an experimental campaign.

C. In-source laser spectroscopy

For the atomic spectroscopy measurements, a narrowbandwidth laser (linewidth of 1.2 GHz) was used for the
second excitation step (λ2 = 843.38 nm). A broadband laser
(>20 GHz) was used for the first step to cover the hyperfine
structure and isotope shift across the whole isotopic chain (see
Fig. 1). The laser power for the second excitation step was
reduced to avoid line broadening caused by saturation.

measurements of isotopes with an extremely low production
yield (<0.1 s−1 for 191 Po [11]).
3. Tape station

The isotopes 199–203 Po have a smaller α-decay branch and
a longer half-life than the lighter isotopes studied with the
Windmill setup. The resulting α-decay energy spectra have
therefore limited statistics and carry the contamination of a
previous implantation even after the time elapsed between two
implantations on the same foil (up to 600 s). Those isotopes
were instead detected by measuring the intensity of their
characteristic γ -ray emission at the ISOLDE identification
tape station [20].
The ion beam was implanted on a tape for a set time, and
then the tape was moved in front of a 4π plastic scintillator

FIG. 4. Example of γ -ray energy spectrum for 201 Po collected at
the tape station. Decay spectra for 199 Po are in Ref. [21].
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FIG. 5. (Color online) Dependence of the number of the detected
photoions (deduced from the number of α particles, Eαls = 6606 keV,
Eαhs = 6699 keV) on the laser frequency detuning. Frequency detuning is shown with respect to the hfs centroids of the high-spin state
195hs
Po [I π = (13/2+ )] and the low-spin state 195ls Po [I π = (3/2− )].
Solid lines represent a fit to the data (see text). The calculated positions
and relative intensities of the individual hyperfine components are
shown with vertical bars.

The counting of the photoions/decays and the stepwise
change of the laser frequency were synchronized with selected
proton pulses from the CERN PS Booster beam delivery cycles
(“supercycles”) [22], consisting of a sequence of 12 to 45
proton pulses, 2.4 μs wide and separated by 1.2 s, which
were distributed to different experiments. The full acquisition
cycle at each frequency step (laser frequency change, beam
implantation, photoion/decay counting) was carried out over
an integer number of supercycles. After the counting cycle was
complete, the ISOLDE beam delivery was stopped and then
the laser frequency was tuned to the subsequent step.
Examples of the optical spectra for the ground and isomeric
states of 195 Po collected in the same laser scan are shown in
Fig. 5. The optical spectra obtained for the high-spin states of
193–203
Po (I = 13/2) are shown in Fig. 6.
III. DATA ANALYSIS
A. Position and relative intensities of hfs components

The atomic spectroscopic measurements have been performed using the 6p3 7s 5 S2 −→ 6p3 7p 5 P2 (λ2 = 843.38
nm) transition (see Fig. 1). The positions of the hyperfine
′
components ν F,F are determined by:
′

ν F,F = ν0 +

′

νF −

νF ,

where I is the nuclear spin, J is the atomic spin, C = F (F +
1) − I (I + 1) − J (J + 1), F is the total angular momentum
of the atom (F = I + J), and A and B are the magnetic
dipole and electric quadrupole hyperfine coupling constants,
respectively.
The experimental optical spectra were fitted with a convolution of a Gaussian Doppler profile NG , representing the
thermal distribution of atomic velocities corresponding to the
ion source temperature, and Pion , representing the probability
of photoionization, which depends on the spectral density of
the laser power. In a general form the number of photoionized
atoms for an individual hfs transition can be presented as

Nion (ν) = N0 NG (ν ′ )Pion (ν − ν ′ )dν ′ .
(3)
In a simple case (two-step photoinization scheme, well resolved hfs components, absence of saturation of all transitions)
the photoionization probability Pion is proportional to the
spectral density of the laser power IL and can be presented
as

′
Pion (ν − ν ′ ) ∼
(4)
SF F ′ IL (ν + ν F F − ν ′ ),
where SF F ′ is the relative probability of the transition,

(1)

where ν0 is the position of the center of gravity of the hyperfine
structure, the prime symbol denotes the upper level of the
transition, and
νF = A

FIG. 6. (Color online) Similar to Fig. 5, but for high-spin states
of polonium isotopes. Frequency detuning is shown with respect to
the centroids of each hfs.

