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Low-lying states in 206Po were investigated using the fast-timing technique with LaBr3(Ce) and high-purity
germanium detectors. The excited states in this nucleus were populated via two consecutive electron capture
decays from 206Rn. The parent isotope was produced in the 194Pt(16O, 4n) 206Rn fusion-evaporation reaction
at the FN-Tandem facility at the Institute for Nuclear Physics, University of Cologne. The previously known
value for the lifetime of the 4+

1 state in 206Po was confirmed using the generalized centroid difference (GCD)
method. The lifetime of the 6+

1 state was determined from β decay in the first application of the GCD method
for x-ray–γ coincidences. A Monte Carlo based approach was applied to address the indirect population of the
6+

1 state by the decay of 206At. The experimental results were examined in the context of the transition of single-
particle excitations to collective behavior in the neutron-deficient Po isotopes. The obtained B(E2; 6+

1 →4+
1 )

value suggests that for the 6+
1 states in even-even Po isotopes the transition from a noncollective regime at

N = 126 to a collective regime occurs at N � 120.

DOI: 10.1103/PhysRevC.108.014316

I. INTRODUCTION

One of the fundamental features of atomic nuclei is their
shell structure characterized by the magic numbers, the emer-
gence of which is naturally explained within the nuclear shell
model with the introduction of the spin-orbit interaction [1].
In particular, the low-energy spectra of semimagic nuclei are
interpreted in the same framework via the addition of pairing
correlations. In semimagic nuclei with multiple particles in a
high- j orbital, the low-energy J > 0 excited states are formed
by recoupling of the angular momenta of the unpaired nucle-
ons. The resulting multiplets of states can be classified by a
quantum number—seniority (ν) [2–4], which is the number of
the unpaired nucleons. It is considered to be a good quantum
number when j of the involved orbitals is high, e.g., the region
above 208Pb where the ν(g9/2) and the π (h9/2) orbitals play a
major role in the forming of the low-energy states. In these
cases the generalized seniority scheme, which also accounts
for degenerate levels, is used to truncate the shell model space
in theoretical calculations [3,4].

For the yrast states in even-even nuclei there are several
clear experimental signatures emerging from the seniority
scheme [5,6]. The energy difference between the excited
states with seniority ν = 2 decreases towards the state with the
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highest angular momentum. Also, the absolute E2 transition
strength has a parabolic dependence on the filling of the j
shell for both seniority-conserving (�ν = 0) transitions J →
J − 2 (J � 4) and the seniority-changing (�ν = 2) transition
2+

1 (ν = 2) → 0+
GS(ν = 0), with a minimum and a maximum

at the middle of the j shell, respectively [4]. These features
are expected to persist in open-shell nuclei close to magic
numbers if the low-energy multiplet is constructed mainly
by nucleons of the same kind (p or n). However, adding
valence nucleons of the other kind leads to an increase of
the proton-neutron interaction and, consequently, to breaking
down of the pairing correlations [7] and thus to an emer-
gence of collective behavior. The latter can be deemed as
a transition from seniority-type single-particle excitations to
collective excitations. This transition could be the result of a
breaking down of the corresponding seniority symmetry due
to cross-shell core excitations, as shown recently by Mach
et al. [8].

A suitable region for studying this transition is the Po-
Rn-Ra region in the vicinity of the doubly magic nucleus
208Pb. The protons in the h9/2 orbital interact weakly with the
valence neutrons in nuclei with N � 126 [9] due to the high
principal quantum number and low angular momentum of the
relevant neutron orbitals [5]. As a result, the π (h9/2)n config-
uration is dominant in the wave functions of the yrast states
that consequently exhibit a seniority-type structure. Indeed,
in even-even Po-Rn-Ra nuclei with 122 � N � 126 the 8+

1
states are isomers and the measured constant values of their
magnetic moments [10] support the notion of prevalence of
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the π (h9/2)n configuration in the wave functions [11]. Ad-
ditionally, the even-even Po-Rn-Ra nuclei in the 120�N �
126 isotonic chains exhibit a decrease in the reduced tran-
sition probability B(E2; 8+

1 →6+
1 ) values with the filling of

the proton h9/2 orbital. These experimental signatures have
lead Ressler et al. [5] to suggest that the seniority regime
persists for Po-Rn-Ra nuclei in the 122 � N � 126 chains up
to 206–210Ra and collective behavior becomes prevalent around
N = 118–120.

However, recent experimental results and calculations
[12] indicate that in Po isotopes the transition from single-
particle seniority-type excitations to collective excitations
has a pronounced spin-dependent behavior. Specifically, re-
ported measurements of B(E2; 2+

1 →0+
GS) values for 206Po

and 208Rn suggest that for the 2+
1 states in Po isotopes col-

lectivity emerges readily with moving away from the closed
proton shell [12]. In addition, the B(E2; 4+

1 →2+
1 ) values

from a recent study by Stoyanova et al. [13] indicate that
collective behavior of the 4+

1 states in Po isotopes devel-
ops below N = 124. The known B(E2; 6+

1 →4+
1 ) value for

208Po [14] suggests that seniority of the 6+
1 state is still

conserved at N = 124. In order to determine whether the
collectivity of the 6+

1 states in Po isotopes becomes preva-
lent at or below N = 122, a measurement of the lifetime
of the 6+

1 state in 206Po has been carried out. This paper
is a continuation of the current collaboration’s study of se-
niority in the Po-Rn-Ra region, which includes the work of
Stoyanova et al. [13].

