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V. Werner3, W. Witt3, D. Wölk2, K.O. Zell2, P. Van Isacker7, and V.Yu. Ponomarev3

1 Faculty of Physics, St. Kliment Ohridski University of Sofia, 1164 Sofia, Bulgaria
2 Institut für Kernphysik, Universität zu Köln, 50937 Cologne, Germany
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Abstract. The lifetimes of the 2+
1 , the 2+

2 and the 3−
1 states of 210Po have been measured in the

208Pb(12C,10 Be)210Po transfer reaction by the Doppler-shift attenuation method. The result for the life-
time of the 2+

1 state is about three times shorter than the adopted value. However, the new value still does
not allow for a consistent description of the properties of the yrast 2+

1 , 4+
1 , 6+

1 , and 8+
1 states of 210Po

in the framework of nuclear shell models. Quasi-particle Phonon Model (QPM) calculations also cannot
overcome this problem thus indicating the existence of a peculiarity which is neglected in both theoretical
approaches.

1 Introduction

The low-energy spectra of semi-magic nuclei, especially
those with two additional nucleons with respect to a dou-
bly magic core, are of importance because they reveal
the basic interactions that play a role in the formation
of more complex collective excitations in open-shell nu-
clei. The properties of semi-magic nuclei are dominated
by their single-particle structure and can be well under-
stood in the framework of the nuclear shell model [1,2],
which constitutes the standard approach to understand
their low-energy spectra. Besides single-particle structure,
pairing correlations are crucial in these nuclei because they
favour the formation of configurations with nucleons in
pairs coupled to angular momentum J = 0. As a result
semi-magic nuclei have low-energy excitations of low “se-
niority” υ, the quantum number that counts the number
of unpaired nucleons [3]. These nuclei display multiplets of
states that have the same seniority υ. If the valence nucle-
ons are confined to a single-j orbital, it is known that, to
a good approximation, the interaction between identical
nucleons conserves seniority [4,5]. If the valence shell con-
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sists of several orbitals, a generalized-seniority scheme can
be formulated [6], which can be considered as a truncation
of the nuclear shell model.

The conservation of seniority imposes a number of sim-
ple rules [4,5,7,8] that can be exploited for tracing the
evolution from seniority-like behaviour to collectivity with
an increasing number of valence nucleons [9,10]. Nuclei
with two valence nucleons serve as reference points, pro-
viding the properties of the basic j2 configurations such
as the energies of states with υ = 2 and the absolute E2
transition strengths for the seniority-changing transition
(Δυ = 2) 2+

1 → 0+
1 and the seniority-preserving transi-

tions (Δυ = 0) within the υ = 2 multiplet. Moreover,
these observables can be used for basic tests of complete
shell-model calculations.

The semi-magic nucleus 210Po has two additional pro-
tons with respect to the doubly-magic nucleus 208Pb. The
energies of its yrast 2+, 4+, 6+, and 8+ states follow a
seniority-like pattern of decreasing energy splitting be-
tween adjacent states with increasing spin (cf. fig. 1), sug-
gesting that the states belong to the (πh9/2)2 multiplet.
Data on absolute strengths for E2 transitions between
these states are also available. The data are extracted
from the lifetimes of the 4+, 6+ and 8+ levels, which



Page 2 of 7 Eur. Phys. J. A (2017) 53: 175

Fig. 1. (Color online) Experimental and calculated yrast states
of 210Po. The calculated shell-model levels are taken from
ref. [13].

are measured by the electronic timing technique [11]. The
B(E2; 2+

1 → 0+
1 ) value is determined from the cross-

sections for populating the 2+
1 state in 210Po in inelastic

scattering of deuterons and protons [12]. Large-scale shell-
model studies of 210Po using realistic interactions [13,14]
well reproduce the energies of the yrast 2+, 4+, 6+, and
8+ levels as can be seen in fig. 1. The calculated wave
functions show that the dominant component of the yrast
states is the (πh9/2)2 configuration, corroborating the ex-
pectation that they belong to the seniority υ = 2 mul-
tiplet. The E2 strengths for the transitions between the
4+, 6+ and 8+ states are also almost perfectly reproduced
(cf. table VII in ref. [13] and table III in ref. [14]). How-
ever, in both studies [13,14] the B(E2; 2+