3
C(C + 1) − I (I + 1)J (J + 1)
C
+B 4
, (2)
2
2(2I − 1)(2J − 1)I J

SF F ′ ∼ (2F + 1)(2F ′ + 1)

 ′
J
F

F′
J

I
1

2

,

(5)

and {···
··· } is the Wigner 6j symbol. In the fitting procedure
an asymmetric Lorenzian profile was used for IL and the
asymmetry parameter was deduced from fitting the spectra
of the even-A isotopes (I = 0, single-line optical spectrum),
obtained in the same experiment [10].
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To take into account the saturation of transitions, pumping
processes between hfs structure 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:


dNF
=
WFk′ F NFk′ −
WF Fk′ NF − WF,ion NF ,
dt
k
k
..
.

(6)


dNion
WFk′ ,ion NFk′ ,
=
dt
k
where NF is the population of hfs sublevels, and WF F ′ is the
transition rate between sublevels F and F ′ :
WF F ′ ∼ SF′ F ′ IL (ν +

′

ν F F − ν ′ ),

using the values of nuclear spin, hyperfine coupling constants,
and electromagnetic moments for the reference isotope 207 Po:
Iref = 5/2,

Bref = 367(7) MHz [23],
μref = 0.793(55) μN [26],
QS,ref = 0.28(3) b [25].
Expression (10) disregards any hyperfine anomaly. The uncertainty in QS,ref in Ref. [25] is not given directly, but according
to the text should be at least 10%. The value of QS,ref should
also be corrected for the Sternheimer effect [27]:
Qcorr
=
S

(7)

where SF′ F ′ = SF F ′ /(2F + 1). For the first and ionization
transitions the spectral density of the laser power does not
depend on the frequency. The population of the ground-state
sublevels at t = 0 is proportional to their statistical weights
NF0 ∼ 2F + 1. The relative intensities of the hfs line shown
with the vertical bars in Figs. 5 and 6 were calculated using
Eq. (5) and are presented as an illustration only.

calc

where the lower-case symbol denotes the hyperfine splitting
constant for a single valence electron. For electronic states with
l > 0, which are different in the principal quantum number n
only, b2 /b0 = a2 /a0 [24] and Eq. (8) can be modified to
 
 
 
 
B2
B0
A2
A1
=
×
×
.
(9)
B1 calc
B1 ref
A1 exp
A0 ref
Using the known reference values of A0 ,B0 (3 P2 ) and A1 ,B1
(5 S2 ) for 207 Po [23,25], the ratio (B2 /B1 )calc was evaluated as
0.25(5).
C. Electromagnetic moments

The magnetic dipole μ and spectroscopic electric
quadrupole QS moments were evaluated from the scaling
relations
B
A I
μ=
μref and QS =
QS,ref ,
(10)
Aref Iref
Bref

Qnl
S
,
1 − Rnl

(11)

where Qnl
S is the nuclear quadrupole moment deduced from
the quadrupole splitting under the assumption that the electron
core is spherical, Rnl is the quadrupole shielding factor. The
shielding factor can be estimated as R6p = −0.20(5), based on
the calculations for similar electronic configurations [28–30].
For an axially deformed nucleus the intrinsic quadrupole
moment Q0 can be evaluated from the spectroscopic
quadrupole moment using the following expression:

B. Hyperfine splitting parameters

The parameters ν0 , A, and B were varied during the
fitting routine, and the ratios A′ /A and B ′ /B were fixed,
neglecting the hfs anomaly, which is usually less than 10−3 .
The ratio A′ /A (corresponding to A2 /A1 , according to the
level numbering from Fig. 1) was constrained to the value
(A2 /A1 )exp = 0.06(1) deduced from fitting the spectra of 209 Po
(I = 1/2,B = 0) with fixed hfs coupling constant A209
1 =
2127(3) MHz [23].
In fitting the spectra of the polonium isotopes with I > 1/2
the ratio B ′ /B was constrained to
 7p
 
 
b2
B2
B0
=
×
,
(8)
6p
B1 calc
B1 ref
b0

Aref = 564(1) MHz,

QS =

3 2 − I (I + 1)
Q0 ,
(I + 1)(2I + 3)

(12)

where is the projection of the nuclear spin on the symmetry
axis of the nucleus. For well deformed nuclei in a strongcoupling assumption, = I .
The intrinsic quadrupole moment Q0 , induced by the
nonspherical charge distribution of the protons, is then related
to the nuclear static deformation β2 by