II. EXPERIMENT

The experiment was performed at the HORUS spectrome-
ter [15] of the FN-Tandem facility of the Institute for Nuclear
Physics at the University of Cologne. An 16O beam at an
energy of 84 MeV was used to induce the 194Pt(16O, 4n) 206Rn
fusion-evaporation reaction on a 4 mg/cm2 194Pt target. In
addition, a foil of 180 mg/cm2 bismuth was used to stop
the beam, together with a 140 mg/cm2 copper layer for heat
dissipation. The 206Po nuclei were populated via two suc-
cessive electron capture (EC) decays from the initial 206Rn
[T1/2 = 5.67(17) min; ε = 38%] and its daughter nucleus
206At [T1/2 = 30.6(8) min; ε = 99.1%].

A hybrid detector array consisting of eight coaxial high-
purity germanium (HPGe) detectors and 11 lanthanum
bromide (LaBr) detectors was used for γ -ray detection. Bis-
muth germanate oxide (BGO) scintillators were used as active
Compton scattering shields for six of the LaBr detectors with
cylindrical 1.5 × 1.5 in. crystals. The rest of the LaBr de-
tectors with conical 1 × 1.5 × 1.5 in. crystals had passive Pb
shields for suppression of the scattered-γ -ray background.

The time differences from every unique pair of LaBr detec-
tors were acquired using time-to-amplitude converters (TACs)
set up in the multiplexed-start and multiplexed-stop electron-
ics configuration [16]. The experiment was run in triggerless
mode in which the detector energy signals and TAC output
signals were recorded in a listmode format. The full set of
in-beam data (≈100 h) was used in the analysis as well as
≈5 h of off-beam data.

III. ANALYSIS

The goal of the experiment is to measure the unknown life-
time of the 6+

1 state in 206Po which we expect to be in the range
of hundreds of picoseconds based on the systematics of the
known lifetimes of the state in 208,210Po [14,17]. Furthermore,
the 4+

1 state in 206Po would also be accessible which provides
a good opportunity for its lifetime confirmation under the
current experimental conditions. Both lifetimes of interest can
be extracted via the generalized centroid difference (GCD)
method [18], briefly outlined below.

The GCD method uses two independent distributions (de-
layed and antidelayed) of the time difference �T between two
consecutive γ rays the populating (feeder) and depopulating
(decay) transitions of the level of interest. The delayed (D)
distribution is obtained when the feeder transition provides
the start signal to a TAC and the decay transition provides the
corresponding stop signal. In the opposite case, the resulting
�T distribution is denoted as antidelayed (AD). The mean
lifetime of the level of interest can be obtained from the
difference of the centers of mass of these distributions, CD and
CAD, respectively, via the relation

�C ≡ CD − CAD ≡ 2τ + PRD. (1)

Here PRD is the prompt response difference (PRD) func-
tion that characterizes the mean energy dependence of the
time walk of the fast-timing setup [19]. Obtaining the PRD
curve for the particular setup is essential for the application of
the GCD method and is accomplished using 152Eu and 133Ba
calibration source data, covering the energy range between 40
and 1408 keV. The delayed and antidelayed time-difference
spectra are obtained for several feeder-decay transitions for
states with known lifetimes. The resulting centroid differences
used together with Eq. (1) yield the corresponding PRD val-
ues. These data points are then fitted with the function [21]

PRD(Eγ ) = a
√

Eγ + b
+ cE2

γ + dEγ + e, (2)

as shown in Fig. 1. The uncertainty contribution to the lifetime
measurement from the PRD is taken as two times the root
mean square from the fit (2σ ).

The data are sorted into triple HPGe-LaBr-LaBr coinci-
dences where a gate on the HPGe detectors is used to select
the cascade of interest. Additionally, triple HPGe-HPGe-LaBr
coincidences are used to check for presence of contaminat-
ing transitions in the doubly gated LaBr spectra relevant for
the time measurements. The higher-energy resolution of the
HPGe detectors allows us to discern low-intensity transitions
which are difficult to identify in LaBr energy spectra. A
comparison between the full projections obtained from the
two types of coincidences is shown in Fig. 2. A partial level
scheme of the levels of interest in 206Po is shown in Fig. 3.

To extract the lifetime of the 4+
1 state, a HPGe energy gate

is set on the 2+
1 →0+

GS transition and LaBr energy gates are set
on the 6+

1 →4+
1 and 4+

1 →2+
1 transitions. An additional TAC

coincidence window |�T | � 2 ns is used when the final LaBr-
TAC matrices are produced in order to lower the background
contribution from random coincidences in the doubly gated
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FIG. 1. The PRD curve of the setup. The data points have been
obtained from 152Eu and 133Ba calibration sources. The 344 keV
transition in 152Eu is used as a reference energy [19]. The deviation
of each point from the curve is shown in the inset, as well as the
2σ interval calculated analytically from the covariance matrix of the
fit, following the procedure in [20]. The increased uncertainty in
the 60–300 keV region stems from the lack of suitable calibration
points to determine the exact behavior of the PRD curve.