1 → 0+
1 ) value is

overestimated by a factor of six. Such a significant dis-
crepancy between the shell-model calculations and the
data is an indication either for an inaccurate experimental
value [13,14] or for deficiencies in the model, as suggested
in ref. [14]. This has motivated us to perform a model-
independent measurement of the lifetime of the 2+

1 level
in 210Po based on the Doppler-shift attenuation method
(DSAM) (cf. ref. [15] and references therein) and to seek
an alternative theoretical description of the properties of
the yrast states of 210Po in the framework of the Quasi-
particle Phonon Model (QPM) [16].

2 Experimental set-up

The experiment was performed at the FN Tandem facil-
ity of the University of Cologne. Excited states of 210Po
were populated using the 208Pb(12C,10 Be)210Po transfer
reaction at a beam energy of 62MeV. The beam energy

was chosen to be about 2MeV below the Coulomb bar-
rier. The target was a self-supporting 10mg/cm2 thick Pb
foil enriched to 99.14% with the isotope 208Pb. The re-
action took place in the reaction chamber of the Cologne
plunger device [17]. In order to detect the recoiling light
reaction fragments an array of solar cells was used. The
array consisted of six 10mm×10mm cells and was placed
at a distance of about 15mm between their centers and
the target covering an angular range between 116.8◦ and
167.2◦. The emitted γ-rays were registered by 11 HPGe de-
tectors mounted outside the plunger chamber in two rings
at an average distance of 12 cm from the target. Five de-
tectors were positioned at 142.3◦ with respect to the beam
direction and the other six formed a ring at 35◦. Data
were taken in coincidence mode of at least one solar cell
and one HPGe detector (particle-γ) or when at least two
HPGe detectors (γ-γ) have fired in coincidence.

3 Data analysis and results

The particle-γ coincidence data were sorted in two ma-
trices depending on the position of the HPGe detectors.
A projection of the particle-γ matrix obtained with γ-ray
detection at 142.3◦ is shown in fig. 2(a). The γ-rays in co-
incidence with the group of particles indicated as “210Po”
in fig. 2(a) are shown in fig. 2(b). This spectrum is domi-
nated by the 1181 keV and the 245 keV lines which are the
γ-ray transitions depopulating the first two yrast states
of 210Po [18] (cf. fig. 1). Besides some contaminants from
211Po (which are shown in purple), all other γ-rays in the
spectrum in fig. 2(b) originate from the decay of excited
states of 210Po. The 1181, 2290, and 1205 keV γ-ray lines
show well-pronounced Doppler shapes which allow us to
extract the lifetimes of the 2+

1 , the 2+
2 and the 3−1 states

of 210Po, respectively.
The line-shape analysis was performed with the inte-

grated software package APCAD (Analysis Program for
Continuous Angle DSAM) [19]. In APCAD, the slowing
down process is simulated by GEANT4 [20]. The elec-
tronic stopping powers were taken from the Northcliffe
and Schilling tables [21] with corrections for the atomic
structure of the medium, as discussed in ref. [22]. The
angular straggling due to nuclear collisions is modelled
discretely by means of Monte Carlo simulation while the
corresponding energy loss is considered to emerge as a re-
sult from a continuous process for which the nuclear stop-
ping powers were taken from SRIM2013 [23] and reduced
by 30% [24]. The analysis accounts for the response of
the HPGe detectors, for the experimental geometry, and
for the restrictions on the reaction kinematics imposed
by the solar-cell array. The uncertainties of the results for
the lifetimes include statistical uncertainties from the line-
shape fits and 10% uncertainty in the nuclear and elec-
tronic stopping powers. The software and the approach
described above were verified in a previous study [25].

A partial level scheme representing the known tran-
sitions directly populating the 2+

1 state of 210Po [18] is
shown in fig. 3. The lifetimes of the 2+

2 state at 2290 keV



Eur. Phys. J. A (2017) 53: 175 Page 3 of 7

Fig. 2. (Color online) (a) The projection of the particle-γ matrix obtained by coincidence detection of charged particles in the
solar-cell array and a γ-ray at a Θγ = 142◦ polar angle. The vertical dashed lines represent parts of the particle spectrum found
to be in coincidence with γ-rays from the indicated nuclei. (b) The γ-ray spectrum in coincidence with the group of particles
indicated as “210Po” in panel (a).