3
2 5 2
2
β + ··· ,
Q0 ≈ √ eZR0 β2 +
(13)
7 π 2
5π
where the nuclear radius R0 is usually calculated as 1.2 A1/3
fm [31].
The deformation can also be estimated from the nuclear
mean-square charge radii r 2 A using the expression


5 2
sph
β2 A ,
(14)
r 2 A ≈ r 2 A 1 +
4π
sph

where r 2 A is the mean-square radius of a spherical nucleus
sph
with the same volume [24]. For the evaluation of r 2 A ,
the droplet model with a revised parametrization (second
parameter set) [32] was used. The deformation deduced from
the charge radii data with the aid of the droplet model will be
denoted as DM deformation.
In contrast to the static deformation parameter β2 , the
mean-square form β22  can be also related to the dynamic
deformation (vibration) and diffuseness of the nucleus [33].
IV. RESULTS AND DISCUSSION

The hfs coupling constants obtained from the fits and the
deduced nuclear moments are shown in Table I.
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TABLE I. Measured values of the hyperfine splitting constants (A and B), deduced values of the the magnetic moment μ and spectroscopic
electric quadrupole moment QS and the estimation of the quadrupole deformation parameter β22 1/2 .
Isotopea
193ls

Po
Po
195ls
Po
195hs
Po
197
Po
197m
Po
199
Po
199m
Po
201
Po
201m
Po
203
Po
203m
Po
211
Po
193hs

Iπb

A
(GHz)

B
(GHz)

μc
(μN )

μlit cd
(μN )

(3/2− )
(13/2+ )
(3/2− )
(13/2+ )
(3/2− )
(13/2+ )
(3/2− )
(13/2+ )
3/2−
13/2+
5/2−
13/2+
9/2+

−0.461(30)
−0.203(10)
−0.713(15)
−0.255(10)
−1.046(15)
−0.288(5)
−1.081(10)
−0.275(10)
−1.166(20)
−0.274(20)
+0.527(10)
−0.264(10)
−0.473(12)

−2.062(20)
+1.71(40)
−1.37(20)
+2.02(40)
−0.69(20)
+1.99(40)
−0.43(15)
+2.20(25)
+0.15(10)
+1.98(25)
+0.27(10)
+1.92(10)
−1.20(10)

−0.389(25){37}
−0.742(40){65}
−0.601(13){42}
−0.932(40){65}
−0.882(13){65}
−1.053(20){75}
−0.912(10){65}
−1.005(40){70}
−0.984(10){70}
−1.002(55){70}
+0.741(15){52}
−0.965(40){67}
−1.197(30){85}

(−)0.987(30){73}
(−)0.941(55){84}
(−)0.996(38){75}
(+)0.739(25){56}

QS c
(b)

β22 1/2e

−1.31(15){30}
+1.08(30){50}
−0.87(15){25}
+1.30(30){45}
−0.44(15){20}
+1.26(30){45}
−0.27(12){15}
+1.40(20){35}
+0.10(8){10}
+1.26(20){35}
+0.17(8){10}
+1.22(10){20}
−0.77(8){15}

0.21
0.22
0.18
0.18
0.13
0.13
0.09
0.12
0.10
0.12
0.08
0.11
0.12

a 209

Po is not shown in the Table because it was used only for calibration of the ratio of the magnetic coupling constants for ground and excited
atomic states (see Sec. III B).
b
Reference [34].
c
The errors in parentheses reflect only the statistical experimental uncertainties; the total errors (including the systematic errors, which stem
from the scaling uncertainties of the reference values of μ207 and QS,207 ) are given in the curly brackets.
d
Reference [35].
e
Estimation based on our data on the charge radii [11].

Figure 7 presents the magnetic moments obtained for the
3/2− and 13/2+ states of 193–203 Po in this work, along with
the values for the heavier polonium isotopes. The magnetic
moments for lead, mercury, and platinum isotopes are also
shown for comparison. The magnetic moments of the 3/2−
and 13/2+ states of the polonium isotopes with N  113
follow the trend observed in lead (and mercury for 13/2+
isomers) and are close to the calculated single-particle values
for the almost spherical 207 Pb (μsp {νi13/2 } = −1.144 μN ,
μsp {νp3/2 } = −1.227 μN [36]). For the magnetic moments
of the light polonium isotopes with N < 113 (both low- and

high-spin states) a deviation from the constant trend of the
heavier isotopes is observed. Similar deviation can be seen in
the behavior of the charge radii of polonium isotopes, which
follow the spherical droplet-model predictions rather closely
down to 199 Po (N = 115), but in the region 107  N < 113 a
deviation from the linear trend for the heavier isotopes is also
observed [10,11].
The trends of spectroscopic quadrupole moments for the
3/2− and 13/2+ states of 193–203 Po isotopes differ considerably, which is illustrated by Fig. 8. While the quadrupole
moment of the 13/2+ isomers remains nearly constant for