LaBr projections. The resulting time-difference spectra along
with the relevant doubly gated LaBr and HPGe projections are
shown in Fig. 4. The centroid difference of the delayed and
antidelayed time distributions is determined to be �Cexp =
178(10) ps. This value cannot be used directly in Eq. (1) as
it contains contributions from the time-correlated background
underneath the full-energy peaks (FEPs). In Fig. 4(a) several
regions around the FEP of the feeding transition are selected
and the corresponding centroid differences of the background
are obtained. The resulting data points are fitted with a linear
function to interpolate the centroid difference of the back-
ground �CBG

f underneath the FEP of the feeding transition
E f [23]. Following a similar procedure �CBG

d is determined
[see Figs. 4(d) and 4(e)]. The background-corrected centroid
difference �CFEP is defined by [24]

�CFEP ≡ �Cexp + t̃cor, (3)
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FIG. 2. Full projections obtained from HPGe-LaBr-LaBr (blue)
and HPGe-HPGe-LaBr (red) coincidences. Denoted are transitions
from the reaction product 206Rn, the even-even decay products 206Po
and 202Pb, and the Coulomb excitation of the target 194Pt.

FIG. 3. Partial level scheme of 206Po with the known mean life-
times of the 4+

1 and 8+
1 states, taken from Refs. [13] and [22],

respectively. The plot of the 8+
1 →6+

1 transition is exaggerated for
clarity.

where

t̃cor ≡ tcor (Ed )(p/b) f + tcor (E f )(p/b)d

(p/b) f + (p/b)d
, (4)

tcor (E f ,d ) ≡ �Cexp − �CBG
f ,d

(p/b) f ,d
. (5)

The centroid difference �CFEP is calculated to be 197(18)
ps and Eq. (1) becomes [16]

�CFEP = 2τ + PRD. (6)

The final result for the lifetime of the 4+
1 state in 206Po is

determined to be τ (4+
1 ) = 101(8) ps which is in agreement

with the reported value of 89(7) ps from Ref. [13], within
uncertainties. The corresponding B(E2; 4+

1 →2+
1 ) values are

316+27
−21 e2 fm4 (4.4+0.5

−0.4 W.u.) and 359(28) e2 fm4 [5.0(4) W.u.]
[13], respectively.

The GCD method was additionally applied to measuring
the well-known lifetime of the 2+

1 state in 194Pt. The HPGe
gate was set on the 562 keV (5−

1 )→4+
1 transition and the

LaBr gates were set on the 483 keV 4+
1 →2+

1 and 328 keV
2+

1 →0+
GS transitions. The extracted lifetime for the 2+

1 state
in 194Pt is 59(7) ps, which is in good agreement with the
adopted value of 60.2(25) ps [25]. This serves as validation
of the obtained value of τ (4+

1 ) in 206Po as well as for applying
the GCD method to extract the lifetime of the 6+

1 state, the
measurement of which proved to be challenging due to the
following factors.

The yrast feeding transition 8+
1 →6+

1 has an energy of
12.5 keV and thus is not registered by the γ -ray detectors,
while the known off-yrast feeding transitions are not suffi-
ciently populated to be of use in a fast-timing analysis. A
possibility to circumvent this obstacle is to use the Po x rays
emitted from the EC decay of 206At →206 Po, as shown to be a
viable approach in Ref. [24]. Around 38% [26] of the decays
of 206At (considering only EC decays that constitute 99.1%
of all 206At decays [22]) directly populate the 6+

1 state in
206Po which would make the application of the GCD method
possible by using the emitted Po x rays as a start signal and
the 6+

1 →4+
1 transition as a stop signal. However, 41% of the

decays of 206At populate excited states above the 6+
1 state [26]

and could reach that state through intermediate γ transitions,
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FIG. 4. (a) LaBr (blue) and HPGe (red) detector projections,
produced after applying double HPGe-LaBr gates on the HPGe-
LaBr-LaBr and HPGe-HPGe-LaBr coincidences, respectively. The
LaBr gate is set on the decay transition. The HPGe spectrum is
scaled by a factor of 0.047. The vertical black lines indicate the
LaBr gate width on the feeding transition used to produce the time-
difference spectra. The corresponding peak to background ratio for
the feeding transition is (p/b) f = 7.0(1). The regions marked in
green denote the gates used to extract the centroid difference of the
background (see text). (b) The linear fit of the background centroid
difference underneath the full-energy peak of the feeding transi-
tion (dashed green line), the PRD curve of the setup (violet line),
and the experimentally obtained centroid difference (blue point).
(c) The delayed (blue) and antidelayed (red) time-difference spectra
for the 395–477 keV feeder-decay transitions used for extracting the
lifetime of the 4+

1 state. (d) Analogous to (a) with the LaBr gate set
on the feeding transition. The HPGe spectrum is scaled by a factor
of 0.055. The corresponding peak to background ratio is (p/b)d =
8.2(14). (e) Analogous to (b).

all of which would contribute to the time-difference spectra
via their corresponding lifetimes. This nondirect feeding to
the 6+

1 state is taken into consideration in the analysis.
For the extraction of the lifetime of the 6+

1 state the HPGe
gate is set on the 2+

1 →0+
GS transition as this gate proved to

yield a better background suppression in the doubly gated
LaBr spectra compared to one placed on the 4+

1 →2+
1 transi-

tion. The same TAC coincidence window |�T | � 2 ns is used
to further reduce random coincidences and improve the peak
to background ratio in the doubly gated spectra. The two LaBr
gates are set on the x-ray region and the 6+

1 →4+
1 transition.