Fig. 3. (Color online) Partial level scheme of 210Po showing
the excited states which feed the first 2+ state directly. The
thicknesses of the arrows are proportional to the observed γ-
ray intensities. The transitions not observed in our data are
presented with dashed arrows.

and 3−1 state at 2387 keV were extracted from the line
shapes of the 2290 keV (2+

2 → 0+
1 ) and the 1205 keV

(3−1 → 2+
1 ) transitions in particle-gated spectra, respec-

tively. These spectra are, in fact, γ-ray singles spectra
which, in principle, only contain information for the effec-
tive lifetimes. However, due to the reaction mechanism it is
justified to consider that slow feeding contributions to the
effective lifetimes of excited states of 210Po can originate
only from discrete decays of higher-lying states, as sug-
gested in refs. [26,27]. The γ-γ coincidence data show that
the 1205 keV transition is in coincidence with the 1181 keV
(2+

1 → 0+
1 ) transition only, while the 2290 keV (2+

2 → 0+
1 )

transition is not present in the coincidence data. This ob-
servation indicates that the 2+

2 and the 3−1 states are di-

rectly populated in the transfer reaction. Therefore only
fast feeding (τfeeding ≤ 10 fs) was introduced in the fits of
their line shapes. The fits are presented in fig. 4 and the
extracted lifetimes are summarized in table 1.

The lifetime of the first excited 2+ state of 210Po was
obtained from the line shape of the 1181 keV (2+

1 → 0+
1 )

transition. Using the γ-γ and the γ-particle coincidence
data from our experiment, and the known branching ra-
tios [18] we have estimated that 38% of the feeding of
the 2+

1 state originates from the states depicted in fig. 3.
The γ-γ and the γ-particle coincidence data were used
to estimate that the contributions of the 245 keV and
the 1205 keV transitions account for 20% and 16%, re-
spectively (cf. fig. 3). We have not observed the 1109 keV
(2+

2 → 2+
1 ) transition in our data. However, the 2290 keV

(2+
2 → 0+

1 ) transition is clearly visible in the γ-particle
data (cf. fig. 2(b)) which in combination with the known
branching ratio for the decay of the 2+

2 state [18] allowed
us to estimate that the feeding to the 2+

1 state via the
1109 keV transition is 2%.

The lifetimes of the 2+
2 and the 3−1 state (cf. table 1)

and their influence of the line shape of the 1181 keV tran-
sition were taken into account by the fitting procedure for
the lifetime of the 2+

1 state. A special care was taken to
account for the impact of the 245 keV (4+

1 → 2+
1 ) tran-

sition. The 4+
1 state of 210Po is a long-lived state with

lifetime τ = 2.21(10) ns [11]. Consequently, it always de-
cays at rest in the present experiment. The same is valid
for the decays of the 6+

1 and the 8+
1 states (cf. fig. 1).

Their lifetimes are even longer than the one for the 4+
1

state [11]. It has to be noted that although we have not
observed γ-ray transitions from the decays of the 6+

1 and
the 8+

1 states, the population of these states in the present
experiment cannot be excluded and their decay could po-
tentially contribute to the yield of the 245 keV transi-
tion in the cascade 8+

1 → 6+
1 → 4+

1 → 2+
1 (cf. fig. 1).
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Fig. 4. (Color online) An example of line-shape fits of the 2290.1 keV (2+
2 → 0+

1 ) (a) and the 1205.4 keV (3−
1 → 2+

1 ) (b)
transitions. The crossed (blue) areas show the background regions. The solid (red) lines represent the fits corresponding to the
adopted lifetimes. The vertical dash-dotted (green) lines show the position of the unshifted peaks. The dashed (violet) and the
dotted (pink) lines represent the fits with τ − σ and τ + σ, respectively.