0.0
−

−0.5
2.0

−1.0

1.5
1.0

0.0

0.5

−0.5

0.0

−1.0

−0.5
−1.0

−1.5

−

−1.5
−2.0

FIG. 7. Magnetic dipole moments for the neutron-deficient oddA polonium, lead, platinum, and mercury isotopes. Data from this
work are shown with filled circles, data from Refs. [35,37] with the
open circles, and magnetic dipole moments for mercury, lead and
platinum are taken from Refs. [6,8,38–45]. The lines connecting the
data points are to guide the eye only.

−2.5

FIG. 8. Spectroscopic quadrupole moments for 193–203 Po. The
PPR-model predictions (see text) are shown with dotted lines.
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193  A  201, a linear downward trend is found for the
3/2− states.
〈

A. Calculations of quadrupole moments with
particle-plus-rotor model

〈

QS =
i


i

ci2 (

i)

3 2i − I (I + 1)
Q0 ,
(I + 1)(2I + 3)

(15)

= I,I − 1,I − 2, . . . ,

where ci is the expansion coefficient of the wave function
in the strong coupling basis, and i is the projection of the
odd particle angular momentum of the given orbital on the
symmetry axis.
For 13/2+ states in 193,195,197 Po Coriolis mixing is rather
high and QS becomes positive although Q0 (and associated
deformation) is negative. For the relatively strongly deformed
193
Po and 195 Po the leading configuration is the 7/2[633]
Nilsson state.
This simple model describes the quadrupole moments
for these states fairly well (see Fig. 8, where the experimental and theoretical values of QS are presented). It is
worth noting that for high-spin states [I π = (13/2+ )] in
193,195,197
Po the QS values can be calculated for the other
possible spin assignments. The calculated values are not in
an agreement with the experimental ones. For example, for
11/2+
9/2+
195
Po QS,theor = +0.23 b and QS,theor = +0.19 b, while the
experimental values deduced with the same spin and parity
assignment are +1.30(30) b and +1.21(30) b, respectively.
This can be considered as additional evidence supporting
the spin assignment I π = 13/2+ for the high-spin states in
193,195,197
Po.
The good description of quadrupole moments of the
high-spin polonium isomers with A = 193,195,197 in the
framework of the simple PPR-model with DM deformations
confirms the conclusion of Ref. [48] in favor of the rotationally
aligned scheme for an i13/2 neutron hole and an oblate core.
For the 3/2− states in 193,195,197 Po (for which Coriolis
mixing is almost negligible) the values of the deformation

〈

〉

2
2

〉

〈 〉

〉

〈 〉

2
2
2

〉1/2,

2

−

〈

The experimental values of the electromagnetic moments
were compared with theoretical calculations. Calculations
were made with the particle-plus-rotor (PPR) model [46]
using an axially deformed Nilsson potential and the BCS
approximation for pairing description [47]. The deformation
was fixed to the DM-deformation values obtained in our
previous work [11] (see Table I). The moment of inertia was
calculated using the Grodzins-Raman formula [31] with the
same deformation. The calculations were made for odd-A Po
nuclei with A < 198 as this is the point where the marked
deviation from sphericity occurs [10,11] and therefore the PPR
model is applicable.
According to the calculations, the single particle structure of the moderately deformed odd-A polonium nuclei is
characterized by strong mixing (by Coriolis interaction) of
several Nilsson states with different spin projections on the
symmetry axis . The relation between spectroscopic and
intrinsic quadrupole moment is described in this case by the
following formula:

2

FIG. 9. Deformation parameters extracted from the charge radii,
quadrupole moments, and B(E2) values [49,50]. For 191 Po results of
the fits with B > 0 and B < 0 are shown with the filled and unfilled
triangles, respectively.
exp

parameters β2 deduced from QS in a strong-coupling
assumption [see Eqs. (12) and (13)] are in good agreement with
the values of β22 1/2 extracted from r 2  and with the β22 1/2
extracted from B(E2) values for adjacent even-A isotopes
[49,50], as shown in Fig. 9. Theoretical values of QS are in
agreement with the experimental values (see Fig. 8).
The quadrupole moments of neutron-deficient polonium
isotopes (A = 193,195,197) are well described with the
assumption of moderate permanent oblate deformation.
B. Deformation of neutron-deficient polonium isotopes in
configuration-mixing method

The changes in the charge radii of adjacent even-A
polonium isotopes are well reproduced (see Ref. [10]) in
the framework of angular-momentum projected configurationmixing method [51]. The close similarity of the level structure
built on top of the isomeric 13/2+ state in the odd-A polonium
nuclei and yrast levels of the corresponding even-A Po nuclei
[48,52,53] indicates a coupling of the i13/2 neutron to the states
of the yrast band of the neighboring even-A core. Therefore the
conclusions made on the base of the theoretical description of
the even-A Po nuclei can be applied to their odd-A neighbors.
In the configuration-mixing method the ground-state wave
function is calculated by mixing mean-field states corresponding to different intrinsic axial quadrupole deformations. The
result of these calculations is critically dependent on the
choice of effective interaction. As in Refs. [50,54], at least
for 194,196 Po (core nuclei for 195,197 Po) the ground-state wave
function, calculated by this model (employing the Skyrme
interaction SLy6 and a density-dependent pairing interaction),
is nearly equally distributed around the spherical point at small
prolate and oblate deformations, with a slight enhancement on
the oblate side. The resulting ground-state mean deformation
β2  < 0.05 for 194,196 Po (see Fig. 5 in Ref. [50] and Fig. 9 in
Ref. [54]) and does not explain the observed quadrupole moments in adjacent odd-A polonium nuclei. It should be noted
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C. Phenomenological estimation of configuration mixing and
magnetic moments of neutron-deficient polonium isotopes

In a more phenomenological approach the mixing of
the oblate and near-spherical configurations in even-A Po
nuclei was estimated using different experimental observables (see Ref. [52], and references therein). According
to Ref. [52] the mixing amplitude of the deformed state
194
α 2 in the 0+
Po
1 ground state increases from 45% in
to 73% in 192 Po (calculated using a two-level mixing
model). In Ref. [9] the following mixing amplitudes are
proposed using the two-level mixing model: α 2 (192 Po) = 0.58,

−0.4

(

N

)

0.0

−0.8

I =3/2

−

N

)

−0.4
−0.8

(

that at the same time the deduced mean-squared deformations
for these ground-state wave function are sufficiently large
β22 1/2 ≈ 0.15 to describe qualitatively the deviation from
sphericity in charge radii of polonium isotopes with A < 198
[10,11]. It is shown in Ref. [54] that the configuration-mixing
model with SLy6 interaction describes rather well the level
structure of 194 Po and its transitional Qt values apart from
Qt (2+ ). As pointed out in Ref. [54], the small value obtained
for Qt (2+ ) can be traced back to a deficiency in the description
of the 0+ ground state with the wave function, which has nearly
equal oblate and prolate components.
In contrast to a nearly zero mean deformation in the ground
state of 194,196 Po, predicted in Refs. [50,54], the dominance of
an oblate deformation in the ground states of 192,194,196 Po was
predicted in Ref. [55], where a configuration-mixing method
similar to that of Ref. [48] with the Skyrme interaction SLy4,
but without projection on angular momentum, was applied.
The mean deformation of the ground state increases when
going from 196 Po (β2 ≈ −0.1) to 192 Po (β2 ≈ −0.2) [55]
which closely corresponds to the mean-squared deformations
extracted from the charge radii [10] and explains the observed
deviation from sphericity. The calculations in the framework
of the same configuration-mixing method with the Skyrme
interactions SLy4 and SLy4* and projection on angular
momentum and particle number produce similar results [10].
From the measured quadrupole moments QS it can be
concluded that the mean deformation of the lightest polonium
isotopes (A < 196) increases, which appears consistent with
calculations using the SLy4 interaction but not with results
using the SLy6 interaction. It can be concluded that it is
the increase of the mean deformation that governs both
the deviation from sphericity in δr 2  behavior of oddand even-A polonium isotopes [10,11] and the observed
trends in odd-A Po quadrupole moments. Although within
the framework of configuration-mixing method, one cannot
assign an intrinsic deformation to the wave functions, it is the
well defined mean deformation that may “play the role” of
intrinsic deformation, as shown by simple PPR calculations of
quadrupole moments. The increasing mixing of oblate and
nearly spherical configurations of the ground states of the
light even-A polonium isotopes is confirmed by in-beam and
α-decay data [56,57]. Similar to the even-A polonium nuclei,
the decay pattern of the odd-mass isotopes 193m,g,195m,g Po is
also understood as a result of the mixing of the deformed
(oblate) and the normal configurations in the parent polonium
nuclei (see Refs. [9,48,52], and references therein).