The resulting doubly gated energy spectra and time-difference
spectra for the 6+

1 state are presented in Fig. 5. Taking into ac-
count the background correction, a value of �CFEP = 518(46)
ps is obtained, for which Eq. (6) produces τexp = 313(23) ps.
It has to be stressed that this value contains the true lifetime
of the 6+

1 state as well as contributions from the lifetimes of
states above the 6+

1 state. This value can be mathematically
modeled as

τexp = f τ (6+
1 ) + (1 − f )[τ (6+

1 ) + τside] − �tp

= τ (6+
1 ) + (1 − f )τside − �tp, (7)

where f is the fraction of the decays of 206At that directly pop-
ulate the 6+

1 state in 206Po and τside is an effective lifetime from
all intermediate states above the 6+

1 state, as shown in Fig. 6.
The term �tp in Eq. (7) is a correction due to the applied TAC
coincidence window. This correction is necessary as the upper
limit of the |�T | � 2 ns window acts as a partitioning point
T D

p that separates the delayed time-difference distribution in
two regions. Due to the exponential tail of the distribution
there is a nonzero probability for counts to occur beyond
T D

p = 2 ns. These counts are consequently not included in the
determination of the experimental centroid CD of the delayed
distribution. The case of the antidelayed distribution is analo-
gous for CAD, with a partitioning point at T AD

p = −2 ns. Since
τexp is derived from both spectra within the coincidence win-
dow, the effect from partitioning of the distributions results in
a deviation of τexp from the true weighted sum of lifetimes. A
short description of the properties of a distribution partitioned
in two regions, including the structure of the �tp term, is given
in the Appendix. The value of �tp is experimentally inacces-
sible and thus several new observables that arise from such
partitioning are utilized in the analysis instead, as described
further below. Additionally, an unambiguous extraction of the
6+

1 lifetime using the model Eq. (7) would require knowing
both the fraction of direct feeding f and τside. The value of f
can be estimated from the experimental data, while only an
upper and lower limit can be set for the value of τside, subject
to certain experimental constraints.

The value of the fraction of direct feeding f is determined
from triple HPGe-HPGe-HPGe coincidence data. A random-
background-subtracted HPGe-gated γ -γ matrix is sorted for
which the HPGe gate is set on the 2+

1 →0+
GS transition (701

keV). An additional HPGe-gated γ -γ matrix is prepared with
HPGe gates set on the background close to the 701 keV
line. This background matrix is subtracted from the orig-
inal HPGe-gated matrix to reduce the contribution of the
Compton background underneath the 701 keV line. Applying
a cut on the 6+

1 →4+
1 transition (395 keV) in the resultant

background-subtracted matrix produces the projection shown
in Fig. 7. Efficiency calibration for the HPGe detectors has
been carried out using the 152Eu source data to allow for a
comparison to be made between the intensities of different
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FIG. 5. The figure is analogous to Fig. 4. (a) The LaBr gate on
the x-ray region (vertical black lines) is not set on the full width
of the x-ray peak in order to increase the peak to background ratio.
The three peaks observed in the HPGe spectrum are the 194Pt Kα and
the 206Po Kα and Kβ x rays. The contribution of the 194Pt Kα to the
time-difference spectra is via random coincidences and is accounted
for by the background-correction procedure. The HPGe spectrum is
scaled by a factor of 0.5. The corresponding peak to background ratio
is (p/b) f = 7.9(7). (b) The linear fit of the background centroid dif-
ference (dashed green line), the PRD curve of the setup (violet line),
and the experimentally obtained centroid difference (blue point).
(c) The delayed (blue) and antidelayed (red) time-difference spectra
for the (x-ray) 395 keV feeder-decay transitions used for extracting
the lifetime of the 6+

1 state. (d) The LaBr gate on the decay transition
is narrower compared to the LaBr gate used in the extraction of the
lifetime of the 4+

1 state [Fig. 4(a)] in order to increase the peak to
background ratio, which is (p/b)d = 2.0(5). The HPGe spectrum is
scaled by a factor of 0.02. (e) Analogous to (b).

lines in the matrix projection. The direct feeding fraction can
be measured through the ratio of the intensities of the nonyrast
feeding transitions of the 6+

1 state and the intensity of the
4+

1 →2+
1 transition which is equal to the full intensity of the

6+
1 →4+

1 transition due to the applied cut on 395 keV. We con-
sider the two observed known nonyrast feeding transitions as

FIG. 6. Schematic representation of the contributions to the ex-
perimentally determined lifetime of the 6+

1 state. The EC of 206At
populates the 6+

1 either directly or through one or more intermediate
excited states in 206Po (denoted as an ellipse) characterized with an
effective lifetime τside. Note that the contribution from the long mean
lifetime of the 8+

1 state [335(6) ns] is absorbed in τside but is highly
suppressed due to the applied 2 ns TAC coincidence window (see
text).

well as all observed lines in Fig. 7, which are not placed in the
adopted level scheme, as being direct feeding transitions of the
6+

1 state. The efficiency-corrected intensities of the assumed
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FIG. 7. The doubly gated HPGe projection from triple HPGe-
HPGe-HPGe coincidences with the gates set on the 2+