Table 1. Properties of the three investigated low-lying states of 210Po and γ-ray transitions originating from their decays.
Denoted are: the excitation energies (Elevel); the spin and parity of the initial levels (Jπ) and of the final levels (Jπ

final); the
γ-ray energies (Eγ); the relative intensities (Iγ); the total electron conversion coefficients (α); the multipole mixing ratios (δ)
of the γ-ray transitions; the lifetimes of the states; the absolute transition strengths.

Elevel Jπ Jπ
final Eγ Iγ

a α b δ c τ (ps) Transition strength d

(keV) (keV) % Jπ → Jπ
final

1181 2+
1 0+

1 1181 100 0.00535 2.6(4) B(E2) = 136(21)

2290 2+
2 0+

1 2290 100(2) 0.00198 0.22(4) B(E2) = 53(11)

2+
1 1109 11.2(11) 0.0133 0.61(31) B(M1) = 0.014(7)

B(E2) = 60(29)

2387 3−
1 0+

1 2387 1.0(3) 0.00309 0.50(6) B(E3) = 70(31) × 103

2+
1 1205 100.0(15) 0.00197 B(E1) = 0.64(9) × 10−3

4+
1 960 11.3(6) 0.00292 B(E1) = 0.14(3) × 10−3

a
From ref. [18].

b
Total electron conversion coefficients. From ref. [28].

c
From ref. [28].

d
B(E1) values are given in e2fm2, B(E2) values are given in e2fm4 (1 W.u. = 74.15 e2fm4), B(E3) value is given in e2fm6, and B(M1)

value is given in μ2
N .
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However, due to the isomeric nature of the 4+
1 , the 6+

1 and
the 8+

1 states the overall effect of their decays is that the
245 keV (4+

1 → 2+
1 ) transition is always emitted at rest

in the present experiment. Indeed, as can be seen from
the insets in fig. 5 the 245 keV γ-ray line show no indi-
cation of Doppler-shifted components in its shape. Hence,
when the 2+

1 state is fed from the 4+
1 → 2+

1 transition it
also always decays at rest which gives extra counts into
the fully stopped component of the 1181 keV transition.
In order to extract correctly the lifetime of the first 2+

state of 210Po by means of the Doppler-shift attenuation
method, the contribution of the γ-rays coming from the
245 keV transition to the fully stopped component of the
1181 keV transition has to be eliminated. The efficiency
corrected number of counts in the 245 keV line are sub-
tracted from the efficiency corrected number of counts in
the stopped component of the 1181 keV transition. That
procedure could be automatically carried out with AP-
CAD by simultaneously fitting the 1181 and the 245 keV
lines.

In addition, the γ-γ coincidence data indicate the pres-
ence of 1427 keV transition which connects the 0+

2 state
at 2608 keV to the 2+

1 state. However, this is an extremely
weak transition which accounts for less than 1% of the
total population of the 2+

1 state and practically, has no
impact on the lifetime of the 2+

1 state. Therefore, besides
the influence of the feeding from the 4+

1 , the 2+
2 and the

3−1 states, only fast feeding (τfeeding ≤ 10 fs) was consid-
ered in the fit of the line shape of 1181 keV transition.
Under this assumption, the final value of the lifetime of
the 2+

1 is extracted from a simultaneous line-shape fit of
the 1181 keV transition observed at forward and backward
angles (see fig. 5) and presented in table 1.

4 Discussion

The lifetimes from the present study, together with the
available spectroscopic information and the resulting tran-
sition strengths, are summarized in table 1. The lifetime
for the 3−1 state of 210Po is in a good agreement with
the estimated value from ref. [12]. The lifetime of the
2+
2 state is measured for the first time. The new value

for the 2+
1 state is about a factor of three shorter than

the adopted one [28]. The latter is deduced from a rela-
tive cross-section measurement in a (d, d′) scattering ex-
periment [12]. It has to be noted, however, that the new
value is in a better agreement with the lifetime resulting
from the cross-section for (p, p′) scattering reported in the
same study [12]. On the other hand, the value from the
present study is obtained by a model-independent tech-
nique and free of the systematic uncertainties inherent to
cross-section analysis.