−1.2

I =13/2

193

+

195

197

A
FIG. 10. Comparison of experimental and calculated magnetic
moments for odd-A Po low- and high-spin states. Experimental data
are shown with the filled circles, magnetic moments calculated in the
PPR model with DM deformation are shown with the dotted line,
and calculated magnetic moments that take into account mixture of
near-spherical and deformed configurations [see Eq. (16)] are shown
with the dashed line. The lines connecting the data points are to guide
the eye only.

α 2 (194 Po) = 0.29, α 2 (196 Po) = 0.11. Estimations using an
α-decay mixing model give α 2 (192 Po) = 0.63 [58]. Finally,
in Ref. [59] both models were applied: α 2 (192 Po) = 0.45,
α 2 (194 Po) = 0.26, α 2 (196 Po) = 0.14 (two-level mixing model)
and α 2 (192 Po) = 0.57, α 2 (194 Po) = 0.32, α 2 (196 Po) = 0.02
(α-decay mixing model).
As shown in Fig. 10, the trends in the magnetic moments
for low-spin and high-spin polonium isotopes are also well
reproduced by the PPR calculations. However, there is a
discrepancy between the theoretical predictions and the experimental values of magnetic moments for I = 3/2 isomers. The
mixing of deformed and near-spherical configurations may be
the reason for this discrepancy as the magnetic moments for
near-spherical Pb and Po (A > 199) nuclei with I = 3/2 are
significantly lower than those for the corresponding deformed
Hg and Pt nuclei (see Fig. 7; compare also the single-particle
value μsp {νp3/2 } = −1.227 μN calculated in Ref. [36]).
In a simple approximation magnetic moment of a mixed
state can be estimated as
μ = α 2 μdef + (1 − α 2 )μsph ,

(16)

where μdef is calculated within the PPR approach (see above)
and μsph is the magnetic moment of the neighboring nearspherical odd-neutron nuclei with the same spin. Mixing
amplitudes for 193,195,197 Po have been fixed in accordance with
the mean values of mixing amplitudes for their even cores
(taking into account all estimations of these coefficients cited
above): α 2 (193 Po) = 0.59, α 2 (195 Po) = 0.33, α 2 (197 Po) = 0.09.
For the estimation of μsph , magnetic moments of near-spherical
3/2−
Pb states with the same spins were used: μsph = −1.1 μN ,
13/2+

μsph = −1.0 μN . The magnetic moments values calculated
with these parameters, are shown in Fig. 10. It should be
noted that the variation of the mixing amplitudes, obtained
with the aid of different models and assumptions (see values
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cited above) as well as the reasonable changes of μsph
(−{0.9 − 1.2} μN ) does not affect significantly the overall
agreement of calculated and observed magnetic moments.
This agreement (for both spins) supports the assumption of
an increasing admixture of deformed configurations in the
ground and long-lived isomeric states of polonium isotopes
and preservation of the nonzero admixture of the near-spherical
state when going from N = 113 to N = 109. This conclusion
is consisted with the assumption of the increase in mean
deformation in polonium nuclei with the decrease of N, made
on the basis of the charge radii and quadrupole moments
analysis.
It should be stressed that all conclusions made with the
aid of this model-dependent approach are tentative. To obtain
a consistent picture of the shape evolution in the light Po
nuclei, all observables (Q, μ, δr 2 ) should be treated in the
framework of a single theoretical approach, covering both oddand even-A nuclei.

V. SUMMARY

Hyperfine splitting parameters were measured for the
neutron-deficient odd-A polonium isotopes 193–203 Pog,m
and 209,211 Po. The electromagnetic moments μ and QS
were deduced. For the most neutron-deficient nuclei (A =
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