1 →0+
GS (701

keV) and 6+
1 →4+

1 (395 keV) transitions. The histogram is presented
with 2 keV per bin and the bins in the spectrum above 500 keV are
scaled by a factor of 4 for better visibility. Denoted are the known
transitions directly populating the 6+

1 state (star); transitions known
from the level scheme of 206Po (filled circle); transitions known to be
from 206Po that are not placed on the level scheme (empty circle); and
newly observed transitions (diamonds) that are assumed to be from
206Po due to the double HPGe coincidence conditions imposed. Note
that there are two known transitions with an energy close to 806 keV
in the level scheme of 206Po (805.9 keV 11−

2 →9−
1 and 806.6 keV

13−
1 →11−

1 ). The observed line at 806.5 keV is therefore considered
a new transition as both the current experimental data and Ref. [26]
show that the 11−

2 and 13−
1 states are not populated in the EC of 206At,

which has a ground-state spin 5.
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TABLE I. The experimentally determined energy and efficiency-
corrected intensity of the assumed direct feeding transitions in the
doubly gated HPGe energy spectrum (see Fig. 7), compared to the
known literature values taken from Ref. [26]. The intensity is given
relative to that of the 477 keV transition, depopulating the 4+

1 state.

Eexp (keV) Elit (keV) Iγ

476.99(2) 477.10(3) 100
527.21(8) 527.27(7) 7.1(6)
729.15(15) 729.27(15) 4.3(5)
796.01(16) 796.60(11) 3.2(6)
802.48(29) 802.50(15) 2.3(5)
806.33(12) 6.6(7)
938.92(19) 939.25(7) 5.4(7)
976.13(24) 976.32(10) 1.1(3)
1072.18(20) 1071.78(19) 3.3(6)

direct feeding transitions of the 6+
1 state are presented in

Table I. From these intensities a direct feeding fraction of
f = 0.67(2) is obtained.

In general, this value is also affected by the pandemonium
effect [27], which would lower the value of f with respect to
the measured one via unobserved intensities of high-energy
γ transitions feeding the state of interest. Unfortunately, due
to the nature of the pandemonium effect, any such unob-
served transitions would be indistinguishable from the direct
feeding of the 6+

1 state using solely spectroscopic data. Still,
the highest-lying state populated in the decay of 206At at 4.7
MeV is relatively close to the Q value of the decay Qβ = 5.4
MeV and, in addition, γ transitions up to 2.7 MeV have been
identified in the original study of the 206At decay [26]. These
empirical observations can serve as an indication that the
pandemonium effect would not be very pronounced in 206Po
and would not impact the current analysis and the obtained
direct feeding fraction f significantly.

The other unknown parameter in Eq. (7) is the effective
lifetime τside of the intermediate excited states above the 6+

1
state. This lifetime cannot be determined experimentally and
thus we will investigate its influence on the range of values of
τ (6+

1 ) for which Eq. (7) remains valid within the experimental
uncertainty of τexp. Following this approach an upper and
lower limit for τ (6+

1 ) can be determined, and the center of
that interval will be assigned as the final value of τ (6+

1 ).
To obtain the lower limit for the 6+

1 lifetime, a Monte Carlo
simulation of the delayed time-difference spectrum is utilized,
taking into account the assumed feeding model of the 6+

1
state. The free parameters of the simulation are two separate
B(E2) values—one is assigned to the 6+

1 → 4+
1 transition, and

the other one is simultaneously assigned to all the transitions
feeding the 6+

1 state, which also are assumed to be of pure
E2 character. The simulated time-difference spectrum uses
the individual intensities of the feeders, given in Table I, as
they govern the probabilities with which the different decay
paths are taken in the simulation process. A fine grid of B(E2)
values is considered—from 3 to 8 W.u. in steps of 0.01 W.u.
for the B(E2, 6+

1 → 4+
1 ) and from 0.001 to 1 W.u. in steps of

0.002 W.u. for all feeders of the 6+
1 state. For every pair of

B(E2) values a spectrum with 1000 counts is generated, com-
parable to the level of statistics in the experimental spectrum.
The simulation does not include background components as it
generates the pure FEP delayed coincidence time-difference
spectrum. It aims to reproduce only particular features of
the FEP spectrum that are accessible for extraction from the
experimental spectrum. Those include the normalized areas α

and β of the two parts of the partitioned distribution below
and above the partitioning point T D

p = 2 ns, respectively. In
addition, the value τexp = 313(23) ps, deduced after applying
the background correction procedure, is equal to the centroid
Cα of the part of the delayed distribution with �T < 2 ns.
These three parameters, Cα, α and β, are the only experi-
mentally accessible features of the partitioned time-difference
distribution, and they are not independent, as shown in the
Appendix.