The shorter lifetime of the 2+
1 state leads to

B(E2; 2+
1 → 0+

1 ) = 1.83(28) W.u. which is about three
times larger than the adopted value [12,28]. However, this
is not sufficient to compensate for the discrepancy be-
tween the experimental value and the estimations within
the pure seniority scheme [29] or the shell model result (cf.

Fig. 5. (Color online) Simultaneous line-shape fits of the
1181 keV (2+

1 → 0+
1 ) transition observed at forward (a) and at

backward (b) angles. The solid (red) line represents the total
fit. The 1181 keV line is fitted simultaneously with the 245 keV
(4+

1 → 2+
1 ) line which is always emitted from a stopped nucleus

(the insets). The dotted and dashed lines represent the individ-
ual contributions of 1181 keV (red) and 245 keV (purple) lines,
respectively, to the total fit. An unidentified stopped contami-
nant with Eγ = 1174 keV is taken into account (brown).

table VII in ref. [13] and table III in ref. [14]) which remain
two times larger than the experimental value. Since, at this
point the discrepancy cannot be explained any longer as
due to experimental uncertainties, the alternative that it
results from the deficiencies of shell model [14] seems more
likely. In ref. [14] the flaw is attributed to the neglect of
ph excitations of the 208Pb core which strongly influence
the Jπ = 2+ states [30].

It is also interesting to check whether the problem is
specific for shell models and whether other theoretical ap-
proaches can do better in describing the properties of low-
lying states of 210Po. For this purpose we have performed
Quasi-particle Phonon Model (QPM) calculations [16] for
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Table 2. Results from the QPM calculations for the low-lying states of 210Po in comparison with the experimental data.

Jπ
i Ex, (MeV) Structure a Transition strength b

Experiment QPM % Jπ
f Experiment QPM

2+
1 1.18 1.10 97%[2+

1 ]RPA 0+
1 B(E2) = 136(21) B(E2) = 135 c

4+
1 1.43 1.16 99%[4+

1 ]RPA 2+
1 B(E2) = 331(13) d B(E2) = 41

6+
1 1.47 1.20 99%[6+

1 ]RPA 4+
1 B(E2) = 227(5) e B(E2) = 28

8+
1 1.56 1.21 99%[8+

1 ]RPA 6+
1 B(E2) = 83(3) f B(E2) = 11

2+
2 2.29 2.05 1.2%[2+

1 ]RPA + 60.5%[2+
1 ⊗ 2+

1 ]RPA+ 0+
1 B(E2) = 53(11) B(E2) = 3.4

+20.7%[2+
1 ⊗ 4+

1 ]RPA 2+
1 B(M1) = 0.014(7) B(M1) = 0.006

2+
1 B(E2) = 60(29) B(E2) = 80

3− 2.39 2.61 95%[3−
1 ]RPA 0+

1 B(E3) = 70(31) × 103 B(E3) = 70 × 103

2+
1 B(E1) = 0.64(9) × 10−3 B(E1) = 0.83 × 10−3

4+
1 B(E1) = 0.14(3) × 10−3 B(E1) = 0.27 × 10−3

a
[2+

1 ]RP A means the lowest in energy RPA phonon of the multipolarity 2+, etc.
b

B(E1) values are given in e2fm2, B(E2) values are given in e2fm4 (1 W.u. = 74.15 e2fm4), B(E3) value is given in e2fm6, and B(M1) value

is given in μ2
N .

c
The strength of the quadrupole isoscalar residual interaction has been adjusted to the experimental B(E2, 2+

1 → 0g.s.) value in 210Po.
d

From ref. [28].
e

From ref. [11].
f

From ref. [28].

210Po. In these calculations we have used the Woods-
Saxon potential for the mean field with the parameters
presented in ref. [31]. The single-particle space includes
all shells from the potential bottom to quasibound states
with narrow widths. The single-particle energies of the
levels near the Fermi surface are taken from ref. [32], where
they have been adjusted to reproduce experimental ener-
gies of low-lying levels of four odd-mass neighbouring nu-
clei to 208Pb in a calculation with the interactions between
quasiparticles and phonons accounted for. The strength of
the monopole pairing interaction for protons in 210Po has
been adjusted to the corresponding even/odd mass differ-
ences. Because of the large single-particle model space no
effective charges were used for calculating the E1, E2, and
E3 transition strengths. The spin-gyromagnetic quench-
ing factor used to calculate the M1 transition strengths
is geff