The experimental values αexp and βexp can be determined
from the total number of FEP coincidence counts in the
experimental spectra below and above the T D

p point, respec-
tively. From the total area of the delayed time-difference
spectrum in Fig. 5(c) and the measured p/b ratios, approx-
imately 600 FEP coincidence counts were determined for
the region �T <2 ns. To obtain the number of FEP counts
beyond the partitioning point T D

p the experimental data were
sorted without a coincidence window condition between the
LaBr detectors. The emerging counts beyond T D

p =2 ns from
the delayed time-difference distribution contain both FEP and
random-background coincidences. For the antidelayed distri-
bution, however, only random-background coincidences are
expected at time differences �T >2 ns. The pure FEP counts
in the region �T >2 ns can then be assessed by construct-
ing cumulative distributions for the delayed and antidelayed
time-difference spectra. This procedure is carried out for both
positive (�T >2 ns) and negative (�T <−2 ns) time differ-
ences, as shown in Fig. 8. An averaged excess of 20(9) FEP
counts above the background level is obtained. From the nor-
malized areas the values αexp = 0.968 and βexp = 0.032 are
determined. The following target function for minimization is
implemented in the Monte Carlo simulation:

S = k(β − βexp)2, (8)

where k is a scaling factor to control round-off errors. For a
fixed value of βexp this target function reaches a minimum for
a range of pairs of B(E2) values within the used simulation
model.

The Monte Carlo simulation of the delayed time-difference
spectrum was performed with 1000 iterations for each pair
of B(E2) values from the fine grid of B(E2, 6+

1 → 4+
1 ) vs

B(E2, Jπ →6+
1 ) points, as described above. The parameters

Cα, α, and β of the partitioned distribution from each iteration
were averaged and the value of the target function in Eq. (8)
was calculated. Only pairs of B(E2) values for which the
averaged centroid Cα was within the uncertainty of the ex-
perimental value τexp =313(23) ps were plotted. The resulting
B(E2, 6+

1 → 4+
1 ) vs B(E2, Jπ →6+

1 ) map is shown in Fig. 9.
We designate the point with the highest B(E2, 6+

1 → 4+
1 )

value within the minimum as the upper limit for B(E2, 6+
1 →

4+
1 ), which corresponds to the lower limit for τ (6+

1 ). The point
with the highest B(E2, 6+

1 →4+
1 ) value within the area of
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FIG. 8. Cumulative distribution of counts outside the |�T | =
2 ns coincidence window for the delayed (D, blue) and antidelayed
(AD, red) spectra, constructed starting from the corresponding parti-
tioning points T D,AD

p = ±2 ns. Positive (�T > 2 ns) and negative
(�T < −2 ns) time differences are denoted by + and −, respec-
tively. The D+ and AD− distributions (solid lines) contain FEP and
background counts, while the AD+ and D− distributions (dashed
lines) contain only the respective background counts. The differ-
ences D+ − AD+ and AD− − D− provide a measure of the pure
FEP counts in the delayed and antidelayed distributions outside the
|�T | = 2 ns coincidence window, respectively. At integration win-
dows above 10 ns these differences become nearly constant, which
indicates that all FEP counts have been accounted for. The average
of these two differences, taken at the 20 ns integration window, de-
termines a statistically significant excess of 20(9) FEP counts. Note
that the divergence between the D+ and AD− and the respective AD+

and D− beyond 8 ns can be interpreted as a change in the underlying
distribution of random background coincidences.

the minimum is identified as (B(E2, 6+
1 →4+

1 ), B(E2, Jπ →
6+

1 ))= (5.63, 0.12) W.u. From this point, we calculate the
lower limit for τ (6+

1 ) to be 196 ps. Note that the obtained low
value for B(E2, Jπ →6+

1 )=0.12 W.u. indicates an effective
lifetime τside of the feeding transitions of the order of 1 ns.
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FIG. 9. The averaged value of the Monte Carlo target function
[Eq. (8)] for the pairs of B(E2) values around the identified min-
imum. The points for which the value of Cα differs from τexp =
313(23) ps are omitted. The lower limit for τ (6+

1 ) is taken from
the point with the highest B(E2, 6+

1 →4+
1 ) within the region of

the minimum, constrained by the uncertainty in τexp. At higher
B(E2, Jπ →6+

1 ) values the resulting band asymptotically approaches
the B(E2, 6+

1 →4+
1 ) values that correspond to τexp.

The upper limit of τ (6+
1 ) can be determined from Eq. (7)

in the case of τside ≈ 0 ps when the right hand side of Eq. (7)
simplifies to τ (6+

1 ) − �tp. The value of �tp is extracted from
simulations by varying B(E2, 6+

1 →4+
1 ) with a fixed very

high B(E2, Jπ →6+
1 ) value of 1000 W.u. for the side-feeding

transitions. All obtained values for �tp are around 3 ps and
are deemed negligible compared to the uncertainty of τexp.
The values of β obtained from these simulations are less than
0.002, an order of magnitude lower than the experimentally
measured βexp = 0.032. This leads to the conclusion that the
assumption of an entirely negligible τside is not plausible,
which is also consistent with the low value of B(E2, Jπ →
6+

1 )=0.12 W.u. obtained from the determination of the lower
limit of τ (6+

1 ). In addition, our simulations indicate that for
B(E2, Jπ →6+

1 ) < 6 W.u. (τside > 15 ps), the �tp correction
is always smaller than the (1 − f )τside term in Eq. (7), which
ensures that τ (6+

1 ) � τexp within the uncertainties. Therefore
we assign the upper uncertainty limit of τexp, equal to 336 ps,
as the upper limit for τ (6+

1 ).
The final value for the lifetime of the 6+

1 state in 206Po is
taken as the average of the values from the two limit cases,
which produces τ (6+

1 ) = 266(70) ps, where the uncertainty
is taken to cover the two limit values. This lifetime corre-
sponds to a reduced transition probability B(E2; 6+

1 →4+
1 ) =

300+107
−63 e2 fm4 or 4.2+1.5

−0.9 W.u. The results for the 4+
1 and the

6+
1 states are summarized in Table II.

IV. DISCUSSION

In even-even nuclei the transition from single-particle
seniority-type to quadrupole collective excitations can be
examined through several experimental criteria. These
are the energy of the first excited 2+ state Ex(2+

1 ),
the absolute transition strength B(E2; 2+

1 →0+
GS), and

the ratios RJ/2 ≡ Ex(J )/Ex(2+
1 ) and BJ/2 ≡ B(E2; J →J −

2)/B(E2; 2+
1 →0+

GS), where J = 4+
1 , 6+

1 , 8+
1 in the case of

206Po. The expected values for the ratios RJ/2 and BJ/2 for
the specific cases of a harmonic oscillator and a rigid rotor
are useful as indicators for distinguishing between collective
and noncollective regimes. Specifically for the 6+

1 state, the
collective regime is characterized by a relatively low Ex(2+

1 ),
R6/2 � 3, a relatively large B(E2; 2+

1 →0+
GS), and B6/2 �

1.57, while the noncollective regime is characterized by a
relatively high Ex(2+

1 ), R6/2 < 3, a relatively low B(E2; 2+
1 →

0+
GS), and B6/2 < 1.57 [6,29].

However, the behavior of these observables in the Po iso-
topes with N � 126 cannot be interpreted unambiguously
when one examines closely the levels with different spins.
At the N = 126 shell closure, 210Po exhibits a typical senior-
ity structure due to the almost pure π (h9/2)2 configuration
of the yrast 2+

1 , 4+
1 , 6+

1 , and 8+
1 states [30]. Removing only

two neutrons, in 208Po the 2+
1 state already begins to acquire

collectivity as evidenced by the sudden drop in its excita-
tion energy from 1181 keV in 210Po to 686 keV in 208Po
[Fig. 10(a)]. In contrast, the energy of the 2+

1 state does
not change significantly with the removal of more neutron
pairs down to 200Po116 (see Fig. 1 in Ref. [12]), which is a
behavior associated with a seniority-type configuration [2–4].
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TABLE II. The energies of the coincidence conditions, the obtained lifetimes, and reduced transition probabilities in 206Po.

Ef Ed HPGe gate τ B(E2) τ (lit.)b B(E2) (lit.)b

State (keV) (keV) (keV) αa (ps) (e2 fm4) (ps) (e2 fm4)

4+
1 395 477 701 0.0360(5) 101(8) 316+27

−23 89(7) 359(28)

6+
1 79 395 701 0.0579(9) 266(70) 300+107

−63

aTotal electron conversion coefficients taken from Ref. [28].
bTaken from Ref. [13].

The increased absolute transition strength B(E2; 2+
1 →0+

GS) =
18+14

−10 W.u. in 206Po [12] compared to the B(E2; 2+
1 →0+

GS) =
1.8(3) W.u. in 210Po [30] suggests that the 2+

1 state in 206Po
has a dominantly collective character [12] (see Fig. 11).

For the higher-spin states, excluding the anomaly at N =
124, the R4/2 values gradually increase towards the vibrational
limit (R4/2 = 2) yet remain consistent with those of single-
particle seniority-type excitations [see Fig. 10(b)]. However,
recent lifetime measurements of the 4+

1 states in 204Po and
206Po indicate that these states are of a collective nature and
can be deemed as an admixture of the seniority ν = 2 config-
urations π (h9/2)2 and ν( f5/2)−2 [13].

In contrast, the isomeric 8+
1 states in the even-even

Po isotopes with N � 126 are known to be single-particle
seniority-type excitations, as established by their constant
magnetic moment values (see Table II in Ref. [13]). This is
interpreted as the π (h9/2)2 configuration having a dominant
contribution in the wave functions of the 8+

1 states [31,32].
The known magnetic moments of the 6+

1 states in 210Po
[|5.48(5)| μN ] and 208Po [+5.3(6) μN ] are also comparatively
constant and, when scaled with spin, coincide with those of
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FIG. 10. (a) The evolution of the excitation energy of the yrast
states in even-even Po isotopes as a function of the neutron number.
(b) The evolution of the RJ/2 ratios for the 4+

1 , 6+
1 , and 8+

1 states in
even-even Po isotopes as a function of the neutron number.

the 8+
1 states (≈7.4 μN ). This implies a dominant role for the

π (h9/2)2 configuration in the wave functions of the 6+
1 states in

210Po and 208Po. In addition, the relevant neutron orbitals for
204−210Po, ν(2 f5/2) and ν(3p1/2), would not have significant
contributions to the wave functions of the 6+

1 and 8+
1 states in

these isotopes.
It is expected, therefore, that the magnetic moment of the

6+
1 state would remain constant in 206Po as well which would

establish it as a single-particle seniority-type excited state.
The identical behavior of the excitation energy of the 6+

1 and
8+

1 states [Fig. 10(a)] and of the corresponding ratios R6/2 and
R8/2 [Fig. 10(b)], as well as the low values of the R6/2, support
this hypothesis. Furthermore, the behavior of B(E2; 6+

1 →4+
1 )

as a function of the neutron number is similar to that of
B(E2; 8+

1 →6+
1 ) (Fig. 11) which suggests that the nature of

the 6+
1 states is the same as that of the seniority-type 8+

1 states.
The other criterion, the ratio B6/2, can be calculated from the
result obtained in the current paper and the results from Grahn
et al. [12], and gives a value of 0.21+0.34

−0.11, which is significantly
lower than the vibrational limit of B6/2 = 3.