s = 0.8gfree
s . Excitation modes of even-even nuclei

(both collective and almost two-quasi-particle ones) are
treated in the QPM in terms of phonons. Their excita-
tion energies and internal fermion structure is obtained
from solving Quasi-particle Random-Phase Approxima-
tion (QRPA) equations. The model uses a separable form
of the residual interaction. In the present studies we
have used the Bohr-Mottelson form factor of the resid-
ual force as a derivative of the mean-field potential. The
strength of the isoscalar residual interaction, the same
for all multipoles, has been adjusted to the experimental
B(E2, 2+

1 → 0g.s.) value in 210Po. The calculations have
been performed on the basis of interacting one- , two-, and
three-phonon configurations. The phonons of the 2+, 3−,
4+, 6+, and 8+ multipolarities have been involved. Com-
plex (two- and three-phonon) configurations have been
built up from all possible combinations of these phonons.
The basis has been truncated above 6MeV, 8MeV, and

10MeV for one-, two-, and three-phonon components, re-
spectively.

The results from the calculations are presented and
compared to the experimental data in table 2. The ener-
gies of the states of interest are reasonably well reproduced
but the lowest 4+, 6+, and 8+ states are practically degen-
erate in energy because of their almost pure π{(1h9/2)2}
nature. It has to be noted that in the chosen approach to
fix the strength parameters to the electric strengths of the
2+
1 state, the result for the energies of the states should be

considered as a prediction of the model. In this respect,
the agreement between the experimental and the calcu-
lated energies for the 2+

1 and the 3−1 states allows to in-
terpret them as one-quadrupole and one-octupole phonon
states, respectively. The energies of the 4+

1 , 6+
1 , and 8+

1
states are somewhat lower in the calculation than exper-
imentally observed. It should be noted that the energy
of the lowest two-quasiparticle configuration π{(1h9/2)2}
is 1.211MeV with the present quasiparticle spectrum. In
general, the calculation predicts a rather pure one-phonon
nature of the lowest 2+, 4+, 6+ and 8+ states.

The major discrepancy between the QPM calcula-
tions and the experimental data appears in the E2
transition strengths for the cascade 8+

1 → 6+
1 →

4+
1 (cf. table 2). Overall, the model underestimates

these values by a factor of 8. Since the correspond-
ing states have a rather pure one-phonon nature, these
transitions are determined by the E2 matrix elements
〈[6+

1 ]RPA||E2||[8+
1 ]RPA〉, etc. These matrix elements are

much smaller as compared to the decays from two-phonon
components 〈[6+

1 ]RPA||E2||[2+
1 ⊗6+

1 ]RPA〉, etc. with an ex-
change of the [2+

1 ]RPA phonon [33]. Experimental data
definitely indicate strong admixture of two phonon com-
ponents in the structure of the 4+

1 , 6+
1 , and 8+

1 states which
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is not reproduced in the QPM calculations. The problem
existing in the shell model description also appears in a
different form in the present QPM calculations. This may
indicate that the 208Pb core is soft as this softness strongly
enhances the 1ph excitations, or facilitates the mixing
between the 2qp configurations. Obviously, neither shell
models nor QPM account correctly for this peculiarity.

5 Conclusions

In the present study the lifetimes of the 2+
1 , the 2+

2 and the
3−1 states of 210Po have been measured by the Doppler-
shift attenuation method. The newly established value
of the lifetime of the 2+

1 state leads to an E2 transi-
tion strength which is about three times larger than the
adopted value [28]. However, the newly measured value
is still not high enough to allow for a consistent micro-
scopic description of the properties of the yrast 2+

1 , 4+
1 ,

6+
1 , and 8+

1 states of 210Po using 208Pb as an inert core.
Such description is well expected since 210Po comprises
only two additional protons with respect to the doubly
magic nucleus 208Pb. The problem previously known from
shell model studies also appears in the performed QPM
calculations. This observation and the new experimental
value for the lifetime of the 2+

1 state prompt for a more
thorough theoretical investigation of this problem.
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