All of the aforementioned experimental observables cor-
roborate the hypothesis that the 6+

1 state in 206Po is a
single-particle seniority-type excitation. This suggests that for
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N (Po, Z=84)

0

5

10

15

20

B
(E

2)
 (

W
.u

.)

1
+6→1

+8

1
+4→1

+6

1
+2→1

+4

g.s.
+0→1

+2

FIG. 11. Experimental B(E2) values for even-even Po isotopes
with N � 126. The uncertainty for the B(E2; 2+

1 →0+
GS) at N = 122

is partly omitted to highlight the low-B(E2) region where the sys-
tematics of the 6+

1 state can be observed. The B(E2; 6+
1 →4+

1 ) values
have the same behavior as the B(E2; 8+

1 →6+
1 ) values. Both differ

significantly from the behavior of the B(E2; 4+
1 →2+

1 ) values for
which collectivity is already present at N = 122 [13]. The value
for the 6+

1 →4+
1 transition in 206Po (N = 122) is from the current

paper. The value for the 4+
1 →2+

1 transition in 206Po (N = 122) is
the weighted average between the result from the current paper and
that from Ref. [13], while the value for the 4+

1 →2+
1 and 2+

1 →0+
GS

transitions in 208Po (N = 124) are taken from Ref. [33].
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the 6+
1 states in even-even Po nuclei the seniority regime

persists down to N = 122 and the transition to collectivity
occurs at N � 120.

V. SUMMARY

In the present paper we have confirmed the lifetime of
the 4+

1 state in 206Po recently measured in Ref. [13]. Also,
we report of the first lifetime measurement using the GCD
method on x-ray–γ coincidences to determine the previously
unknown lifetime of the 6+

1 state in 206Po. Both results con-
tribute to the studies on the spin dependence of the transition
from single-particle excitations to collective excitations. The
derived absolute transition strength value B(E2; 6+

1 →4+
1 )

and other experimental observables were used to identify the
structure of the 6+

1 state as a single-particle seniority-type
excitation. This result is in agreement with systematics of
previous studies on 6+

1 states in the N < 126 Po isotopes, in
which transition to collectivity has been ruled out. Therefore,
the transition from single-particle to collective mode for the
6+

1 states in even-even Po isotopes with N < 126 should be
expected at N � 120. To localize this transition, the miss-
ing B(E2) values of the yrast states of Po isotopes below
210Po have to be obtained through an exhaustive set of mea-
surements and further supported by large-scale shell-model
calculations.

A novel Monte Carlo-based approach was developed to
address the difficulties arising from the complicated feeding
pattern of the state of interest. New experimentally observed
quantities were utilized, emerging from applying the TAC
coincidence window condition that entailed additional cor-
rections to the experimental result. More generally, in the
application of the GCD method the centroids of the delayed
and antidelayed distributions are routinely determined by inte-
grating the experimental spectra in a finite interval, which also
leads to the emergence of such corrections. This effect could
be significant in certain cases of expected long lifetimes and
should be considered when selecting the integration intervals.

The x-ray–γ coincidence technique can serve as a com-
plementary tool to the conventional γ –γ fast timing measure-
ments in nuclei populated via EC decays. This technique can
be especially useful in measuring lifetimes of excited states
that are difficult to populate in a direct reaction. Similarly,
if the states of interest lie beneath an isomeric state that
would render them inaccessible for both the recoil-distance
Doppler shift method and the γ -γ coincidence GCD method,
as it is the case in 206Po. Still, the applicability of x-ray–γ

coincidences in future studies is expected to be dependent on
the fraction of direct feeding of the state of interest by the
decay and the effective lifetime contribution of the populated

intermediate excited states. Careful consideration of both
experimental conditions and level scheme structure will be
necessary for a high-precision measurement to be carried out.
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APPENDIX: PARTITIONED TIME-DIFFERENCE
DISTRIBUTION

For any distribution partitioned in two adjacent regions by
a partitioning point Tp the following expression is valid:

C = αCα + βCβ. (A1)

Here C is the centroid of the entire distribution, α and β

are the areas of the regions below and above the partitioning
point, and Cα,β are the corresponding centroids of the partial
distributions in the two regions. The normalization condition

1 = α + β (A2)

is imposed on the areas of the two regions.
Considering a delayed time-difference distribution with a

prompt Gaussian distribution centered at zero the centroid
of the total distribution C is equal to the lifetime τ of the
exponential distribution. If a coincidence window condition
is applied, which creates a partitioning point, the quantity
accessed via the GCD method coincides with the observable
Cα . Then Eq. (7) can be expressed in this notation as

τexp ≡ Cα = C − �tp. (A3)

Combining Eqs. (A1)–(A3) gives the expression for �tp:

�tp = β(Cβ − Cα ). (A4)

This term is always positive and also �tp → 0 when β → 0,
which is the case when Tp → ∞. The centroid Cβ is not
accessible experimentally due to the presence of random
background coincidences. In contrast, the contribution to the
centroid Cα from the latter is accounted for via the background
correction procedure in the GCD method.
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